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The ability of a ligand to preferentially promote engagement of
one signaling pathway over another downstream of GPCR activa-
tion has been referred to as signaling bias, functional selectivity,
and biased agonism. The presentation of ligand bias reflects selec-
tivity between active states of the receptor, which may result in
the display of preferential engagement with one signaling path-
way over another. In this study, we provide evidence that the G
protein-biased mu opioid receptor (MOR) agonists SR-17018 and
SR-14968 stabilize the MOR in a wash-resistant yet antagonist-
reversible G protein-signaling state. Furthermore, we demonstrate
that these structurally related biased agonists are noncompetitive
for radiolabeled MOR antagonist binding, and while they stimu-
late G protein signaling in mouse brains, partial agonists of this
class do not compete with full agonist activation. Importantly, opi-
oid antagonists can readily reverse their effects in vivo. Given that
chronic treatment with SR-17018 does not lead to tolerance in sev-
eral mouse pain models, this feature may be desirable for the
development of long-lasting opioid analgesics that remain sensi-
tive to antagonist reversal of respiratory suppression.
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pioids such as morphine bind to the mu opioid receptor

(MOR) and couple to inhibitory Ga (Ga;) proteins to pro-
mote opioid-induced analgesia (1). Upon chronic exposure, the
MOR is phosphorylated by GPCR kinases and binds to
B-arrestins, a process that contributes to MOR desensitization
(2-5). In mice, genetic perturbation of these regulatory events
has been shown to attenuate morphine tolerance (6-9); there-
fore, agonists that activate MOR but do not lead to p-arrestin2
recruitment have been pursued to provide analgesia without tol-
erance (10). Agonists that display functional selectivity for pro-
moting receptor interactions with certain signaling pathways over
others are frequently described as biased agonists. This concept
of functional selectivity suggests that the receptor may assume
more than one active state, thereby permitting pleiotropic signal
propagation (11-16). Recently, we described a series of com-
pounds that have varying degrees of signaling bias and intrinsic
efficacy that include: partial agonists promoting a preference for
recruiting p-arrestin2 over G protein signaling (fentanyl and SR-
11501); partial agonists promoting a G protein signaling prefer-
ence (SR-17018, SR-15098, and SR-15099); and full agonists
inducing G protein signaling preference (SR-14968) (17).

These agonists produce antinociception in mice; moreover,
the G protein signaling-biased agonists display an improvement
in the therapeutic window (respiratory suppression EDsy over
antinociception EDsp) that is directly proportional to the
degree of signaling bias observed (17). Interestingly, chronic
treatment of mice with SR-17018 does not produce tolerance in
the hot plate assay, the formalin pain test, nor or a chemo-
therapeutic-induced neuropathic pain model (18). These obser-
vations support the hypothesis that extended treatment with
certain types of G protein—biased MOR agonist may present a
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means to limit the development of antinociceptive tolerance
(7, 9, 19-21). While the development of opioid tolerance is
likely more complex than simply the desensitization of the
receptor, chronic morphine treatment does lead to a decrease
in agonist-stimulated *>S-GTPyS binding in mouse brain mem-
branes compared to saline-treated mice (9, 22-25) suggesting
that desensitization of MOR-G protein signaling may contribute
to antinociceptive tolerance.

In cell culture, MOR desensitization can be modeled by pre-
treatment of cells with opioid agonists, which leads to
decreased sensitivity upon subsequent agonist exposure in G
protein signaling assays (1, 2, 24). In this study, we ask whether
agonists that are less likely to induce p-arrestin2 recruitment
will be less likely to induce receptor desensitization using this
conventional model. Pretreatment of cells with G protein
signaling-biased agonists (described in ref. 17) leads to a wash-
resistant elevation in basal GTPyS binding that is reversible by
antagonist. Interestingly, these properties are not observed for
the structurally related p-arrestin2-biased agonist SR-11501 nor
the G protein-biased agonist of a different structural class: oli-
ceridine. Evaluation in mouse brainstem membranes further
supports the noncompetitive nature of the MOR-biased ago-
nists from the SR series. Importantly, we demonstrate that that
while SR-14968 is noncompetitive with naloxone in biochemical
studies; a low dose of naloxone can fully reverse SR-14968-
induced respiratory suppression in mice. Overall, these findings
speak to the complexity that underlies the manifestation of
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apparent signaling bias observed for different agonists at MOR
and may point to properties that will be desirable for avoiding
MOR adaptations underlying desensitization and antinocicep-
tive tolerance.

Results

Increased Baseline Signaling Following Exposure to Biased Agonists.
A 2 h pretreatment (10 pM) of human MOR-CHO (Chinese
hamster ovary) cells with morphine, fentanyl, oliceridine, and
SR-11501 results in MOR desensitization, which is evident by a
decrease in DAMGO ([D-Ala,, N-Me-Phey, Glys-ol-Enkephalin],
and trifluoroacetate salt) potency and efficacy relative to the
parameters obtained following vehicle pretreatment (Fig. 14
and Table 1). Interestingly, pretreatment with SR-17018 and
SR-14968 raises basal *3S-GTPyS binding despite extensive wash-
ing of the cells and the membranes. SR-15098 and SR-15099, two
agonists that are structurally related to SR-17018 (17), also
increase basal GTPyS binding (Fig. 1B). This increased basal
activity can be observed following a shorter incubation period (30
min) with SR-17018 and SR-14968, and no increase in GTPyS
binding was observed following pretreatment in untransfected
CHO cells indicating that the effect is receptor-mediated (SI
Appendix, Fig. 1).

While MOR activation leads to the inhibition of adenylyl
cyclase, chronic treatment with MOR agonists sensitizes adenylyl
cyclase activity resulting in a forskolin-induced “overshoot” in
cyclic adenosine monophosphate (cAMP) production (26, 27).
As shown in Fig. 1C, pretreatment with morphine (10 pM, 2 h)
produces the anticipated sensitization to forskolin-stimulated
cAMP accumulation compared to vehicle. By contrast, pretreat-
ment with SR-17018 does not induce this overshoot; rather,
forskolin-stimulated cAMP accumulation is decreased compared
to the vehicle-treated cells, suggesting that SR-17018 remains
bound to MOR and that the receptor remains actively engaged
in inhibitory Go; signaling.

SR-17018 and SR-14968 pretreatment leads to dose-
dependent increases in basal GTPyS binding (Fig. 1 D and E).
DAMGO is able to further activate MOR in the CHO cells fol-
lowing SR-17018 pretreatment, although the potency of
DAMGO is shifted rightward after the 10 pM pretreatment
(Table 1 and Fig. 1F). In addition to raising the baseline, pre-
treatment with the full agonist SR-14968 decreases the maxi-
mum response produced by DAMGO to the point at which the
system loses the capacity to respond to DAMGO (Fig. 1G and
Table 1). Fig. 1H compares the concentration-dependent stimu-
lation of GTPyS binding following “acute” application of
SR-17018 to the MOR-CHO cells to the remaining “residual”
stimulation observed following the 2 h SR-17018 pretreatment.
The acute and residual response produced by SR-17018 reaches
an equivalent maximum suggesting both a lack of significant
SR-17018 dissociation and a conserved level of maximum ago-
nist activity (because the maximum response of partial agonists
is produced at full occupancy). A similar comparison is made
for SR-14968 (Fig. 1I). Here, the residual stimulation plateaus
at ~50% of the maximum stimulation induced by SR-14968
in the acute treatment. Together, these data suggest that SR-
17018 and SR-14968 may be acting as irreversible agonists.
Strikingly, these effects are readily reversed by the MOR antag-
onists, naloxone, and CTOP (Fig. 1/ and K and Table 1). These
observations suggest that the compounds are binding tightly to
a different site than the conventional antagonists; their agonism
persists despite extensive washing, but the activity they produce
can still be inhibited by a competitive antagonist.

Preservation of Increased Basal Activity in Intact Cells and Isolated
Membranes. Pretreatment of live MOR-CHO cells with 10 pM
morphine, fentanyl, SR-11501, and SR-17018 leads to a
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moderate decrease in *H-naloxone (5 nM) binding in intact
cells (Fig. 24). The 10 uM pretreatment with SR-14968 nearly
abolishes all detectable *H-naloxone binding; moreover, this
effect is concentration dependent (Fig. 2B). A loss of radioli-
gand binding sites may indicate a loss of receptor at the cell
surface as has been previously shown for many of the com-
pounds used in this study (28). Therefore, to avoid cellular
adaptations that may occur in response to extended drug expo-
sure (i.e., internalization and down-regulation), isolated
MOR-CHO cell membranes were pretreated for 30 min fol-
lowed by extensive washes. Again, pretreatment results in a
decrease in *H-naloxone binding (Fig. 2C) suggesting that the
loss of naloxone binding is not due to the removal of accessi-
ble receptors.

A 10- or 30-min pretreatment of prepared membranes is
also sufficient to elevate GTPyS basal activity with SR-17018
and SR-14968, further demonstrating that an intact cell is not
required for this sustained activation to occur (Fig. 2 D and E).
The increased basal GTPyS binding in the pretreated mem-
branes can also be reversed by an antagonist (Fig. 2E) as in
intact cells (Fig. 1J) suggesting that the antagonists still have
access to the orthosteric pocket in the presence of residual ago-
nist activation. We further interrogated the nature of the
SR-17018 interaction with MOR by exploring the contribution
of sodium to its activity. Sodium ions have been shown to allo-
sterically modulate MOR to decrease constitutive activity
(29-33) allowing agonist activity to be revealed (34, 35). In
vehicle-pretreated MOR-CHO membranes prepared in the
absence of sodium, basal activity is high, and no effect of
DAMGO is observed; as NaCl is added back, the baseline
GTPyS binding decreases, and DAMGO-mediated stimulation
is revealed (Fig. 2F, and as previously shown in seminal studies,
refs. 34 and 35). Notably, 100 mM NaCl is the standard concen-
tration used throughout this study in which optimal agonism is
observed. In the SR-17018-pretreated cells, the basal GTPyS
binding level is similar to the vehicle-pretreated cells in the
absence of NaCl; however, increasing the concentration of
NaCl has no effect on the basal GTPyS binding suggesting that
the SR-17018 pretreatment induces an active state that is no
longer negatively regulated by sodium ions.

SR-17018 and SR-14968 pretreatment also increases basal
GTPyS binding in membranes from CHO cells expressing the
mouse MOR (Fig. 2G) demonstrating that the effect is not
unique to the human MOR. Only SR-14968 produces a signifi-
cant elevation of GTPyS binding in mouse brainstem mem-
branes following a 30-min pretreatment, which may be due to
the heterogeneity of this system. Importantly, brainstem mem-
branes prepared from MOR knockout (MOR-KO) mice have
no response to the agonists (Fig. 2H). Baselines are also ele-
vated following pretreatment of membranes from the human
neuroblastoma cell line SHSY-5Y, wherein MOR is endoge-
nously expressed (Fig. 27). Together, these data indicate that
the stabilization of the G protein signaling state occurs inde-
pendently of receptor trafficking, can occur in endogenous tis-
sues, and is not an artifact of an overexpression system.

Competitive Analysis of Agonist Activity in the Presence of Naloxone.
Naloxone decreases the potency of DAMGO in a linear dose-
dependent fashion as would be expected by a competitive inter-
action between two orthosteric ligands (Fig. 34). Naloxone
dose-dependently shifts the potency of SR-17018 as well. How-
ever, due to the partial agonism and modest potency of
SR-17018, it is difficult to accurately define the top of the curve
at higher concentrations of naloxone (Fig. 3B). We do observe
a linear rightward shift in the SR-17018 response curves in the
presence of naloxone as would be expected if the two ligands
act competitively (Fig. 3B). The naloxone inhibition of
SR-14968 also produces a linear rightward shift in the potency;

Stahl et al.
G protein signaling-biased mu opioid receptor agonists that produce
sustained G protein activation are noncompetitive agonists


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102178118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102178118/-/DCSupplemental

Downloaded at UNIVERSITY OF TEXAS HEALTH SERIALS DEPARTMENT on November 30, 2021

10 pM drug pretreatment of CHO-MOR cells, 2h

A Vehide © SR-11501 4 SR-17018 o B C
) Oliceridine 604
© Fentanyl ® Morphine ¢ SR-14968 = = *k o
s 2. 6000 2T
& 60001 e Ss
)] S 8
~ £ £ © 40
2 2 4000 -
‘2 4000 g % 3 e G,/El ................
m a 2 8 20,
@ = 2000 So
& 20001 Q =
(7]
Q g °©
(“? 0 e i 0(}0 & o
) N . " .
9 8 -7 6 -5 Q\‘D(QX \@Q\ &‘{\\(\ (ES\QQ (\63’ \@Qy‘b@@% '@QQ‘Q Aé’(zyo&(\\ Aé’(\\ Q_,(\Q
Log[DAMGO], M Log[DAMGO], M S R e °
SR-17018 pretreatment, CHO-MOR cells, 2h 10 UM SR-17018, 2h
D . F Log[SR-17018], M H 8 100u & Acute J o + Naloxt?ne ® +CTOP
3100007 Baseline §10000*—A 5 s e Residual " O Vehicle Pretreated
o o A -6 & 100 @
S 8000+ € 8000 A 7 E
2 * 2 O Vehicle o s
S 6000 S 6000 < & 804
£ Ay £ el i
[oa) m ; £ ©
@ 4000-| * o 4000 o 2
a o d & @ % 60
= A = a )
b 2000] & B 5 200044 = i %QEE
@ & Q S
© 0- 8 (O B e L i g’c,o oy gy 40y
0 -7 6 -5 0-10 -9 -8 -7 6 -5 -10-9 -8 -7 6 -5 0 109 -8 -7 -6 -5
L°%[r2§:a:r?;§t’ M Log[DAMGO], M Log[SR-17018], M Log[Antagonist], M

SR-14968 pretreatment, CHO-MOR cells, 2h
10 uM SR-14968, 2h

E Baseline G Log[SR-14968], M | g 1204 ¢ Acute K o *Naloxone e+ CTOP

= 4000+ S 40001 ¢ 5 - = ¢ Residual o 120 © Vehicle Pretreated

: 5 o7 g 1 £

o, 3000- wowe o 3000+ © -8 & 80 o 100 ®

c c O Vehicle o b

-g Fkkk -8 % 60* 2‘3 807

& 2000+ 5 & 2000 2 =

® o e S 40+ 3

a . g% ) 2 60

k5 1000+ c% 5 1000-&- g 20 e %

# P Q ol % 101

3 0- © 0 e 9 R R e ot ol ey
LO [3314_9768]_6M 0-109 8 -7 6 5 -11-10-9 -8 -7 -6 -5 0 109 -8 -7 6 -5
O - , .

9 Log[DAMGO], M Log[SR-14968], M Log[Antagonist], M

pretreatment

Fig. 1. Pretreatment of live MOR-CHO cells with SR-14968 and SR-17018 increase wash-resistant, antagonist-reversible, basal G protein activation follow-
ing extended exposure. (A) DAMGO-stimulated 3°S-GTPyS binding following a 2-h, 10-uM treatment with indicated agonists (n = 5 to 7 per compound, 16
vehicle, mean + SEM plotted). (B) Individual baseline values following indicated agonist or corresponding vehicle pretreatment tested in parallel (10 pM,
2 h, n = 4 to 16). (C) Morphine (10 pM, 2 h) pretreatment enhances forskolin-induced cAMP production, while SR-17018 pretreatment (10 pM, 2 h) sup-
presses the CAMP accumulation (n = 3). (D) The dose-dependent increase of basal GTPyS binding following SR-17018 and (E) SR-14968 2 h pretreatment
[mean with 95% ClI plotted, n = 6, which includes n = 3 and the individual baseline points for F (n = 3) and G (n = 3)]; (F) DAMGO activation following
SR-17018 pretreatment (n = 3) and (G) SR-14968 pretreatment (n = 3). (H) A comparison of an acute concentration response curve of SR-17018 (n = 3) or
(I) SR-14968 (n = 3) to the residual basal activity produced by a 2-h pretreatment at the concentrations indicated (plotted from F and G). (J) A naloxone
and CTOP antagonism of the residual elevated baseline produced by a 2-h, 10-uM pretreatment of SR-17018 (n = 3) or (K) SR-14968 (n = 3). Statistical dif-
ferences are indicated relative to vehicle pretreatment performed in parallel as *P < 0.05; **P < 0.01; ****P < 0.0001; paired Student’s t test. See Table 1.

however, the maximum response is clearly decreased in the  Competitive Mechanisms Assessed by Radioligand Competition
presence of naloxone (Fig. 3C). This effect is most likely the  Binding. All of the agonists fully inhibit *H-DAMGO binding and
product of a noncompetitive inhibition as DAMGO is capable  give no indication of a noncompetitive interaction, which is in
of surmounting naloxone inhibition as shown in Fig. 34. Fitting ~ agreement with the report of their binding affinities using
the data in Fig. 3C to the allosteric operational model which ~ *H-DAMGO shown in Fig. 3D (17). Interestingly, the G protein
permits allosteric modulation of both affinity and efficacy when  signaling-biased agonists, which elevate baseline GTPyS binding
both sites of the receptor are occupied, produces an of value of — upon extended exposure (Fig. 1B) only partially block binding of
0.0029 (Table 2, in which « defines the potency shift and p  the high affinity radioligand *H-diprenorphine (Fig. 3E). Partial
defines the change in magnitude produced by an allosteric  inhibition was also observed using SR-17018 and SR-14968 in

interaction between two ligands). 3H-naloxone-binding assays; interestingly, the addition of SR-17018
Stahl et al. PNAS 3of 11
G protein signaling-biased mu opioid receptor agonists that produce https://doi.org/10.1073/pnas.2102178118

sustained G protein activation are noncompetitive agonists

PHARMACOLOGY



Downloaded at UNIVERSITY OF TEXAS HEALTH SERIALS DEPARTMENT on November 30, 2021

Table 1. Changes in potencies and efficacies following pretreatment of live cells for 2 h with indicated opioid agonists

2h DAMGO DAMGO 2h
Figure Pretreatment ECso, NM %Emax Figure Pretreatment DAMGO ECsp, nM DAMGO %Emax
1A Vehicle 34 +14 100 1G Vehicle 40 + 14 100
10 pM fentanyl 109 + 36" 84 + 25 0.01 pM SR-14968 84 + 10 67 + 13%
10 pM SR-11501 106 + 38" 71+ 14" 0.1uM SR-14968 NC [65 + 11]
10 pM morphine 87 + 22" 74 + 40 1 uM SR-14968 NC [44 + 3]
10 pM oliceridine 80 + 34" 90 + 24 Naloxone ICsg, NM CTOP ICs0, nM
10 pM SR-17018 342 + 162" 88 + 26 1 10 pM SR-17018 4.35 + 0.59 224 + 129
10 pM SR-14968 NC [48 + 8] 1K 10 pM SR-14968 46 + 8.2 1335 + 884
1F Vehicle 15+6 100
0.1 pM SR-17018 19+ 11 104 + 26
1 uM SR-17018 57 + 23 100 + 28
10 uM SR-17018 278 + 56° 95 + 21

ECso and Enax (mean + SD), from the curves in Fig. 1 where [Emax] represents the maximum observed stimulation at 10 uM when the curve is not
converged (NC). Fig. 1A: A paired Student’s t test comparing vehicle and drug treatment within each group:

‘P <0.01;

P < 0.05. (n = 4 to 6 per drug, 15 vehicles). Fig. 1F: SR-17018 versus vehicle: One-way RM-ANOVA= F(1.175, 2.351) = 81.43, P = 0.0070;

*P < 0.05, Dunnett’s post hoc analysis. n= 3. Fig. 1G: SR-14968 versus vehicle: paired Student’s t test;

8P < 0.05 n= 3. Fig. 1 J and K: Means of the IC50 are presented with + SD, n = 3 per set. Imax was not determined (ND) as there was no “baseline” in the
drug pretreated samples. The average potency for all of the vehicle-pretreated groups (A-G): 32 + 15 nM (SD, n = 21).

to SR-14968 increases >H-naloxone binding, suggesting that
SR-14968 and SR-17018 are acting at a competitive allosteric site
that is distinct from the *H-naloxone orthosteric site (Fig. 3F). For
both *H-diprenorphine and *H-naloxone binding, partial inhibition
is inconsistent with competitive orthosteric occupancy and is sup-
ported by a noncompetitive mechanism of action. Calculated pKp
and o parameters describing the allosteric interactions are provided
in Table 3 along with potency parameters. These data strongly indi-
cate that the selected biased agonists do not compete with the clas-
sic orthosteric site that diprenorphine/naloxone occupy in MOR.

Competitive Interactions Explored in Mouse Brainstem Membranes.
A partial agonist will compete with a full agonist to decrease
the maximal stimulation produced by the full agonist until it
converges with the maximal response (efficacy) produced by
the partial agonist alone (36). This relationship is exemplified
in mouse brainstem membranes where the potent partial ago-
nist sufentanil stimulates GTPyS binding to 31% maximum of
DAMGQO; in the presence of 1 pM DAMGO, sufentanil inhib-
its DAMGO down to sufentanil efficacy (32%) (Fig. 44 and
Table 4 for parameters). This effect is recapitulated for
SR-15011 and oliceridine (Fig. 4 B and C). Notably, oliceridine
produces very little detectable stimulation in this assay (pre-
venting the estimation of potency); however, the potency of oli-
ceridine can be observed in the competition study in which it
potently reverses 1 pM DAMGO stimulation down to the effi-
cacy observed with oliceridine alone (Fig. 4C). By contrast,
SR-15099 acts as a partial agonist relative to DAMGO in the
brainstem GTPyS assay; however, the response observed with 1
pM DAMGO is not altered in the presence of increasing doses
of SR-15099 (Fig. 4D). A similar effect can also be seen for the
partial agonist SR-17018 (Fig. 4E). SR-14968 acts as a full ago-
nist in mouse brainstems, and SR-17018, although incapable of
inhibiting  DAMGO stimulation, is capable of blocking
SR-14968-mediated activation of MOR in the brainstem (Fig.
4F). Importantly, none of the agonists stimulate GTPyS binding
in MOR-KO mouse brainstem membranes (SI Appendix, Fig. 2)
(17). These observations further demonstrate that the SR series
of G protein signaling-biased agonists are acting in a noncompeti-
tive manner at MOR and do so in the mouse brain.

Reversal of SR-14968-Induced Respiratory Suppression by Nalox-
one. SR-14968 pretreatment greatly reduces the ability of low
concentrations of *H-naloxone to bind in cell membranes,
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although naloxone is capable of completely inhibiting SR-
14968-mediated G protein signaling (Figs. 1K and 2B). There-
fore, we asked what this would mean for in vivo sensitivity to
naloxone antagonism (Fig. 5). While SR-14968 has an improved
therapeutic window (EDs( respiratory suppression: 14 mg/kg
versus hot plate antinociception: 0.44 mg/kg) compared to fen-
tanyl (EDsy respiratory suppression: 0.71 mg/kg versus hot
plate antinociception: 0.24 mg/kg), SR-14968 still produces
respiratory suppression in mice (17). Therefore, we tested if
naloxone could block SR-14968-induced respiratory suppres-
sion. Based on the respiratory EDs, parameters previously
determined, we compared equi-efficacious doses of SR-14968
and fentanyl. Fentanyl has a rapid onset and fast pharmacoki-
netic rate of clearance, while SR-14968 has a slower onset and
is longer lasting (17). Therefore, naloxone was administered 15
min after fentanyl and 30 min after SR-14968. The reversal of
fentanyl-induced respiratory suppression requires a relatively
high dose of naloxone (37), and we show that 5 mg/kg naloxone
is sufficient to reverse respiratory suppression produced by fen-
tanyl at 1 mg/kg, intraperitoneally (i.p.) (Fig. 54). Since the bio-
chemical evidence indicates that naloxone is accessing a differ-
ent site than SR-14968, we tested if a lower dose of naloxone
could reverse the response produced by SR-14968. Remarkably,
a 10-fold lower dose, 0.5 mg/kg, of naloxone fully reverses 10
mg/kg, i.p. SR-14968-induced respiratory suppression demon-
strating that naloxone is highly efficacious against the noncom-
petitive agonist SR-14968 in vivo (Fig. 5B).

Discussion

In this study, we show that a series of G protein signaling—biased
MOR agonists of a conserved chemical scaffold produce long-
lasting and wash-resistant stimulation of GTPyS binding to mem-
branes following a 10- to 120-min exposure. This activation is
MOR-mediated, because it does not occur in untransfected cells.
The studies suggest that SR-17018, SR-15099, and SR-14968 bind
in a nearly irreversible manner to the MOR leading to persistent
G protein signaling. However, the stimulation is fully reversed by
the MOR antagonists, naloxone and CTOP, suggesting that the
SR series compounds bind with high affinity to another site on
the receptor that facilitates G protein signaling allowing the
receptor to remain sensitive to antagonists that act at the orthos-
teric pocket. In both signaling and radioligand binding studies,
we show that SR-17018 is capable of blocking the actions of
SR-14968 suggesting that, while the compounds produce wash-
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resistant agonism, the two appear to be competitive for a shared
and explicitly allosteric site. The persistent activity may be facili-
tated by the poor solubility of these agonists as they require
dimethyl sulfoxide (DMSO) and detergent vehicles for adminis-
tration in animals; moreover, given their high degree of brain
penetrance (17, 25), they are expected to partition into mem-
brane preparations, which likely contributes to the persistent G
protein signaling observed despite extensive washing of the mem-
branes. In this manner, these ligands may have additional access
to sites on the receptor similar to models previously proposed for
other receptors (38).

In this study, we have made every effort to present as much
experimental data as possible in raw radioactivity counts (counts
per minute [CPM]) to avoid misinterpretation due to normaliza-
tion. If the data are normalized to fold over vehicle in Fig. 1, it
would appear that SR-17018 and, to a greater extent, SR-14968
greatly desensitize the receptor following treatment as the base-
line is greatly elevated. This profile has been observed previously
using herkinorin, another agonist that was reported to have
biased agonism at MOR (39, 40). In a similar desensitization
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study (40), MOR-CHO cells pretreated with herkinorin pro-
duced elevated basal GTPyS binding. Moreover, cCAMP over-
shoot was suppressed following herkinorin treatment in a manner
similar to that seen for SR-17018 (Fig. 1C). Molecular dynamic
simulation and docking studies suggest that herkinorin interacts
with N150*% differently than classic MOR agonists (41);
N150A>% s predicted to interact directly with sodium ions which
negatively regulate the active state of MOR (42). In the docking
studies, the authors suggest that herkinorin is an allosteric modu-
lator at MOR (41) but also propose occupancy in the orthosteric
pocket. However, it has not been experimentally determined if
herkinorin has noncompetitive interactions at MOR.

Since N150A%* in MOR is involved in sodium ion binding
(43), we investigated the contribution of sodium ions to the
persistent elevated basal activity following SR-17018 pretreat-
ment. Seminal studies demonstrated that agonist stimulation of
GTPyS binding could only be observed in the presence of a
monovalent cation such as sodium (as NaCl), which serves to
decrease the basal degree of coupling enabling an agonist-
induced receptor activation to be observed (34, 35). In vehicle-
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Fig. 3. SR-17018 and SR-14968 display noncompetitive interactions at MOR. (A-C) Competition curves in the 3°S-GTPyS binding assay on untreated
MOR-CHO cell membranes are presented using increasing concentrations of naloxone in the presence of (A) DAMGO, (B) SR-17018, and (C) SR-14968 con-
centration response curves. Linear regression Schild analyses demonstrating a linear shift in the potency as a function of antagonist concentration are
shown (n = 3). A decrease in the maximum of SR-14968 in the presence of 10 uM Naloxone is indicative of a noncompetitive interaction; the allosteric
operational parameter of is calculated as 0.0029. (D-F) Radioligand competition studies using (D) *H-DAMGO, n = 3, (E) *H-Diprenorphine, n = 4 to 8, and
(F) *H-Naloxone, n = 3, and the indicated competing compounds. The *H-naloxone competition produced by 1 uM SR-14968 (dashed line with SEM in F)
can be reversed by SR-17018 (red triangles); the individual data points are shown for 10 pM SR-17018 (**P < 0.01, paired Student’s t test). See Table 3 for

parameters and n values.

pretreated membranes, we reproduced this experiment showing
elevation of basal GTPyS binding in the absence of sodium, the
decrease of basal GTPyS binding with increasing NaCl concen-
trations, and the subsequent restoration of agonist-stimulated
MOR activation in the presence of sodium (34). However, fol-
lowing SR-17018 pretreatment, the basal GTPyS binding is not
further elevated in the absence of sodium, and increasing NaCl
levels does not decrease the basal activity (Fig. 2F). If
SR-17018 is irreversibly binding in the orthosteric pocket, then
it might be expected to prevent access to the sodium pocket.
However, our studies demonstrate that SR-17018 is not an
insurmountable agonist, as naloxone and CTOP (a larger, lower
affinity peptide antagonist) readily block SR-17018 elevation of
basal MOR signaling. Therefore, we propose that SR-17018

stabilizes the receptor in an active state that has low affinity for
sodium binding.

In acute competition radioligand binding assays, the com-
pounds appear to be fully competitive for "H-DAMGO binding,
while the biased SR compounds do not fully displace *H-dipre-
norphine and *H-naloxone binding, suggesting a distinctly non-
competitive interaction. We cannot rule out that the agonists may
also interact with the orthosteric binding site, because molecular
modeling studies predict that SR-17018 will bind to some of the
same residues as PZM21, fentanyl, and morphine in the orthos-
teric pocket (41). Therefore, although it may be possible that the
SR series of agonists have bitopic actions in which they can act at
both an orthosteric site and a separate noncompetitive site, the
data presented in this study provides strong evidence for activity

Table 2. Agonist-stimulated 3°S-GTPyS binding in the presence of increasing naloxone
Fig. 3 A-C
355-GTPyS DAMGO SR-17018 SR-14968
[Naloxone] ECs0, NM %Emax ECso, NM %Emax ECso, NM %Emax off
None 17 (14 to 20) 100 62 (44 to 87) 59 (55 to 62) 3.9 (3.1 to 5.0) 99 (96 to 103) 0.0029
1 nM 36 (32 to 42) shared 217 (149 to 317) shared 7.2 (5.4 to 9.6) 99 (95 to 103)
10 nM 166 (148 to 186) shared 2085 (1397 to 3058) shared 27 (20 to 34) 92 (88 to 96)
100 nM 1455 (1211 to 1749) shared 12070(8134 to 18660) shared 168 (123 to 227) 70 (65 to 75)
Mean parameters with 95% Cl are shown, n = 3, see Fig. 3. off is provided for the fit of the allosteric operational model for SR-14968.
6 of 11 | PNAS Stahl et al.
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Table 3. Competitive and noncompetitive interactions of opioid agonists in radioligand binding assays

Fig. 3

D-F 3H-DAMGO 1 nM 3H-Diprenorphine 0.5 nM 3H-Naloxone 1 nM
Competing ligand pK;, M n pK;, or pKg nM n o pK;, or pKg nM n o
Naloxone 9.42 (9.35 to 9.51) 3 8.01(7.92 to 8.09) 8 - 8.89 (8.77 to 9.01) 3 -
DAMGO 8.72 (8.62 to 8.81) 3 ND - ND -
Sufentanil 9.61 (9.49 to 9.74) 3 7.74 (7.61 to 7.87) 6 - ND -
Fentanyl 8.58 (8.47 to 8.69) 3 6.21 (6.06 to 6.35) 4 - ND -
SR-11501 8.58 (8.44 to 8.73) 3 6.15 (6.03 to 6.27) 5 - ND -
Oliceridine 8.74 (8.61 to 8.87) 3 7.32 (7.17 to 7.45) 3 - ND -
SR-15098 8.05 (7.91 to 8.19) 3 6.84 (6.33 to 7.36) 4 1.7 ND -
SR-15099 8.00 (7.87 to 8.13) 3 7.28 (6.72 to 7.99) 4 1.6 ND -
SR-17018 8.02 (7.88 to 8.16) 3 7.09 (6.60 to 7.63) 7 1.4 7.10 (6.86 to 7.35) 3 2.0
SR-14968 9.51 (9.37 to 9.68) 3 7.35 (7.15 to 7.55) 6 4.8 7.62 (7.43 to 7.81) 3 6.8

The mean parameters with 95% Cl are present with the number of independent curves are shown in the table (n). Not determined (ND).

at an allosteric site. This is particularly evident in mouse
brainstem membranes, where SR-17018 and SR-15099, although
partial agonists, are unable to compete with DAMGO-stimulated
GTPyS binding suggesting that, in vivo, their effect on MOR
activation may be predominantly noncompetitive. Additional
structural and molecular mutational studies will help to further
elucidate the nature of the allosteric interaction induced by
SR-17018 and SR-14968 binding to MOR. However, it remains
an attractive hypothesis that selectively engaging the receptor
through this sort of interaction may be a means to stabilize MOR
in a G protein-coupling active state.

Previously, we showed that chronic SR-17018 (up to 48 mg/kg/
day, twice a day, 6 d) does not produce tolerance in the hot plate
antinociception assay (25) nor in the mouse formalin assay (18);
SR-17018 also retains efficacy in a mouse chemotherapeutic-
induced neuropathy model following repeated dosing (18). Inter-
estingly, substitution of SR-17018 in morphine-tolerant mice
reverses morphine tolerance while preventing abstinence-induced
withdrawal (25). We hypothesize that these noncompetitive
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properties of SR-17018 may lead to stabilizing a G protein signal-
ing state of the receptor and, in this manner, may facilitate resto-
ration of orthosteric agonist (morphine) sensitivity while main-
taining receptor activation (prevention of withdrawal).

The noncompetitive nature of these agonists may also be ben-
eficial for improving naloxone sensitivity in the case of respira-
tory suppression. Radioligand competition data, when fit to the
allosteric operational model, reveal o values greater than 1,
which indicates the presence of the SR compounds increases the
affinity of *H-naloxone and *H-diprenorphine for the receptor
(Table 3 and Fig. 3 E and F) (44). This relationship is further
supported by the naloxone competition in the GTPyS binding
studies. Since naloxone produces a dose-dependent decrease in
the functional response produced by SR-14968 (Fig. 3C and
Table 2), the allosteric operational model fit of the data high-
lights negative activation cooperativity (af < 1, Table 2). This
property would effectively make the SR-14968-bound receptor
more sensitive to the action of naloxone at the orthosteric site
and the experimental data demonstrating that low-dose naloxone
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Fig. 4. The evaluation of competitive nature of partial agonists in untreated membranes from mouse brain-stem. (A) Sufentanil, (B) SR-11501, and
(C) oliceridine compete with 1 uM DAMGO in the 3°$-GTPyS binding assay with oliceridine producing very little 3*S-GTPyS binding in mouse brainstem
membranes alone. (D) SR-15099 and (E) SR-17018 are partial agonists for stimulating 3°S-GTPyS binding in the brain-stem but do not compete
with DAMGO. (F) SR-14968 is a full agonist at MOR in the brain-stem relative to DAMGO (SR-14968 Emax: 1.40 + 0.15 fold over veh, n = 4, DAMGO:
1.50 + 0.02 fold over vehicle, n = 30), SR-17018 competes with 1 pM SR-14968. Also shown are mean with SEM. The dotted lines in each graph indicate

Log[Compound], M
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the mean response of 1 pM DAMGO (A-E) or SR14968 (F) with SEM. See Table 4 for parameters and n values.
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Table 4. 355-GTPyS binding parameters in mouse brainstem membranes

Agonist Stimulation + 1uM DAMGO or SR-14968

Fig. 4 ECso, NM % Emax* n 1Cs50, "M % Emax* n

A-E. DAMGO 240 (188 to 305) 100% 30 - -

A Sufentanil 0.48 (0.10 to 2.24) 31 (26 to 37) 5 6.0 (1.1 to 40) 32 (17 to 43) 5

B Oliceridine NC [10 + 5] 7 72 (30 to 169) 12 (0 to 25) 5

C SR-11501 103 (25 to 449) 42 (34 to 52) 5 91 (11 to 811) 45 (34 to 54) 5

D SR-17018 124 (52 to 294) 48 (42 to 56) 9 NC [78 + 2] 4

E SR-15099 101 (26 to 341) 29 (22 to 37) 5 NC [75 + 11] 3
ECso, NM % Emax’ n 1Cs0, NM % Emax’ n

F SR-14968 88 (48 to 159) 100% 4 - -

G SR-17018 132 (35 to 479) 42 (32 to 53) 4 NC [36 + 6] 4

Downloaded at UNIVERSITY OF TEXAS HEALTH SERIALS DEPARTMENT on November 30, 2021

*Percent Emax of DAMGO; bottom, shaded.

TPercent Emax of SR-14968; the means are presented with 95% Cl, the number of mice is indicated (n), and DAMGO was included in every experiment.
Competition parameters were derived by constraining the top to the average 1 pM DAMGO (or SR-14968) response obtained in each experiment.
Bracketed [Emax] values represent the percent stimulation at the highest concentration tested for curves that did not converge (NC).

reversal of SR-14968-mediated respiratory suppression is in sup-
port of this proposed mechanism. This improved sensitivity of
naloxone could be considered a benefit for reversing the effects
of the noncompetitive agonist in cases of respiratory distress.

In this study, we do not prove that the elevation in baseline
observed for SR-17018 and SR-14968 is due to or contributes to
the biased agonism (GTPyS binding versus p-arrestin2 enzyme
fragment complementation [EFC] assays) observed for these
compounds; however, we do note that the structurally related
agonist SR-11501, which does not show bias for promoting
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Fig. 5. Naloxone reversal of fentanyl- and SR-14968-induced respiratory
suppression. (A) Following a 30-min habituation to determine the base-
line, the mice were treated with 1 mg/kg, i.p. fentanyl; after 15 min, nal-
oxone (5 mg/kg, i.p.) was administered; the dotted line indicates the mean
baseline response over the first 30 min. Comparing the fentanyl + nalox-
one and fentanyl + saline effect by two-way RM-ANVOA: F(1.9=49.86,
****%P < 0.0001, n = 5 saline, 6 naloxone. The mean of %0, for each time
bin is presented to the right comparing drug response to baseline (**P <
0.01, ****P < 0.0001, one-way RM-ANOVA) and comparing saline to nal-
oxone (**Pp < 0.0001, unpaired Student’s t test). (B) SR-14968 (10 mg/kg,
i.p.) was administered and, after 30 min, the mice were given naloxone
(0.5 mg/kg, i.p.); the dotted line indicates the mean baseline response over
the first 30 min. Comparing the SR-14968 + naloxone and SR-14968 +
saline effect by two-way RM-ANOVA: F(1.5=101.6, ****P < 0.0001, n =5
per group. The mean of %0, for each time bin comparing drug response
to the baseline (***P < 0.001, one-way RM-ANOVA) and comparing the
saline to naloxone effect (***#P < 0.0001, unpaired Student’s t test).

8of 11 | PNAS
https://doi.org/10.1073/pnas.2102178118

G protein signaling over f-arrestin2 recruitment (17), does
not induce the elevated baseline; moreover, it fully displaces
*H-diprenoprhine binding and is competitive for DAMGO
stimulation in mouse brainstems. Oliceridine, which has been
reported to show bias for G protein signaling (inhibition of
cAMP accumulation versus B-arrestin2 EFC), also does not
induce this elevation in GTPyS binding and has been reported
to be an orthosteric agonist (45). These findings underscore the
fact that bias determined by different cellular readouts is the
product of a number of different variables collapsing into a lim-
ited number of signal readouts. In the case of SR-17018 and
SR-14968, we hypothesize that the noncompetitive binding
component may contribute to the measured bias between
GTPyS binding and B-arrestin2 recruitment (17). However,
further studies are needed to delineate these interactions.

The question remains as to whether the improved therapeu-
tic window associated with SR-17018 observed in mice, namely,
an improvement in antinociception while protecting from respi-
ratory suppression and tolerance (17, 18, 25), is due to the bias
against f-arrestin2 recruitment or due to the differences in G
protein-mediated signaling observed for these ligands. The
continued development of pharmacologically rich and diverse
opioid ligands will aid in the delineation of the favorable and
unfavorable signaling profiles in vitro that predict gains in ther-
apeutic benefit over adverse events in vivo.

Methods

Compounds. Morphine sulfate pentahydrate were purchased from Millipore
Sigma or received from the National Institute on Drug Abuse (NIDA) Drug Sup-
ply. SR-17018, SR-14968, SR-15098, SR-15099, and SR-11501 as mesylate salts
were synthesized at SR as previously described and validated by NMR for
purity greater than 95% (17). Oliceridine (TRV-130) was purchased from Cay-
man Chemical. Fentanyl HCl, Naloxone HCl, and DAMGO were obtained from
Millipore Sigma. CTOP (the cyclized peptide: [D-Phe-Cys-Tyr-D-Trp-Orn-Thr-
Pen-Thr-NH,]) was purchased from Tocris. Compounds were prepared as 10
mM stocks in 100% DMSO (Thermo Fisher) and stored at —20°C in 10 pL ali-
quots to avoid repeated freeze-thaw cycles. SR compounds are difficult to sol-
ubilize; therefore, extra care was taken with the DMSO used in preparing the
stocks. Since DMSO is very hygroscopic, pure DMSO was aliquoted in glass bot-
tles and kept at 4 °C prior to use (at 4 °C, pure DMSO should be solid). Radioli-
gands were purchased from PerkinElmer: Guanosine triphosphate, labeled on
the gamma phosphate group with 3°S (3°S-GTPyS, 1250 uCi); Naloxone, [N-
allyl-2,3,-*H] (H-Naloxone, 250 pCi; specific activity: 70, Ci/mmol); DAMGO,
[Tyrosyl-3,5-*H(N)], CH-DAMGO: 250 uCi; specific activity: 53.7 Ci/mmol); and
Diprenorphine [15,16-3H], (*H-Diprenorphine, specific activity: 37 Ci/mmol).

Animals. Male C57BL6/J mice at 10 to 16 wk of age from Jackson Labs were
kept on a 12-h light-dark cycle and had ad libitum access to standard rodent
chow and water. All studies were performed using mice that had not been used
for any other purposes. The mice were used in accordance with the National
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Institutes of Health Guidelines for the Care and Use of Laboratory Animals with
the approval by The SR Institute Animal Care and Use Committee.

Cell Culture. CHO-K1 (American Type Culture Collection [ATCC]) cells express-
ing the human MOR (CHO-MOR) were grown under Geneticin selection (500
pg/ul) in DMEM/F12 media containing 10% fetal bovine serum (FBS) as
described (17, 40). Untransfected CHO-K1 cells were grown in the same manner
but without Geneticin. CHO-K1 expressing haemagluttinin-tagged mouse
MOR (CHO-HA-mMOR) cells were grown with 1ug/mL puromycin (17). SHSY-5Y
cells were purchased from ATCC and cultured DMEM/F12 supplemented with
1x GlutaMAX (200 mM L-alanyl-L-glutamine dipeptide in 0.85% NaCl by Gibco
sold as 100X stock) and 10% FBS. Cells were incubated in serum free media for
timepoints as indicated in the presence of vehicle (1% DMSO) or specified com-
pounds at the noted concentrations. Cells were then rinsed on the plate with
phosphate buffered saline (PBS), dissociated with 5 mM ethylenediaminetetra-
acetic acid (EDTA), and then collected and pelleted in a 15-mL Falcon tube by
centrifugation at 2,000 x g for 2 min; washes were repeated in PBS five times.
Cell pellets were stored at —80 °C until use in the binding assays.

GTPyS Binding Assays.
No pretreatment. Assays were performed as previously described (17). The
cells (MOR-CHO and SH-SY5Y cells) were serum starved for 2 h, collected in
PBS with 5mM EDTA, centrifuged (2,000 rpm), and stored at —80 °C. The cells
were then disrupted by Teflon-on-glass homogenization in a buffer comprised
of 10 mM Tris HCl, pH 7.4, and 1 mM EDTA. The homogenates were centri-
fuged at 4°C at 20,000 x g for 30 min to prepare a membrane pellet. The pel-
let was resuspended in 3°S-GTPyS binding buffer (10 mM Tris HCl, pH 7.4, 5
mM MgCl,, 1 mM EDTA, 20 uM guanosine diphosphate [GDP], and 100 mM
NaCl) and 0.1 nM **S-GTPyS and plated at 10 ug protein/well.
Intact cell pretreatment. For intact cell pretreatment studies, adherent cells
were incubated in serum free media up to 2 h in the presence of vehicles or
drugs at the concentrations and times indicated (Fig. 1). The cells were col-
lected, centrifuged (2,000 rpm), and the pellet resuspended and centrifuged
five times prior to freezing (—80 °C). The membranes were prepared and the
assay performed as described for the "no pretreatment" GTPyS assays.
Cell membrane pretreatment. Untreated cells were collected and the mem-
branes were prepared from pellets as described for the no pretreatment
GTPyS binding assays (without extra wash steps). The pellet was resuspended
in 35S-GTPyS binding buffer (10 mM Tris HCl, pH 7.4, 5 mM MgCl,, 1 mM EDTA,
and 100 mM NaCl) and divided into portions for pretreatment with agonist or
vehicle. Following pretreatment, membranes were centrifugated at 20,000 x
g 4°C for 10 min and resuspended in the same buffer; this was repeated for
five washes. The final pellet was resuspended in **S-GTPyS binding buffer
including 20 pM GDP plated at 10 pg protein/well in the presence of 0.1 nM
355.GTPyS for the assay (Fig. 2). In studies in which NaCl was added (Fig. 2F),
membranes were resuspended in the GTPyS binding buffer in the absence of
NaCl such that no NaCl was present during the pretreatment period; NaCl was
added at the concentrations indicated at the point of including 3°S-GTPyS.
Mouse brainstem membranes. Brainstem membranes were prepared follow-
ing homogenization as previously described (17, 46) and subject to membrane
pretreatment followed by five washes (Fig. 2H) or assessed directly without
pretreatment and extended washes (Fig. 4). In the brainstem pretreatment
studies, vehicle pretreatment was assessed for each brainstem in parallel to
each drug tested; in the competition studies, DAMGO was assessed in parallel
for each drug in each brainstem. One brainstem = 1 mouse = 1 n.

For all experiments, protein was quantitated using the BioRad Bradford kit.
In each reaction, 1% DMSO served as the vehicle. In cases in which antagonists
are included, the antagonist is added during the 3*S-GTPyS binding incubation.
Incubation was for 1 h at room temperature, and the reaction was stopped by
rapid filtration onto GF/B fiberglass filter plates using a Brandel 96-well plate
harvester with subsequent washes with cold dH,O. Radioactivity was counted
with Microscint on a TopCount NXT Scintillation Counter (PerkinElmer).
H g Time Resolved Fluorescence cAMP Measures. CHO-MOR cells
were serum starved for 2 h in the presence of vehicle, morphine, or SR-17018
prior to collection as previously described (17). Cells were collected in PBS with
5mM EDTA, gently washed three times in PBS, and then dispersed into a 384-
well plate at 5,000 cells per well. Cells were incubated in the absence of serum
for 3 h prior to addition of forskolin (32 uM). Levels of cCAMP were determined
with the Homogenous Time-Resolved Fluorescence resonance energy transfer
cAMP HiRange kit by Cisbio according to the manufacturer’s instructions (Cis-
bio-62 AM6PEC) upon 1 h incubation with detection reagents as previously
described (17). A cAMP standard curve was included in each assay to deter-
mine the concentration of cCAMP generated. In the absence of forskolin, the
levels of cAMP did not differ between the pretreatment groups: Veh: 0.272 +
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0.098 nM, Morphine: 0.205 + 0.078 nM, and SR-17018: 0.150 + 0.054 nM
cAMP, P> 0.05, paired Student’s t test n = 3 with SEM.

Radioligand Binding Assays.

Intact cell binding. CHO-MOR cells, 250,000 per well, were plated on 24-well
plates and grown overnight. The following day, the cells were serum starved
for 1 h with vehicle or 10 uM agonist and washed five times with PBS + 1mM
CaCly + TmM MgCl,. Following washes, all cells were incubated in PBS + 1TmM
CaCl, + 1mM MgCl, with 4nM [*H]Naloxone for 30 min at room temperature.
Nonspecific binding was determined by including 10uM naloxone. The cells
were rinsed twice with ice cold PBS + 1TmM CaCl2 + TmM MgCl2 and lysed
with 10% sodium dodecyl sulfate. Radioactivity was quantitated with Safety-
Solve on a Beckman LS6500 liquid scintillation counter.

Pretreatment of membranes. Membranes of untreated cells were prepared
as described in GTPyS Binding Assay; agonists or vehicle was added for 30 min
(Fig. 20) followed by five washes and resuspension of membranes. The deter-
mination of specific binding was determined with 3.5 to 4 nM 3H-Naloxone
(with 1 pM naloxone to determine nonspecific) using 20 pg protein.

Cell membrane binding. Competition binding assays (Fig. 3 D-F) in untreated
cell membranes and cells were homogenized on ice by Teflon-on-glass dounce
homogenization in homogenization buffer (50 mM Tris HCl, pH 7.4, 1 mM
EDTA + 100 mM Nacl as indicated) and pelleted by centrifugation at 4°C at
20,000 x g for 30 min. The pellet was washed, pelleted, and then resuspended
in radioligand assay buffer (10 mM Tris HCl, pH 7.4, 100 mM NacCl). The affinity
of the radioligands used were determined in CHO-MOR cell membranes by
homologous competition CH-DAMGO: Kp= 1.9 nM; *H-Naloxone: Ky, = 1.2 nM)
(Table 3) or by saturation binding (H-Diprenorphine: K, = 0.78 nM) during
which 10 pM naloxone was used to define nonspecific binding. For competition
studies, ~1 nM *H-DAMGO, ~1 nM *H-Naloxone, and ~0.5 nM *H- diprenor-
phine were used; 1 pM cold naloxone defined nonspecific binding in the com-
petition assays. All radioligand binding assays were performed in 96-well plates
with 20 pg protein/well, collected using a 96-well Brandel Cell Harvester
followed by several washes with cold 10mM Tris (pH 7.4), and counted on a
TopCount NXT Scintillation Counter (PerkinElmer) with 2.7-fold efficiency cor-
rection for converting CPM to disintegrations per minute. Competitive radioli-
gand binding studies were analyzed using the heterologous competition equa-
tion built into GraphPad Prism. The data presented for *H-DAMGO binding
were published previously for some of the agonists as the mean of the individ-
ual K; per replicates; here, all affinity values are presented as the K; derived
from the combined curves with 95% CI (17).

Respiratory suppression. Measures of %0, arterial oxygen saturation were
recorded using the MouseOx Plus pulse oximeter as previously described (17).
Mice were shaved around the neck and were habituated for approximately an
hour to the pulse oximetry collars and modified conical tubes (for mild restraint)
for 2 d prior to drug treatment and measurements. Baseline recordings were
made 30 min immediately prior to drug treatment. Mice were administered
SR-14968 (10 mg/kg, i.p. based on base weight) prepared in vehicle (1:1:8 of
DMSO, Tween80, water) or fentanyl HCl (1 mg/kg, i.p. based on salt weight) pre-
pared in saline. Naloxone HCl was prepared in saline for 0.5 or 5 mg/kg i.p. dos-
ing (based on salt weight). All compounds were dosed at 10 uL per gram mouse
body weight at time of injection. The experimenter was blinded to the nalox-
one and saline treatment. A total of 22 mice were used, and one animal was
eliminated based on the criterion that the baseline %0, must be above 92%.

Data Analysis.

355-GTP binding following drug pretreatment. Since >°S-GTPyS is subject to
rapid radioactive decay, experiments that were performed in parallel with cor-
responding vehicle-treated groups are presented within the same graphs and
the CPM radioactivity measures are provided. A vehicle pretreatment was
included for each drug treatment day; however, not all drugs were tested in
every experiment. Therefore, statistical comparisons are made by paired
Student’s t test comparing vehicle and drug effect for each experimental repli-
cate. We employed ratio paired Student’s t tests as we anticipated a more con-
sistent fold change rather than a subtractive change (due to the variation in
basal radioactivity measures following vehicle pretreatment). Exceptions arise
when all drugs are included in the same experiment with one vehicle, at which
point a one-way repeated measures (RM)-ANOVA is applied with a Dunnett's
post hoc test to compare drug effect to vehicle pretreatment.

Nonlinear regression. ECsy and Emax values were calculated from concentra-
tion response curves by fitting to a three-parameter nonlinear regression using
GraphPad Prism 9.0. In the Schild analysis, ECs values for each curve were plot-
ted as a function of Log(DR-1) in which DR is the ECsg shift produced in the pres-
ence of each concentration of the competing ligand. In all cases, the parameters
presented in the tables are from the curves presented in the figures. For changes
in ECso and Emax, an unpaired Student’s t test was used. In some cases, data are
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presented as the percent of the DAMGO stimulation after vehicle subtraction in
which both the DAMGO points and the vehicles were included on the same
plate; these cases are indicated within the legends. To describe allosteric interac-
tions, pKg and a values were calculated when the lower Cl of the bottom fit of
the curve was greater than 0. When necessary to analyze noncompetitive radio-
ligand binding inhibition, the curves were fit to the equation (47)

A

A+ (k)
in which Byay is the maximum binding of the system, A and K represent the
concentration and affinity values of the radioligand, X = concentration of
each test compound, Kx = test compounds affinity constant, and « defines the
binding cooperativity between the two ligands at their respective sites.

Individual statistical analyses are indicated within the figure legends;
GraphPad Prism software (versions 8.0 and 9.0) was used for all plotting and
statistical analyses.

The allosteric operational model (48) was used to determine the af cooper-
ativity value for the combined inhibitory effect of naloxone on SR-14968
mediated response

Y = Bwmax*

Emax - (talA](Ks + op[B]) + t5[BKA)"
([AlKs + KaKsg + Ka[B] + o[A][B])" + (va[A](Kp + oB[B]) + t5[B]Ka)"
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in which Emax is the maximum response of the system, 7, and 7 describe the
efficacy, and K4 and Kp describe the affinity of the allosteric [A] and orthos-
teric [B] ligands, respectively. n is the system transducer slope, a describes the
binding cooperativity, and af describe the composite product of the binding
and activation cooperativity. For the fit of the data, the a and Kp (for nalox-
one) values produced in *H-naloxone binding experiments were used for the
fit. All parameters except af were either defined as constants or shared
between the fit of all data.

Mouse respiratory studies. For the in vivo studies, two-way RM-ANOVA were
performed over time with difference assessed only following naloxone or
saline treatment. The mean effects of each phase (opioid agonist, saline, and
naloxone treatment) are compared to the baseline by one-way RM-ANOVA;
the means of saline versus naloxone rescue of drug effects are compared by
unpaired Student's t test.
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Figure S1. 35S-GTPyS binding in membranes prepared following 10 uM pretreatment of live
CHO-hMOR cells with the indicated agonists. A). Comparison of DAMGO potency values
following 2 hour pre-treatment. (Accompanies Figure 1, Table 1; paired Student’s t test *p<0.05,
**p<0.01). B). Changes in baseline after 30 minutes pretreatment of live cells. Untransfected
cells are shown for comparison (same treatment conditions). *p<0.05; ****p<0.0001, paired
Student’s t-test. (Accompanies Figure 1).
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Figure S2. 3°S-GTPyS baseline binding following SR-17018 or SR14968 (10 uM, 30 min)
pretreatment in A). mouse brainstem membranes and B). SH-SY5Y cell membranes. The
normalized means data are presented in Figures 2H and I, respectively. Since the vehicle
treated group was matched for each replicate of each drug treatment, a one-way RM-ANOVA
followed by a Dunnett’s post-hoc test for variance was applied, *p<0.05. A). No stimulation was

observed in the MOR-KO (paired t-test, p>0.05).
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Figure S3. Lack of MOR agonist-stimulated *S-GTPgS binding in membranes prepared from
MOR-KO mouse brainstem (mean with 95% CI). (Accompanies Figure 4)



