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Opioids, such as morphine and fentanyl, are widely used for the
treatment of severe pain; however, prolonged treatment with
these drugs leads to the development of tolerance and can lead to
opioid use disorder. The “Opioid Epidemic” has generated a drive
for a deeper understanding of the fundamental signaling mecha-
nisms of opioid receptors. It is generally thought that the three
types of opioid receptors (i, §, k) are activated by endogenous
peptides derived from three different precursors: Proopiomelano-
cortin, proenkephalin, and prodynorphin. Posttranslational pro-
cessing of these precursors generates >20 peptides with opioid
receptor activity, leading to a long-standing question of the sig-
nificance of this repertoire of peptides. Here, we address some
aspects of this question using a technical tour de force approach
to systematically evaluate ligand binding and signaling properties
(I®°SIGTPYS binding and p-arrestin recruitment) of 22 peptides at
each of the three opioid receptors. We show that nearly all tested
peptides are able to activate the three opioid receptors, and many
of them exhibit agonist-directed receptor signaling (functional se-
lectivity). Our data also challenge the dogma that shorter forms of
p-endorphin do not exhibit receptor activity; we show that they
exhibit robust signaling in cultured cells and in an acute brain slice
preparation. Collectively, this information lays the groundwork for
improved understanding of the endogenous opioid system that
will help in developing more effective treatments for pain and
addiction.

GPCRs | opioid receptors | biased agonism | opioid peptides

he endogenous opioid system comprises the three opioid

receptors, mu (pOR), delta (SOR), and kappa (kOR) and
peptides acting at these receptors (1). The peptides are gener-
ated from the proteolytic cleavage of the precursor proteins
prodynorphin, proenkephalin, and proopiomelanocortin, leading
to the generation of >20 peptides (1, 2); endogenous opioid
peptides contain an “opioid motif” (Tyr-Gly-Gly-Phe-Met/Leu)
at their amino terminals (3). Although it is reported that en-
dogenous opioid peptides can bind to pOR, 3OR, or kOR (4),
dynorphins (Dyn) are generally described as endogenous kOR
agonists, endorphins as pOR, and enkephalins as 3OR agonists
(5, 6). A long-standing question in the field has been the physi-
ological significance of the presence of so many endogenous
opioid peptides in the central nervous system.

For several years it was thought that receptor activation by an
agonist resulted in G protein-mediated signaling through all
downstream cascades. More recent studies have demonstrated
that G protein-coupled receptors (GPCRs) can generate, in ad-
dition to G protein-dependent signaling, G protein-independent
signaling (7-10). The latter occurs following p-arrestin recruitment
to the phosphorylated receptor, where it functions as a scaffold-
enabling signaling through different molecules (11, 12). This dis-
covery led to the concept of ligand-directed receptor signaling,
also referred to as functional selectivity or biased agonism (13).
Moreover, growing evidence shows that different orthosteric ag-
onists can stabilize distinct receptor conformations and activate
distinct downstream signaling pathways (9, 10, 14); this raises the
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possibility that endogenous opioid peptides could vary in this
manner as well (13).

For opioid receptors, studies showed that mice lacking
pB-arrestin2 exhibited enhanced and prolonged morphine-mediated
antinociception, and a reduction in side-effects, such as devel-
opment of tolerance and acute constipation (15, 16). This led to
studies examining whether pOR agonists exhibit biased signaling
(17-20), and to the identification of agonists that preferentially
activate G protein-mediated pathways (21-27). However, very
few studies have examined whether endogenous opioid peptides
exhibit signaling bias. One study examined functional selectivity
of a small panel of endogenous peptides specifically at pOR and
found that a-neoendorphin (a-neoend) and Met-enk RF exhibit
distinct bias profiles (28). It is possible that endogenous opioid
peptides not only produce biased signaling at a single opioid
receptor but also have differential bias among the three different
opioid receptors. To systematically evaluate this possibility, we
examined the binding and signaling (G protein activity and
B-arrestin2 recruitment) at pOR, 8OR, and kOR of a panel of 22
peptides. To minimize factors that might obscure signal bias,
such as cellular background, assay conditions, and kinetics of
signaling (29), we carried out binding and signaling assays ([**S]
GTPyS and p-arrestin recruitment) using one cellular back-
ground (U20S cells expressing either p*8*OR, 8" OR, or k*!OR),
and performed experiments under identical conditions in the
presence of a mixture of peptidase inhibitors. We observed that
the majority of the peptides bind to and signal at all three opioid
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receptors. In addition, some peptides (e.g., Dyn B13) exhibit bi-
ased signaling at only one receptor (1OR), while others (e.g., Met-
enk RF) exhibit differential bias at each of the three opioid re-
ceptors (G protein bias at pOR, p-arrestin bias at SOR, and no
bias at kOR). Together, these results reveal the unique functional
selectivity profiles of the different endogenous opioid peptides at
individual opioid receptors.

Results

Putative Endogenous Ligands of pOR, 50R, and xOR Bind and Signal
at the Three Opioid Receptors. A general notion in the field is that
dynorphins are endogenous kOR agonists, while endorphins are
HOR and enkephalins 8OR agonists (5, 6). To test if these
peptides have receptor promiscuity, we examined binding of
p-endorphin31 (p-end 31; putative pOR ligand), Met-enk (pu-
tative SOR ligand), and Dyn A17 (putative k<OR llgand) to the
three opioid receptors. All three peptides displace [*H]dipre-
norphine binding from the three opioid receptors, although they
exhibit differences in affinity at individual receptors (Fig. 1 A-C
and SI Appendix, Table S1). Next, we examined the signaling
profiles of these peptides using G protein activity and p-arrestin
recruitment assays. The three peptides induced a dose-dependent
increase in [*>S]GTPyS binding, and were full agonists at pOR and
partial agonists at SOR and kOR (except for Dyn A17, which was
a full agonist at kOR) when compared to reference standards
(Fig. 1 D-F and SI Appendix, Figs. S1 and S2 and Tables S2-S4).
Interestingly, in the p-arrestin recruitment assay these peptides
were full agonists at SOR, while only Dyn A17 was a full agonist at
HOR and kOR (Fig. 1 G-I and SI Appendix, Figs. S1 and S2 and
Tables S2-S4). We confirmed that p-end 31 and Dyn A17 signal at
pOR, 8OR, or kOR by measuring inhibition of cAMP levels in an

additional model, Chinese hamster ovary (CHO) cells expressing
Flag-epitope tagged receptors. The peptides dose-dependently
inhibited cAMP levels at all three opioid receptors and this was
blocked by receptor-selective antagonists (Fig. 1 J-L and SI Ap-
pendix, Table S5). Together, our results indicate that these peptide
ligands are less selective than proposed, binding to and signaling
via all three opioid receptors.

Shorter Forms of B-Endorphin Exhibit Agonistic Activity. A dogma in
the field has been that shorter forms of f-end 31(p-end 26 and
B-end 27) exhibit reduced (or no) activity at opioid receptors
(30-32). In particular, it has been proposed that p-end 27 func-
tions as an opioid receptor antagonist because it attenuates
B-end 31 or etorphine-mediated analgesia (32, 33). To directly
test this hypothesis, we examined the pharmacological properties
of p-end 31and shorter peptides at the three opioid receptors.
Like p-end 31 both p-end 26 and p-end 27 exhibited a biphasic
profile of [* H]dlprenorphme displacement at the three op101d
receptors and all three peptides caused a dose-dependent in-
crease in [*>S]JGTPyS binding with nanomolar potencies (Fig. 2
A-C and SI Appendix, Fig. S1 and Tables S1-S4). Thus, all three
peptides are full agonists at pOR and only p-end 26 and p-end
27 are full agonists at kKOR (Fig. 2. A-C and SI Appendix, Fig. S2
and Tables S2-S4). Interestingly, in the B-arrestin recruitment
assay, while p-end 31 was a partial agonist at pOR, both p-end 26
and B-end 27 were full agonists, with the efficacy of p-end 27
being mgmﬁcantly higher than that of the standard DAMGO

([D-Ala”, N-MePhe*, Gly-ol]-enkephalin) (Fig. 2 D-F and SI
Appendtx Figs. S2 and S3 and Tables S2-S4). We confirmed the
agonistic properties of p-end peptides at pOR, 8OR, or kOR
using a second cell line expressing N-terminally tagged receptors
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Fig. 1. Representative opioid peptides bind and signal at pOR, SOR, and kOR. (A-C) Displacement of [*H]diprenorphine binding by p-end 31, Met-enk, and
Dyn A17 in membranes (20 pg) from cells expressing either u*92'OR (A), §°9°'OR (B), or "92'OR (C). (D-F) [**SIGTPyS binding in membranes (20 pg) from cells
expressing either pP92'OR (D), 5°92'OR (E), or k"9'OR (F). (G-/) p-Arrestin recruitment in cells expressing either p*92'OR (G), 5"92'OR (H), or k"92'OR (/). (J-L)
Inhibition of cAMP levels in CHO cells expressing Flag epitope-tagged pOR (J), OR (K), or kOR (L). Antagonists (10 pM) to pOR, CTOP (J), to 8OR, TIPPy (K), and
to k¥OR, JDTic (L) block p-end 31-, Met-enk-, and Dyn A17- (1 pM) mediated inhibition in cCAMP levels. DAMGO (pOR), Delt Il (80OR), and U69,593 (xOR) were
used as standards. Data are mean =+ SE from three to six independent experiments.
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Fig.2. p-Endorphin peptides signal at pOR, 8OR, and kOR. (A-C) [3*SIGTPyS binding in membranes (20 ug) from cells expressing either pﬁga'OR (A), 892'0R (B),
or k"92'0R (C). (D-F) p-Arrestin recruitment in cells expressing either p’92'OR (D), 5"92'OR (E), or x"9?'OR (F). (G-/) Inhibition of cAMP levels in CHO cells
expressing Flag epitope-tagged pOR (G), SOR (H), or kOR (/). Antagonists to pOR, CTOP (G), to 8OR, TIPPy (H), and to kOR, JDTic (/) block f-end peptide-
mediated inhibition in cAMP levels. DAMGO (uOR), Delt Il (SOR), and U69,593 (xOR) were used as standards in A—/l. (J-L) Increases in [>**S]GTPyS binding by
B-end peptides in striatal membranes (20 pg) were completely blocked by a combination of antagonists to pOR (CTOP), SOR (TIPPy), and to kOR (JDTic). (M-P)
p-End peptides inhibit evoked synaptic GABA,R-mediated IPSC amplitude (ampl) onto VTA neurons in acute brain slices. Time courses for the effects of
500 nM B-end 31 (M, Left), B-end 26 (N, Left), or p-end 27 (O, Left) responses averaged across neurons are shown. Example IPSC traces show inhibition by
500 nM g-end 31 (M, Right), p-end 26 (N, Right), or f-end 27 (O, Right) and partial reversal by 1 uM naltrexone (NTX). (P) Summary showing the magnitude of
the change in evoked IPSC amplitude induced by the endorphin peptides in each neuron tested. Data are mean + SE from three to six independent ex-
periments for A-L and mean + SE for M-P (n = 4 to 8 neurons from three rats each).*P < 0.05; **P < 0.01; ****P < 0.0001, one-way ANOVA.
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(CHO cells expressing Flag-epitope tagged receptors). These
peptides dose-dependently inhibited cAMP levels at each of the
three opioid receptors; this was blocked by receptor-selective an-
tagonists (Fig. 2 G-I and SI Appendix, Table S5).

Next, we examined if p-end peptides exhibit agonistic activity
in brain tissue. We found that they increased [**S]GTPyS binding
to striatal membranes; this was completely blocked only with a
combination of antagonists of pOR (CTOP), 8OR (TIPPy), and
kOR (JDTic) (Fig. 2 J-L). These results suggest that p-end pep-
tides can elicit signaling through all three opioid receptors in brain
tissue. We also tested for synaptic effects with whole-cell electro-
physiology in acute ventral tegmental area (VTA) slices. It is well
established that pOR activation strongly inhibits GABA release
onto VTA neurons (34-36). We found that f-end 26 and p-end 27,
like B-end 31, inhibit electrically evoked GABA-mediated in-
hibitory postsynaptic currents in VTA neurons; this is partially re-
versed by the opioid antagonist naltrexone (Fig. 2 M-P). These
results further support the notion that f-end 26 and p-end 27 ex-
hibit agonistic activity at opioid receptors in vivo.

Dynorphin Peptides Bind to and Signal at uOR, 5OR, and xOR. It is
widely believed that prodynorphin-derived peptides (particularly
Dyn A17) exert their physiologic effects exclusively via kOR (5,
6). We investigated binding and signaling by prodynorphin-
derived peptides and found that all tested peptides bind to the
three opioid receptors (Fig. 1 and SI Appendix, Table S1).
Characterization of signaling revealed that the peptides induced
a dose-dependent increase in G protein activity with nanomolar
potency (Fig. 3 A-C and SI Appendix, Fig. S1 and Tables S2-S4)
but with subtle differences in efficacy. For example, while at
kOR the majority of tested dynorphin peptides had full agonistic
activity, at SOR all peptides had partial activity, and at pOR only
a-neoend and Dyn B13 had partial agonistic activity (SI Appen-
dix, Fig. S2). The Dyn peptides dose-dependently recruited
B-arrestin at each of the three opioid receptors (Fig. 3 D-F and
SI Appendix, Figs. S2 and S3). Dyn A17, Dyn A13, and Dyn A8
had full agonist activity at all three receptors (SI Appendix, Fig.
S2), a-neoend and B-neoend had partial activity at the three
receptors, and Dyn B13 had full agonist activity only at SOR (SI
Appendix, Fig. S2). Interestingly at pOR, Dyn A8 and Dyn A13
were more efficacious than the standard, DAMGO, while at
SOR all Dyn peptides, except a-neoend and f-neoend, were as
efficacious as the standard, Delt II (SI Appendix, Fig. S3). Next,
we examined downstream signaling at pOR, 8OR, or kOR by
measuring inhibition of cAMP levels in CHO cells expressing
Flag-epitope tagged receptors. We found that all tested Dyn
peptides dose-dependently inhibited cAMP levels at each of the
three opioid receptors; this was blocked by the respective
receptor-selective antagonists (Fig. 3 G-I and SI Appendix, Table
S5). Together, these results indicate that dynorphin peptides can
bind to and signal via all three opioid receptors. Finally, we also
found that tested Dyn peptides increased [*>S]GTPyS binding to
striatal membranes; this was completely blocked only when a
combination of antagonists to pOR, §OR, and kOR were used
(Fig. 3 J-M). These results indicate that Dyn peptides can signal
through pOR, 8OR, and kOR, not just in heterologous systems
but also in the brain.

In order for an opioid receptor to be the target of a Dyn
peptide in a brain circuit, neurons expressing the receptor should
be in the vicinity of Dyn peptide release sites. To investigate this,
we examined localization of pOR immunoreactivity with either
prepro-dynorphin (ppDYN) mRNA detection or Dyn A8 im-
munoreactivity in the amygdala since studies report that neurons
in the network of intercalated cells (ITC) surrounding the
basolateral and lateral amygdala express a high density of pOR
(37), that pOR activation modulates basolateral amygdala inputs
to the central amygdala (CeA) (38), and that prodynorphin is
expressed in the CeA (39). Consistent with the literature, we

Gomes et al.

detected high levels of pOR immunoreactivity in ITC clusters
(Fig. 3N), and using in situ hybridization we detected ppDYN
mRNA in some ITC clusters that also contain pOR (Fig. 3N).
We also found dense labeling for ppDYN mRNA in the CeA
(Fig. 3N) and Dyn A8 immunoreactivity around individual pOR-
expressing ITC cell groups (Fig. 30). Together, these results are
consistent with the idea that the small bioactive peptides pro-
cessed from prodynorphin are present in close proximity to the
pOR-expressing ITC cells.

Opioid Peptides Exhibit Biased Signaling. A comparison of the sig-
naling profiles of f-end and prodynorphin peptides at the three
opioid receptors (SI Appendix, Tables S2-S4) suggests that they
could exhibit biased signaling. In order to systematically in-
vestigate the extent of biased signaling by endogenous opioid
peptides, we expanded the panel of peptides examined for G
protein activity and p-arrestin recruitment to the 20 peptides that
contain the opioid “address” sequence (Tyr-Gly-Gly-Phe-Met/
Leu) and two additional peptides with a slightly modified se-
quence: Acetylated f-end 26 and Des-Tyr-y-end. Ligand binding
analysis revealed that tested opioid peptides exhibit a biphasic
profile of displacement (SI Appendix, Table S1). In G protein
activity assays, each of the 20 peptides caused dose-dependent
activation at all three receptors (SI Appendix, Fig. S1 and Tables
S2-S4). In addition, p-arrestin recruitment assays showed that
the 20 peptides caused dose-dependent signaling via all three
receptors (SI Appendix, Fig. S3 and Tables S2-S4). Consistent
with prior reports indicating that acetylation of f-end and lack of
Tyr residue in y-end reduces the activity of these peptides (40,
41), the least amount of signaling was observed with acetylated
B-end 26 and Des-Tyr-y-end (SI Appendix, Figs. S1 and S3).

In order to calculate a bias factor that would allow comparison
between signaling by opioid peptides and the standards
DAMGO (pOR), Delt II (80OR), or U69,593 (kOR), we used the
data obtained from [**S]GTPyS binding and p-arrestin re-
cruitment assays and the quantification method described by
Kenakin et al. (42); the latter was previously used to examine
biased agonism for a small number of endogenous opioid pep-
tides at pOR (28). We followed the step-wise protocol described
by Nagi and Pineyro (43). This analysis revealed that at pOR,
Met-enk RF exhibited highest G protein bias and BAM 18
exhibited highest B-arrestin bias (Fig. 44 and SI Appendix, Tables
S6-S8). At 8OR, BAM 12 exhibited significant G protein bias
while p-neoend, Dyn A17, and Met-enk RF exhibited significant
B-arrestin bias (Fig. 4B and SI Appendix, Tables S6-S8). At kOR,
none of the peptides exhibited significant G protein bias, and
only Dyn A13 and metorphamide exhibited significant p-arrestin
bias (Fig. 4C and SI Appendix, Tables S6-S8). Interestingly, some
of the peptides appear to exhibit receptor-specific biased sig-
naling. For example, Met-enk RF and Met-enk RGL exhibited
significant G protein bias at pOR, p-arrestin bias at SOR, and no
bias at kOR (Fig. 4), while metorphamide exhibited significant G
protein bias at pOR, no bias at SOR, and p-arrestin bias at kOR
(Fig. 4). Together, these results indicate that some opioid pep-
tides have substantially different bias factors across all three
opioid receptors.

Discussion

One important finding in this study is that shorter f-end pep-
tides, p-end 26 and f-end 27, function as opioid receptor ago-
nists. This is in contrast to previous reports that these shorter
peptides exhibit limited or no activity at opioid receptors; p-end
27 was found to dose-dependently attenuate p-end 31 or
etorphine-mediated analgesia (32, 33). One possibility is that the
reported antagonistic effect of f-end 27 and lack of activity for
B-end 26 in vivo is due to the peptides being cleaved to a form
that retains affinity but not activity at opioid receptors; most of
the studies with these peptides were carried out in the absence of
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Fig. 3. Dynorphin peptides signal at pOR, 5OR, and kOR. (A-C) [**S]IGTPyS binding in membranes (20 pg) from cells expressing either u*92'0R (A), 5"92'OR (B),
or k"92'0R (C). (D-F) B-Arrestin recruitment in cells expressing either p"9?'OR (D), §°92'OR (E), or k"9%'OR (F). (G-/) Inhibition of CAMP levels by Dyn A8, Dyn A13,
Dyn A17, and Dyn B13 in CHO cells expressing Flag epitope-tagged pOR (G), 8OR (H), or kOR (/). Antagonists to pOR, CTOP (G), to SOR, TIPPy (H), and to kOR,
JDTic (/) block Dyn A8-, Dyn A13-, Dyn A17-, or Dyn B13-mediated inhibition in cAMP levels. DAMGO (1OR), Delt Il (8OR), and U69,593 (kOR) were used as
standards. (J-M) Increases in [*>S]GTPyS binding by Dyn peptides in striatal membranes (20 ug) are completely blocked by a combination of antagonists to pOR
(CTOP), 80R (TIPPy), and to kOR (JDTic). (N, Left) Low-magnification image of a coronal section through rat amygdala showing high levels of expression of
pOR immunoreactivity (uOR-ir; red) in ITC clusters of the basolateral nucleus of amygdala (BLA). pOR-ir is barely visible in the CeA. (N, Right) In situ hy-
bridization autoradiographic imaging of an adjacent section with immunohistochemical staining for the neuronal marker NeuN (green), showing silver grains
(white) indicating the presence of ppDYN mRNA; ppDYN mRNA is apparent in many cells in the CeA, and in a few of the ITC cell clusters. Yellow arrows (N)
indicate pOR-expressing areas in ITC clusters that also express ppDYN mRNA. (O) Higher-magnification image of an ITC cluster in amygdala showing im-
munocytochemically detected Dyn A8 expression (blue) in proximity to pOR labeling (green). Data (A-M) are mean + SE from three to six independent
experiments. Images (N and O) are representative images from sections obtained from four or more rats. **P < 0.01; ****P < 0.0001, one-way ANOVA.
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Fig. 4. Bias plots for endogenous opioid peptides at pOR, SOR, and kOR. Bias analysis for signaling by endogenous opioid peptides at pOR (A), SOR (B), or kOR
(C) was performed as described in Materials and Methods. Data are mean + SE from three to six independent experiments. One-way ANOVA; *P > 0.05; **P >

0.01; ***P > 0.001; ****P > 0.0001.

protease inhibitors. However, studies show that peptide activity
is greatly increased by the application of protease inhibitors (44,
45). Consistent with this, studies carried out to directly test the
activity of f-end 27 using [**S]GTPyS binding to C6 membranes
expressing HOR showed that this peptide exhibited agonistic
activity and this response was not affected by protease blockade
(46). Furthermore, supporting the idea that p-end 27 exhibits
agonistic activity another study found p-end 27 to be ~10 times
more hypotensive than f-end 31 on mean arterial pressure (31).
Systemically investigating the activity of f-end peptides in more
controlled systems could help clarify their physiological roles.
We also found that dynorphin peptides, classically thought of
as kOR agonists, engage all three opioid receptors, with Dyn
A17 showing a preference (~25-fold) for kOR in [*>S]JGTPyS
binding (SI Appendix, Tables S2-S4). Our observations agree
with previous reports showing that dynorphin peptides bind with
high affinity to all three opioid receptors in cells expressing in-
dividual receptors and in endogenous tissue (4, 47-52). Fur-
thermore, studies using signaling assays, such as [3SS]GTPyS
binding, K* current assays in Xenopus oocytes, or electrophysi-
ological assays in hippocampal slices, also support the idea that
dynorphin peptides exhibit agonist activity at opioid receptors
other than kOR (46, 51-53). Finally, results from studies using
the kOR antagonist, norBNI, that show incomplete blockade of
Dyn A13-, Dyn Al17-, or Dyn B13-mediated increases in [*°S]
GTPyS binding in striatal membranes (54) are consistent with
our findings. Thus, dynorphin peptides are likely to exert their
physiologic effects via activation of opioid receptors other than
kOR in vivo. It is thus provocative that in the amygdala we found
Dyn A8 immunoreactivity in close proximity to clusters of pOR-
expressing neurons in the ITC network interfacing the basolateral

Gomes et al.

and central amygdala, raising the possibility that Dyn A8 released
here activates pORs on the ITC cell bodies or terminals in the
central amygdala. Some ITCs or terminals within these cell clus-
ters may express KOR as well. However, if receptor density is the
key factor dictating the dominant target of a peptide, the density
of pOR in the ITC cells is so high that Dyn A8 and other peptides
derived from prodynorphin are most likely binding partners for
pOR, whether or not kOR is also present.

Another finding in this study is that proenkephalin-derived
opioid peptides also exhibit receptor promiscuity in that they
engage all three opioid receptors, although to varying extent; the
shorter enk peptides (Leu-enk, Met-enk, Met-enk RF, and Met-
enk RGL) are less efficacious at recruiting B-arrestin to kKOR
compared to the other two opioid receptors. Studies used dis-
placement binding assays to examine opioid receptor selectivity
by proenkephalin-derived peptides. One study reported that
Leu- and Met-enk bound preferentially to SOR; Met-enk RF
and Met-enk RGL bound equally to pOR and 0R; BAM12,
BAM?22, metorphamide, and peptide E bound preferentially to
pOR; and peptide F did not exhibit preference for any opioid
receptor (5). Another study found that proenkephalin-derived
peptides bound with nanomolar affinities to all three opioid re-
ceptors except for peptide F at kOR (>1 puM affinity) (4). The
differences in binding profile of these peptides could be due to
the membrane preparation used, assay buffer conditions, and
whether or not protease inhibitors were used to prevent peptide
degradation.

In ligand displacement studies we observed that some peptides
exhibit complex binding profiles with a high-affinity (subnanomolar)
and a low-affinity (high nanomolar) component. We also found that
some peptides exhibited full displacement at one opioid receptor
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but partial (40 to 50% displacement) at other opioid receptors (SI
Appendix, Table S1). This could be because of the different con-
formational states of the receptors and the differential ability of the
endogenous peptides to displace [°H] diprenorphine bound to these
conformations. It is also possible that stabilization of distinct con-
formations of the receptor by association with different proteins
(including different pools of B-arrestin) contributes to our findings.
Support for the latter comes from studies showing that association
with B-arrestin can increase agonist affinity (55) and that p-arrestin
bound to the receptor can exist in different conformations (56, 57).
We interpret these data to indicate heterogeneity of receptor states
in these preparations.

A previous study by Thompson et al. (28) examined biased
signaling by a small panel of endogenous opioid peptides at
pOR. Using assays for G protein activation, inhibition of in-
tracellular cAMP levels, p-arrestinl/2 recruitment, phosphory-
lation of mitogen-activated protein kinase (ERK1/2), and pOR
trafficking, they found that a-neoend, Met-enk, and Met-enk RF
displayed differences in their biased signaling profile compared
to DAMGO, while Leu-enk, p-end 31, Dyn A8, and Dyn B13
were similar to DAMGO. However, Thompson et al. reported
that the endogenous opioid peptides tested lacked significant
bias when comparing [*>S]JGTPyS binding and p-arrestin re-
cruitment measurements. Here we found that p-end 31, Leu-enk,
and Met-enk RF exhibit significant G protein bias compared to
the standard (DAMGO) at pOR. The differences between our
observations and the previous study (28) could be due to dif-
ferences in cell line, the assay to measure p-arrestin recruitment,
and the duration of agonist treatment (30 min for [**S]GTPyS
binding and 5 min for B-arrestin recruitment) in the previous
study. Given that binding of an agonist can stabilize distinct re-
ceptor conformations leading to preferential signaling through
one pathway over another, and that this can be further influ-
enced by the proteins in close proximity with the receptor, it is
possible that the same agonist could give a different signaling
profile for the same receptor expressed in different cell types (58,
59). Thompson et al. (28) compared pOR signaling with FlpIn
CHO and AtT20 cell backgrounds, and examined the effect of
different cellular context on the signaling profiles of three pep-
tides (Met-enk, Met-enk RF, and a-neoend) that exhibited dis-
tinct signaling bias in their first report. They reported that
despite changes in signaling profiles, peptides retained the bias
(relative to the standard) across different cellular backgrounds,
with some changes in magnitudes (28, 29). In this context, we
note that some of the peptides reported to exhibit bias by
Thompson et al. (28) (a-neoend, Dyn B13, Leu-enk) also exhibit
similar bias in our study although the magnitudes are somewhat
different (Fig. 4 and SI Appendix, Table S6). Together, these
studies highlight the consistencies of ligand bias across systems
and the appropriateness of heterologous systems to characterize
functional selectivity.

In addition to the endogenous opioid system, a number of
GPCRs, like the chemokine and somatostatin receptor systems,
have multiple endogenous agonists. This raises the question
about the physiological significance of the presence of many
endogenous agonists for a receptor. In the case of chemokine
receptors, studies show that endogenous agonists targeting the
same receptor subtype exhibit a differential pattern of biased
signaling that correlates with the different chemotactic profiles
induced by the agonists (60, 61). In the case of somatostatin
receptors, endogenous ligands to somatostatin receptor 2A in-
duce unique patterns of receptor recycling (62). Together, these
results suggest that multiple endogenous ligands for a receptor
may enable fine-tuning of physiological responses.

To further elucidate the complexity and intricacy of signaling
by endogenous opioid peptides, studies examining signaling at
pathways downstream of G protein or f-arrestin, including re-
ceptor trafficking, are needed. We will also need to examine the
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temporal differences in signaling by endogenous opioid peptides
and how this affects functional selectivity. In addition, it is pos-
sible that some endogenous opioid peptides are endogenous li-
gands for heteromers involving opioid receptors. For xamplee,
BAM 22 exhibits unique signaling in cells coexpressing SOR and
sensory neuron-specific receptor 4 (63). Thus, evaluation of
signaling by endogenous opioid peptides at heteromers involving
opioid receptors is also needed. Together, such studies will help
us understand not only signaling by the endogenous opioid sys-
tem but also the differences between these responses and those
of small-molecule drugs used to treat pain or drugs with high
abuse potential. Systematic investigations such as these are likely
to help with the identification of unique signaling profiles for
analgesic drug candidates with low abuse potential.

Materials and Methods

Materials. DAMGO, deltorphin II, and U69,593, were from Bio-Techne Cor-
poration. a-Neoend, p-neoend, Dyn A8, Dyn A13, Dyn A17, Dyn B1, acety-
lated p-end 26, p-end 26, p-end 27, p-end 31, y-end, Des-Tyr-y-end, Leu-enk,
Met-enk, Met-enk RF, Met-enk RGL, metorphamide, BAM 12, BAM 18, BAM
22, peptide E, and peptide F were from Phoenix Pharmaceuticals. [>H]
diprenorphine and [3*S]GTPyS were from Perkin-Elmer. Paraformaldehyde
(PFA) was from USB. Anti-uOR anti-serum was from Millipore, (Cat No.
AB1774), mouse anti-NeuN primary antibody was from Chemicon. The Hit-
Hunter cAMP detection kit and the PathHunter Chemiluminescence de-
tection kit were from DiscoverX (Eurofins Corporation).

Cell Lines. p"92'0R, "9%'0R, and k"92'OR-expressing U20S cells were from
DiscoverX. These cells express pOR, 30R, or kOR C-terminally tagged with a
ProLink/p-gal donor (PK) fragment and p-arrestin 2 tagged with a comple-
mentary p-gal activator (EA) fragment. Cells were grown in MEMa contain-
ing 10% (vol/vol) FBS, 2,000 pg to 2,000 Units/ml streptomycin-penicillin,
500 pg/mL geneticin, and 250 pg/mL hygromycin. CHO cells stably expressing
either Flag-epitope tagged pOR, 8OR, or kOR were grown in F12 media
containing 10% (vol/vol) FBS, 2,000 pg to 2,000 Units/ml streptomycin-
penicillin, 500 pg/mL geneticin.

Radioligand Binding Studies. Membranes were prepared from cells expressing
either pP92'0R, 8P92'0R, «P92'0R, or mouse striatum, as described previously
(64). Displacement binding assays were carried out as described previously
(65, 66) with membranes (20 pg) and [3H]diprenorphine (3 nM) in the ab-
sence and presence of different opioid peptides (1072 to 10™> M), except
that the assay buffer consisted of 50 mM Tris-Cl buffer (pH 7.4) containing
100 mM NacCl, 10 mM MgCl,, 0.2 mM EGTA, and protease inhibitor mixture
(Sigma-Aldrich; Buffer A) and incubation was carried out for 1 h at 30 °C.
Nonspecific binding was determined in the presence of 10 pM cold dipre-
norphine. After subtracting nonspecific counts, values obtained in the ab-
sence of peptides were taken as 100%.

[3°S]GTPyS Binding. [**SIGTPyS binding assays were carried out as described
previously (64). Briefly, membranes (20 ng) were incubated for 1 h at 30 °Cin
the absence or presence of DAMGO, Delt Il, U69,593, or different opioid
peptides (107'2 to 10~° M final concentration) in Buffer A (described under
radioligand binding studies) containing 30 uM GDP and 0.1 nM [3*S]GTPyS. In
experiments, examining the effect of receptor-specific antagonists, mem-
branes were preincubated with the antagonists (10-uM final concentration)
for 10 min prior to addition of standards or opioid peptides (1-uM final
concentration). Nonspecific binding was determined in the presence of
10 pM cold GTPyS. After subtracting nonspecific counts, values obtained in
the absence of peptides were taken as 100%.

p-Arrestin Recruitment Assay. Cells expressing either p’92'OR, §"92'OR, or
«P920R were plated in each well (5,000 cells) of a 96-well white clear-bottom
plate in 100 pL of growth media. Next day, growth media was removed, cells
were rinsed in Buffer A (described under Radioligand Binding Studies), and
incubated in the absence or presence of either DAMGO, Delt Il, U69,593, or
different opioid peptides (107'? to 10> M final concentration) in Buffer A for
1 h at 30 °C. B-Arrestin recruitment was measured using the PathHunter
Chemiluminescence detection kit, as described in the manufacturer’s protocol.

cAMP Assay. CHO cells (10,000 per well) expressing either Flag-epitope tagged

HOR, 8OR, or kOR were treated without or with either opioid peptides or the
standards DAMGO, Delt II, or U69,593 (10~'2 to 10> uM) in the absence or
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presence of 10-uM receptor antagonists (CTOP for pOR, TIPPy for 8OR, or
JDTic for kOR) for 30 min at 37 °C in HBSS containing 10 mM Hepes, 20 uM
forskolin, and 100 pM IBMX. cAMP levels were quantified using the Hit-
Hunter cAMP detection kit according to the manufacturer’'s protocol.
Dose-response curves obtained were normalized to that of the standards
(DAMGO for pOR, deltorphin Il for 8OR, and U69,593 for xOR).

Bias Calculations. Bias analyses were carried out using the method proposed
by Kenakin et al. (28, 42) that is based on the Black and Leff operational
method (67). For this we followed the step-wise protocol described by Nagi
and Pineyro (43). Briefly, bias analysis was carried out as follows: 1) Dose-
response curves obtained in [**S]GTPyS binding and p-arrestin recruitment
assays were normalized to that of the standards (DAMGO for pOR, deltor-
phin Il for 80R, and U69,593 for kOR). 2) Data points were fit to the four-
parameter logistic equation in Prism 7.0 to obtain maximal response (span;
Emax), ECso values for all ligands and Hill coefficients for [35S]GTPyS binding
and p-arrestin recruitment. E,,x values obtained in step 2 were then ana-
lyzed by one-way ANOVA followed by Dunnett’s post hoc test to identify
peptides that gave maximal responses in each signaling pathway and at each
opioid receptor. This analysis helps identify opioid peptides that exhibit
partial agonistic activity compared to the standards. 3) Data from step 2 was
fit to the new operational model with TauKa ratios in Prism 7.0 by fitting
values for K (100 x ECsp), “n"” (Hill coefficient) and E.x. 4) Log(t/K,) [also
referred as Log (RA)] ratios for each ligand in different pathways were de-
termined. 5) Subtract Log(z/K ) ratio of the standard from those of the other
ligands to obtain normalized coefficients ALog(t/KA). 6) Obtain AALog(t/K,a)
by subtracting ALog(t/Ka) ratios from different pathways. Organize the
terms in the subtraction so as to obtain positive AALog(t/K,) values. 7)
Obtain the actual value of bias by calculating anti-Log AALog(t/K,) values.

Animals. Male Spague-Dawley rats (200 g) were used for electrophysiologi-
cal, immunohistochemical, and in situ hybridization studies. All animal care
studies and experimental procedures were approved in advance by the
University of California, San Francisco, the Icahn School of Medicine at
Mount Sinai, New York, as well as the Uniformed Services University of the
Health Sciences Institutional Animal Care and Use Committees, and were
conducted in accordance with the National Research Council Guide to the
Care and Use of Laboratory Animals (68).

Slice Preparation and Electrophysiology. Horizontal rat brain slices (200-um
thick) containing the VTA were prepared from adult rats as previously de-
scribed (34). Electrophysiological measurements of the effect of p-end pep-
tides (500 nM) on electrically evoked GABAAR inhibitory postsynaptic
currents (IPSCs) were carried out as in Margolis et al. (34). The IPSC amplitude
was calculated by comparing a 2-ms period around the peak to a 2-ms in-
terval just before stimulation. In a subset of experiments, p-end effects were
reversed with the opioid receptor antagonist naltrexone (1 pM).

Immunohistochemistry. Male rats (~200 g) were anesthetized with an in-
traperitoneal injection of ketamine (85 mg/kg) and xylazine (10 mg/kg) and
perfused through the aorta with heparinized PBS followed by 4% PFA. The
brains were dissected and placed in 4% PFA for 24 h at 4 °C and then cry-
oprotected by submersion in 20% sucrose at 4 °C for 3 d, frozen on dry ice,
and stored at —70 °C until sectioned. Coronal sections (20 pm) through the
amygdala (around -2.90 mm caudal to Bregma) (69) were cut using a
cryostat (Leica CM1900), mounted on slides, fixed in 4% PFA for 5 min,
washed in PBS then blocked in 10% normal goat serum (NGS) containing
0.3% Triton X-100 in PBS for 1 h. Sections were then incubated in guinea pig

1. C. Stein, Opioid receptors. Annu. Rev. Med. 67, 433-451 (2016).
2. S.S. Shenoy, F. Lui, Biochemistry, Endogenous Opioids (StatPearls, Treasure Island, FL,
2018).
. C. Stein, New concepts in opioid analgesia. Expert Opin. Investig. Drugs 27, 765-775
(2018).
4. A. Mansour, M. T. Hoversten, L. P. Taylor, S. J. Watson, H. Akil, The cloned mu, delta
and kappa receptors and their endogenous ligands: Evidence for two opioid peptide
recognition cores. Brain Res. 700, 89-98 (1995).
. V. Hollt, Opioid peptide processing and receptor selectivity. Annu. Rev. Pharmacol.
Toxicol. 26, 59-77 (1986).
6. A. N. Schoffelmeer, G. Warden, F. Hogenboom, A. H. Mulder, Beta-endorphin: A
highly selective endogenous opioid agonist for presynaptic mu opioid receptors.
J. Pharmacol. Exp. Ther. 258, 237-242 (1991).

7. T. Kenakin, Agonist-receptor efficacy. Il. Agonist trafficking of receptor signals.
Trends Pharmacol. Sci. 16, 232-238 (1995).

8. M. B. Jarpe et al., [D-Arg1,D-Phe5,D-Trp7,9,Leu11]Substance P acts as a biased agonist
toward neuropeptide and chemokine receptors. J. Biol. Chem. 273, 3097-3104 (1998).

w

v

Gomes et al.

anti-uOR antiserum (1:1,000) (70) and rabbit anti-Dyn A(1-8) antiserum
(1:500) (71) in carrier solution (5% NGS in 0.1% Triton X-100 in PBS) over-
night at room temperature. After rinsing twice for 10 min in PBS, sections
were incubated for 2 h in Alexa Fluor 488 labeled goat anti-guinea pig 19G
(1:200) and Alexa Fluor 566 labeled goat anti-rabbit IgG (1:200). Finally,
sections were rinsed twice for 10 min in PBS and cover-slipped with
mounting medium. Images were obtained with a Leica DM RXA fluorescence
microscope. Control sections with no primary antibody added showed no
staining above a very low background staining. The guinea pig anti-pOR
antibody AB1774 was raised against a synthetic peptide corresponding to
the carboxy-terminus of the cloned rat pOR (70). The rabbit anti-Dyn A(1-8)
antiserum, raised against Dyn A(1-8), shows less than 0.001% cross-reactivity
with Dyn A(1-17) and no cross reactivity with a-neoend or Leu-enk (71).

In Situ Hybridization Autoradiography for ppDYN mRNA with NeuN
Immunohistochemistry. A prodynorphin probe corresponding to nucleo-
tides 365 to 732 of rat prodynorphin cDNA (accession no. NM_019374) was used
for in situ hybridization; the latter was described in detail previously (72). Briefly,
slide-mounted coronal sections including amygdala (from -1.8 to —-3.6 mm
caudal to Bregma) were hybridized with 3°s-UTP-labeled riboprobe for ppDYN
(approximately 2.04 x 10° dpm/100 pL) by incubating overnight at 55 °C, rinsed
several times followed by incubation with RNase in buffer to remove free probe
before processing for immunofluorescence immunohistochemistry to visualize
the neuronal marker, NeuN, by incubation overnight with mouse anti-NeuN
primary antibody (1:100; Chemicon). After rinsing, the sections were incu-
bated with Alexa Flour 488 goat anti-mouse secondary antibody (1:200) for 2 h
at room temperature, rinsed, followed by dehydration in ascending concen-
trations of ethanol, transferred to the dark room, and coated with Kodak NTB
emulsion (Care Stream Health). After 18 d of exposure at 4 °C in the dark, the
slides were developed and fixed using Kodak Dektol Developer and Kodak Fixer
(Eastman Kodak). Slides were then cover-slipped using DAPI prolong (Thermo-
Fisher Scientific). Images were obtained with a Leica DM RXA fluorescence mi-
croscope. Sets of low-magnification images across the amygdala were tiled to
generate a composite image of the entire amygdala.

Data Analysis. Data were analyzed using Prism 7.0 software. Displacement
binding assay data were analyzed by comparing both One-site-Fit loglCsy and
Two-sites-Fit loglCso curves to determine for each dataset, which of the two
equations fits best. Data for [*°S]GTPyS binding and p-arrestin recruitment
assays were analyzed as described above under bias calculations. Data from
cAMP assays were analyzed using sigmoidal dose-response curves. Curves
had R? values >0.8 and <0.98. Statistical analysis was done using either one-
way or two-way ANOVA. P < 0.05 was considered to be significant.

Data Availability Statement. All relevant data, associated protocols and ma-
terials including their source are within the main text and S/ Appendix.
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