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STRUCTURAL BIOLOGY

Elucidating the active é-opioid receptor crystal
structure with peptide and small-molecule agonists
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Selective activation of the 3-opioid receptor (DOP) has great potential for the treatment of chronic pain, benefitting
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from ancillary anxiolytic and antidepressant-like effects. Moreover, DOP agonists show reduced adverse effects as
compared to p-opioid receptor (MOP) agonists that are in the spotlight of the current “opioid crisis.” Here, we report
the first crystal structures of the DOP in an activated state, in complex with two relevant and structurally diverse
agonists: the potent opioid agonist peptide KGCHMO07 and the small-molecule agonist DPI-287 at 2.8 and 3.3 A
resolution, respectively. Our study identifies key determinants for agonist recognition, receptor activation, and
DOP selectivity, revealing crucial differences between both agonist scaffolds. Our findings provide the first inves-
tigation into atomic-scale agonist binding at the DOP, supported by site-directed mutagenesis and pharmacological
characterization. These structures will underpin the future structure-based development of DOP agonists for an

improved pain treatment with fewer adverse effects.

INTRODUCTION

Global opioid use has reached record levels (1), and especially the
United States has seen the recent acute opioid epidemic cause drug
overdose to become the main cause of accidental deaths (2). As a
consequence, the development of alternatives to classical opioid
painkillers with lower risk of abuse and overdose has become one of
the highest priorities in healthcare (3).

The opioid receptor family consists of three G protein—coupled
receptor (GPCR) subtypes: the -, k-, and §-opioid receptors (MOP,
KOP, and DOP, respectively) (4). Both the unrivaled analgesic potency
and the well-known adverse effects (e.g., addiction, tolerance, and
respiratory depression) of approved opioid drugs are primarily medi-
ated by the MOP (5, 6). However, the other opioid receptors have
been extensively investigated as attractive targets for safer treat-
ment of chronic pain (7), and the DOP, in particular, has shown
additional anxiolytic and antidepressant-like effects (8, 9). This
beneficial psychopharmacological profile together with its milder
adverse effects put selective DOP agonists at the forefront of the
development of superior opioid analgesics.
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In 1975, it was discovered that the enkephalin pentapeptides act
as the opioid receptors’ endogenous ligands (10). Subsequently, opioid
receptor subtype-selective peptides as well as multifunctional pep-
tides targeting both opioid and non-opioid receptors were prepared
and optimized (11, 12). Within a series of compounds designed as
dual opioid/neurokinin 1 receptor ligands, the potent peptide agonist
KGCHMO07 [H-Dmt-p-Arg-Phe-Sar-N-Me-3',5'-(CF3),-Bn] was
developed (Fig. 1) and showed high affinities to both DOP and MOP
(13). As an alternative to peptide- and morphine-derived ligands,
previously unknown small molecules with piperazine scaffold were
discovered as selective DOP agonists by compound library screening
(14). Further optimization yielded the promising agonist DPI-287
(Fig. 1) that displayed reduced risk of inducing convulsions (9), which
is a common complication of DOP activation (15).

Here, we report two agonist-bound crystal structures of the
thermostabilized DOP in an activated state, and in complex with
the peptide KGCHMAO?7 at 2.8 A resolution and the small-molecule
DPI-287 at 3.3 A resolution. These structures provide the first
atomic-level insights into DOP activation by two structurally
diverse DOP agonists. While the DOP inactive state has been char-
acterized by crystal structures with a small molecule (16) and a
peptide antagonist (17) bound to the orthosteric site, agonist rec-
ognition by the DOP has remained elusive, and the structural
basis of DOP agonist selectivity is not fully understood. Moreover,
both small-molecule agonists that have been cocrystallized with
the MOP and KOP are based on morphinan scaffolds (18, 19),
limiting our understanding of agonist binding pocket interactions
with other small molecules, such as DPI-287. Furthermore, the
pharmacological properties of the DOP fusion construct used
for crystallization (Fig. 1 and Supplementary Text) were exten-
sively characterized and compared to those of the wild-type (WT)
DOP to evaluate potential effects of thermostabilizing mutations
on binding and downstream signaling (table S1), which addition-
ally provides the first detailed pharmacological characterization
of DPI-287.
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Fig. 1. Thermostabilized DOP construct without the N-terminal fusion protein, with both agonists KGCHMO07 and DPI-287, used for crystallization, and effects
of the crystal structure construct point mutations on the pK; values of the agonists. The binding affinities (pKi) of KGCHMO07 (orange) and DPI-287 (blue) on mem-
brane preparations of HEK cells expressing WT or mutant DOP constructs were determined by their ability to inhibit the binding of ['?I]-deltorphin |, used as a selective
radioligand. Data were analyzed using a nonlinear fitting analysis, and the K; values were calculated using GraphPad Prism 7.0. K; values in the competition studies were
determined from ICsq values using the Cheng-Prusoff equation and are represented as means + SEM of three to six independent experiments, each performed in dupli-
cate. Differences (delta) in pK; values compared to WT are shown. The statistical significance was determined using a nonparametric one-way analysis of variance (ANOVA),

showing that all pK; differences of crystal construct mutants versus WT were statistically not significant (P > 0.05).

RESULTS

Activation-related changes in the DOP

Both agonist-bound structures are in an activated state. Unless otherwise
indicated, we will use the higher-resolution BRIL-DOP-KGCHMO07
structure for comparison with previously published inactive-state
antagonist-bound DOP structures [Protein Data Bank (PDB) 4N6H
and 4RWD)] (16, 17) and with active-state structures of the MOP (PDB
5C1M and 6DDF) (18, 20) and KOP (PDB 6B73) (19). First, the
agonist-bound DOP structures display large outward movements of
the intracellular parts of helices V (4.5 A)and VI(9.4t011.2 A),and a
3.9 A inward movement of helix VII (Fig. 2A), which is a common
feature of the active conformational states of GPCRs (21). The shift
of helix VII at the level of residue N314”* [superscripts according to
the Ballesteros and Weinstein numbering (22)] (Fig. 3A), which leads
to a collapse of the allosteric sodium-binding pocket in active-state
GPCR structures (23), is even more pronounced in the determined
DOP structures as compared to the active MOP and KOP (Fig. 3B and
fig. S1). However, this greater shift of N314”* in the DOP might be
affected by three mutations in the sodium-binding pocket (N90**’S,
D95%°G, N131*%S) that were introduced during construct design.
The activation-related outward movement of helix VI at the level of
residue F270%** is greater in the agonist-bound DOP than in the
MOP and KOP. On the contrary, the very tips of helix VI (at posi-
tion 6.28 as a reference) are more tilted by 4 to 6 A in the active-state
MOP and KOP (fig. S1), likely due to the bound G protein or nano-
body, respectively, pushing helix VI tips further outward (24).

Claff etal., Sci. Adv. 2019; 5 : eaax9115 27 November 2019

The rearrangements in the transmembrane helices are accompa-
nied by several changes in the conserved microswitches that are
typical for GPCR activation (24, 25). Included are changes in the
so-called P-I-F motif, where P225>*° moves inward by ~1.6 A, forc-
ing the 1136>* side chain to change its rotamer state and facilitating
a major rotation of the bulky side chain of F270°** (Fig. 2B) toward
helix V by as much as ~3.5 A at the Cy atoms. For comparison, this
movement is only ~2.6 A in the active-state MOP and KOP struc-
tures. The P-I-F motif changes are coupled with rearrangements in
the NP”*’xxY motif, collapsing the sodium-binding pocket, with a
~3.5 A inward shift of N31474°, Another residue of the sodium
pocket and the NP”*’xxY motif, Y318”%, switches its side-chain
rotamer to a downward orientation, opening the intracellular entrance
to the sodium pocket (Fig. 2C).

The overall conformation of the conserved DR**’Y motif remains
largely unaltered between the active-like agonist-bound and the
inactive-state DOP structures (Fig. 2C). Notably, the importance of
the DRY motif in maintaining the inactive state in most GPCRs is
attributable to a strong salt bridge between D*** and R**° residues.
However, in all inactive-state structures of the DOP and other opioid
receptors, this salt bridge is already disrupted, displaying distances
of >3.5 A. Moreover, the differences due to activation in the corre-
sponding MOP and KOP structures manifest only in the side-chain
reorientation of R**” that directly interacts with the G protein (20)
or nanobody (18, 19), which are lacking in the DOP structures. To
assess the activation state more rigorously, we evaluated the two
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Fig. 2. Activation-related changes in the DOP. Comparison of conserved activation microswitches of the active-like DOP-KGCHMO7 (orange) and DOP-DPI-287 (blue)
structures with the inactive DOP-naltrindole structure (yellow, PDB 4N6H). Structural superposition of the (A) overall architecture, (B) PIF motif, (C) NPxxY and DRY motifs,

and (D) CWxP motif.
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Fig. 3. Effects of sodium-binding mutations on receptor function. Comparison of the collapsed sodium-binding pocket in DOP-KGCHMO7 (orange) with (A) inactive
DOP (yellow, PDB 4N6H) and (B) active MOP (purple, PDB 5C1M) with perspective from the extracellular space. Water molecules are shown as blue spheres and the Na*
ion as a yellow sphere. G-mediated cAMP signaling of (C) sodium-binding pocket mutants and (D) crystal structure construct mutants with sodium-binding pocket mu-
tations restored to WT residues in response to different KGCHMO7 concentrations (signals normalized to WT DOP). B-Arrestin2 recruitment of (E) sodium-binding pocket
mutants and (F) crystal structure construct mutants with sodium-binding pocket mutations restored to WT residues in response to different KGCHMO07 concentrations
(signals normalized to the G95D mutant). Results are expressed as means + SEM from n=4 (EPAC) or n=3 (B-arrestin2) independent experiments, each performed in

triplicate.

new DOP structures along with previously solved opioid receptor
structures for their activation-related conformations of micro-
switches using a GAUGE machine learning-based prediction tool
(see Materials and Methods for details). All the microswitches in
the new DOP structures, except the DRY motif, were predicted to
be in the active-like or fully activated state (table S2).

Claff etal., Sci. Adv. 2019; 5 : eaax9115 27 November 2019

Sodium pocket mutations allow receptor stabilization

and control receptor function

The conserved site involved in binding of the negative allosteric
modulator sodium in the DOP (16) was found to be collapsed in
both agonist-bound DOP structures, similar to other class A GPCR
structures determined in active or active-like states (Fig. 3, A and B)
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(18,23). In our case, three mutations in the sodium pocket (N90**S,
D95>%°G, N131°%S) apparently facilitated sodium expulsion and
the collapse of the pocket, thereby stabilizing the receptor in an active-
like state (Supplementary Text). A major decrease in thermostability
was seen for agonist-bound DOP constructs lacking any of these
mutations, which underlines their critical importance in thermo-
stabilizing the agonist-bound DOP (fig. S2). However, the crystal
construct retained high-affinity binding for KGCHMO07 (K; WT,
5.17 +1.57 nM; K; crystal construct, 1.24 + 0.23 nM), DPI-287 (K; WT,
0.39 £ 0.12 nM; K; crystal construct, 1.86 + 0.23 nM), and [12°1]-
deltorphin I (K4 WT, 1.11 nM; K4 crystal construct, 4.34 nM), indi-
cating that the authenticity of the agonist-bound DOP binding
pocket was not affected by the introduced point mutations (Fig. 1).

It is well established that mutations in the sodium-binding pocket
can result in altered signaling properties (16), and our crystal struc-
ture construct lacked agonist-induced cyclic adenosine monophos-
phate (cAMP) response and B-arrestin2 recruitment (Fig. 3, Cto F,
and table S1). Our mutagenesis studies revealed that the DOP WT
with the single point mutation D95**°G could be activated neither
by KGCHMO7 nor by DPI-287, while the agonist binding affinities
were virtually unaltered (table S1). This is in contrast to a previously
investigated D95*°°A mutation that reduced the potency of the
DPI-287-related agonist BW373U86 but maintained G protein sig-
naling and B-arrestin recruitment (16). The G95>°°D mutation in the
crystal structure construct (reversing residue 2.50 back to WT) re-
stored both cAMP and B-arrestin2 signaling fully (KGCHMO07) or
partially (DPI-287) (Fig. 3, C to F; fig. S3; and table S1).

Our mutagenesis experiments showed elevated basal responses
in both cAMP and B-arrestin pathways for the single N131°%S and
a triple DOP mutant (N90**°S, D95%°°G, N131°7°S), suggestive of a
constitutively active receptor (Fig. 3, C to F, and fig. S3). In addition,
when the signaling abilities of the crystal structure construct were
evaluated, the baseline signal levels in both pathways were found to
be higher than in the G95*°°D mutant (used to normalize the crystal
construct mutants) (Fig. 3, C to F, and fig. S3). To further assess the
constitutive activity of the crystal structure construct, we performed
a titration assay in which the amount of receptor construct DNA
increased, while the levels of the biosensor (in this case Gg;;-RLuc2
and Gy;-GFP10) remained constant (fig. $3). Increasing amounts of
the crystal structure construct produced a decay of the signal, indic-
ative of a ligand-independent dissociation of the G; protein subunits
induced by the receptor. A similar decay of the response signal was
observed when the DOP WT construct was stimulated with DPI-287,
further supporting that the crystal structure construct is constitutively
activating the G; protein signaling pathway.

A common denominator for opioid receptor activation

The new DOP structures provide atomic-level insights into the key
components of molecular recognition for small-molecule and pep-
tide agonists. Most of the opioid receptor ligands share a basic, pro-
tonated nitrogen atom forming a salt-bridge interaction to D128>*?,
which itself is connected to a polar network with potential involve-
ment of Y308”*, T101*%, and Q105> linking helices II, III, and
VIL In inactive-state DOP structures, this polar network can extend to
Y109*%, involving water-mediated interactions. However, in activated
structures, the Y109™%* side chain shows a large rotation toward helix I,
uncoupling Y109*%* from the polar network, a mechanism that
appears to be important for DOP activation. In the case of the DOP-
DPI-287 complex, the distance for anchoring interactions between

Claff etal., Sci. Adv. 2019; 5 : eaax9115 27 November 2019

the protonated amine and D128 is ~3.0 A. It is even greater (~3.5 A)
for the peptide KGCHMO7, which shows multiple, direct, or poten-
tially water-mediated interactions with D128*** (Fig. 4, A and C).
Another residue of the polar network, Y308, forms a direct hy-
drogen bond to the primary amine of the peptide KGCHMO07, while
Y308”* does not interact directly with DPI-287’s protonated amine
(N4). In both structures, Y308”** positioning is preserved by hydro-
gen bonds to D128, and in DPI-287 by additional n-r stacking
interactions with the unsubstituted benzyl moiety (Fig. 4, B and C).
At the same time, T101**® helps in maintaining the polar network
in the DOP-DPI-287 complex by forming hydrogen bonds with both
Y308”* and Q105%%°, while the T101% side chain loses this interaction
in the peptide-bound DOP-KGCHMO07 complex, which uncouples
it from the polar network (Fig. 4, A and C). D128>* mutations to
N or A virtually abolished KGCHMO07 activity, while the potency of the
small-molecule DPI-287 reduced 10-fold for D128%**2N [half maximal
effective concentration (ECsg), 0.060 nM versus 0.61 nM] and 30-fold
for D128”*2A (ECsp, 0.060 nM versus 1.39 nM) (Fig. 4D). Similarly,
previous studies on opioid peptides reported that modifications
of the N-terminal amine, including its acetylation or substitution
by a methyl group, abolished agonistic activities while retaining
low nanomolar affinity (26, 27). However, we were unable to deter-
mine the affinity of KGCHMO07 and DPI-287 for the D128"*
mutants, because no ['*°I]-deltorphin I-specific binding could be
observed (table S1).

The basic amines of KGCHMO07 and DPI-287 are embedded deeper
(1.9 and 1.4 A, respectively) into the binding pocket when compared
to the equivalent amines of the DOP antagonists DIPP-NH, (Fig. 4E)
and naltrindole (Fig. 4F), resulting in the reorientation of the
D128*** side chain and the adjacent polar network. Furthermore,
the MOP agonist BU72 (PDB 5C1M) shows the same 1.4 A amine
shift into the binding pocket when compared to a morphinan MOP
antagonist (PDB 4DKL). Accordingly, the docking poses of 10 pep-
tide and 7 small-molecule DOP agonists into our new active-like
DOP structures (table S3) revealed that all respective amines were
located deeper in the binding pocket when compared to DOP antag-
onists (Fig. 4, E and F, and fig. S4). Hydrophobic contacts with helix
V or VII, or both, preclude antagonists such as DIPP-NH, and
naltrindole to extend as deep into the DOP binding pocket as shown
for DOP agonists (Fig. 4F and fig. S4). Therefore, we argue that the
polar network around D*** plays an essential role in agonist-induced
activation at the DOP and propose that the positioning of the basic
amine (as opposed to antagonists) deeper into the binding pocket is
a hallmark of opioid agonist activity for ligands that contain a basic
amine interacting with D>*2,

Differences between peptide and small-molecule
recognition by the DOP

Besides the abovementioned prevalent salt bridge formation, another
important anchor of ligand interaction in opioid receptors is the
phenol moiety that is conserved in many peptide and small-molecule
ligands. Accordingly, the peptide agonist KGCHMO7 contains the
N-terminal tyrosine derivative 2,6-dimethyl-1-tyrosine (Dmt"),
which was shown to improve binding affinity and activity of peptidic
ligands at opioid receptors (28). Its position is similar to the one
observed for tyrosine in the active structure of MOP in complex
with DAMGO [(D-Ala%,N-Me-Phe*, Gly—olS)—enkephalin] (20), but
Dmt shows additional hydrophobic contacts in the DOP binding
pocket. Three water molecules were found in the KGCHMO07 binding
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Fig. 4. Polar network around D128%32 and basic amine positioning as potential hallmark for opioid receptor activation. BRIL-DOP-KGCHMO7, orange; BRIL-DOP-
DPI-287, blue; naltrindole DOP antagonist structure (PDB 4N6H), yellow; DIPP-NH; DOP antagonist structure (PDB 4RWD), cyan; DAMGO MOP agonist structure (PDB 6DDF),
red. (A) Overview of the KGCHMO7 peptide binding pocket. The omit Fo-F. electron density of KGCHMO7 is shown in blue mesh (contoured at 3.0 o). (B) Overview of the
DPI-287 binding pocket. The omit F,-F. electron density of DPI-287 is shown in orange mesh (contoured at 3.0 o). (C) Polar network anchoring the basic amine of DOP
agonists. (D) Gi-mediated cAMP signaling of D128%32 mutants in response to different DOP agonist concentrations (upper panel, KGCHMO7; lower panel, DPI-287).
(E) Docking poses of DOP agonist peptides (gray) show that all primary amines embedded deeper into the binding pocket (yellow marks), when compared to antagonist
DIPP-NH; (cyan) as indicated by the purple arrow. Similarly, the MOP-DAMGO complex (dark red) is displaced. The cyan arrow indicates related side movements of D32,
For clarity, only residue one (Phe' or Dmt') is depicted, and the surfaces of DOP agonist KGCHMO07 and DOP antagonist DIPP-NH, are shown in orange and green mesh,
respectively, to clarify its location in the binding pocket. (F) Docking poses of DOP small-molecule agonists (gray) show all substituted basic amines (N4) that penetrated
deeper into the binding pocket, when compared to the antagonist naltrindole (yellow).

pocket, supported by weak electron densities (fig. S5). These are in-
volved in connecting Dmt" to helices III, V, and VI via a polar inter-
action network with K214>°, H278%%% and Y129, which is also
effectively connected to p-Arg” of KGCHMO7 (Fig. 4A). Furthermore,
our analysis suggests that the positively charged p-Arg’ can form a
water-mediated salt bridge interaction to D210’ (fig. S5), supported
by a 17-fold reduction in KGCHMO7 binding to the D210°*°N mutant.
Moreover, [1251]—deltorphin I, which was used as the radiotracer in
these experiments, contains D-Ala” instead of p-Arg® and was not
affected by D210°3® mutations (table S1). The lower resolution of
the DPI-287 structure precluded robust identification of structural
water molecules in this case. However, the energy-based prediction of
water molecules suggested three tightly bound water molecules at
residues H278% and Y129, linking DPI-287 to helices I1I, V, and
VI as likewise observed in the KGCHMO07-bound structure (fig. S5).

Claff etal., Sci. Adv. 2019; 5 : eaax9115 27 November 2019

Our mutagenesis studies showed a binding decrease to
the Y129>*°F and Y129**°A mutants by ~7-fold and ~38-fold for
KGCHMO07 and by about 3-fold and about 5-fold for DPI-287,
respectively (table S1). This finding confirms the involvement of
Y129 in water-mediated polar networks in both structures. Simi-
larly, the ECsg in a H278%°2A mutant was reduced ~50-fold for
KGCHMO07 and ~10-fold for DPI-287. In addition, the backbone of
K214>* is also involved in this polar network, and a K214>*’A mu-
tant did not alter the potencies of KGCHMO07 or DPI-287. However,
single mutations of H278%%2A and K214>*A abolished ['*°1]-
deltorphin I binding (table S1), indicating distinct binding pocket
differences between the diverse agonists.

The Phe’ side chain of KGCHMO7 extends toward helices IT and
IIT and extracellular loop 1 (ECL1) and ECL2 and is positioned in
a partially hydrophobic pocket formed by Q105%%°, w114,
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V124>2, 1125%%, and C198"“"* (Fig. 4A and fig. S4). In the de-
signed DOP fusion protein, a K108*%D mutation was introduced
(Supplementary Text) located at the extracellular entrance of the
binding pocket. KGCHMO07 binds to the K108*%’D mutant with
virtually unaltered affinity (table S1), and the docking of the KGCHMO07
peptide into a DOP model with the K108*°® residue as in the WT
receptor (table S3) suggests that KGCHMO7 binds in the same pose
as in the crystal structure. The flexible Sar* residue of KGCHMO07
adopts an energetically less favorable cis-amide bond to Phe?, while
all remaining amide bonds are found to be in the trans-conformation.
This enables the C-terminal bistrifluoromethylated benzyl moiety to
address the ECL3 region and extracellular ends of helices VI and VII.
A large side-chain rotation of W284°>® by approximately 125° com-
pared to other DOP structures (Fig. 5, A and B, and fig. S4), opens
ahydrophobic pocket consisting of 1277°1, F28064, V2816, W28468,
1289FCL3, R291ECL3, and 1.3007-%, harboring the benzyl moiety. This
moiety is further stabilized by n-n stacking interactions and a hy-
drogen bond to W28458 (Fig. 4A).

Structural basis for the selectivity of DOP agonists

The activated conformation of the DOP reveals contraction of the
orthosteric binding pocket around the agonists. Helix VI moves
into the agonist-binding pocket by 1.6 A, while helix VII undergoes
a 2.5 A sideways movement (fig. S1). These helix movements close
to the binding pocket result in conformational changes in the ECL3
region as compared to antagonist binding pockets. In the inactive
state, R291%“" stabilizes the ECL3 region by forming hydrogen
bonds with the carbonyl functions of V287%¢' and W284%®
(Fig. 5A) (16). In the KGCHMO07-bound structure, a large movement
(10.0 A based on the guanidine carbon) of R291%"3 into the binding

A Inactive B Active
R292ECL3
’ ggzgoECLB R29-| ECL3 %ZQOECB
i \ ] ) ECL3
\% L, 1289513 "a .2836 D28gf

D28gEt3 Vil

pocket can be observed, resulting in the disruption of this hydrogen
bond network (Fig. 5B). The side chain of R291F13 is, therefore,
more flexible in the agonist-bound DOP, and its electron densities
only allowed us to model the full R291%“" residue in chain A of the
BRIL-DOP-KGCHMO7 structure, where it forms a lid over the
hydrophobic pocket harboring KGCHMO07’s bistrifluoromethylated
benzyl moiety. Although KGCHMO07 is not DOP-selective because
it also activates MOP (13), our BRIL-DOP-KGCHMO0?7 structure
reveals that R2915°" is accessible to the agonist binding pocket and
is likely to play a role in the selectivity of DOP-binding peptides, as
the MOP has a glutamic acid and the KOP has a histidine in the
same position (Fig. 5D).

The small-molecule DPI-287 is ~10-fold selective for DOP over
MOP (K; DOP, 0.39 + 0.12 nM; K; MOP, 3.17 £+ 0.27 nM). Our
docking studies revealed that more selective analogs bind in the same
binding pose as DPI-287, as described in the next section (Fig. 6),
revealing that the N,N-diethylbenzamide moiety interacts with the
nonconserved extracellular ends of helices VI and VII. The amide
forms multiple hydrophobic contacts within a pocket consisting
of V281%°°, F280%>*, W284%%%, and L300”-*° (Figs. 4B and 5C).
Structural comparison with other opioid receptors reveals that the
N,N-diethylbenzamide moiety of DPI-287 and analogs cannot
occupy the same receptor space in the MOP and KOP as in the DOP
due to steric interactions in positions 6.58 [charged in the case of MOP
(K305) and KOP (E297)] and 7.35 (W320 in the MOP and Y312 in
the KOP) (Fig. 5, C and D). Therefore, any larger substitution of
L3007 would prevent beneficial hydrophobic contacts due to steric
clashes. On the other hand, replacing W284%® with charged side
chains would also make the subpocket less favorable for forming
hydrophobic interactions.

\ .V2‘875,61

R291ECL3 = = V28759 ‘
¥ ,w 4 %
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[ v nl v //j\)
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Fig. 5. Activation-related changes in the ECL3 region of the DOP and structural basis for DPI-287 selectivity. Comparison of ECL3 conformations between (A) inac-
tive (naltrindole, yellow, PDB 4N6H and DIPP-NH,, cyan, PDB 4RWD) and (B) active DOP binding pockets (DOP-KGCHMO07, orange; DOP-DPI-287, blue). (C) Alignment of
agonist-bound opioid receptor binding pockets. Pocket-forming residues are shown as sticks, with labels indicating Ballesteros-Weinstein nomenclature (22) and red
numbers pointing to nonconserved residues. Note that the E¢>® side chain of the KOP is not resolved in the KOP structure. (D) Opioid receptor sequence alignment of the
nonconserved ECL3 (light red box) and the region close to the extracellular ends of helices VI and VII. The amino acids of MOP (E312) and KOP (H304) corresponding to

DOP’s R291 in the ECL3 region are highlighted in light red.
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Fig. 6. Docking pose of DPI-287-related DOP agonists. (A) Alignment of the
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docking pose of the selected DPI-287 analogs BW373U86, SNC-80, and SNC-162
between these three docked analogs. (B) Docking pose of a DPI-287 analog with

N-3,4-(methylenedioxy)benzyl substitution (green) and lacking the phenolic hydroxy function into a DOP model derived from the DOP-DPI-287 structure with G952'5°D,
51313®N, and D108%%%K reversed to WT, superimposed with DPI-287 (blue). The surface of the derivative is shown in green, and the black arrow indicates that the ligand

is able to penetrate deeper into the entrance of the former sodium-binding pocket. (

C) Superposition of the docking poses of DPI-130 (brown) and DPI-3290 (yellow) with

DPI-287 suggests that the rotated W284%°8 is essential for DOP binding. (D) Chemical structures and DOP binding properties (human opioid receptors) of (+)-BW373U86,
SNC-80, and SNC-162 (29). (E) Chemical structures and binding properties (rat opioid receptors) of DPI-130 and DPI-3290 (32).

Structure-activity relationship of benzamide DOP agonists
The two new structures of DOP bound to a peptide and small-
molecule agonist provide the structural basis for evaluating the key
fingerprints that determine DOP selectivity. We performed molecular
docking of several small-molecule analogs of DPI-287 at the DOP,
MOP, and KOP (table S3). Docking of the selected DPI-287 analogs
(+)-BW373U86, SNC-80, and SNC-162 (Fig. 6D) showed that these
ligands assume the same orientation as that of DPI-287 with com-
parable docking scores at the DOP, whereas they exhibited much
weaker docking scores at the MOP and KOP. Within this series of
compounds, the phenolic hydroxy function of (+)-BW373U86 was
either methylated (SNC-80) or removed (SNC-162), which interferes
with their ability to form polar interactions. Previous work reported
a reduced DOP affinity of these ligands by approximately twofold
and approximately sevenfold, respectively, which is in agreement
with the decrease of DPI-287 binding to mutants of Y129°**, one
residue that interacts with the phenolic function of DPI-287 (table
S1). Increased DOP selectivity was observed with phenolic moiety
lacking (Fig. 6D) (29). However, the DOP docking poses of the
respective benzyl moieties of SNC-80 and SNC-162 are overlapping
with the phenol ring of DPI-287 in the new crystal structure (Fig. 6A),
indicating that the water-mediated phenol interactions are not as
important in the DOP as in the MOP.

(+)-BW373U86 differs from the cocrystallized DPI-287 only by
its N4-allyl moiety but occupies the same position as DPI-287, while

Claff etal., Sci. Adv. 2019; 5 : eaax9115 27 November 2019

the allyl group overlaps with DPI-287’s N4-benzyl moiety. In contrast,
the bulkier N4-benzyl group of DPI-287 extends further into the en-
trance of the sodium-binding pocket. Conformational changes of
W274% of the CW®**xP motif are essential for opening up the
required space for the benzyl moiety (Fig. 2D). Moreover, it has
been shown that substitution of the benzyl group with even larger
residues like the N-3,4-(methylenedioxy)benzyl moiety (Fig. 6B) can
be beneficial for DOP affinity (30). The docking pose of this analog
reveals that it can penetrate further into the entrance of the sodium-
binding pocket with only minor adjustment in the pocket-lining
side chains, stabilized by a hydrogen bond to S3117#¢ (Fig. 6B).
These findings indicate that the sodium-binding pocket can be
targeted by ligand interactions in the DOP, as suggested for other
GPCRs (23). However, the functional activity of ligands can be
affected by further intrusion into the sodium pocket, as recently
shown for the leukotriene By receptor in complex with a bitopic
ligand protruding deep into the sodium pocket. That ligand no longer
activated the receptor but acted as an antagonist with inverse ago-
nistic activity (31). The two N-(3-fluorophenyl)-N-methylbenzamide
derivatives DPI-130 and DPI-3290 (32) differ from DPI-287 mostly
in the bulkier benzamide moiety in the meta-position of the phenyl
ring (Fig. 6E). Our docking studies show that the rotation of the
W284%3% side chain, as observed in the DOP-KGCHMO07 complex,
can open up space for the 3-fluorophenyl moiety and stabilize it via
n-7 stacking interactions (Fig. 6C).
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The piperazine ring of DPI-287 is represented in the energy-
minimized chair conformation with axial methyl groups. Moreover,
a conformational energy assessment predicted the axial methyl con-
formations as more favorable than the equatorial ones (—153.43 kJ/mol
versus —109.81 kJ/mol). Methyl groups in the axial position are able to
form hydrophobic contacts to Y129, M132°%%, 1304’ %, and Y308"*,
thereby perfectly occupying the additional binding pocket space.
Furthermore, all docked analogs with the same trans-dimethyl sub-
stitutions showed axial methyl conformations (Figs. 4F and 6, A to C).

DISCUSSION

Here, two new active-like state DOP structures in complex with a
peptide and a small-molecule agonist are presented at 2.8 and 3.3 A
resolution, respectively. We characterized both binding pockets and
activation states by means of extensive pharmacological experiments
and compared their binding poses to previously published opioid
receptor structures. This approach allowed the determination of
key factors for opioid receptor activation and DOP selectivity of
N,N-diethylbenzamide derivatives, as well as crucial differences
between peptide and small-molecule recognition.

Polar networks around the conserved D128 with rearrangements
in the agonist-bound binding pocket are linked to DOP activation,
which complements our understanding of opioid receptor activation.
Similar interactions were observed in the active MOP (18) and KOP
(19) structures. Furthermore, we observed that opioid agonists that
contain a basic nitrogen interacting with D*** extend deeper into
the binding pocket as compared to structurally similar antagonists.
Therefore, we suggest that the positioning of this basic nitrogen in
the binding pocket and rearrangements in the polar network around
D??** are common denominators for opioid receptor activation by
these ligands. This finding is in line with previous mutagenesis work
(33). However, certain nonbasic ligands such as salvinorin A that are
unable to form salt bridge interactions with D*** are nonetheless
able to activate opioid receptors (34), presumably by a unique ac-
tivation mechanism involving hydrogen bonding to D**2(19).

Moreover, we found substantial changes in the nonconserved ECL3
during activation, which makes R291%“" available for binding pocket
interactions. The ECL3 region has been characterized as important for
peptide agonist selectivity (35). The involvement of the nonconserved
R2915" seems reasonable and may represent a cationic counterpart
for the carboxylate function of naturally occurring opioid peptides.
This finding shows a possible interaction of R291*“"? with the
“address” moiety of endogenous peptides, based on the “message-
address concept” proposed by Schwyzer in 1977 (36).

On the other hand, DOP-selective small molecules address the
nonconserved extracellular ends of helices VI and VII with their
N,N-diethylbenzamide moiety, providing a structural basis for DOP
selectivity as this region is not similarly accessible in the MOP and
KOP due to steric clashes. These findings are in agreement with
previous data on DOP selectivity (37) and provide rational explana-
tions that represent a substantial advance from our previous under-
standing. Moreover, the two new DOP structures have shed light on
peptide recognition by the DOP. For instance, they revealed a large
side-chain rotation of W284%® in the peptide ligand binding pocket,
allowing the peptide agonist KGCHMO7 to access a larger subpocket
with its C-terminal benzyl moiety. Our molecular docking studies
show that the same pocket is probably also accessible for small mol-
ecules with bulkier amide substituents.

Claff etal., Sci. Adv. 2019; 5 : eaax9115 27 November 2019

Together, our findings will be fundamental for DOP-centered,
structure-based drug discovery programs in a time where opioid
addiction-related deaths are markedly increasing, and safer opioid
analgesics are urgently needed.

MATERIALS AND METHODS

Cloning, expression, and purification of the BRIL-DOP

fusion protein

The construction of the DOP fusion protein gene was performed
in a modified pFastBacl vector as previously described (16). The
amino acid residues 339 to 372 were truncated, and residues 1 to
40 were replaced with a thermostabilized apocytochrome bsgRIL
from Escherichia coli (BRIL) containing the point mutations M7W,
H102I, and R106L. A total of nine thermostabilizing point mutations
were introduced into the DOP (G73"°°V, N90*4°S, D95%°°G, K108>%°D,
N131°%S, §143°4C, G268°**V, A3097*!1, and E323%**K). Eight
of these mutations were transferred to the DOP from directed
evolution experiments performed on the KOP (38). The engineered
fusion protein was expressed in Spodoptera frugiperda (Sf9) insect
cells using the Bac-to-Bac Baculovirus Expression System (Invitrogen).
Cells were infected at a density of 2 x 10° cells ml™* and a multi-
plicity of infection of 5, and cell pellets were harvested 48 hours
after infection for storage at —80°C. Insect cells were lysed by os-
motic shock in hypotonic buffer supplemented with EDTA-free
complete protease inhibitor cocktail tablets (Roche), and mem-
brane pellets were washed repeatedly as previously described (16).
Purified membranes were flash-frozen in liquid nitrogen and stored
at —80°C after resuspension in a buffer containing 10 mM Hepes
(pH 7.5), 10 mM MgCl,, 20 mM KCI, and 30% (v/v) glycerol. Before
solubilization, thawed membranes were incubated for 1 hour at
4°C in the presence of iodoacetamide (2 mg ml™) and either 25 uM
DPI-287 (WuXi AppTec, Shanghai, China) or 100 uM KGCHMO07
[synthesized as previously described (13)]. GPCRs were extracted
from Sf9 membranes by solubilization over the course of 3 hours
at 4°C in a final buffer composed of 55 mM Hepes (pH 7.5), 500 mM
NaCl, 5 mM MgCl,, 10 mM KCl, 15% (v/v) glycerol, 1.0% (w/v)
n-dodecyl-B-p-maltopyranoside (DDM; Anatrace), 0.2% (w/v)
cholesteryl hemisuccinate (CHS; Sigma), and either 12.5 uM DPI-
287 or 50 uM KGCHMO07. The supernatant was separated from
insolubilized material by centrifugation at 60,000¢ for 30 min
and incubated with 20 mM imidazole (pH 7.5) and 0.01 ml of
TALON immobilized metal affinity chromatography resin beads
(Clontech) per milliliter of supernatant overnight at 4°C. The resin
was washed with 15 column volumes of wash buffer I [50 mM
Hepes (pH 7.5), 600 mM NacCl, 0.1% (w/v) DDM, 0.02% (w/v)
CHS, 10% (v/v) glycerol, 10 mM adenosine triphosphate (ATP),
10 mM MgCl,, and either 25 uM DPI-287 or 50 uM KGCHMO07]
and 10 column volumes of wash buffer IT [50 mM Hepes (pH 7.5),
600 mM NacCl, 0.02% (w/v) DDM, 0.004% (w/v) CHS, 10% (v/v)
glycerol, 50 mM imidazole, and either 25 uM DPI-287 or 50 pM
KGCHMO7]. Last, the protein was eluted from the column with
three column volumes of elution buffer [50 mM Hepes (pH 7.5),
600 mM NaCl, 0.01% (w/v) DDM, 0.002% (w/v) CHS, 10% (v/v)
glycerol, 250 mM imidazole, and either 25 uM DPI-287 or 100 uM
KGCHMO07], and the protein was concentrated to 20 to 30 mg
ml ™" using 100-kDa molecular weight cutoff centrifuge concen-
trators (Vivaspin, GE Healthcare). The resulting protein solution
was directly used for crystallization trials, while monodispersity

8of 12

0202 ‘v Ae uo /610 Bewasualos saoueApe//:diy Woiy papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

and protein yield were determined by analytical size exclusion
chromatography.

Crystallization

The purified and concentrated DOP construct bound to agonists was
reconstituted into lipidic cubic phase by mixing the protein with
a molten lipid mixture [10% (w/w) cholesterol and 90% (w/w)
monoolein] in a 2:3 ratio using the two-syringe method (39). Crys-
tallization trials were performed with an automatic crystallization
robot (NT8, Formulatrix) by overlaying 50 nl of mesophase with
0.8 pl of precipitant solution on 96-well glass sandwich plates (NOVA
catalog no. NOA90020, Hong Kong). The crystallization plates
were stored at 20°C and imaged using an automatic crystal imager
(RockImager 1000, Formulatrix). Crystals started to grow overnight
and typically reached full size within 10 days of incubation. Diffrac-
tion quality crystals (length, 100 to 140 um) of the BRIL-DOP-DPI-287
complexes were obtained in precipitant solutions composed of 32 to
35% (v/v) PEG-400 (polyethylene glycol, average molecular weight 400),
100 to 110 mM potassium citrate tribasic monohydrate (CsHsK307-H,O),
and 100 mM MES (pH 6.0), whereas crystals (length, ~70 um) of
the BRIL-DOP-KGCHMO7 complexes were obtained in precipitant
solutions composed of 27 to 32% (v/v) PEG-400, 100 to 120 mM potas-
sium citrate tribasic monohydrate (CsH5K307-H,0), and 100 mM
MES (pH 6.0). Crystals were harvested using 50 to 100 pm of Micro-
Mounts (MiTeGen) and flash-frozen in liquid nitrogen.

Data collection and structure determination

X-ray data collection was carried out at the SPring-8 beamline 41XU
(Hyogo, Japan) using an x-ray minibeam (x-ray wavelength, 1.0000 A)
with a Pilatus 6M detector for the BRIL-DOP-KGCHMO7 crystals
(beam size, 11.0 x 9.0 um?), whereas an EIGER 16M detector was
used for the BRIL-DOP-DPI-287 crystals (beam size, 10.0 x 9.0 urnz).
Automatic rastering and data collection were performed according
to previously described strategies (0.1 s of exposure time and 0.1°
rotation per frame with a total rotation of 5° to 10°) (40). For both
the BRIL-DOP-DPI-287 and BRIL-DOP-KGCHMO07 complexes,
datasets from 23 crystals were integrated, scaled, and merged using
XDS/XSCALE (41). An initial molecular replacement solution was
obtained by PHASER (42) in the CCP4 suite, using the receptor
portions of the DOP structure (PDB 4N6H), and BRIL from A5 AR
(PDB 4EIY) as independent search models. The resulting BRIL-DOP
model was refined by manually building in the excessive 2F,-F.
density and by repetitive cycling between COOT (43) and BUSTER
(44) until convergence. Ten translation, liberation, and screw-rotation
atomic displacement (TLS) groups were used throughout refinement.
The elongated electron density tubes near the protein hydrophobic
surface were modeled as oleic acids, with the exception of the few
that were better fit with monooleins (OLC), the major lipid component
used for crystallization. Regarding the BRIL-DOP-DPI-287 complex,
20 uM BMS986187 (Tocris Bioscience) was added as a positive
allosteric modulator (PAM) to solve a potential allosteric pocket.
However, no additional electron density for the copurified PAM
BMS986187 could be observed in the BRIL-DOP-DPI-287 structure,
while the overall structures from crystals that were generated with
and without copurified PAM were highly similar with a root mean
square deviation (RMSD) of 0.372 A. An unidentified ~2 ¢ positive
2F,-F, density between DPI-287 and helices I and III was observed
in both structures solved from crystals with and without copurified
PAM, which was a suspected artifact of crystal condition components.
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This observation remains unmodeled. The final DOP-DPI-287 com-
plex structure contains DOP receptor residues 41 to 329 (chain A)
and 43 to 333 (chain B) with two residues (-1 and 0, chain A) from
expression tag, and BRIL residues 1 to 106 (chain A) and 3 to 100
(chain B). The refined DOP-KGCHMO07 complex structure contains
DOP receptor residues 41 to 329 (chain A) and 41 to 333 (chain B)
with two residues (-1 and 0, chain A) from expression tag, and BRIL
residues 1 to 106 (chain A) and 2 to 104 (chain B). The C-terminal
tail of the B chain in both structures is involved in crystal packing
with N-terminal residues of the A chain, which led to disrupted
helices VII and VIII in the B chains. The data collection and refine-
ment statistics are shown in table S4.

Molecular modeling of water molecules in the

binding pocket

To further evaluate water-mediated interactions in the binding pocket
of DOP-KGCHMO07 and DOP-DPI-287 structures, we used the energy-
based water prediction tool Sample Flood available in ICM-Pro version
3.8.7a (Molsoft) (45). Water predictions obtained from this procedure
were further evaluated for stability in the given space by performing
energy-based conformational minimization and sampling using water
molecules and side chains of amino acid residues located within 4 A
of predicted water molecules for at least 100,000 Monte Carlo steps.
Water molecules showing consistent conformations were further
evaluated by comparison with electron density maps and considered
further for docking and ligand interaction analysis.

Molecular docking
Selected opioid small-molecular ligands and peptide structures were
obtained from the ChEMBL database (46). These ligands were further
docked into the DOP-DPI-287 and DOP-KGCHMO7 crystal structures
using the docking platform available in ICM-Pro version 3.8.7a. The
receptor structure complexes were preprocessed for docking to remove
nonreceptor fusions. Water molecules inferred from water modeling
using Sample Flood procedure implemented in ICM-Pro, and from
the electron density data, were maintained in place while preparing
receptor potential grid maps for docking. Ligand geometry was pre-
optimized, and charge assignments were made using Merck Molecular
Force Field (MMFF) (47). Conformational sampling and optimization
in the docking process were performed using the biased probability
Monte Carlo (BPMC) method with a sampling thoroughness of 50, be-
ginning with a random seed conformation every time in at least three
independent runs. The resulting docking poses were analyzed for their
pose and interaction consistencies, and selected results were further
analyzed. There were no distance restraints used to bias docking scores.
To revert the thermostabilizing mutations to WT residues in the
docking models for a DPI-287 analog, the receptor coordinates from
the DOP-DPI-287 complex structure were taken and the mutations
around the ligand binding pocket D95*°, N131°%°, and K108*%
were restored and the side chains were locally optimized using
energy minimization-based refinement protocol in ICM-Pro. To
account for the conformational changes, we further performed
extensive energy minimization using BPMC protocol in ICM-Pro
with at least 1,000,000 steps of conformational sampling and energy
refinements. At the beginning of the refinement process, heavy
atoms were restrained by soft harmonic tethers to the starting con-
formation to avoid large structural deviations, and then the tethers
were gradually removed for the final refinement by reducing their
weights. The refined structure had an RMSD value of 0.19 A for all
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C, atoms compared to the DOP-DPI-287 complex and was further
used for docking of a DPI-287 analog with N-3,4-(methylenedioxy)
benzyl substitution using the abovementioned docking protocol.

Conformational state assessment with GAUGE

To assess the DOP structures in a rigorous and automated manner,
we have developed a machine learning approach using class A GPCR
structures available in the Protein Data Bank as a training set. Briefly,
we selected a set of class A GPCR structures, in either fully active or
inactive confirmations, and calculated distance-based descriptors
for microswitches, including P>*°-1**-F64, D?**_R?>0.y*1 and
N7*PxxY”*? motifs and the conformations of the transmembrane
helical domains near the intracellular region. Using this set of
features and the annotated set of active and inactive structures as
defined in the GPCRdb (48) as a training set, we applied a supervised
machine learning approach to derive predictive models for each
individual microswitch. We used support vector machines imple-
mented in Python v.3.6 Scikit-learn library (49) for classification
and regression to prepare models, to classify a given conformation as
an active or inactive state, and to predict the extent of the activation by
using regression models. For the assessment of DOP conformations,
we used coordinates from the A chains of DOP-KGCHMO07 and
DOP-DPI-287. Nonreceptor fusions were removed, and the amino
acid residues were mapped to their corresponding GPCRdb numbers
(50). These structures were further used to calculate the set of cor-
responding descriptors as described above and used as an input for
the prediction models to get the state assessment values (table S2).
The method has the following advantages: (i) The scoring function
in this tool includes conformational information from diverse class
A GPCRs and is therefore less subjective than one representative
structure. (ii) The regression models in this approach allow the
evaluation of the extent of receptor activation on a scale from —1
(inactive) to 1 (active), derived from an analysis of known structures.
(iii) By calculating individual scores at each major switch, one can
detect special states that deviate from typical active or inactive states.
For example, in the case of new active-state DOP structures, the
GAUGE method detected that the DRY switch remains in the in-
active state due to a lack of G protein or nanobody interactions with
the receptor on the intracellular side.

Thermal shift assay

The protein thermostability of purified DOP constructs was assessed
with a thermal shift assay using the thiol-specific fluorochrome
N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide
(CPM). Stock solutions of CPM were prepared at 4 mg/ml in di-
methyl sulfoxide and diluted 1:40 in buffer [25 mM Hepes (pH 7.5),
500 mM NaCl, 2% glycerol, 0.05% DDM, and 0.01% CHS] before
usage. The reaction mixture was prepared in polymerase chain re-
action (PCR) tubes of 0.2 ml capacity by mixing 1 pl of the diluted
CPM stock solution with approximately 1 pg of purified protein
in a total volume of 50 pl using the same buffer. Mixtures were
incubated for 5 to 10 min, and protein thermostability was analyzed
using a Rotor-Gene Q real-time PCR cycler (Qiagen) with an exci-
tation wavelength of 365 + 20 nm and a detection wavelength of
460 + 20 nm (blue channel). The data of all samples were collected
over a temperature range from 25° to 95°C with a temperature
ramp of 1°C/min, and protein melting temperatures were determined
using the Boltzmann sigmoidal fit (least squares) in GraphPad
Prism 7.0 (GraphPad Software, San Diego, CA).
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Radioligand binding assays

Binding assays were performed using membrane preparations from
human embryonic kidney (HEK) 293 cells transiently transfected
with 5 ug of DNA of the WT human DOP construct, or one of the
various mutants of the full-length DOP or the BRIL-DOP crystal
constructs. Cells (2.5 x 10°) were transfected with X-tremeGENE
HP (Sigma-Aldrich, Oakville, ON, Canada) in a 3:1 ratio using the
manufacturer’s protocol. Thirty-six hours after transfection, 58-cm®
petri dishes were frozen at —80°C until use. On the day of the exper-
iment, the cells were submitted to a heat shock by placing the petri
dishes at 37°C for 60 s before returning them to ice. The cells were
then harvested in 50 mM tris-HCI (pH 7.4) and centrifuged at
3200g for 15 min at 4°C. The protein concentration was determined
with Bio-Rad DC Protein Assay reagents (Bio-Rad Laboratories,
Mississauga, ON, Canada), and the pellet was further diluted in 50 mM
tris-HCI (pH 7.4) buffer containing 0.1% bovine serum albumin (BSA)
and distributed in 96-well plates. Saturation binding assays with
0.5 to 80 nM isotopically diluted ['**I]-deltorphin I were performed
to determine the equilibrium dissociation constant (Kq) of each
mutant for the radiotracer; 10 pM deltorphin I was used to define
nonspecific binding. Determination of the affinity (K;) of DPI-287
and KGCHMO7 for DOP was achieved by competition binding
assays with [1251]—deltorphin L. The K; values of the two compounds
for DOP were determined using a membrane concentration of 20 to
40 pg of proteins per well and 1 x 10° counts per minute (cpm) of
the radiolabeled ligand (specific activity, ~1700 Ci/mmol). Membranes
and the radioligand were incubated for 60 min at room temperature
with increasing concentrations of DPI-287 or KGCHMO07 (0.1 pM to
10 pM). The reaction was then stopped by rapid vacuum filtration
with ice-cold 50 mM tris-HCI (pH 7.4) on 96-well filter plates. Filters
were then placed in 5-ml tubes, and the radioactivity was deter-
mined using the Wizard2 Automatic Gamma Counter (PerkinElmer,
Woodbridge, ON, Canada). Data were analyzed using a nonlinear
fitting analysis, and the K; values were calculated using GraphPad
Prism 7.0 (GraphPad Software, San Diego, CA). K; values are ex-
pressed as means + SEM from three to six independent experiments,
each performed in duplicate. The affinity (K;) of DPI-287 for MOP
was achieved by competition binding assays with ['*’I]DAMGO
(specific activity, ~2200 Ci/mmol; K4 = 2 nM) and HEK cells ex-
pressing the human Flag-MOP (obtained from M. von Zastrow,
University of California, San Francisco, CA). The K; values in the
displacement studies were determined from the half maximal inhib-
itory concentration (ICso) values using the Cheng-Prusoff equation.

RLuc2-GFP10 BRET2-based biosensor assays

HEK293 cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, penicillin (100 IU/ml),
and streptomycin (100 ug/ml) at 37°C in a humidified 5% CO,
atmosphere. For RLuc2-EPAC-GFP10 transfection, 500 ng of indi-
cated receptor and 100 ng of RLuc2-EPAC-GFP10 per microgram
of total transfected DNA were prepared in 150 mM NaCl. For B-
arrestin2-GFP/receptor-RLuc2 transfection, 50 ng of WT and mutant
crystallization construct BRIL-DOP or full-length DOP with RLuc2
cloned in the C terminus and 950 ng of B-arrestin2-GFP10 per
microgram of total transfected DNA were prepared in 150 mM
NaCl. For Gy;; biosensor assays, the indicated increasing amount
of either DOP WT or BRIL-DOP crystal construct, 40 ng of
G, subunit, 250 ng of Gg; subunit, and 250 ng of Gy; subunit per
microgram of total transfected DNA were prepared in 150 mM NaCL
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Salmon sperm DNA was used to bring total transfected DNA to
1 pg, and each mixture was incubated for 20 min with 3 pg of poly-
ethylenimine (Polysciences, Warrington, PA) per microgram of
total transfected DNA before adding cells (350 x 10 cells/ml). Cells
were plated at 35 x 10 cells per well in 96-well, flat-bottom, white
opaque tissue culture plates. Forty-eight hours after seeding, cells
were gently washed with stimulation buffer (10 mM Hepes, 1 mM
CaCl,, 0.5 mM MgCl,, 4.2 mM KCl, 146 mM NaCl, and 5.5 mM
glucose), and 80 pl of stimulation buffer was added to each well.
Coelenterazine 400A (Gold Biotechnology Inc., St. Louis, MO) was
added to a final concentration of 5 uM, 10 min before stimulation.
For the EPAC (exchange protein directly activated by cAMP) assay,
cells were stimulated with increasing concentrations of indicated
ligand containing 3 uM forskolin (to increase cAMP) (Tocris Bioscience,
Oakville, ON) for 10 min before signal acquisition. For B-arrestin2
assays, cells were stimulated with increasing concentrations of indicated
ligand before signal acquisition. For G assays, cells were either un-
stimulated or stimulated with 100 nM DPI-287 for 5 min before sig-
nal acquisition. BRET} (bioluminescence resonance energy transfer 2)
signals were measured using a TECAN M1000 fluorescence reader
(TECAN, Grodig, Austria). RLuc2 and GFP10 emissions were collected
in the 400- to 450-nm window (RLuc2) and 500- to 550-nm window
(GFP10). The BRET? signal was calculated as the ratio of light emitted
by the acceptor GFP10 over the light emitted by the donor RLuc2. For
each assay, data were normalized as percentage of the maximal re-
sponse for each ligand in the appropriate WT receptor background.
All data were analyzed using the nonlinear curve fitting equations in
GraphPad Prism 7.0 (GraphPad Software, San Diego, CA) to estimate
the pECs values of the curves for the different pathways. Results are
expressed as means + SEM from n =4 (EPAC) or n = 3 (B-arrestin2)
independent experiments, each performed in triplicate.

Cell surface expression of the DOP

HEK293 cells (150 x 10°) were transfected in suspension with 470 ng
of DNA of the WT human DOP construct or one of the various
mutants of the full-length DOP or the BRIL-DOP crystal constructs
using X-tremeGENE HP 4:1 ratio in 24-well plates precoated with
poly-L-lysine. Forty-eight hours after transfection, cells were fixed
using a 3.7% formaldehyde/tris-buffered saline (TBS) solution. After
30 min of blocking with 1% BSA/TBS, the cells were incubated for
1 hour with a polyclonal anti-flag antibody (1:1000; Invitrogen,
catalog no. 710662) followed by 1-hour incubation with anti-rabbit
alkaline phosphatase (1:10,000; Sigma-Aldrich, catalog no. A3687).
The level of expression of membrane DOP was detected using alkaline
phosphatase substrate (Sigma-Aldrich, catalog no. S0942) in a solution
containing 10% diethanolamine and 12.5 uM MgCl, (pH 9.8). The
reaction was stopped by the addition of 0.4 M NaOH before reading
absorbance at 405 nm using a TECAN M1000 multimode reader.
Results are expressed as means + SD from #n = 2 independent ex-
periments, each performed in triplicate.
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