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ABSTRACT: Biased agonists, which selectively stimulate certain signaling pathways
controlled by a G protein-coupled receptor (GPCR), hold great promise as drugs that
maximize efficacy while minimizing dangerous side effects. Biased agonists of the yu-
opioid receptor (#OR) are of particular interest as a means to achieve analgesia through
G protein signaling without dose-limiting side effects such as respiratory depression and
constipation. Rational structure-based design of biased agonists remains highly
challenging, however, because the ligand-mediated interactions that are key to
activation of each signaling pathway remain unclear. We identify several compounds
for which the R- and S-enantiomers have distinct bias profiles at the yOR. These
compounds serve as excellent comparative tools to study bias because the identical
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physicochemical properties of enantiomer pairs ensure that differences in bias profiles are due to differences in interactions with the
#OR binding pocket. Atomic-level simulations of compounds at #OR indicate that R- and S-enantiomers adopt different poses that
form distinct interactions with the binding pocket. A handful of specific interactions with highly conserved binding pocket residues
appear to be responsible for substantial differences in arrestin recruitment between enantiomers. Our results offer guidance for
rational design of biased agonists at #OR and possibly at related GPCRs.

B INTRODUCTION

The severity of the ongoing opioid crisis highlights the need
for the development of safer drugs to treat chronic pain
effectively.' The activation of the y-opioid receptor (#OR) by
opioids such as morphine or fentanyl can lead to powerful
analgesic effects but also to a number of adverse dose-limiting
side effects including constipation, tolerance, dependence, and
respiratory depression that can lead to death in overdoses.”’
Recent work has suggested that while the analgesic properties
of these drugs result from OR-mediated G protein signaling,
certain undesired side effects, including potentially lethal
respiratory depression, arise from yOR-mediated f-arrestin (/-
arr) signaling.*~” These results suggest that an ideal analgesic
would act as an agonist for yOR while selectively stimulating G
protein signaling over f-arrestin signaling. The search for such
“functionally selective” or “biased” ligands has become the
focus of a great deal of ongoing work not only at #OR’” ™' but
also at many other G protein-coupled receptors (GPCRs),
where therapeutic benefits come from activation of certain
receptor signaling pathways and undesired side effects from
other signaling pathways mediated by the same receptor.'”~*°

To date, a number of biased yOR ligands have been
described in the literature that are reported to have an
improved pharmacological profile over currently marketed
opioids. Herkinorin, a derivative of the naturally occurring
psychotropic salvinorin A, was shown to act as an agonist of
the G protein signaling pathway at yOR without promoting /-
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arrestin recruitment.'>'® Similarly, a derivative of the naturally
occurring compound mitragynine has been shown to activate
HOR with minimal fS-arrestin recruitment.® Preclinical studies
of TRV-130 (oliceridine) showed some degree of bias toward
G protein signaling,'”'* but more recent work found no
significant bias for this ligand;21 the Food and Drug
Administration (FDA) recently approved it but only for
intravenous use in controlled clinical settings, noting that the
risk of respiratory depression persisted.”” Virtual screening at
HOR yielded compound PZM21, which demonstrated excep-
tional selectivity for #OR over other opioid receptors and an
apparent bias for G protein signaling,” although more recent
work failed to replicate this bias profile.”* Finally, a series of G
protein-biased #OR ligands were discovered and extensively
characterized by Schmid and co-workers.” These publications
focus on ligands with a variety of chemical scaffolds, suggesting
promising inroads toward a safer, more effective treatment of
pain.

Despite the progress made in the discovery of biased yOR
ligands, the structural mechanism by which these compounds
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Figure 1. Enantiomers give rise to different bias profiles. (A) Compound 1 (racemic mixture, left) was identified in an initial Pfizer screen as a hit
for further optimization. Purification of the individual enantiomers revealed distinct bias profiles, as characterized by the measurement of G protein-
mediated signaling (cAMP production) and f-arrestin recruitment. (B) Enantiomers of four piperazine analogues were purified. Activity curves for
compounds 28 (C) and 2R (D) show that the S-enantiomer showed higher arrestin recruitment at saturating conditions than the R-enantiomer,
whereas both enantiomers reached a comparable E,, in G protein activity. The same is true for the other three pairs of enantiomers (Table 1 and
Figure S1). Standard errors are shown for all experimentally determined data points. GRK2 was coexpressed in all S-arrestin recruitment assays.

achieve bias remains elusive. To decipher this mechanism and
relate it to ligand structure to facilitate rational design, one first
requires knowledge of how such biased ligands bind to their
target.'”** The relatively small number of well-characterized
biased #OR ligands, and the high chemical diversity of these
compounds, make it difficult to identify which ligand—receptor
interactions lead to activation of one signaling pathway over
another. For example, herkinorin lacks a positively charged
group that is characteristic of many pOR agonists. Even
attributing changes in the signaling profile between closely
related compound analogues to differing receptor interactions
is not always possible, as minor changes to chemical
substituents can have significant effects not only on receptor
interactions but also on physicochemical properties that affect
assay output, such as water solubility.

To circumvent these difficulties, we identify and study
enantiomer pairs (i.e, pairs of compounds that represent
mirror images of one another but are not superimposable) with
distinct bias profiles at the #OR. Enantiomers share physical
and chemical properties but present different binding
interfaces to the receptor. If a pair of enantiomers have
different bias profiles, one can relate these differences directly
to differences in the interactions the enantiomers form with the
receptor. In particular, analysis of the signaling profiles is not
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confounded by factors such as solubility or spatial volumes,
which can all influence performance and readout in assays.

Here, we describe four enantiomer pairs of pOR-agonist
ligands (the purified R- and S-enantiomers of four compound
analogues), where changing the stereochemistry of a single
chiral center consistently results in functionally distinct bias
profiles, which are reproduced for all analogues. For each pair,
the R- and S-enantiomers achieve similar full response (E,,,,)
in cyclic adenosine monophosphate (cAMP) production (a
measure of G protein signaling), while the S-enantiomer
achieves much higher levels of arrestin recruitment than the R-
enantiomer.

Molecular dynamics (MD) simulations indicate that the R-
and S-enantiomers of each pair adopt distinct poses when
bound to #OR. These poses for each pair share several
receptor interactions but display key differences that provide a
possible explanation for their disparate signaling profiles.
Importantly, the receptor interactions for a given enantiomer
(R- or S-) were reproduced for different analogues. The
distinct interactions observed in simulation for enantiomers
with distinct bias profiles allow for the development of a
pharmacophore for biased ligand design at pOR. These
findings hold substantial promise as a guide in the continuing
development of next-generation biased opioid analgesics and
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Table 1. Bias Profiles of the Presented Enantiomers”

Analogue substituent | cAMP EC50 | cAMP Emax | B-arr EC50 | B-arr Emax
Ligand
(nM) (%) (nM) (%)
1S 1.0 105 53 85
“ S
1R
—
§ 39 112 114 35
28 0.72 104 9.0 99
\\F
2R
v 11 99 35 31
3S g 1.6 110 27 91
3R
45 88 135 26
4S 3.1 104 51 58
]
42 76 214 30
DAMGO 22 100 20 100

“cAMP and f-arr E,, relative to DAMGO (ref 44). GRK2 was coexpressed in all f-arrestin recruitment assays. Both 2R and 2$ have an analogue

substituent with the chirality shown.

also have important implications for the design of biased
agonists for other GPCR targets with similar structures.

B RESULTS AND DISCUSSION

Discovery of Biased pOR-Activating Ligand Enantio-
meric Pairs. Internal screening efforts were run on a Pfizer
proprietary compound library to identify novel biased agonists
of uOR with potential as improved analgesics. Compounds
were screened in G protein and f-arrestin (with coexpression
of GRK2) mode assays, using the known unbiased pOR
agonist [D-Ala’, N-MePhe*, Gly-ol]-enkephalin (DAMGO) as
a reference compound (see Materials and Methods). From this
effort, racemic compound 1 (Figure 1A; cAMP ECg, = 1.4 nM
[Epayx = 104%], p-arrestin ECy = 72 nM [E,,, = 97%]) was
identified as an attractive starting point for further
optimization. As compound 1 is a racemic mixture, the
separate enantiomers were obtained and characterized.
Interestingly, the two enantiomers (compounds 1R and 1S)
showed different signaling profiles. Compound 18 had a similar
profile to the racemic compound 1, while compound 1R
showed a more pronounced E,,, bias profile (see Table 1 for
all assay measurements).

The cationic (charged piperazine base) and phenol moieties
of these compounds are common to many opioid ligands,
including morphinans. To examine whether the different
signaling profiles observed for 1R and 1S are driven by the
substituted urea vector or the branched aromatic system
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attached to the chiral carbon, compound analogues replacing
the thiophene with different hydrophobic groups were
synthesized and tested, confirming that the R- and §-
enantiomers of multiple analogues generally reproduce the
signaling profile signatures of 1R and 1S (see Table 1 and
Figures 1 and S1). These compounds suggest that the
stereochemistry of the branched aromatic moiety is the driver
for the different observed bias profiles, presumably due to
differences in ligand—receptor interactions between enan-
tiomers. For this reason, a rigorous comparative computational
modeling study of the complexes formed by several
compounds with yOR was undertaken.

MD Simulations Reveal that R- and S-Enantiomers
Form Distinct Receptor Interactions. To ascertain how the
binding poses and ligand—receptor interactions differ between
the two enantiomers within each pair, we first docked
compounds 2S and 2R to an experimentally determined
active-state #OR structure. These enantiomers docked in very
similar poses that form receptor interactions commonly
observed in cocrystal structures of opioid receptors:> > a
salt bridge between the positively charged ligand ammonium
group and D3.32 (we use the Ballesteros—Weinstein residue
numbering,30’31 where the number before the period indicates
the transmembrane helix (TM) in which a residue is found), a
hydrogen-bonding group oriented toward H6.52, a m-stack
interaction between the phenyl group and Y7.43, and

https://doi.org/10.1021/acs.jcim.1c00585
J. Chem. Inf. Model. 2021, 61, 3696—3707
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Figure 2. MD simulations reveal distinct poses for different ligand enantiomers. Simulations of pairs of enantiomers (e.g., 2S and 2R shown) were
initiated from docked poses. The S- and R-enantiomers formed similar interactions in their initial poses (left), including a 7-stack with Y7.43 and a
salt bridge with D3.32. During simulations, 28 maintained all of the initial interactions while also forming a water-mediated interaction with H6.52
(top right). By contrast, 2R underwent a reorientation, breaking the initial 7-stack with Y7.43 and instead reorienting toward Y3.33 in a potential
T—7 stack interaction, while it retained the water-mediated interaction with H6.52 (bottom right). This reorientation also significantly weakens the
direct salt bridge interaction with D3.32 for 2R. An overlay of the final poses (right) highlights the difference in the orientation of the phenyl group

attached to the chiral center.

placement of the hydrophobic tail between transmembrane
helices 2 and 3 (TM2 and TM3) (Figure 2).

To account for the effects of receptor motion, solvation, and
internal ligand conformational strain, we then performed MD
simulations of these enantiomers in complex with the yOR,
starting from the docked poses. For each enantiomer, we
performed three simulations, each ~1 us in length.

Throughout the simulations, the S-enantiomer maintains all
of the original interactions, including 7—z interaction with
Y7.43 on TM7 (Figure 3B) and the salt bridge with D3.32
(Figure 3D), while also forming a water-mediated interaction
with H6.52 (Figure 2 and Table S1). The R-enantiomer,
however, quickly reorients its phenyl group to a distinct pose
to relieve ligand conformational strain. This reorientation shifts
the phenyl group attached to the chiral center away from TM?7,
such that it forms a T—x interaction with Y3.33 on TM3
(Figures 2 and 3C). This shift of the phenyl group significantly
weakens the salt bridge with D3.32 (Figure 3D). The R-
enantiomer retains some interactions in common with the S-
enantiomer, including a water-mediated interaction with H6.52
and placement of the hydrophobic tail (the substituents that
distinguish compound analogues) between TM2 and TM3
(Figure 2). In both enantiomers, the urea group forms no
stable direct interactions with the receptor, although it
occasionally forms short-lived water-mediated interactions
with Q2.60.

To validate that these enantiomer-specific interactions could
be generalized, we carried out similar simulations of a second
pair of enantiomers, 1S and 1R, which differ in the
hydrophobic tail that interacts with TM2/TM3. These ligands
docked in very similar poses to 28 and 2R, forming many of
the same interactions. In simulation, the 1S enantiomer
maintained its initial pose, apart from a shift in the position of
the hydrophobic tail that differs between analogues. The 1R
enantiomer underwent a similar reorientation to that observed
for 2R, adopting a final pose nearly identical to that of 2R
(Figures S2 and S3).

The consistency among ligand pairs allows a key conclusion
to be made based on both the pharmacological and simulation
data. The S-enantiomers, which are observed to have a higher
E,.., for f-arrestin recruitment, display a strongly favorable salt
bridge with D3.32 and a concurrent 7—7 interaction with
Y7.43. In contrast, the R-enantiomers, which have lower
maximal f-arrestin recruitment activity, display a weaker salt
bridge to D3.32, as well as engagement with Y3.33 instead of
Y7.43. In other words, the ligands undergoing stabilizing
interactions with Y7.43 and D3.32 favor strong arrestin
recruitment. The ligands for which these interactions are
attenuated can activate G protein signaling to a similar extent
without favoring f-arrestin recruitment as strongly.

Development of Biased Signaling Pharmacophore
for uOR. The broadly reproducible results for the R- and S-
enantiomers across compounds 1—4 allow for correlation of
experimentally observed bias profiles with enantiomer-specific
interactions. Using this information, we developed a
pharmacophore for biased signaling at yOR (Figure 4). If
two enantiomers reach the same E_, in a given signaling
pathway, the interactions they share in common are likely
sufficient to activate that pathway. In the case of each of these
enantiomer pairs, both compounds reach the same E_,, in the
G protein signaling pathway and share several key interactions.
Conversely, if one enantiomer cannot activate a given pathway
to the same extent as the other (i.e., does not reach the same
Ena), this suggests that it lacks critical interactions for
activation of that pathway. This is the case for the S-arrestin
recruitment pathway, which the R-enantiomer cannot activate
to the same extent as the S-enantiomer.

Across ligands, each enantiomer reaches comparable E_,, in
G protein signaling, which suggests that their shared receptor
interactions, though different in relative strength, are enough
to activate that pathway to the same degree. Simulations of two
pairs of R- and S-enantiomers studied here identify three key
shared interactions between the different enantiomers (Figures
2 and S2): a salt bridge interaction with D3.32, a water-
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Figure 3. In simulation, R- and S-enantiomers form different stable interactions with the receptor. (A) The poses of 2§ (left) and 2R (right)
adopted in MD simulations. In 2R, the phenyl group attached to the chiral center breaks an initial interaction with Y7.43 (maintained in 2S) to
instead engage Y3.33. Panels (B)—(D) quantify ligand—receptor interactions by showing interatomic distances throughout each simulation. (B)
Distance between the 4-position of the phenyl ring attached to the chiral center and the { carbon of Y7.43. (C) Distance between the 4-position of
the phenyl ring attached to the chiral center and the y carbon of Y3.33. (D) Shortest distance between the ligand cationic nitrogen and either side-

chain oxygen of D3.32.

mediated hydrogen bond with H6.52, and placement of a
hydrophobic group in contact with TM2 and/or TM3.

Conversely, the observation that one enantiomer elicits a
weaker response than the other at a given signaling pathway
suggests that the former enantiomer lacks some of the requisite
interactions to activate that pathway fully. For the compounds
we studied, the S-enantiomers, with higher f-arrestin activity,
engage Y7.43 in a stabilizing interaction and have a strong
direct salt bridge to D3.32. In contrast, the R-enantiomers,
with lower p-arrestin activity, engage Y3.33 in a stabilizing
interaction and have weakened interaction with D3.32 as a
result, suggesting that either Y7.43 engagement or a strong salt
bridge to D3.32 are required for full activation of the S-arrestin
pathway by these ligands.

While the extent of signaling pathway activation (E,,,) is
most instructive in describing the differences between R- and
S-enantiomers, a discussion of the overall compound bias must
also include ECg,, the concentration at which half-maximal
signaling activation occurs. The relative potency at which the
R- and S-enantiomers activate either the G protein or f-arrestin
signaling pathway may be explained by how well each
enantiomer binds to the lowest-energy binding pocket
conformation presented by the receptor when coupled to
either a G protein or a f-arrestin.

The S-enantiomer appears ideally suited to fit the binding
pocket presented by the receptor in its G protein-coupled
state, whose binding pocket conformation matches that from
which our simulations were initiated.>* In contrast, the R-

3700 https://doi.org/10.1021/acs.jcim.1c00585

J. Chem. Inf. Model. 2021, 61, 3696—3707


https://pubs.acs.org/doi/10.1021/acs.jcim.1c00585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.1c00585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.1c00585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.1c00585?fig=fig3&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.1c00585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

Y3.33

‘,\,:.‘A &
G protein

activation

arrestin
recruitment

T™7 engagerﬁenr

TM6 Y7.43

T™M7

Figure 4. Pharmacophore for biased ligand design at the p-opioid
receptor. Through analysis of the conserved interactions observed in
simulation across the enantiomer pairs presented here, a pharmaco-
phore for biased ligand design at yOR can be determined. Ligands
that interact strongly with Y7.43 and D3.32 have higher f-arrestin
activity, while those that instead engage with Y3.33 and concomitantly
weaken interaction with D3.32 have lower f-arrestin activity. All
ligands studied activate G protein signaling to a similar extent, and all
form an interaction with D3.32, place a hydrogen-bonding group
toward TM6 to form water-mediated interactions with H6.52, and
place a hydrophobic group in contact with TM2 and/or TM3.

enantiomer conformation does not easily fit in this manner.
Instead, the R-enantiomer quickly rearranges in simulation,
requiring concomitant conformational changes in the recep-
tor’s binding pocket. Specifically, Y3.33 adapts its position to
accommodate the phenyl group of the R-enantiomer. This
required conformational change in the receptor apparently
decreases the potency of the R-enantiomer relative to the S-
enantiomer as measured for G protein signaling. No structure
of a pOR—arrestin complex state is available, but our
experimental measurements suggest that both enantiomers
bind more weakly to the arrestin-coupled state, with a larger
decrease in potency for the S-enantiomer than for the R-
enantiomer.

The ligand—receptor interactions formed by the ligands we
studied are similar to those of other yOR agonists that
stimulate G protein signaling. The G protein-biased ligands
from Schmid and co-workers” are analogous to the ligands
described herein and can easily be placed to make the same
interactions that we have correlated with G protein signaling
activation. Similarly, recent structural studies reveal that
DAMGO also makes these key interactions.>* In addition,
PZM21 has been predicted to make each of these three key
interactions.”

Comparing interactions predicted to lead to P-arrestin
activation by the S-enantiomers we studied with interactions
formed by other #OR agonists again reveals strong support for
this pharmacophore. PZM21, which is believed to be G
protein-biased, is not predicted to make any direct interaction
with TM7.” The ligands from Schmid and co-workers” all lack
a functional group that could interact with TM7 in a similar
manner to the S-enantiomers in this study, suggesting one
potential explanation for the lack of f-arrestin activity in their
ligands. DAMGO, a balanced agonist that leads to full f-
arrestin activation, has been observed to make a direct
interaction with Y7.43, identical to what our pharmacophore
predicts would be needed to stimulate B-arrestin recruitment.

While this pharmacophore appears to fit many ligands, one
cocrystallized ligand, the balanced agonist BU72, suggests that
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there is still more at play. BU72 displays interactions with
D3.32 and H6.52 and orients a hydrophobic group toward
TM2 and TM3, which fits our pharmacophore for activation of
the G protein signaling pathway. However, BU72 is not
observed to make any direct interaction with TM7, which we
predict to be important for S-arrestin signaling. It is possible
that the strength of BU72’s interaction with D3.32 and the
overall fit of its morphinan scaffold to the #OR active site are
strong enough that stabilizing interactions with Y7.43 are not
required for BU72 to stimulate -arrestin signaling. It is
unlikely that engagement with Y7.43 is the only interaction
that drives p-arrestin recruitment, and it is possible that
different interactions could reproduce the same effect. BU72’s
full f-arrestin recruitment suggests that while our pharmaco-
phore appears to generalize across many biased ligands and
provides useful information for future drug design, it probably
does not account for all of the possible ways in which j-
arrestin signaling can be achieved at yOR.

We note that our experiments used an amplified assay
(cAMP concentration) as a measure of G protein signaling and
an unamplified assay (f-arrestin recruitment) as a measure of
P-arrestin signaling. Comparison of data from amplified and
unamgliﬁed assays can confound the quantification of ligand
bias.”> To ensure a quantifiable response for arrestin signaling,
we coexpressed GRK2 in all f-arrestin recruitment assays.”

The differences we observed in ligand—receptor interactions
between enantiomers might lead to distinct bias profiles in
more than one way. Different ligand—receptor interactions
might favor different receptor conformations with different
preferences for arrestin binding relative to G protein binding.
Different interactions might also lead to differences in binding
kinetics, affecting the residence time for each enantiomer at
HOR. Several studies have shown that ligand residence time
plays an important role in biased signaling’> and that B-arrestin
signaling occurs at longer time scales than G protein
signaling.’>*” The more strongly stabilizing interactions for
the S-enantiomer here relative to the R-enantiomer could result
in a longer residence time at the receptor and as a result more
p-arrestin recruitment.

Our simulations do not determine whether different
conformations of the intracellular side of the receptor are
favored by each ligand and, if so, what those conformations are.
To prevent the receptor from transitionin§ spontaneously
toward its inactive state during simulation,”®”” and to ensure
that different conformational changes observed in the binding
pocket were due to differences in the bound ligands rather than
to the allosteric effects of conformational changes on the
intracellular side of the receptor, we restrained the intracellular
surface of the receptor to its crystallographic active-state
conformation, which appears to match that observed in the
lower-resolution structure of the #OR in complex with its
cognate G protein. Such restraints do not preclude local
conformational changes in the binding pocket; indeed, such
changes have been observed in previous studies that used
similar restraints.*”*' We cannot rule out the possibility that
the use of restraints may have introduced artifacts in our
results, although the fact that the pharmacophore model
suggested by our simulations agrees with structural and
pharmacological observations on a variety of other ligands
suggests that our conclusions are likely robust to any such
artifacts.

In addition, we did not perform simulations of yOR in
complex with f-arrestin because no structure of a pOR—
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arrestin complex is available. Structures of other GPCRs in
complex with arrestins and G proteins suggest that conforma-
tional changes in the receptor will be subtle,*”** but we cannot
rule out the possibility that ligand—receptor interactions might
differ substantially in the presence of arrestin.

B CONCLUSIONS

As the opioid crisis shows no signs of abating, the need for
safer analgesics is pressing. One of the most promising routes
to achieving this would be biased agonism of yOR, a target
with extremely strong clinical validation for the treatment of
pain. While a number of putative #OR biased compounds have
been identified, structure-led optimization has been hindered
by a lack of understanding of the critical interactions that
enable biased signaling. Here, we have demonstrated the
importance of ligand engagement with residues on both TM3
and TM7 in determining f-arrestin recruitment activity
through the pharmacological characterization and structural
modeling of enantiomer pairs of multiple ligand analogues.
These analyses, as well as comparisons to other biased and
balanced pOR ligands, allowed for the development of a biased
signaling pharmacophore that highlights key interactions
required for G protein signaling and f-arrestin recruitment
activation.

We propose that, in combination with consideration of
ligand residence times, this pharmacophore could provide a
valuable guide in the future design of biased ligands for ;OR,
facilitating the design of safer, more effective, opioid-based
analgesics. Given similarities in sequence and structure across
the GPCR family, which includes the targets of nearly a third
of all drugs, our results may also prove useful in guiding the
design of biased ligands for other GPCRs.

B MATERIALS AND METHODS

Cell Culture. Experimental methods have been published
previously** but are included here for clarity. PathHunter
OPRM1 f-arrestin U20S cells (U20S-u) were purchased
from DiscoveRx (Birmingham, UK). Cells were grown in the
modified Eagle’s medium, containing 2 mM of GlutaMAX,
10% fetal calf serum (FCS), 500 pg-mL™" of geneticin, and 250
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ugmL™" of hygromycin B at 37 °C and 5% CO, in a
humidified incubator. Cells were seeded in flasks at 2.2 X 10*
cells-cm™ and passaged every 3 days.

CHOKI cells expressing u-opioid receptors (CHO-u) were
grown in Dulbecco’s modified Eagle’s medium (DMEM)/F12,
containing 2 mM of GlutaMAX, 10% FCS, and 300 ;tg'mL_1
of zeocin at 37 °C and 5% CO, in a humidified incubator.
Cells were seeded in flasks at 2.2 X 10° cells-cm™* and passaged
every 3 days. For assay use, cells were harvested and
cryopreserved at § X 10° cellsmL™ in 90% FCS and 10%
dimethyl sulfoxide (DMSO) and stored in vapor-phase liquid
nitrogen.

Membrane Preparation. U20S-u were grown in 225 cm®
flasks until 90% confluent, detached with TrypLE, and
centrifuged for 5 min at 1000g. Cells were resuspended in
ice-cold buffer (20 mM N-(2-hydroxyethyl)piperazine-N’-
ethanesulfonic acid (HEPES), 1 mM MgCl,). All subsequent
steps were performed at 4 °C. The cell suspension was
homogenized using a T2S Ultra Turrax homogenizer (IKA,
Staufen, Germany) with three 10 s bursts. The cell
homogenate was centrifuged for 30 min at 1000g, and the
supernatant was collected and centrifuged at 55 000g for 45
min before resuspending in a buffer. Protein concentration was
determined using the Bradford assay with bovine serum
albumin (BSA) as a standard. Aliquots were stored at —80 °C.

Compound Synthesis. The general route to the
piperazines is shown in Scheme 1. The racemic Ellman
sulfimine (prepared from benzaldehyde) was treated with 3-
methoxybenzyl Grignard to provide the racemic sulfimine 2,
which could be deprotected using HCI in dioxane to provide
the racemic amine 3. The piperazine was prepared by
condensation with the dichloro reagent 4. To avoid the use
of this mustard compound, we did try to protect the amine as a
tosyl amide. We found that this reagent did not cleanly form
the piperazine. The benzyl reagent 4 required heating in
dimethylformamide (DMF) to affect the transformation.
Debenzylation followed by urea formation utilizing phenyl-
chloroformate and (3-thienylmethyl)amine provided 7.
Demethylation with BBry and separation of enantiomers by
chromatography gave the desired analogues 1S and 1R
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Attempts to use the nonracemic Ellman sulfimine lead to
mixtures of diastereomers of 2. These could be separated using
chromatography. However, a simpler method to separate the
enantiomers on scale was to perform a classic resolution on 3
using (—)-dibenzoyltartaric acid in EtOH. Absolute stereo-
chemistry was assigned by comparison of rotation to literature
values. With gram quantities of each enantiomer in hand, we
proceeded to develop a parallel synthesis of these analogues.
To this end, we prepared 6 as shown in Scheme 2 from each
enantiomer. At this stage, we demethylated using dodeca-
nethiol and NaOH in DMSO to prepare 8 and ent-8 as
separate enantiomers. In parallel, these were treated with
disuccinimidyl carbonate in acetonitrile with diisopropylethyl-
amine, followed by a variety of amines. The crude reactions
were purified by high-performance liquid chromatography
(HPLC) to provide the desired analogues.

Compound Preparation. Compounds were serially
diluted in DMSO to produce 11-point, half-log concen-
tration—response curves in 384-well acoustic qualified
polypropylene plates (LabCyte, Sunnyvale, CA). Assay plates
were prepared as required via the acoustic transfer of
appropriate volumes from the serialized compound plate
using an ECHOS50 (LabCyte). Pfizer standard 1*° and
DMSO were also added to the plates as hundred % effect
(HPE) and vehicle, respectively.

cAMP Homogeneous Time-Resolved Fluorescence
(HTRF) Assay. Four microliters of assay buffer (Hanks’
balanced salt solution (HBSS) with calcium, magnesium, and
20 mM HEPES) containing 1.6 uM NKH477 was added to
384-well black HiBase plates (Greiner, Stonehouse, UK)
containing 20 nL per well compound. Cryopreserved CHO-u
were thawed, centrifuged at 1000g, and resuspended to 2.5 X
10° cellssmL™" in assay buffer containing 0.5 mM IBMX. The
suspension was incubated for 30 min at room temperature
prior to dispensing 4 uL per well into the assay plates. Plates
were incubated at 37 °C for 30 min before the addition of
cAMP Femto 2 HTRF reagents (Cisbio, Codolet, France)
according to the manufacturer’s instructions. The plates were
read after 1 h incubation at room temperature using an
Envision reader (PerkinElmer).

P-Arrestin2 Recruitment Assay. U20S-u cells from the
culture were harvested and resuspended at 3.75 X 10° cells-
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mL™". The cells were seeded into 384-well CellStar plates
(Greiner) at 7500 cells per well and incubated at 37 °C and 5%
CO, in a humidified incubator overnight. For the assay, 100 nL
per well compounds were dispensed onto the cells using an
ECHOSS0 (LabCyte). The plates were briefly centrifuged and
incubated for 2 h at 37 °C. The assay was terminated by the
addition of PathHunter detection reagent (DiscoveRx)
according to the manufacturer’s instructions. The plates were
read after 1 h incubation at room temperature using an
Envision reader.

For the coexpression of GRK2, a modified baculovirus
system was used to express GRK2 from a CMV promoter in
mammalian cells (BacMam Life Technologies, CA). U20S-u
were resuspended at 3.75 X 10° cellssmL ™" and supplemented
with GRK2 Bacmam to achieve the required multiplicity of
infection (MOI) prior to seeding into plates and assaying as
described above.

Ligand Docking. Prior to docking, all ligands were
prepared using the standard ligand prep option in LigPrep
(Schrodinger). Glide SP (Schrodinger) was used to generate
docked poses in an active-state structure of yOR (PDB:
SCIM). The docking grid was centered on the orthosteric
binding pocket, defined as the centroid of the BU72
cocrystallized ligand in the crystal structure (PDB code
SCIM). All ligand poses within a score of 100 were kept
after the initial Glide screen, and the best 400 poses were kept
for energy minimization (distance-dependent dielectric con-
stant of 2.0 with a maximum of 100 minimization steps) using
the OPLS 2005 force field. Ligand sampling was flexible,
nitrogen inversions and ring conformations (within an energy
window of 2.5 kcal'mol™") were both sampled, and Epik state
penalties were added to docking scores. Crystallographic water
molecules were retained for docking. Poses resulting from
docking were then visually inspected and compared to existing
crystal structures of the MOR in complex with agonists. For
each ligand, we selected a pose that shared the following
properties with the cocrystallized ligand: a salt bridge between
the ligand cationic nitrogen and D3.32, and high overlap of the
ligand phenol group (particularly the hydroxyl) with the
analogous group of BU72 in the crystal structure SCIM.
Selected poses are shown in Figure S4. After performing the
MD simulations described below, we confirmed that both the
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salt bridge and the water-mediated receptor interactions
formed by the phenol group remained stable.

Molecular Dynamics Simulation System Setup.
Simulations of pOR with ligands were initiated from the
docked poses %enerated at an active-state structure of #OR
(PDB: 5CIM),” as described in the Ligand Docking section.
We retained crystallographic waters, except when preparing the
“no crystallographic waters” control simulation described
below. We removed all other non-receptor molecules,
including the cocrystallized nanobodies. Prime (Schrodinger)
was used to model missing side chains and loops, and neutral
acetyl and methylamide groups were added to cap protein
termini. In all simulations, all titratable residues remained in
their dominant protonation state at pH 7.0. H6.52 was
represented with hydrogen on the epsilon nitrogen, except
when preparing the “H6.52 HID” control simulation described
below.

The prepared protein structures were aligned on the
transmembrane helices to the “Orientation of Proteins in
Membrane” (OPM)*° structure of PDB SC1M. The prepared
systems were then hydrated using the Dowser plugin in Visual
Molecular Dynamics (VMD), with any new waters that
overlapped with the retained crystallographic waters removed.
The aligned systems were then inserted into a pre-equilibrated
palmitoyl-oleoyl-phosphatidylcholine (POPC) bilayer using in-
house simulation preparation software.*” Sodium and chloride
ions were added to neutralize each system for a final
concentration of 150 mM. Dimensions of the membrane
bilayer and surrounding water were chosen to maintain at least
a 35 A buffer between proteins in the x—y plane of the
membrane and 20 A in the membrane-normal z direction,
when using periodic boundary conditions. The final systems,
which varied in number of atoms and size, are listed in Table
S2.

We performed two sets of control simulations with 2§
bound to probe the effects of (1) the inclusion of
crystallographic waters and (2) the protonation state of
H6.52 (Table S2). These were set up exactly as described
above, except that (1) in the “no crystallographic waters”
control condition, we removed all crystallographic waters at
the beginning of the system setup process and (2) in the
“H6.52 HID” control condition, we represented H6.52 with a
hydrogen on the delta nitrogen rather than the epsilon
nitrogen.

The “no crystallographic waters” simulations reproduced the
results of our non-control simulations with 28 bound. In each
of the three “no crystallographic waters” simulations, waters
from the extracellular solvent entered into the binding pocket.
A water-mediated interaction between the ligand and H6.52
spontaneously reformed within 100 ns and then remained
stable (Table S1).

In the “H6.52 HID” simulations, no water-mediated
interaction formed between H6.52 and the phenol group,
and neither the phenol specifically nor the ligand overall
adopted any stable pose. Our other simulations, in which
H6.52 is protonated on the epsilon nitrogen, are more
consistent with SCIM and other experimentally determined
high-resolution structures of opioid receptors (PDB entries
4DKL, 4DH]J, and 6PT2) that show a water-mediated
interaction between H6.52 and a ligand phenol group.

Simulation Protocols. The CHARMM36 parameter set
was used for proteins, lipids, and salt ions.**~>* The
CHARMM TIP3P model was employed for water. Parameters
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for all ligands were generated using the CHARMM general
force field (CGenFF) using the ParamChem server.> > An
inspection of ligand parameter penalties assigned by CGenFF
was performed to confirm that the parameters assigned high
penalties (i.e., those deemed least certain by CGenFF) were
reasonable and that any errors in these parameters would not
interfere substantially with conclusions drawn from simulation
(see the Ligand Parameters section in the Supporting
Information).

Three independent simulations were performed for each
condition listed in Table S2. We collected a total of 12 us of
simulation trajectory across all conditions. For each simulation,
the prepared receptor was overlaid with the experimentally
determined structure of the f,-adrenergic receptor bound to
Gs (PDB entry 3SN6).”” All 4OR residues that were found to
be within S A of Gs following the overlay had a § kcal-mol ™"
A~ harmonic restraint placed on their nonhydrogen atoms to
ensure the #OR would remain in its active state throughout
simulation, in the absence of the Gs protein.

Simulations were performed using the CUDA-enabled
version of PMEMD in Amberl6 on one to two graphical
processing units (GPUs).”® Each system underwent a similar
equilibration and minimization procedure. Systems were
heated in the NVT ensemble from 0 to 100 K over 12.5 ps
and then from 100 to 310 K over 125 ps with 10 kcal-mol™-
A~ harmonic restraints on all nonhydrogen lipid and protein
atoms. Systems were then equilibrated in the NPT ensemble at
1 bar, with a starting S kcal-mol™'-A™? harmonic restraint
placed on all heavy protein atoms and reduced in a stepwise
fashion by 1 kcal'mol™"-A™? every 2 ns for a total of 10 ns and
then by 0.1 kcal-mol™-A™2 every 2 ns for an additional 20 ns.
Production simulations were carried out in the NPT ensemble
at 310 K and 1 bar using a Langevin thermostat for
temperature coupling and a Monte Carlo barostat for pressure
coupling. All simulations employed a time step of 4 fs with
hydrogen mass repartitioning.”” All bond lengths involving
hydrogen atoms were constrained by SHAKE. Nonbonded
interactions were cut off at 9.0 A, while long-range electrostatic
interactions were calculated using the particle mesh Ewald
(PME) with an Ewald coefficient of approximately 0.31 A and
an interpolation order of 4. The fast Fourier transform (FFT)
grid size was chosen such that the width of a single grid cell
was approximately 1 A. Trajectory snapshots were saved every
200 ps.

Analysis Protocols for Molecular Dynamics Simula-
tions. The AmberTools15 CPPTRAJ package was used to
reimage and center all resulting trajectories.60 Simulations were
visualized and analyzed using VMD.®' Time traces from
individual simulations, such as those displayed in Figure 3,
were smoothed using a moving average with a window size of
50 ns and visualized using the PyPlot package from Matplotlib.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jcim.1c0058S.

Activity curves for the identified biased yOR-activating
ligand enantiomer pairs (Figure S1); simulations of a
second enantiomer pair match the results observed in
the initial pair (Figure S2); chiral benzyl in the 1S/R
pair behaves similarly to the 2S/R pair (Figure S3);
docked ligand poses selected as starting points for MD
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simulations (Figure S4); frequency of water-mediated
interaction between the ligand phenol group and H6.52
in all simulations (Table S1); system size and trajectory
lengths for all included MD simulations (Table S2); and
parameters for compounds 1R, 1S, 2R, and 2S (PDF)
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