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ABSTRACT: The u-opioid receptor (#OR) is a class A G Protein- / \
Coupled Receptor (GPCR) targeted by natural and synthetic LORIbuprenorphine e 3 2 )2 €5,
ligands to provide analgesia to patients with pain of various teractions| ¢ }¥,‘3 (& "
etiologies. Available opioid medications present several unwanted P S A/ . ( )‘ ﬁ)«. J CJ/ b
side effects, stressing the need for safer pain therapies. Despite the . ;ﬁé ”’lt? ¢ Fo o ) ¢ y S
attractive proposal that biasing #OR signaling toward G protein | }&“31\,/’ ] 4D Sim:“a“"”s ol y & )
pathways would lead to fewer side effects, recent studies indicate | ) 6k /,}"\’/,'g Metadynamics S S—
that low-efficacy opioid drugs, such as buprenorphine, may /t;: 6 5 & / |
represent a safer alternative. In the present work, we combine f A" 17 €4y o g s
molecular docking, microsecond-time scale molecular dynamics a:’ﬁ & *" X 7 = i
(MD) simulations, and metadynamics to investigate the conforma- - |~ 95520 | ¢ ‘ J/%{/ t"/ LL)/
tional dynamics of the #OR bound to morphine or buprenorphine. \‘ J ,*&f{‘\ -~ &/

Our objective was to determine structural aspects associated with

the unique pharmacological effects caused by the latter, taking morphine as a reference. MD simulations identified a salt bridge with
D149*** as crucial for stabilizing both ligands into the #OR orthosteric site, with this interaction being weaker in buprenorphine.
The morphinan-scaffold of both ligands shared contacts with transmembrane (TM) helix residues of the receptor, including TM3,
TMS, TM6, and TM7. Conversely, while morphine showed stronger interactions with a few TM3 residues, additional chemical
groups of buprenorphine showed stronger interactions with TM2, extracellular loop 2 (ECL2), and TM7 residues. We also observed
distinct TM arrangements induced by these ligands, with buprenorphine causing an extracellular outward movement of TM7 and
morphine provoking intracellular inward movements of TMS and TM7 of the receptor. In addition, we found that buprenorphine
tends to explore deeper regions in the yOR orthosteric site, further supported by funnel-metadynamics, resulting in diverse side
chain orientations of W2955*%. Metadynamics also unveiled distinct intermediate states for morphine and buprenorphine, with the
latter accessing a secondary binding site associated with partial £ZOR agonists. Our results indicate that the weakened salt bridge of
buprenorphine with D149*, along with the strong TM7 interaction through its cyclopropyl group, may explain its low efficacy and
consequent partial yOR agonism. Furthermore, ECL2 interactions may contribute to explaining the biased agonism of
buprenorphine, a common feature shared with other opioid modulators with similar functional effects. Our study sheds light on the
complex pharmacology of buprenorphine, identifying structural aspects associated with its partial and biased #OR agonism. These
results can provide valuable information for the design of new effective and safer opioid drugs.

Bl INTRODUCTION increased alarmingly S-fold in the past decade, indicating that it
. h 1 6

Chronic pain is a major public health problem that, according is not a one-time, stabilized problem.” Therefore, the
to studies and regions, affects between 20 and 30% of the development of effective therapeutic strategies with fewer
population.”” Opioid-mediated analgesia remains the most secondary effects is essential in pain treatment.

effective treatment for severe acute and cancer pain; however, Opioids target a family of G Protein-Coupled Receptors
it is not so effective for chronic pain, where the severe side (GPCRs), known as opioid receptors (ORs). These receptors
effects that opioids may exert, including addiction, nausea, include mu (4OR), delta (SOR), kappa (xkOR), and

constipation, and respiratory depression, make their long-term
use not recommended.” Importantly, the abuse of opioids can
lead to overdose and consequent respiratory depression, which
may have fatal consequences, resulting in the so-called “opioid
crisis”.* Remarkably, nearly 108,000 persons in the U.S. died
from drug-involved overdose in 2022, including from illicit or
prescription drugs, of which nearly 74,000 involved synthetic
opioids other than methadone, primarily fentanyl.” Further-
more, the number of overdose deaths caused by opioids has

nociception receptor (NOP), with #OR considered the most
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relevant receptor to promote analgesia.” The classification of
HOR, 0OR, and kOR is based on their distinct pharmacology,8
developmental expression,9 and brain distribution.'® Later,
NOP was included due to its responsiveness to morphine-like
ligands and opioid peptides.'' As GPCRs, the signaling of ORs
involves various intracellular proteins, including G proteins,
GPCR kinases (GRKs), and f-arrestins.'” Activation of ORs
primarily leads to G protein coupling, preferentially to the Gi/
o family, a heterotrimer consisting of Ga, Gf, and Gy subunits.
While Ga inhibits cAMP production, G# and Gy regulate ion
channels, preventing calcium influx and potassium efflux from
cells and inhibiting vesicle SNAP receptors (SNAREs). This
results in neuronal hyperpolarization and reduces the
presynaptic release of neurotransmitters, thereby attenuating
pain signaling and providing analgesia.'® Desensitization of OR
signaling is reached when the receptor is phosphorylated by
GRKs, which increases its affinity to p-arrestin, leading to
receptor internalization via membrane-associated clathrins
endocytosis.'” f-arrestin also modulates several kinases
signaling pathways, such as extracellular signal-regulated
kinases (ERKs), Jun N-terminal kinases (JNKs), and
mitogen-activated protein kinases (MAPKs)."

Pioneering works showed that morphine can enhance and
prolong analgesia in mice lacking f-arrestin 2, likely due to
HOR desensitization impairment.'”'> Further, p-arrestin 2
knockout in mice was associated with reduced morphine
respiratory suppression and acute constipation.]6 These
findings provided compelling evidence to discriminate
pharmacological aspects of pOR, indicating that p-arrestin
signaling contributes to opioid secondary side effects while G
protein-biased signaling could expand the therapeutic window
for developing safer treatments for chronic pain.'” This finding
guided the search and development of new opioid modulators
that exhibit weak f-arrestin recruitment, aiming to reduce side
effects. This effort led to the discovery of compounds such as
oliceridine (TRV130),"® PZM21,"” SR-17018,"” FH210,”" and
mitragynine-pseudoindoxyl (MP).”" However, further findings
suggested that morphine-induced respiratory depression might
be attributed to neuron hyperpolarization through xOR
activation,”> such as the modulation of G rotein-gated
inwardly rectifying potassium (GIRK) channels.”> Moreover,
a study with phosphorylation-deficient yORs showed im-
proved analgesia and reduced tolerance while either preservin§
or worsening the secondary effects of morphine and fentanyl.”
Furthermore, the same team found that morphine-induced
respiratory depression in knockout mice was independent of -
arrestin 2 signaling, questioning the efforts for developing
opioid modulators biased toward G protein signaling.”’

Further studies have reclassified TRV130 and PZM21 as G
protein partial agonists at the HOR.*® These insights have led
to the formulation of an alternative proposal suggesting that
the low intrinsic efficacy of opioid ligands at the pOR is
associated with diminished side effects,”’ thus providing new
potential alternatives for improved therapeutic windows in
chronic pain treatment. As a result, TRV130 became the first
biased agonist approved by the FDA for treating moderate to
severe acute pain in adults.”® It also extends to other biased
agonists that are also partial agonists, such as SR-17018,"”
FH210,”° and MP,*' suggesting a relationship between their
functional properties and safer effect profiles with weak
agonism.””*" In addition, recent findings indicate that opioid
ligands with high intrinsic efficacy toward G protein signaling
are associated with increased risk of intoxication and

5072

overdose.”’ These results open new paths toward more
efficient therapeutics of partial agonists to provide analge-
sia. >33 Among these, buprenorphine is considered a partial
agonist at the #OR, widely used in chronic pain management
due to its ceiling effect on sedation and respiratory
depression.”* Buprenorphine has a notable application in
patients with substance degendence and opioid abuse® ™’ due
to its rewarding effects’ and its ability to compete with
substances such as heroin.”” Despite being a partial agonist,
buprenorphine provides analgesia equivalent to full agonists,
with its specific role at spinal instead of brain opioid receptors
potentially accounting for its reduced secondary effects.”’
Given its lower abuse potential and enhanced safety,
buprenorphine is recommended for pain management in
perioperative patients.”' Interestingly, buprenorphine is also
identified as a biased agonist favoring G protein signal-
ing,*"*** underscoring its importance in functional and
structural studies of #OR modulation.**~**

The understanding of pOR functional aspects from a
structural perspective started with elucidating the crystallo-
graphic structure of the wOR from mice,” revealing its
orthosteric site. Subsequent efforts determined the active,
inactive, and intermediate conformations of the yOR when
bound to various opioid modulators."> Recently, a highly
relevant work revealed the structural determinants of the
#OR/morphine complex by cryo-electron microscopy (cryo-
EM),* validating the ligand orientation typically observed in
morphinan-scaffold ligands interacting with gwOR.*»*#7%8
Advances in experimental conformational dynamics of the
#OR have demonstrated that ligands alone can induce notably
conformational changes in intracellular loop 1 (ICL1) and
helix 8 (H8), with notable changes in transmembrane helices S
and 6 (TMS and TM6) observed only in the presence of G
protein.*” Further, Cong et al. suggested that these conforma-
tional changes can discriminate between biased and unbiased
HOR agonists.**

Together with experimental works, computational studies
have substantially advanced the structural understanding of the
HOR, identifying key residues for ligand binding,20’44’46’50_53
determinin% local and global conformational changes induced
by ligands,”**™>" exploring intermediate ligand states,””*’
explaining ligand functional selectivity,”’ and reproducing
experimental kinetics properties, such as ligand residence
time®' and binding affinity.”” These efforts have been essential
for relating structural and functional aspects of the uOR,
allowing the development of an initial model that explains how
distinct ligand—receptor interactions result in biased signaling
at the #OR.>" However, subsequent research indicated that
this model does not account for the biased behavior of
PZM21.”° Indeed, none of these models include morphinan-
scaffold ligands, such as buprenorphine, reinforcing the need
for further investigations to improve the understanding of the
structure and function relationship in #OR signaling.

To date, the experimental structure of the pOR/
buprenorphine complex is still unknown, although some
computational studies have investigated its interaction with
the yOR. Classical Molecular Dynamics (MD) simulations
have indicated that buprenorphine induces a specific outward
movement of the extracellular side of TM7 in the #OR, which
is prevented by the presence of a positive allosteric modulator,
forcing buprenorphine to behave similarly to full agonists.”*
Moreover, classical and accelerated MD simulations have
shown that buprenorphine interacts with a higher number of
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Figure 1. 2D representation of morphine and buprenorphine. Morphine and buprenorphine chemical groups are indicated. Oxygen and nitrogen

atoms are colored red and blue, respectively.
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Figure 2. Representative conformations of the #OR/morphine and #OR/buprenorphine complexes obtained from MD simulations. (A) Both
ligands are stabilized at the #OR orthosteric site, and (B—E) exhibit similar residue interactions with the receptor. Morphine and buprenorphine
are represented as cyan and green sticks, respectively, while the #OR is depicted as silver cartoons. #OR residues in contact with each ligand within
5 A are presented as sticks. For a cleaner visualization, #OR residues from 1300%% to A3257*" were removed.

residues compared to norbuprenorphine (a metabolite of
buprenorphine) or diprenorghine, potentially contributing to
its slower dissociation rate.”” The slow dissociation rate of
buprenorphine was further predicted by infrequent metady-
namics, which also described the dissociation pathway of this
ligand, revealing distinct intermediate binding sites.®’ More-
over, replica exchange with solute tempering (REST2) MD
simulations has suggested that the partial agonism effect of
buprenorphine might derive from its inability to stabilize the
tryptophan residue (W295°*) located deep in the yOR
orthosteric site.”> Although these studies present preliminary
efforts to explain the functional effects of buprenorphine at the
H#OR, a comprehensive understanding of the structural aspects
of its complex partial and biased agonism requires further
investigation. Here, we used molecular docking followed by
long-time scale MD simulations to identify critical pwOR
residues that stabilize buprenorphine and search for local and
global conformational changes in the receptor induced by this
ligand. In addition, we applied the funnel-metadynamics
technique®® to estimate the binding affinity and identify
intermediate states of buprenorphine. To check the validity of
our results, we used the same protocol for morphine, a yOR
agonist. Our comparative results show a detailed conforma-
tional description that offers novel insights into #OR partial
agonism. These results may complement previous models,””>"
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thus providing a more complete description of the partial and
biased agonism of yOR. Because the differential functional
effects of ligands on a particular receptor depend on their
structure, Figure 1 depicts the two-dimensional (2D) structure
of morphine and buprenorphine as a reference image for the
ligand—receptor interactions described in the results section.

B RESULTS

In this study, we mainly focused on determining the structural
effects induced by morphine and buprenorphine on the yOR
starting from the inactive conformation of the receptor
(conformational induction), employing classical MD simu-
lations and funnel-metadynamics techniques. Additionally, we
performed classical MD simulations of the yOR bound to
these ligands, starting from the active conformation as a
complementary (conformational selection) approach (refer to
Supporting Information). Table S1 provides a detailed
overview of the simulation conditions for all systems. To
facilitate comparison with other receptors, we used Balles-
teros—Weinstein numbering as superscript.63

Predicting the Binding of Buprenorphine to the xOR
Orthosteric Site. We performed molecular docking to obtain
an initial orientation of buprenorphine into the pOR
orthosteric site using AutoDock-GPU.”* We used the human

https://doi.org/10.1021/acs.jcim.5c00078
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Figure 3. Percentage of contacts of yOR residues with morphine and buprenorphine during MD simulations. y#OR residues in contact with
morphine and buprenorphine are depicted as cyan and green bars, respectively.

inactive #OR structure, modeled from mouse (PDB code
7UL4).°> The same protocol was applied to morphine. The
poses with the lowest estimated free energy of binding (AG)
for buprenorphine and morphine were —9.94 and —7.51 kcal/
mol, respectively. Recent work revealed the yOR/morphine
structure by cryo-EM, highlighting the classical salt bridge
between the carboxylate group of D149°** and the protonated
amine group of the ligand, together with the interaction of the
hydroxyl group of Y150** with the oxygen of the partially
saturated furan ring of morphine.*® We observed a similar
orientation for both molecules, with morphine presenting a
root-mean-square deviation (RMSD) of 1.39 A for non-
hydrogen atoms after superposing the receptor backbone
atoms (Figure S1A,B). Conversely, buprenorphine presented a
slight rotation, leading to an interaction of its O-methyl ether
and hydroxyl groups with Y150*** (Figure S1C).

We submitted each complex to MD simulations to
investigate their dynamic behavior and obtain a stable
conformation for the ligands at the pOR orthosteric site.
Data from 4 independent replicas for each complex were
analyzed. Both morphine and buprenorphine presented high
stability at the #OR orthosteric site, as evidenced by stable
RMSD calculation of non-hydrogen atoms, with average values
of 1.86 (0.49 SD) and 2.6 (0.63 SD) A, respectively (Figure
S2). We calculated the average structure of each complex for
each replica to obtain the final stabilized orientation of
buprenorphine and morphine at the yOR orthosteric site.
Representative structures were obtained by selecting the frame
with the lowest all-atom RMSD relative to the average
structure to illustrate the orientation of each molecule,
highlighting critical #OR residues for stabilizing the complex
(Figure 2).

Following MD simulations, buprenorphine was accommo-
dated into the #OR orthosteric site (Figure 2A), maintaining
the salt bridge between its amine group and the carboxylate of
D149*% of the receptor and stabilizing its furan-ring oxygen
with the hydroxyl group of Y150*%, assuming a morphine-like
orientation (Figure 2B—E). Given the common morphinan-
scaffold, several uOR residues of TM3 and TMS—7, such as
M153%%, K2355%, V23854, W29554 1298551 H2995%,
V30255, W3207%, and 13247, are common to both ligands.
Buprenorphine’s additional chemical groups resulted in
particular interactions, as observed by its 2-hydroxy-3,3-
dimethylbutan-2-yl group engaging TM2 (QI126*%) inter-
actions and its N-methylcyclopropyl group interacting with
TM?7 residues deep within the #OR orthosteric site, such as
C323738 G3277%, and Y3287%. Interestingly, the average
structure of both ligands was similar across all replicas,
indicating convergence to a favorable and stable conformation
(Figure S3). Therefore, we assume that these average
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conformations likely represent stable orientations of each
ligand at the p#OR orthosteric site.

Buprenorphine Presents Distinct uOR Residue Inter-
actions. After exploring the average structure of both ligands,
we analyzed the involvement of yOR residues in ligand
stabilization from a dynamic perspective. To this end, we
calculated the percentage of contacts with each yOR residue
within a 4 A cutoff (Figure 3). We confirmed that both ligands
frequently interact with D149*** during the simulation time.
Additionally, we identified other residues that stabilized both
ligands for more than 95% of the time, mainly located in TMS
and TMS6, such as K235%%, v238%%, 1298°5!, H299%%, and
V302555, including the TM3 residue M153>%, with over 99%
contact time. These residues, surrounding the morphinan-
scaffold of both ligands, likely contribute to stabilizing
buprenorphine and morphine. We also observed the role of
Y150*3 in stabilizing both molecules despite the reduced
interaction with buprenorphine (88.5%) compared to
morphine (99%).

To determine residues distinctly interacting with buprenor-
phine or morphine, we selected those exhibiting differences
between the complexes greater than 5%. Buprenorphine’s
additional chemical groups facilitated exclusive interactions
with TM2 and TM?7 residues (Figure 2B—C). Thus,
buprenorphine’s cyclopropyl group strongly interacted with
TM7 residues (>90%), such as W320735, 13247%°, G32774,
and Y3287, Except for W320”3 and 13247, these residues
showed minimal interaction with morphine (<8%) (Figures
2D—E and 3). The 2-hydroxy-3,3-dimethylbutan-2-yl group of
buprenorphine engaged TM2 interactions, with A119>%,
Q126*%°, and Y130*%* for 22.3, 92.2, and 36.3% of the
simulation time, respectively, whereas interactions with
morphine for these residues were below 10% (Figure 3).
This group, together with the 6-O-methyl ether, projected
toward the extracellular loop 2 (ECL2), interacting with
residues 1146>?° and L2215 for 39.3 and 20% of the time,
respectively, whereas interactions with morphine were below
5% for both residues. N152%3° was the only residue showing a
higher interaction frequency with morphine than buprenor-
phine, with 70.3 and 18.2% of the simulation time, respectively
(Figures 2B,D and 3). Although interactions with some of
these residues are lacking in the average structure depicted in
Figure 2, MD simulations captured their involvement in
stabilizing the ligands at the yOR orthosteric site.

We calculated hydrogen bonds and salt bridges to accurately
differentiate the intermolecular interactions in the receptor/
ligand complexes. Only a few residues formed hydrogen bonds
with ligands, which include Y1503 (1.88% for morphine and
2.68% for buprenorphine), K235°% (16.22% for morphine and
0.32% for buprenorphine), and H299%%" (13.46% for morphine
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J. Chem. Inf. Model. 2025, 65, 5071-5085


https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.5c00078/suppl_file/ci5c00078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.5c00078/suppl_file/ci5c00078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.5c00078/suppl_file/ci5c00078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.5c00078/suppl_file/ci5c00078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.5c00078/suppl_file/ci5c00078_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.5c00078?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.5c00078?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.5c00078?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.5c00078?fig=fig3&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.5c00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

Mdist
B 220502 c219F L D Cl =
(4} ?/ (W c2
‘ ! ' 24
L221ECL2 \ ”46329 ‘/\‘/Y1302 P
i/ Ly
2.60
Y150%% by 3
D149
\ <
B 4
2
=
D149%32
Y1503.33 \3// 5
"@ Y328743
F}%{
H2996W o
-35 R s e S
M153336 N152° = 0 500 1000 1500
S3317:46 Frequency

Figure 4. Distinct ligand—receptor interactions explored by buprenorphine during MD simulations. (A) Representative C1 and C2 interaction
states of buprenorphine are depicted as dark and light green sticks, respectively, while the y#OR is depicted as silver cartoons. fOR residues that
stabilize (B) C1 and (C) C2 interaction states are illustrated as silver sticks. (D) The frequency of the minimum distance (Mdist, in gray) of
buprenorphine to 1146>% or L221¥", indicating C1 (dark green) and C2 (light green) interaction states. For a cleaner visualization, #OR residues

from 1300%%® to G3277** were removed.

and 5.75% for buprenorphine). Although less frequent, these
residues participated in water-mediated interactions for
stabilizing both ligands (Figure S4A,B). Regarding the analysis
of salt bridges with D149°3* of the receptor, we found that
morphine had more frequent interactions, accounting for
97.28%, compared to only 29.58% for buprenorphine. The
percentages of contacts, hydrogen bonds, and salt bridges of
UOR residues with morphine or buprenorphine are shown in
Table S2.

Buprenorphine Exhibits Broader Exploration at the
HOR Orthosteric Site. We noticed that buprenorphine,
unlike morphine, interacted with ECL2 residues, as mentioned
above. This allowed us to discriminate between two sets of
buprenorphine interactions, considering residues 1146**° and
L2215C2 called C1 and C2. In C1, we considered interactions
with both residues, whereas C2 was defined by the absence of
interactions with these residues (Figure 4). C1 accounted for
16.5% of the simulation time, while C2 corresponded to 57.1%.
The remaining 26.3% corresponded to contacts with 1146*%
or L2215, considered an intermediate interaction state.

By examining the percentage of contacts for each ligand—
receptor interaction state (Figure 4B—C), we observed that
although near the D149%3? residue in both interaction states,
buprenorphine’s ammonium group forms remarkably more salt
bridges in C1 (72.76%) compared to C2 (11.06%). Addition-
ally, the interaction between Y150** and buprenorphine
decreased in C2 (81.1%) compared to C1 (99.99%), also
reducing hydrogen bonds from 8.83% to nearly zero (Table
S2). Interestingly, although these interaction states maintain
the same water-mediated interaction with Y150%3%, K235>%,
and H299%%?, C2 presents a water molecule mediating
interactions with D149*%, Y3287, and buprenorphine’s
ammonium group (Figure S4C—D).

The CI1 interaction state exhibited more frequent ECL2
interaction due to buprenorphine’s 2-hydroxy-3,3-dimethylbu-
tan-2-yl and 6-O-methyl ether groups, interacting with
C2195°"2 and T2205** for 30.3 and 26.6% of the simulation
time, respectively, while such interactions were below 1% in C2
(Table S2). These residues, located above the #OR binding
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site, facilitated interactions with neighboring TM2 residues in
C1, namely Q126*%, N129*%, and Y130, for 91.1, 16.6, and
61.9% of the time, respectively (Table S2). In contrast, C2
displayed buprenorphine more deeply in the orthosteric site, as
evidenced by interactions with N1523% (23.5%) and S331746
(7.2%), whereas C1 displayed 11.7 and 0.4% interactions with
the respective residues. It is noteworthy that interactions with
™2 (Q126*%°), TM3 (M153>%*), TMS (K235>% and
V238%4), TM6 (1298%%!, H299%%, and V302%%), and TM7
(T3207%, C32373%, 13247%, G327"*, and Y328”*) were
consistent in both sets of buprenorphine interaction states.
The percentages of contacts, hydrogen bonds, and salt bridges
of buprenorphine in the C1 and C2 interaction states are
shown in Table S2. The minimum distance between
buprenorphine and residues 1146>% and L221%°"? yielded
two peaks, showing C1 as a subpopulation interacting with
both residues and C2 exceeding the distance cutoff. Despite
these structural differences observed in C1 and C2, we found
in our MD simulations that both states oscillated rapidly
between each other, being distinguished in only one of our
replicas (Figure SS).

Metadynamics Suggests Distinct Ligand Binding
Regions at the uOR Orthosteric Site. To further investigate
the binding pose and intermediate interaction states of
buprenorphine at the pOR orthosteric site, we selected a
representative conformation from our MD simulations with
the inactive conformation of the receptor for each complex.
Then, we used the funnel-metadynamics technique to enhance
ligand exploration, which has been successfully employed for
reproducing experimental binding affinities and identifying
intermediate binding sites in GPCRs.”” Reported binding
affinities for morphine range from —11.61 to —12.67 kcal/
mol,"**” and for buprenorphine, from —12.52 to —13.71 kcal/
mol.°**® Our predicted binding affinities converged to
experiments after approximately 1 us (Table S1), yielding
average values of —11.63 kcal/mol (0.16 SD) for morphine
and —12.68 kcal/mol (0.2 SD) for buprenorphine. The time-
dependent free-energy values and profiles for both ligands,
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Figure S. Determination of binding states for the #OR/morphine and #OR/buprenorphine complexes using funnel-metadynamics. The left panels
display free energy surfaces for (A) morphine and (B) buprenorphine, highlighting S1, S2, and S3 substates for each complex. Contour lines are
drawn every 2 kcal/mol. Representative ligand—receptor interactions for these substates are illustrated in the right panels, with #OR residues,
morphine, and buprenorphine depicted as silver, cyan, and green sticks, respectively.

using the Z-projection, are shown in the Supporting
Information (Figure S6).

The converged free-energy landscapes for morphine and
buprenorphine highlight the minimum energy (S1 substate) at
the same binding pose observed in classical MD simulations
(Figure 2), validating the classical 1nteract10ns for morphinan-
scaffold ligands as previously discussed.** Both ligands
explored a deeper region in the yOR orthosteric site (S2
substate) while preserving the salt bridge with D149
Interestingly, such an interaction was also observed in the C2
interaction state of buprenorphine from our classical MD
simulation results. In contrast, each molecule exhibited a
distinct exploration in the uOR orthosteric site. While
morphine explored a restricted area directly above (Z-
projection) the S1 substate, buprenorphine explored more
extensively in both XY- and Z-projections (Figure S, light red
regions), leading to the identification of a third substate (S3
substate). In this substate, morphine maintained the salt bridge
with D149*3* while visiting a vestibular secondary site above
S1, stabilized by a hydrophobic region involving TM3
(1146>*°) and TM6 (V302°*° and W3207°) residues (Figure
S7). In contrast, the S3 substate of buprenorphine was
localized to the side of S1, with its 2-hydroxy-3,3-
dimethylbutan-2-yl group exploring a hydrophobic region
formed by TM2 (L123*% and Y130*%*) and TM7 (13247
and Y3287*) residues (Figure S8).

Conformational Changes of the uOR Induced by
Morphine and Buprenorphine. After a detailed description
of the #OR interactions with morphine and buprenorphine, we
were motivated to determine the local and global conforma-
tional changes induced by each ligand on the inactive
conformation of the receptor. We compared the local changes
with the experimental structures of the active (PDB code
6DDF)® and inactive (PDB code 7UL4)% conformations of
the receptor from Mus musculus. In contrast, we assessed the
global changes through MD simulations of the apo-uOR
inactive conformation, performed under the same parameters
as those including the ligands.
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We identified two relevant local changes in the #OR induced
by morphine or buprenorphine, particularly in the side chain
dihedral angle orientations of residues Q126*%° and W295%4*
during MD simulations (Figure 6). For Q126*% (Figure 6A),
the active and inactive experimental structures exhibit the side
chain oriented toward the center of the orthosteric site despite
presenting dihedral angles of 88.74 and 173.23°. Our MD
simulations revealed that this residue adopts a distinct
conformation in the presence of both ligands, with its side
chain oriented toward the receptor’s extracellular side,
displaying dihedral angles concentrated around —60°. For
W29554 (Figure 6B), buprenorphine induced a broad
distribution of dihedral angles, predominantly around —120°.
This orientation, although negative compared to 106.51° in the
experimental inactive conformation, can be related to the
uOR’s inactive conformation, where W295%*®s side chain
projects toward the orthosteric site in the same direction,
stabilizing interactions with the morphine-scaffold of bupre-
norphine. On the other hand, morphine induced W295%* to
explore dihedral angles around both the active and inactive
experimental receptor conformations.

We next investigated OR global conformational changes
induced by morphine or buprenorphine, focusing on the
distances between TM helices on both the extracellular and
intracellular sides of the receptor (Flgure 7) , as these distances
distinguish GPCR conformational states.” ? We found that both
ligands stabilized the TM distances on the extracellular side of
the receptor. The TMS-TM?7 distance exhibited a single peak
of around 25 A for both ligands, compared to a diverse
distribution (21—26 A) with a high frequency of around 22 A
observed in the apo-uOR (Figure 7A). Similarly, the TM6-
TM?7 distance stabilized around 15.5 A in the presence of both
ligands, in contrast to a secondary peak of around 13 A in the
apo-uOR (Figure 7B). In contrast, the TM4-TM7 distance
showed that morphine and the apo-uOR stabilized this
distance around 29 A, whereas buprenorphine induced an
outward movement of TM7 on the extracellular side of the
receptor, shifting this distance to a value of approximately 31 A
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Figure 6. Dihedral angle distribution of #OR residues Q126> and
W295* during MD simulations. Experimental and representative
conformations obtained from MD simulations for (A) Q126>% and
(B) W29555 side chain orientations are displayed in the upper panels,
while frequency distributions are depicted in the lower panels. The
angle distribution for morphine and buprenorphine are colored in
cyan and green, respectively. Experimental #OR active and inactive
conformations are colored in salmon and purple, respectively, with
experimental values indicated by vertical bars. fOR TM helices and
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(Figure 7C). Looking at the intracellular side of the receptor,
we observed that TM2-TMS and TM3-TM7 distances
exhibited a similar distribution in both the apo-f#OR and the
buprenorphine-bound receptor, with frequencies stabilized
around 26 and 24 A, respectively. On the other hand,
morphine led to a decrease in both distances, with peaks
around 24 A and 21.5 A for TM2-TMS and TM3-TM7
distances, respectively, indicating an inward movement of TMS
and TM7.

The distinct TM arrangements on the extracellular side of
the ;tOR suggest that morphine and buprenorphine contribute
to stabilizing the shape of the #OR orthosteric site. To validate
this hypothesis, we measured the volume of the yOR
orthosteric site using the Epock software’' of all frames
collected from MD simulations (Figure 8). As expected, the
apo-ftOR exhibited high volume fluctuations of its orthosteric
site, with a median volume of 334 X 100 A3 and an
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interquartile range (IQR) of 10.07 X 100 A’. In contrast,
buprenorphine led to a median volume of 40.19 X 100 A* and
IQR of 5.80 X 100 A* values, while morphine-associated
volumes were 35.59 X 100 A® for the median and 6.25 X 100
A® for the IQR. Furthermore, the analysis of buprenorphine
interaction states revealed that C1 displayed values similar to
those morphine-induced, with a median of 36.60 X 100 A and
IQR of 5.79 X 100 A’. In contrast, C2 showed slightly higher
median values of 41.63 X 100 A3, and IQR of 5.13 X 100 A%,

B DISCUSSION

The potential use of opioid drugs to manage chronic pain has
opened a new avenue for the development of safer and more
effective opioid medications that exhibit biased'® or partial’’
agonism at the yOR. In this scenario, the identification of
structural determinants related to these functional effects is
crucial for developing opioid drugs with reduced unwanted
side effects.*** A recent model for explaining biased agonism
at the yOR toward G protein pathways suggests that strong
D149*** and Y328”* interactions lead to arrestin recruitment.
In contrast, weak D149%3% and strong Y150%33 interactions are
associated with reduced fS-arrestin recruitment.”’ This proposal
was further supported by evidence indicating that weak TM6
and TM?7 interactions contribute to biased agonism at the
UOR.*® However, Wang and collaborators™’ argued that this
model fails to explain the biased agonism effect of PZM21,
which exhibits a strong Y3287 interaction. Making the debate
even more controversial, the experimental structure of the
antagonist alvimopan bound to the uOR revealed that its
phenyl group extended into a hydrophobic subpocket formed
by TM2 and TM3, similar to full agonists such as fentanyl or
DAMGO, but with weak TM6 and TM7 interactions.® In the
present work, we observed that buprenorphine exhibits a
slightly weaker interaction with Y150°*% compared to
morphine while engaging strong D149%3% TM6, and TM7
interactions. Ribeiro and collaborators®’ reported similar
findings using infrequent metadynamics to determine
buprenorphine’s dissociation from the pOR. Considering
recent findings that classify buprenoaphine as a partial and G
protein-biased agonist at the xOR,*"**** the determination of
structural aspects related to its functional effects remains
necessary. Furthermore, a recent study showed that buprenor-
phine induces conformational changes of the yOR similar to
those of other G protein-biased agonists such as TRV130,
PZM21, and MP.”* Chemical structures of relevant partial or
biased agonists are shown in Figure S9, facilitating the
comparison with morphine and buprenorphine. We delved
deeper into the dynamic behavior of buprenorphine using
classical MD simulations and metadynamics, aiming to uncover
relevant structural aspects that shed light on the current
knowledge of partial and biased agonism in the yOR.

A recent study elucidated the experimental structure of
morphine bound to the yOR by cryo-EM, highlighting a salt-
bridge formation with D149*** and a hydrogen bond with the
Y150%* residue of the receptor.*® Such interactions are found
in several experimental structures of morphinan-scaffold
ligands bound not only to the pOR,****"** but also to
SOR”>7* and kOR.**”*> Computational studies have identified
similar molecular interactions for other opioid ligands,
including buprenorphine.”**®" These interactions were
covered in our MD simulations (Figure 2) and metadynamics
(Figure S) results. We also found water-mediated interactions
stabilizing the complexes (Figure S4), as reported by previous
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green). For the sake of visual simplicity, the 80% of the data closest to
the median were considered for plotting.

research.”>**7°13%% Interestingly, experimental data suggest
that buprenorphine exhibits a stronger binding affinity
compared to morphine.”””®”” Our binding affinity calculations
are in line with the experimental binding energy range for both
ligands, indicating that buprenorphine has a stronger binding
energy of approximately 1 kcal/mol. This aspect may reflect
the presence of buprenorphine’s additional chemical groups,
such as the N-methylcyclopropyl and 2-hydroxy-3,3-dimethyl-
butan-2-yl, resulting in stronger interactions with TM2, TM3,
TM?7, and ECL2 compared to morphine. Additionally, the
solvated and unrestrained conditions of our funnel-metady-
namics results account for the known interplay between
conformational entropy and solvation entropy in ligand
binding.”® In this context, the desolvation of these predom-
inantly hydrophobic groups upon receptor binding may also
contribute to buprenorphine’s stronger binding affinity
compared to morphine.

The identification of distinct binding regions in GPCRs has
been essential in identifying several GPCR pharmacophores,
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linking specific regions to efficacy (“message”) and selectivity
(“address”).”” Subsequent work has shown that chemical
modifications can convert agonists into antagonists,”’ provid-
ing insights into the rational selectivity and functional
modulation of opioid receptors.””*””* Thus, the chemical
substitutions present in buprenorphine certainly play a role in
elucidating its functional effect on the yOR. Understanding
these structure—function aspects is essential to better describe
the mechanisms underlying opioid receptor modulation.”"
Another remarkable pharmacological property of buprenor-
phine is its longer residence time compared to other #OR
agonists such as DAMGO, morphine, loperamide, and the
TRV130 enantiomers. This binding kinetics profile, which may
explain the long-lasting analgesia of buprenorphine, is not
related to biased agonism, since the two strongly G protein-
biased yOR agonists buprenorphine and TRV130 possess very
different residence times, with that of buprenorphine being 18-
fold longer than that of TRV130.* Previous research using
infrequent metadynamics successfully reproduced experimental
dissociation rates for morphine and buprenorphine and
identified distinct transitional states for these ligands.”" In
our study, the application of funnel-metadynamics enhanced
the ligand conformational exploration into the #OR orthosteric
site, allowing the identification of intermediate binding states
for these ligands. We found that the S3 substate for morphine
identified in our work is similar to the “vestibular region state”
described by Ribeiro and collaborators,”’ where the ligand
stabilized above the region corresponding to the S1 substate
through the classical salt bridge with D149*** and hydrophobic
interactions (Figures S and S7). In contrast, our findings for
buprenorphine revealed unique intermediate binding states.
First, we did not observe a conformation describing
buprenorphine’s upside-down orientation into the uOR
orthosteric site reported by Ribeiro and collaborators,”’
identified as an “alternative bound state”. Second, the
“vestibular region state” identified by Ribeiro and collabo-
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rators®’ shows buprenorphine’s cyclopropyl group accessing a
hydrophobic region between TM2 and TM?7, while our
corresponding state (S3 substate) shows the 2-hydroxy-3,3-
dimethylbutan-2-yl group occupying this area. This region also
accommodates the indole ring of the partial and biased agonist
MP*' (Figure S8) and was recently identified as part of an
allosteric site for the #OR negative allosteric modulator 368.**
Furthermore, our analysis of the free-energy landscape for both
ligands demonstrates that buprenorphine exhibits a broader
exploration into the yOR binding site (Figure S, dark red
regions), attributed to the enrichment of lower values onto the
Z-projection (around 60 A) of the S2 substate compared to
morphine (Figure S6). Buprenorphine also explored a broader
area onto both collective variables (CVs) (Figure S, light red
and white regions), likely linked to its prolonged residence
time. Although our study did not directly measure dissociation
rate constants, our results present insights into the mechanism
underlying buprenorphine’s longer residence time and identify
intermediate states that may be related to other ligands with
similar pharmacological profiles, illuminating the complex
pharmacology of buprenorphine at the yOR.

Classical MD simulations are widely used to explore the
structural aspects of ligand-GPCR complexes by capturing
local motions of side chain arrangements, thereby providing
functional insights into these receptors. For instance, a stable
Q126>°—Y3287* interaction is associated with balanced and
full agonist efficacy, whereas biased and partial agonists, such
as MP, fail to stabilize such an interaction.”’ Q126**° has been
identified as critical for biasing signaling at pOR, with a
QI26**A mutant diminishing arrestin recruitment.”’ The
orientation of the Q126*% side chain, either toward the yOR
orthosteric site to enable Y328"* interaction or toward the
receptor’s extracellular side,*® can be influenced by ligands that
target a hydrophobic subpocket called spl formed by TM2,
TM3, and ECLI located above Q126>% thereby stabilizing the
Q126>%°—Y328”* interaction.”’ In our study, buprenorphine
exhibited a strong interaction with Q126> which was not
observed for morphine (Figure 3). These results contrast with
a previous study that reported a weaker Q126*% interaction
with buprenorphine and no interaction with morphine, even
when using a higher cutoff to determine atomic contacts.®'
These differences could arise from the utilization of enhanced-
sampling techniques, forcing the system to a broader
exploration than classical MD simulations in the present
work. We attribute buprenorphine’s interaction with Q126>
to its 2-hydroxy-3,3-dimethylbutan-2-yl chemical group
(Figure 2).”" Despite this, our MD simulations indicate that
neither buprenorphine nor morphine prevented the rotation of
the Q126> side chain, even when MD simulations started
from the receptor’s active conformation (Figure S10), similarly
to that observed by Ricarte and collaborators.”® Additionally,
our classical MD simulations indicated that although
buprenorphine interacts with Q126*%, it does not occupy
the spl subpocket identified by Qu and collaborators,”' as
evidenced by the absence of interactions with residues deeper
in the pocket, such as W135EM (Table S2). Although
previous studies suggest that small molecules interacting within
the spl pocket are linked to enhanced opioid potency, as
observed with DAMGO, BU72, and fentanyl,46’47’69 partial
agonists such as TRV130, PZM21, or FH210,”"*® and even the
antagonist BU74,"” have accessed this region. Interestingly,
experimental structures of the p#OR bound to the agonist
morphine46 or the irreversible antagonist f-funaltrexamine (f-
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FNA)* also revealed the Q126*°—Y3287* interaction, even
if these ligands do not access the spl subpocket. Therefore,
relating the side chain orientation of Q126** and uOR
conformational states may be puzzling, requiring further
studies to clarify its precise role in yOR activation.

Despite the debate on the participation of W295%* in
forming a toggle switch that distinguishes GPCR conforma-
tional states,” *’ we observed that both morphine and
buprenorphine highly influenced the side chain rotameric
distribution of W295%*. Morphine induced a constrained
distribution of W295%* dihedral angles with two distinct
peaks, whereas buprenorphine led to a broader dihedral angle
distribution (Figure 6), also observed when simulations started
from the yOR’s active conformation (Figure S10). Previous
work suggested that buprenorphine fails to stabilize W295%4
in a unique orientation compared to other agonists,43 agreeing
with our work. The diminished Y150** interactions and salt
bridges with D149*** may allow buprenorphine to visit regions
deeper into the orthosteric pocket of the receptor, as shown by
the percentage of contacts (Figure 3 and Table S2). In
addition, our metadynamics results suggest that the exchange
from buprenorphine’s furan-ring oxygen to its 6-O-methyl
ether when interacting with Y150°* could stabilize these
deeper conformations (Figure 5). This interaction may
enhance the contact between buprenorphine and W295%,
inducing diverse residue side chain orientations. Reinforcing
our results, the observed weaker Y150%3® interaction with
buprenorphine could explain why site-directed mutagenesis of
this residue has a slight reduction in buprenorphine’s bindin§
affinity at the gOR while considerably affecting morphine.”
Moreover, the cleavage of the cyclopropyl group converts
buprenorphine into the agonist norbuprenorphine®” and the
antagonist BU74 into the agonist BU72,*” which may also
explain the antagonist effect of naltrexone at the yOR along
with other low-efficacy ligands.*® Therefore, it is reasonable to
infer that these structural aspects of buprenorphine contribute
to its low efficacy at the #OR.

Recent computational studies have suggested that ligands
may drive the yOR active conformation toward distinct
intermediate states, with biased agonists maintaining TM
orientations similarly to those in the active (G protein-bound)
conformation, leading to preferential activation of G protein
pathways, while balanced full agonists might reduce some TM
distances to enhance interaction with fS-arrestins.”"*° Changes
in L112*%—P3357°°*! and 1280—E343%**° distances are
referred to as essential for discriminating between balanced full
and biased partial agonists at the pOR. To assess
buprenorphine’s impact on these distances, we analyzed the
structural effects of morphine and buprenorphine starting from
the uOR active conformation (Figure S11). Our findings
indicate that morphine reduces the L112**—P3357" distance
to a primary peak at 8.5 and a secondary small peak at 6 A,
while buprenorphine maintains this distance around the active
conformation at 8.5 A (Figure S11), agreeing with observations
by Qu and collaborators.”’ Conversely, while morphine
stabilized the 1280°*—E343%% distance around the active
conformation, buprenorphine exhibited a primary peak at this
active conformation and a secondary peak at a shorter distance
(Figure S11). This observation diverges from results reported
by Zhuang and collaborators,* likely due to their shorter (1.5
us in total) MD simulations compared to our more extensive
S-fold data, which allowed for an extended conformational
sampling. Taken together, our structural analyses suggest that
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morphine induces the y#OR into an alternative conformation
similar to those obtained by full and balanced agonists, such as
fentanyl and DAMGO. In contrast, buprenorphine appears to
maintain the receptor’s canonical active conformation,
behaving similarly to the partial and biased agonist MP.

Ligand-induced shifts in GPCR conformational states can
restrict GPCR conformational sampling toward intermediate
conformations, likely favoring receptor activation or inactiva-
tion.">”° In addition, spectroscopy studies have demonstrated
that ligands with distinct functional effects induce unique
GPCR conformational changes.”””**” In the present work, we
observed that morphine and buprenorphine stabilize extrac-
ellular TM distances relative to the unbound receptor (Figure
7). Moreover, our results indicate that morphine induces an
inward movement of TMS and TM7 in the receptor’s
intracellular side (Figure 7). Although previous studies
reported similar results for intracellular TMS rearrangements
induced by morphine,”>° its relationship with the dihedral
rotation of W295%* seems most likely due to residue
stabilization (Figure 6), limiting the pOR conformational
sampling, as the unbound receptor explores a broad range of
TM2-TMS distance (Figure 7). Buprenorphine induced a
TM7 outward movement in the receptor’s extracellular side
(Figure 7), which was also found by Bartuzi and collabo-
rators.”* We attribute this conformational shift to an increased
volume of the orthosteric site compared to morphine (Figure
8). Detailed analysis revealed that this outward movement was
more pronounced when buprenorphine formed weak salt
bridges with D149°* and hydrogen bonds with Y150*3 (C2
interaction state), broadly exploring the receptor’s orthosteric
site (S2 substate). This suggests a unique buprenorphine
structural effect that can be related to partial agonism at the
#OR. Additionally, our classical MD and metadynamics
simulations highlighted buprenorphine’s interaction with
ECL2 residues, which is associated with strong salt bridges
with D149%%, as identified in the C1 interaction state (Table
S2). Such ECL2 interactions were identified as essential for
biasing #OR signaling, as observed with several morphinan-
scaffold ligands. * Consistent with this, biased agonists such as
PZM21 and FH210 show interactions with ECL1 and ECL2.”
NMR experiments also revealed that buprenorphine induces a
slightly more pronounced ECL2 conformational change
compared to other partial biased agonists (TRV130 and
PZM21) or full balanced agonists (DAMGO and BU72),*
which could be related to the residue interaction and
conformational changes induced by buprenorphine observed
in our work. Thus, sustained by previous works, our results
indicate that 2-hydroxy-3,3-dimethylbutan-2-yl and 6-O-methyl
ether groups of buprenorphine are responsible for a stronger
ECL2 interaction, likely related to its biased agonism toward G
protein signaling pathways.

In this study, we employed computational methods to
elucidate relevant structural aspects of buprenorphine that
explain its unique pharmacological effect on the #OR. Our
approach aligns with recent findings, analyzing the critical role
of the interaction between GPCR residues and ligands in the
induction of specific pharmacological effects.*® Such inter-
actions induce specific receptor conformational changes,”
activating a specific intracellular network of proteins and
further distinct cellular responses.”” The identification of key
residues is essential for advancing our understanding of GPCR
pharmacology. When compared to morphine, we found that
the additional chemical groups in buprenorphine interact with
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distinct yOR regions to provide partial and biased agonist
effects. In fact, partial and biased agonism are related
properties in the sense that the inclusion of an additional
signaling pathway implies a reduction in efficacy in the
reference pathway, which then leads to partial agonism. This
pharmacological behavior can be quantitatively simulated by
using the three-state model of agonist action, in which two
active receptor states (R* and R**) linked to two signaling
pathways are included.” Partial agonism may also arise from a
structural deficiency of the ligand-bound receptor active
conformation in binding and activating the transducer protein
or, if we consider time, a shorter or longer residence time of
the ligand in the active or inactive receptor conformation,
respectively. To conclude, this work presents a computational
analysis for understanding the structural basis of buprenor-
phine’s pharmacological effects at the pOR, which can
contribute to the advancement of research in opioid drug
design.

B METHODS

Molecule Preparation. The human yOR (UniProt code
P35372) (https: //www.uniprot.org/ ) in its inactive conforma-
tion was built by homology modeling using the SWISS-
MODEL web server.” The mouse yOR was used as a
template (PDB code 7UL4),"* which exhibits 98% sequence
coverage and 93.9% sequence identity. The human pOR active
conformation was retrieved from the cryo-EM structure (PDB
code 8EF6)," preserving only receptor and morphine atoms.
The protonation state of the #OR structures was calculated at
a physiological pH of 7.4 using the PROPKA3 web server.””
Morphine and buprenorphine structures were built using the
Ligand Reader tool available on the CHARMM-GUI web
server,93 maintaining their amino group protonated to
reproduce physiological pH conditions.

Molecular Docking. Molecular docking was performed by
covering the OR orthosteric site with a box of 80 X 80 X 80
XYZ grid points with a spacing of 0.375 A using the
AutoDockTools v.1.5.6 workspace.” Buprenorphine was
docked to the #OR active and inactive conformations, while
morphine was docked only to the receptor inactive
conformation since the active conformation bound to
morphine is experimentally known (PDB code 8EF6).*° The
receptor and ligands were converted to PDBQT format,
preserving their protonation states. Subsequently, morphine
and buprenorphine were docked into the #OR orthosteric site
using AutoDock-GPU,”* with the parameters for population
size, number of runs, and number of evaluations set to 1000,
1000, and 30,000,000.

MD Simulations. We used the CHARMM-GUI web
server’” to prepare systems for every complex, including the
apo-pOR in active and inactive conformations. A disulfide
bond was patched to cysteines C142>* and C2195"* to the
receptor’s active and inactive conformations, and an S-
palmitoyl lipidation was included in C353%® to the inactive
conformation. Ligand force field parameters were obtained
from the CHARMM General Force Field (CGenFF)
program.”® Each complex was placed in a hexagonal box and
embedded in a POPC bilayer to obtain an initial system size of
approximately 82 X 82 X 119 A’ in XYZ dimensions.
Subsequently, each system was solvated with TIP3P water
models and neutralized with potassium and chloride ions to
reach a 0.15 M concentration. Initial input parameters for MD
simulations were prepared to match with GROMACS
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v.2022.2°7 under the Charmm36m force field’® First, a
minimization step was performed using the Steepest Descent
algorithm until reaching an energy below 1000 kJ/mol/nm.
Further, successive equilibration steps were performed
according to the parameters specified in the Supporting
Information (Table S3). Briefly, velocities were randomly
generated according to a Maxwell-Boltzmann distribution at
310 K using the V-Rescale thermostat.”” The Parrinello—
Rahman barostat monitored the system pressure at 1 bar.'”
Position restraint forces applied on receptor backbone, side
chain, ligand non-hydrogen, and lipid head atoms were
progressively reduced to zero. Production was performed in
four independent replicas lasting 2 us for each system,
collecting frames every 20 ps, for an amount of 48 us (Table
S1). Nonbonded interactions were calculated up to a distance
of 10 A, with a switching-force function between 10 and 12 A.
Long-range electrostatic interactions were calculated within a
12 A cutoff using the particle-mesh Ewald (PME) method.'""

Funnel-Metadynamics. Metadynamics simulations were
conducted to estimate ligand binding affinity and identify
intermediate states in the yOR’s inactive conformation using
GROMACS v2019.6” patched with PLUMED v2.8.1.'"> MD
parameters were set as for classical MD simulations, described
above. We employed well-tempered (WT) metadynam-
ics'®'%* in combination with funnel-shaped constraints to
limit ligand exploration in the solute for enhanced con-
vergence. The frame with the lowest RMSD relative to the
average structure of the #OR/morphine and yOR/buprenor-
phine complexes obtained from MD simulations was
resubmitted to CHARMM-GUI to increase the system’s Z-
axis and allow ligand exploration in the unbound state;
subsequently, the equilibration process was followed as
previously described (Table S3). For each complex, the
equilibrated system was used as the starting point for funnel-
metadynamics simulations. Following a previous protocol,*>'%°
we defined a distance between the Car carbon of W295%* and
the nearest atoms of the ligand’s center of mass to determine
two CVs for metadynamics: one aligned onto the Z-axis (Z-
projection) and the second onto the XY-plane (XY- —projection) )
parallel to the membrane. The funnel-like restraint®”'*® was
applied according to the following equation

1

= h_
e T

b

where r denotes the XY-projection, h = 22 A the funnel width, s
=80 A™! the funnel steepness, z is the Z-projection, z, = 30 A
the inflection point of the funnel, and b = 2.5 A the minimum
funnel width. A quadratic repulsive potential force of 1000 kJ/
mol and upper and lower walls set at SO and 4 A in the Z-
projection, respectively, prevented the ligand from crossing the
funnel boundaries.

We performed an initial metadynamics simulation to extract
24 representative structures for each 2 A window along the Z-
projection to use as starting points for multiple walkers (Raiteri
et al.)."”” Gaussian hills parameters height and width were set
to 2 kJ/mol and 1 A, respectively, with a bias factor of 20
applied at every 1000 steps. Subsequently, a metadynamics
history-dependent bias was applied, rescaling Gaussian hills
height and bias factor to 1 kJ/mol and 10, respectively, until
reaching WT metadynamics convergence. Free energies were
calculated by summing the Gaussians using the sum_hills
function from the PLUMED plugin,'*” correcting the loss of
translational and rotational freedom of the ligand in the
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unbound state imposed by funnel boundaries, according to the
protein—ligand binding free energy equation

AG = —iT In(K,C°)

where kg is the Boltzmann constant, T is the temperature of
the system, and C° = 1/1660 A~ is the standard concentration.
The binding constant K, is defined as

K, = dz ol ((WMo=Wer) /T)] 0 CZY 1
bound

where z is the coordinate along Z-projection, while W(z) and
W, correspond to the free energy in the bound and unbound
states, respectively. We used the integral and average of free
energy values over the bound and unbound states, respectively.
7R%; is the surface of the cylinder determined by its radius (R),
accounting for the volume correction for the funnel restraint
potentials described by Limongelli and collaborators.'”® The
funnel shape determined in our work led to a cylinder with a
radius of 2.5 A in the unbound region, defined from 45 to 48 A
along the Z-projection, resulting in a correction value of 1.32
kcal/mol. Metadynamics simulations were performed until the
free energy landscapes converged, which occurred after 0.9 and
1.3 us for morphine and buprenorphine, respectively. Average
and standard deviation of binding affinities for morphine and
buprenorphine were calculated using the last 300 ns of
metadynamics simulation, sampled every 1 ns.

Structural Analysis. RMSD calculations were carried out
using GROMACS built-in functions. The average structure of
each replica was obtained using the GROMACS plugin gmx
cluster, considering all protein/ligand atoms. TM distances
were determined by calculating the center of mass of the four
Ca atoms of each extracellular and intracellular extremities of
the receptor. Dihedral angle calculations for Q126*® and
W295°* were conducted using the atomic sequences CA-CB-
CG-CD and CA-CB-CG-CD1, respectively. The percentage of
contacts was calculated considering atomic distances within a 4
A cutoff, and salt bridges were calculated considering the
minimum distance between the nitrogen atom of ligand amino
groups and the side chain oxygens of D149°% less than 4 A.
These calculations were performed using VMD built-in
functions or scripting.'” Hydrogen bonds were calculated
using the VMD plugin hbonds, defining only polar atoms (N,
O, and S) as donors (D) or acceptors (A), with the D—A
distance less than 3.2 A and the D-H-A angle less than 50° to
capture strong and moderate hydrogen bonds.''® Water-
mediated interactions were identified by calculating the
occupancy of water molecules after aligning receptor backbone
atoms, using the VMD plugin volmap with a map resolution of
0.5 A. Volume calculations were performed using Epock,”
covering the yOR orthosteric site with a sphere radius and grid
spacing of 15 and 0.5 A, respectively. All structural illustrations
were generated with VMD,'*” and all graphs were built using
gnuplot v.5.2 (http://www.gnuplot.info).

B ASSOCIATED CONTENT

Data Availability Statement

All input files necessary to reproduce our classical MD and
funnel-metadynamics simulations, including treated trajectories
and metadynamics outputs (HILLS and COLVAR files), are
freely available at 10.5281/zenodo.14676141.
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Best pose for the yOR/buprenorphine obtained from
molecular docking (Figure S1); RMSD calculations for
non-hydrogen atoms of morphine and buprenorphine
(Figure S2); average conformations for 4#OR/morphine
and yOR/buprenorphine complexes (Figure S3); water-
mediated interactions (Figure S4); buprenorphine
interaction states (Figure SS); binding free energy
computed by funnel-metadynamics (Figure S6); S3
substate for the #OR/morphine complex obtained from
funnel-metadynamics simulations (Figure S7); S3
substate for the #OR/buprenorphine complex obtained
from funnel-metadynamics simulations (Figure S8);
chemical structures of biased and partial agonists at
the yOR (Figure S9); dihedral angle distribution of
Q126*%° and W295%*® residues in the active pOR
conformation (Figure S10); intracellular distances of the
UOR in the active conformation (Figure S11); overview
of the simulations performed (Table S1), percentage of
contacts in #OR/ligands complexes (Table S2), and the
equilibration protocol (Table S3) (PDF)
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