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Abstract: In 2019, drug overdose has claimed over 70,000
lives in the United States. More than half of the deaths are
related to synthetic opioids represented by fentanyl which
is a potent agonist of mu-opioid receptor (MOR). In recent
years, the crystal structures of mOR in complex with mor-
phine derivatives have been determined; however, structural
basis of mOR activation by fentanyl-like synthetic opioids re-
mains lacking. Exploiting the X-ray structure of mMOR bound
to a morphinan ligand and several state-of-the-art simula-
tion techniques, including weighted ensemble and continuous
constant pH molecular dynamics, we elucidated the detailed
binding mechanism of fentanyl with mOR. Surprisingly, in ad-
dition to forming a salt-bridge with Asp147%2 in the orthos-
teric site common to morphinan opiates, fentanyl can move
deeper and bind mOR through hydrogen bonding with a con-
served histidine His297%%2, which has been shown to modu-
late mOR’s ligand affinity and pH dependence in mutagene-
sis experiments, but its precise role remains unclear. Intrigu-
ingly, the secondary binding mode is only accessible when
His297 adopts a neutral HID tautomer. Alternative binding
modes and involvement of tautomer states may represent
general mechanisms in G protein-coupled receptor (GPCR)-
ligand recognition. Our work provides a starting point for un-
derstanding the molecular basis of mMOR activation by fen-
tanyl which has many analogs emerging at a rapid pace. The
knowledge may also inform the design of safer analgesics to
combat the opioid crisis. Current protein simulation studies
employ standard protonation and tautomer states; our work
demonstrates the need to move beyond the practice to ad-
vance our understanding of protein-ligand recognition.

INTRODUCTION

Opioids are highly effective pain relievers, but their addic-
tive nature can easily lead to abuse and overdose-related
deaths. From 1999-2018, almost 450,000 people died from
opioid overdose in the United States.' Overdose deaths from
synthetic opioids, represented by fentanyl and its derivatives,
are now associated with more deaths than any other type
of opioids.2 The surge in fentanyl is attributed to high po-
tency (50—400 times more potent than the naturally occurring
morphine), fast onset, straightforward synthesis, and low cost
production.® Additionally, the fentanyl core is readily modi-
fied creating a vast chemical space of fentanyl analogs with
abuse potential.”

Fentanyl and morphine opioids produce strong analgesic
responses through binding and subsequent activation of a
class A G protein-coupled receptor (GPCR) p-opioid recep-
tor (MOR).® In recent years, high-resolution crystal structures
of mOR in complex with the morphinan agonist BU72,° an-

tagonist 5-FNA, '° as well as the endogenous peptide analog
agonist DAMGO'! have been determined, featuring a salt
bridge between a charged amine group of the ligand and a
conserved residue Asp147 on the transmembrane helix (TM)
3 (Asp®*2 in the Ballesteros-Weinstein numbering '2) of mOR.
The morphinan compounds and peptide analog also interact
with a conserved His297 on TM6 (His®%?) via water-mediated
hydrogen bonds. Mutagenesis studies demonstrated that
mutation of either Asp147 or His297 as well as a reduced pH
(which presumably protonates His297) decreases the binding
affinities for DAMGO and naloxone (antagonist). 5

Despite the importance, surprisingly little is known about
the signaling mechanism of fentanyl and how it interacts
with mOR to illicit analgesic response.® It is conceivable
that fentanyl and its analogs bind and activate mOR in the
same manner as morphinan compounds; however, the struc-
tural basis remains lacking. The aforementioned mutagene-
sis experiments performed to probe the role of Asp147 and
His297 were inconclusive due to excessive non-specific bind-
ing of fentanyl.'® Docking '®'” and long-timescale molecular
dynamics (MD) simulations '® based on the docked structure
of fentanyl in mOR confirmed the stability of the orthosteric
binding mode involving the salt bridge with Asp147; however,
the role of His297 has not been explored.

Towards understanding the molecular mechanism of mOR
activation by fentanyl, here we elucidate the detailed fentanyl-
mOR binding mechanism by exploiting a morphinan-bound
mOR crystal structure and several state-of-the-art molecu-
lar dynamics (MD) methods, including the weighted ensem-
ble (WE) approach'®?' for enhanced path sampling and
membrane-enabled continuous constant-pH MD (CpHMD)
with replica-exchange.?*2* The latter method has been pre-
viously applied to calculate pK.'s and describe proton-
coupled conformational dynamics of membrane channels?®
and transporters.2*227 Surprisingly, WE path sampling
found that when His297 adopts the HID tautomer, fentanyl
can move deeper into the mOR and establish an alterna-
tive binding mode through hydrogen bonding with His297.
CpHMD titration showed that His297 favors the HIE tautomer
in the apo mOR; however, interaction with the piperidine
amine of fentanyl locks it in the HID tautomer. Additional
microsecond equilibrium simulations were conducted to fur-
ther verify the two binding modes and generate fentanyl-mOR
interaction fingerprints. Alternative binding modes and in-
volvement of tautomer states may represent general mecha-
nisms in GPCR-ligand recognition. Our work provides a start-
ing point for understanding how fentanyl activates mOR at a
molecular level. Fentanyl analogs that can be significantly
more potent and addictive are emerging on the dark market
at a rapid pace. The molecular mechanism by which struc-
tural modifications alter fentanyl potency and abuse potential
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can inform the design of safer analgesics to combat the opi-
oid crisis.
Table 1. Simulation summary.

Name Type Starting Configuration Time
Binding Mode H297 State  (us)
WE-HIE WE D147 salt bridge HIE 243
WE-HID WE D147 salt bridge HID 23.6
CpH-apo CpHMD apo active mOR Dynamic 0.32
CpH-D147 CpHMD D147 salt bridge Dynamic 0.32
CpH-H297 CpHMD H297 hydrogen bond  Dynamic 0.32
MD-D147(HID) equil. MD D147 salt bridge HID 0.5
MD-D147(HIE)  equil. MD D147 salt bridge HIE 0.5
MD-D147(HIP)  equil. MD D147 salt bridge HIP 0.5
MD-H297(HID)  equil. MD  H297 hydrogen bond  HID 1.0
MD-H297(HIE)  equil. MD  H297 hydrogen bond  HIE 1.0
MD-H297(HIP)  equil. MD  H297 hydrogen bond  HIP 1.0

RESULTS AND DISCUSSION

Fentanyl unbinds from the D147-bound configurations in
the presence of HIE297. Following the 115-ns MD to relax
the docked fentanyl-mOR complex (details see Methods and
Protocols and Fig. S1), we performed WE all-atom MD simu-
lations to explore the detailed binding interactions of fentanyl
in mOR. The fentanyl RMSD was used as the progress coor-
dinate. The MD trajectories were produced using the GPU-
accelerated PMEMD engine in AMBER1828 and the Python-
based WESTPA tool® was used to control the WE protocol.

In the first WE simulation of 24 us aggregate time, His297
was fixed in the HIE tautomer (Ne atom of imidazole is pro-
tonated), as in the recent mOR simulations by the Dror
goup.®" The WE-HIE simulation proceeded as expected.
In the first 75 iterations or 2.5 us of cumulative sampling
time, fentanyl’s piperidine stays near Asp147, sampling both
the salt-bridged and solvent-separated configurations, with
the FEN-D147 distance (minimum heavy-atom distance be-
tween the piperidine amine and the carboxylate) below 5 A
(Fig. 2A and Fig. S2B). During this time, fentanyl AZ fluctu-
ates between 7.5 and 10.5 A (Fig. S2D), and RMSD stays
below 4 A (Fig. S2A). AZ is defined as the distance between
the centers of mass of fentanyl and mOR in the z direction,
whereby the N- (52—65) and C-terminal (336—347) residues
of mOR were excluded from the calculation. After 75 itera-
tions, fentanyl starts to move upward and away from Asp147;
after about 140 iterations or 8 us of cumulative sampling time,
RMSD increases to above 7.5 A and AZ starts to sample val-
ues above 14 A, indicating that fentanyl is on the way to exit
mOR (Fig. S2A-C). At the end of 300 iterations or 24 us of
cumulative sampling time, fentanyl reaches the extracellular
end of mOR (Fig. S2D). It is noteworthy that in the WE-HIE
simulation, the FEN-H297 distance from the piperidine nitro-
gen to the unprotonated imidazole nitrogen is always above
4 A, indicating that fentanyl’s piperidine does not form hydro-
gen bond interactions with His297 (Fig. 2A and Fig. S2C). In-
terestingly, even with the intact piperidine—D147 salt bridge,
fentanyl can sample various configurations with a RMSD as
high as 8 A (Fig. S2A,B).

Fentanyl samples both D147- and H297-bound configu-
rations in the presence of HID297. In addition to HIE, a
neutral histidine can adopt the HID tautomer state, whereby
the Né atom is protonated. Considering the important and yet
unclear role of His297 in opioid-mOR binding, we conducted
another WE simulation with His297 fixed in HID (WE-HID).

Surprisingly, fentanyl did not exit mOR as was observed in
the WE-HIE simulation. After about 27 iterations or 0.6 us
of cumulative sampling time, some of the trajectories start to
sample configurations in which fentanyl laterally rotates 120°,
translates 2 A, and moves down 1 A, enabling the formation
of a stable hydrogen bond between the piperidine amine and
the unprotonated Ne atom of HID297, (Fig. 1A, Fig. 2B, and
Fig. S3). At the same time, the RMSD remains below 7 A.
Unexpectedly, after about 210 iterations or 13 us of cumula-
tive sampling time, some trajectories start to sample config-
urations in which fentanyl is inserted deeper into the recep-
tor (Fig. S3D). At the end of 20 us aggregate time, fentanyl
continues to sample the D147- and HID297-bound configu-
rations along with positions in which it does not interact with
either residues (Fig. 2B and Fig. S3); however, the fentanyl
AZ stay below 14 A indicating that it remains inside of the
ligand accessible vestibule of mOR (Fig. 2B and Fig. S3D).

Further comparison between the configurations from the
WE-HIE and WE-HID simulations. To further understand
the differences in the configuration space sampled by fen-
tanyl in the presence of HIE297 and HID297, we plotted
FEN-H297 vs. FEN-D147 distance and color coded the data
points by AZ of fentanyl. Corroborating with the previous
analysis, these plots show that while the D147-bound config-
urations (FEN-D147 distance < 3.5 A) are sampled in both
WE-HIE and WE-HID simulations, the H297-bound configu-
rations (FEN-H297 distance < 3.5 A) are only sampled in the
WE-HID simulation (Fig. 2C and D). Further, the H297-bound
configurations sample lower AZ positions of 3-8 A, as com-
pared to the D147-bound configurations whereby AZ is in the
range of 7-13 A, (Fig. 2C-F, and Fig. S3, S4). Interestingly,
the WE-HID simulation also sampled fentanyl configurations
deeply embedded in mOR (AZ < 3 A) but without a hydrogen
bond with HID297 (FEN-H297 distance of 4-6 A), suggest-
ing that the piperidine—HID297 hydrogen bond may not be
the only stabilizing factor for the deep insertion of fentanyl in
mOR (Fig. 2D and Fig. S4). Representative snapshots sug-
gest that the interactions between the phenylethyl group and
Trp293 may be a contributor (Fig. 2F).

His297 favors the HIE tautomer in the apo mOR but the
piperidine-HID297 interaction locks His297 in the HID
state. The WE simulations suggest that fentanyl has an al-
ternative binding mode which may be promoted by the pres-
ence of the HID tautomer of His297. To determine the phys-
iological relevance, we carried out titration simulations us-
ing the membrane-enabled hybrid-solvent CpHMD method
with pH replica exchange®? to determine the protonation
state of His297 under physiological pH for the apo mOR and
the fentanyl-bound mOR in the D147- as well as the H297-
binding modes. For each system, 16 pH replicas were simu-
lated in the pH range 2.5-9.5, with the aggregate sampling
time of 320 ns. All Asp/Glu/His and fentanyl’s piperidine
amine in the holo systems were allowed to titrate. The cal-
culated pK, of His297 is well converged (Fig. S4).

In the absence of ligand (CpH-apo simulation), the cal-
culated macroscopic pK, of His297 is 6.8. At physiological
pH 7.4, the HIE tautomer is predominantly sampled at 64%,
while the HID tautomer and the charged HIP populations are
12% and 24%, respectively (Fig. 3A). The presence of fen-
tanyl in the D147-binding mode upshifts the His297 pK. to
7.3 (CpH-D147 simulation). At physiological pH, both HIE
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Figure 1. Fentanyl binding with mOR. A. Overlay of the representative simulation snapshots showing mOR is bound to fentanyl
in the D147- (green) and H297- (purple) binding modes. B. Zoomed-in view of the D147-binding mode, in which the charged piperidine
amine of fentanyl forms a salt bridge with Asp147. C. Zoomed-in view of the H297-binding mode, where the piperidine amine donates
a proton to Ne of HID297. The curved arrow illustrates the change in the orientation of fentanyl in going from D147- to H297-binding
mode. mOR residues making significant contacts with fentanyl (fraction greater than 0.5) are shown (see Fig. 4). Those unique to
the two binding modes are labeled in red and otherwise in black. D. Structure of fentanyl with different substituent groups and the
protonated/charged amine labeled. E. Histidine protonation states. HID and HIE are neutral while HIP is charged.

and HIP are the predominant forms accounting for 39% and
44% of the population, respectively, while HID accounts for
17% of the population (Fig. 3B).

Finally, CpHMD titration was also performed for the
fentanyl-mOR complex in the H297-binding mode (CpH-
H297 simulation). Interestingly, the calculated pK, of His297
is 6.7, nearly the same as for the apo mOR; however, at phys-
iological pH HID is the predominant form with a population of
60%, while the HIE and HIP forms account for 20% each. Im-
portantly, the protonation state of His297 is coupled to its dis-
tance to the piperidine amine of fentanyl (Fig. 3D). When the
piperidine nitrogen is within 4 A of the Ne atom of His297, the
HID state is exclusively sampled, whereas the HIE and HIP
states are only allowed when the piperidine—His297 distance
is > 7 A (Fig. 3D). This data is consistent with the equilibrium
MD which shows that the distance is 3.04£0.22 A, 7.440.72
A, and 8.040.5 A with HID297, HIE297, and HIP297, respec-
tively, while the distance range 4-7 A is rarely sampled (Fig.
S8). Note, in both holo simulations the piperidine amine re-
mains protonated/charged in the entire pH range 2.5-9.5.

The CpHMD simulations demonstrate that ligand interac-
tion perturbs the protonation state of His297: while the apo
mOR preferably samples HIE297, the population of HIP or
HID state may increase upon ligand binding. When fentanyl
interacts with Asp147, the HIP state is sampled with an equal

probability as HIE, and when fentanyl interacts with His297,
HID is the preferred state. These data provide an explana-
tion as to why the H297-binding mode (quickly) emerged in
the WE simulation with HID297 but not HIE297.

Asp114 is deprotonated. The protonation state of the
highly conserved residue Asp114 (Asp?>®) in the active mOR
remains unclear to this day. Despite not having a direct role in
ligand binding, Asp114 is involved in mOR activation. °11:29:30
Previous experiments % and simulations®'"2° demonstrated
that Asp114 binds a sodium ion in the inactive but not ac-
tive state of GPCRs. Based on the lack of sodium bind-
ing, two previous MD studies used a protonated Asp114,°'
while other published work did not specify the protonation
state. 83132 The CpHMD titration gave a pK. of 4.8+0.30
for the apo and 5.1+£0.26/0.29 for the fentanyl-bound mOR in
the D147- or H297-binding mode. Therefore, even though the
pK.’s are upshifted relative to solution value of 3.8,% Asp114
remains deprotonated at physiological pH in the active mOR
according to the CoHMD simulations.

The D147-binding mode is stable regardless of the pro-
tonation state of H297. To further characterize fentanyl-
mOR interactions and delineate the impact of the His297
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Figure 2. Fentanyl visits the D147-binding mode in the presence of HIE297 but both D147- and H297-binding modes
in the presence of HID297. A, B. The FEN-D147 distance, referred to as the minimum distance between the piperidine nitrogen
and the carboxylate oxygen of Aspl47, as a function of the cumulative WE simulation time in the presence of HIE297 (A) or HID297
(B). Data with the FEN-D147 and FEN-H297 distances below 3.5 A are colored green and orange, respectively, and otherwise blue. The
unweighted data from all bins were taken and the time refers to the cumulative time. The dotted vertical lines are drawn at every 50 WE
iterations. C, D. FEN-H297 vs. FEN-D147 distance from the WE-HIE (C) and WE-HID (D) simulations. The data points are color
coded by the fentanyl AZ position, defined as the distance between the centers of mass of fentanyl and mOR in the z direction, whereby
the N- (52-65) and C-terminal (336-347) residues of mOR were excluded from the calculation. The FEN-H297 distance is measured
between the piperidine nitrogen and the unprotonated imidazole nitrogen of His297. Three groups of data (labeled in the plots) taken
from the last 50 iterations of each simulation were subjected to the hierarchical clustering analysis. For WE-HIE, the three groups were
defined as FEN-D147 distance < 3.5 A; FEN-D147 distance > 4 A and FEN-H297 distance < 8 A; and FEN-D147 distance > 4 A and
FEN-H297 distance > 8 A. For WE-HID, the three groups were defined as FEN-D147 distance < 3.5 A; FEN-H297 distance < 3.5 A;
and FEN-D147 distance > 8.5 A and FEN-H297 distance >4 A. E, F. Representative structures of the most populated clusters from
the WE-HIE (E) and WE-HID (F) data defined in C and D. The FEN-D147 and —H297 distances and the fentanyl AZ position are
given.

protonation state, we carried out a series of equilibrium sim-
ulations. First, three 0.5-us simulations were initiated from
the equilibrated fentanyl-mOR complex in the D147-binding
mode with His297 fixed in the HID, HIE, and HIP states
(Table 1). To quantify ligand-receptor interactions, the frac-
tions of time for the mOR residues that form at least one
heavy atom contact with fentanyl were calculated (Fig. 4A-
D, top panels). To determine what parts of fentanyl con-
tribute to the receptor recognition, a fingerprint matrix was
calculated which shows the contacts formed between specific
mOR residues and fentanyl substituents (Fig. 4A-D, bottom
panels). Simulations starting from the D147-binding mode
demonstrated that many interactions are independent of the
protonation state of His297. Most importantly, the piperidine—
D147 salt bridge remains stable throughout the 0.5-us trajec-
tories with HIE297, HID297, and HIP297 (Fig. S5 and red

bars in Fig. 4A-C), consistent with the WE simulations. In-
terestingly, while maintaining the salt bridge with piperidine,
Asp147 also interacts with phenyl and phenethyl at the same
time (Figure 4A-C, bottom panels), which may provide further
stabilization to the D147-binding mode.

Another important fentanyl-mOR contact is the aromatic
stacking interaction between the phenyl ring of the phenethyl
group and Trp293 (Fig. 1B, Fig. 4A-C bottom panels, and
Fig. S6), which remains stable in all three simulations. The
importance of the phenethyl group at this location in the 4-
anilidopiperidine core of fentanyl is supported by the obser-
vations that substitution with methyl (as in N-methyl-fentanyl)
increases the K; value by about 40 fold,®* and removal of
one ethylene group renders the ligand inactive.*® However,
substitution with a different aromatic ring, e.g thiophene in
sufentanil and ethyl tetrazolone in alfentanil, does not appear
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Figure 3. Protonation state of His297 is influenced by
fentanyl binding. A, B, C. Occupancies of the HID (green),
HIE (orange), and HIP (blue) states of His297 as a function of pH
from the replica-exchange CpHMD simulations of the apo mOR
(A) and fentanyl-bound complex in the D147- (B) and H297-
binding mode (C). The three states are in equilibrium through
protonation/deprotonation and tautomerization. D. Average dis-
tance between the piperidine nitrogen and His297’s Ne at different
pH conditions when His297 is in the HID (green), HIE (orange),
or HIP (blue) state. The area of the data point is proportional
to the occupancy of the protonation state. A zoomed-in snapshot
corresponding to the HID state is shown.

to be have a significant effect on binding affinity, although the
latter ligands have an O-methyl group at the 4-axial hydro-
gen position.* The importance of the phenethyl-Trp293 stack-
ing interaction is also consistent with a recent study which
showed that removal of one methylene group from phenethyl
increases the ICsp value by two orders of magnitude. %

Fentanyl-mOR interaction profiles vary with different
protonation state of His297 albeit in the same D147-
binding mode. Despite the similarities, the fentanyl-
mOR interaction profiles obtained from the simulations MD-
D147(HID), MD-D147(HIE), MD-D147(HIP) show differences
(Fig. 4A-C). To quantify the overall difference between two
interaction profiles, the Tanimoto coefficient (T.)%” was cal-
culated (Fig. 5A), where T. of 1 indicates that identical mMOR
residues are involved in binding to fentanyl. Accordingly, the
contact profiles with HIE297 and HIP297 are more similar
(T. of 0.81), whereas the contact profiles with HID297 and
HIE297/HIP297 are somewhat less similar (T. of 0.71/0.73).
As to the latter, the most significant differences are in the
N-terminus.  While fentanyl makes no contact with the
N-terminus in the simulation with HID297, it interacts via
propanamide and phenyl groups with His54 and Ser55 in the
simulations with HIE297/HIP297. The fentanyl-N-terminus
interactions are consistent with an experimental study which

demonstrated that truncation of the mOR N-terminus in-
creases the dissociation constant of fentanyl by 30 fold.®
Significant differences are also seen in the TM2 contacts
between simulations with HIE297 and HID297/HIP297. Four
TM2 residues, Ala113, Asp114, Ala117, GIn124, are in-
volved in stable interactions with fentanyl in the simulations
with HID297/HIP297; however, only one TM2 residue Gin124
contacts fentanyl in the simulation with HIE297 (Fig. 4A-C,
top panels). A closer examination revealed that GIn124 in-
teracts with phenyl in the simulation with HID297/HIP297 but
it additionally interacts with propanamide in the simulation
with HIE297, forming a stable hydrogen bond (Fig. 4A and
B, bottom panels, Fig. S7A and B). This hydrogen bond
may contribute to an upward shift of fentanyl’s position in the
simulation with HIE297 (see later discussion), resulting in a
decrease of the aromatic stacking interaction between the
phenyl ring of the phenethyl group and Trp293 (Fig. S6D).

The H297-binding mode is stabilized by many fentanyl-
mOR contacts in the presence of HID297. To further
evaluate the fentanyl-mOR interactions in the H297-binding
mode, three 1-us equilibrium simulations were initiated from
the H297-binding mode with His297 fixed in the HID, HIE, and
HIP states. We refer to these simulations as MD-H297(HID),
MD-H297(HIE) and MD-H297(HIP), respectively (Table 1). In
the MD-H297(HID) simulation, the piperidine—H297 hydro-
gen bond remains stable; however, the hydrogen bond im-
mediately breaks and the N-Ne distance fluctuates around
7.5 A and 8.0 A in the simulations with HIE297 and HIP297,
respectively (Fig. S8). These results are in agreement
with the CpHMD titration, confirming that the H297-binding
mode is only stable in the presence of HID297. In addition
to the piperidine—H297 hydrogen bond, the simulation MD-
H297(HID) shows that fentanyl forms stable contacts (with
a contact fraction greater than 0.5) with over a dozen of
residues on TM3, TM5, TM6, and TM7 (Fig. 1C and Fig. 4D),
which explains the stability of the H297-binding mode in both
MD-H297(HID) and WE-HID simulations.

Comparison of the fentanyl-mOR contact profiles in the
two binding modes. Several interactions, e.g., stable con-
tacts with Met151 (TM3), Trp293 (TM6), and lle322 (TM7),
are shared among all equilibrium simulations, regardless of
the binding mode or His297 protonation state (Fig. 1B and
C, Fig. 4A-D). Among them is the aromatic stacking between
the phenethyl group and Trp293 (Fig. 4A-D, Fig. S6), which
is stable in all simulations. Nonetheless, the contact pro-
file from the simulation MD-H297(HID) is drastically different
from those in the D147-binding mode. The T. value com-
paring MD-H297(HID) with MD-D147(HID), MD-D147(HIE),
and MD-D147(HIP) are 0.44, 0.46 and 0.31, respectively
(Fig. 5A). Fentanyl contacts with the N terminus and TM2
residues are completely absent and fewer TM7 residues
are involved in fentanyl interactions in the simulation MD-
H297(HID) (Fig. 4D). Most contacts uniquely observed for
the H297-binding mode involve TM5 residues. As His297
is slightly below Asp147, a switch from the piperidine-D147
salt bridge to the piperidine—H297 hydrogen bond results in a
lower vertical position for fentanyl as compared to the D147-
binding mode. The change in the vertical position likely con-
tributes to the differences in the mOR residues interacting
with fentanyl.

The fentanyl-H297 interactions also appear to perturb the
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Figure 4. Fentanyl-mOR interaction profiles in the presence of different protonation state of His297 and comparison to
the BU72-mOR contacts in the crystal structure. A-D Top. Fraction of time that mOR residues form contacts with fentanyl in
the equilibrium MD starting from the D147- (A, B, C) and H297-binding modes (D). A contact is considered formed if any sidechain
heavy atom is within 4.5 A of any fentanyl heavy atom. Only residues that form contacts for least 25% of the time in at least one of the
six equilibrium simulations are shown. Contacts with Aspl147, Trp293, and His297 are highlighted in red. A-D Bottom. Ligand-mOR
fingerprint matrix showing the fentanyl groups as rows and mOR residue as columns. 1 represents in contact and 0 represents no contact.
E. mOR residues forming contacts with BU72 in the crystal structure (PDB: 5C1M?). F. Chemical structure of fentanyl and BU72.
Different substituent groups are labeled. The 4-axial hydrogen and amine nitrogen of the piperidine group are indicated.

local environment. While the backbone amide—carbonyl hy- is the transient contact between Asp147 and the 4-axial hy-
drogen bond between His297 and Trp293 is present in all drogen of the piperidine ring (Fig. 4D and F). In the simula-
equilibrium simulations, the backbone carbonyl of Trp293 tions of the D147-binding mode, the 4-axial hydrogen makes
also accepts a stable hydrogen bond from the N atom of contact with TM6 or TM7 residues (Fig. 4A—C); however, in
HID297 in the simulation MD-H297(HID) (Fig. S7A and C). the simulation of the H297-binding mode, since the piperidine
We hypothesize that the hydrogen-bond network (fentanyl— position is lower due to hydrogen bonding with His297, the
HID297-Trp293) together with the aromatic stacking between 4-axial hydrogen position is also lowered, enabling an inter-
the phenethyl group and Trp293 contributes to a slight in- action with Asp147. Thus, we hypothesize that a substitution
crease in the x» angle of Trp293 (125+9.0°), as compared for a larger polar group at the 4-axial position might add sta-

to that in the D147-binding mode simulations (112+10° with ble interactions to both the D147- and H297-binding modes,
HIE297, 116+9.6° with HID297, and 110+£9.5° with HIP297). which would potentially explain the increased binding affin-
Interestingly, the x2 angle of Trp293 in the X-ray structure of ity of fentanyl analogs with a methyl ester substitution at the
active mOR bound to BU72 (PDB: 5C1M?) is 120°, while that 4-axial position, e.g. carfentanil and remifentanil. 334363

in the X-ray structure of the inactive mOR bound to the an-
tagonist 5-FNA (PDB: 4DKL ') is 80°.

Comparison of the position and conformation of fen-
Another intriguing feature of the simulation MD-H297(HID) P P

tanyl in different binding modes. The WE simulations
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Figure 5. Contact similarity and spatial relationship be-
tween the D147- and H297-binding modes. A. Tanimoto
coefficients (T.) calculated using the binary contacts (details see
Methods and Protocols). T. ranges from 0 to 1, where 1 indi-
cates identical mOR residues are involved in fentanyl binding in
both simulations. B, C. Locations of fentanyl (stars) and critical
amino acids (circles) plotted on the (Y,Z) and (X,Y) planes. A
data points are sampled every 10 ns. The center of mass of mOR
is set to origin. The data from MD-D147(HID), MD-D147(HIE),
and MD-D147(HIP) are colored light green, orange, and blue, re-
spectively, while the data from MD-H297(HID) are colored dark
green. The z axis is the membrane normal.

demonstrated that the two fentanyl binding modes are read-
ily accessible from one another in the presence of HID297
(Fig. 2D). The equilibrium simulations found that fentanyl
contacts His297 in the D147-binding mode with HID297 or
HIE297 (Fig. 4A and B) and it transiently interacts with
Asp147 in the H297-binding mode with HID297 (Fig. 4D).
To quantify the spatial relationship between the two bind-
ing modes, we calculated the center of mass (COM) posi-
tions of fentanyl and key contact residues relative to that
of mMOR based on the equilibrium simulations of the D147-
and H297-binding modes and plotted in the (Y,Z) and (X,Y)
planes. The resulting side (Fig. 5B) and top (Fig. 5C) views
of the fentanyl and mOR residue locations showed that fen-
tanyl adopts a similar position in the simulations of the D147-
binding mode with HIE297 or HIP297; however, intriguingly,
with HID297, the fentanyl position is moved towards the po-
sition it takes in the simulation of the H297-binding mode.
Specifically, in going from the D147- to the H297-binding
mode, fentanyl laterally rotates by about 120° such that the
piperidine amine faces the Ne atom of His297, and trans-
lates by about 2 A on the (X,Y) plane before moving down
the Z axis (Fig. 5B and C). The simulation MD-H297(HID)
gave the fentanyl AZ of 7.4+0.4 A, as compared to 8.340.4,
8.8+0.3, and 9.2+0.5 from the simulations MD-D147(HID),
MD-D147(HID), and MD-D147(HIP), respectively. Addition-
ally, fentanyl is in a more upright position in the simulation of
the H297 binding mode, with a vertical angle of 15°, com-
pared to the angle of 20—40° in the simulations of the D147

binding mode (Fig. S10).

A closer look at the conformation of His297 suggests that
its x2 dihedral angle may be modulated by the protona-
tion/tautomer state (Fig. S11). When His297 is in the HIE or
HIP state, only the negative x2 angle is sampled regardless
of the binding mode; however, in the presence of HID297, the
simulation of the D147-binding mode samples both negative
and positive x2 angles, whereas the simulation of the H297-
binding mode only samples the positive x2 angle. Thus, it
is possible that HID297 allows both rotameric states, while
the piperidine—H297 hydrogen bond locks the angle at 100°.
This data further supports the notion that the two binding
modes are made accessible to one another in the presence
of HID297.

Comparison to the crystal structures of mOR in complex
with BU72 and other ligands. Finally, we compare the two
fentanyl binding modes to the crystal structure of the BU72-
bound mOR, which was used as a template to build the initial
structure of fentanyl-mOR complex for WE simulations. The
BU72-mOR binding profile is most similar to fentanyl’s D147-
binding profile in the presence of HIE297 (T. of 0.71) due to
their nearly identical interactions with the N-terminus, TM2
and TM3 and TM7. To a lesser extent, the BU72 binding
profile shares similarities with fentanyl’s D147-binding pro-
file in the presence of HID297 or HIP297 (T. of 0.57 for
both). Importantly, the six residues, GIn124 (TM2), Asp147
and Met151 (TM3), Trp293 (TM6), le322 and Tyr326 (TM7),
which form the foundation of the D147 binding pocket for fen-
tanyl (with contact fraction greater than 0.5 regardless of the
protonation state of His297) are present in the BU72-mOR
binding contacts (Fig. 4A-C). In contrast, the BU72-mOR con-
tact profile has a much lower overlap with fentanyl's H297-
binding profile (T. of 0.38). In addition to BU72, we compare
fentanyl's D147-binding profile (HIE297) to DAMGO- and 3-
FNA contacts with mOR based on the crystal structures (Fig.
S13). In contrast to fentanyl and BU72, DAMGO (a natu-
ral agonist) and 5-FNA (an antigonist) do not form contacts
with TM2 in the crystal structures. Other than that, DAMGO-
mOR contact profile is similar to BU72-mOR and fentanyl’s
D147-binding profile (with HIE297), whereas 5-FNA makes
additional contacts with TM6 (Ala287, 1290, and V291) and
has different contacts with TM7.

CONCLUDING DISCUSSION

In summary, a set of state-of-the-art molecular dynamics sim-
ulations have been applied to investigate fentanyl binding
to mOR. The WE simulations confirmed that fentanyl binds
to mOR via the salt-bridge interaction between the piperi-
dine amine and the conserved Asp147, consistent with the
X-ray crystal structures of mOR in complex with BU72, -
FNA, and DAMGO.*"! However, surprisingly, when His297
is protonated at § nitrogen (HID), fentanyl can also adopt a
H297-binding mode, in which the piperidine amine donates
a hydrogen bond to the ¢ nitrogen of HID297. The conven-
tional single trajectory simulations confirmed that the D147-
binding mode is stable regardless of the protonation state of
His297, whereas the H297-binding mode is only compatible
with HID297. These findings are consistent with a recent
conventional MD study of the fentanyl-mOR binding, which
found that the D147 binding mode was stable in the presence
of HID297'® but fentanyl moved deeper to contact HID297
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in some trajectories (personal communication with Lipinski).
Our CpHMD titration rationalized the finding by showing that
in the absence of the piperidine amine-imidazole interaction,
His297 can titrate via either No or Ne; however, in the pres-
ence of the interaction, Ne loses the ability to gain a proton,
locking histidine in the HID form.

We note that calculation of the relative stability of the D147-
vs. H297-binding mode is beyond the scope of the present
work. Such a study would require converged WE simulations
and accurate force field for quantifying the strengths of salt
bridges and hydrogen bonds. Previous work by us2® and oth-
ers* showed that the CHARMM36*' or the CHARMM36m
force field*? used in this work overstabilizes salt bridges
formed by aspartates, although this might not be the case
for the piperidine-Asp147 interaction. Overstabilization of salt
bridges is a common problem with additive force fields, which
may be overcome by explicit or implicit consideration of polar-
ization. *° We also note that given converged WE simulations,
the transition rate between the two binding modes may be es-
timated, ** which is a topic of future exploration.

It is important to consider the physiological relevance of
the H297-binding mode. According to the CpHMD titra-
tion, at physiological pH, HIE297 is the predominant form
in the apo mMOR, and HID297 is least populated in both the
apo and holo mOR in the D147-binding mode. Consistent
with this data, the crystal structure based BU72-mOR con-
tact profile bears the strongest resemblance to the simulated
D147-binding mode with HIE297 as compared to HID297 or
HIP297. Thus, we hypothesize that fentanyl primarily binds
mOR via the D147 mode under physiological pH, while the
H297-binding mode is a secondary state. This hypothe-
sis is consistent with the recent experiments '*#4*5 showing
that acidic pH has a negligible effect on fentanyl-mOR bind-
ing. These experiments also showed that fluorinated fentanyl
which have lower pK.’s (6.8-7.2) than fentanyl (~8.94647)
have increased affinities for mOR at lower pH. The CpHMD
simulations showed that fentanyl’s piperdine amine remains
protonated/charged up to pH 9.5, while Asp147 is deproto-
nated with an estimated pK, of 3—4. Thus, our data is con-
sistent with the hypothesis*****8 that while fentanyl’s D147-
binding is not affected, lowering pH promotes protonation of
the fluorinated fentanyls and thereby strengthening the salt
bridge with Asp147. We expect the fluorinated fentanyls to
have a lower potential for the His297-binding mode at physi-
ological pH than fentanyl due to the decreased protonation of
the piperidine.

The X-ray structures of mOR in complex with BU72, -
FNA, and DAMGO ! show that while the piperidine amine
forms a salt bridge with Asp147, the phenol hydroxyl group
of the ligand forms a water-mediated hydrogen bond with
His297. MD simulations of Dror and coworkers confirmed
the stability of the water-mediated interactions between BU72
or DAMGO and His297 (HIE).*"" Simulations of Carloni and
coworkers®' found that while in the D147-binding mode, the
phenol group of morphine or hydromorphone forms a direct
or water-mediated hydrogen bond with His297 (HIE), respec-
tively. Morphine was also suggested to make hydrophobic
contacts with His297 (HID) while in the D147-binding mode
by the recent MD study of Lipifiski and Sadlej. '® The de novo
binding simulations of the Filizola group*? showed that oliceri-
dine (TRV-130) which has an atypical chemical scaffold binds
mOR via water-mediated interactions with Asp147, while fre-
quently contacting His297 (protonation state unclear). Fen-
tanyl does not have a phenol group, and it differs from mor-

phinan ligands in several other ways. Fentanyl has an elon-
gated shape; it is highly flexible with at least seven rotational
bonds; and it has only two structural elements capable of
forming hydrogen bonds (amine and carbonyl groups). In
contrast, morphinan ligands are bulkier, rigid, and possess
more structural elements (i.e. phenol group) with hydrogen
bonding capabilities. The bulkier structure and additional hy-
drogen bond interactions may further stabilize the piperidine-
D147 salt bridge, preventing the ligand from moving deeper
into mOR and access the H297-binding mode. Therefore,
it is possible that the H297-binding mode is unique to fen-
tanyl and analogs. Intriguingly, a combined MD and experi-
mental study found that unlike synthetic antagonists, the en-
dogenous agonist acetylcholine (a small elongated molecule)
can diffuse into a much deeper binding pocket of M3 and M4
muscarinic acetylcholine receptors.*® Thus, alternative bind-
ing modes may be a general phenomenon of GPCR-ligand
recognition.

The CpHMD titration allowed us to determine the pro-
tonation states of His297 and all other titratable sites in
mOR, including the conserved Asp11425°. Sodium binding
in the inactive mOR suggests a deprotonated Asp114, °
while the protonation state for the active mOR remains un-
clear. Recently, the pK, of the analogous Asp?%® in M2 mus-
carinic acetylcholine receptor (m2R) was calculated using the
Poisson-Boltzmann method with a protein electric constant
of 4.%° The calculation gave a pK. of 8-12 when sodium is
5 A away from Asp>*°. However, it is widely known that the
continuum-based Poisson-Boltzmann methods overestimate
the pK.'’s of internal residues, particularly with a low dielectric
constant (e.g., 4).%" The CpHMD simulations estimated the
pK.’s of 4.8-5.1 for the apo and fentanyl-bound mOR, thus
suggesting that it remains deprotonated in the active mOR.

Having a solution pK., of 6.5% and two neutral tautomer
forms, histidine may sample all three protonation states in
the protein environment at physiological pH 7.4. Our work
demonstrates that the tautomer state of histidine in the ligand
access region may alter the mechanism and possibly also
the thermodynamics and kinetics of ligand binding. Thus, the
conventional treatment in MD simulations, i.e., fixing histidine
in a neutral tautomer state following the program default (HIE
in Amber® and HID in CHARMM-GUI°2) may not be appro-
priate for detailed investigations.

By combining CpHMD titration to determine protonation
states and fixed-charge simulations for long-time-scale con-
formational sampling, our work led to new and surprising find-
ings; however, a major caveat of the study is that all other his-
tidines have been fixed in one protonation state in the WE and
equilibrium simulations, even though some of them may sam-
ple alternative protonation state at physiological pH accord-
ing to the CpHMD titration. A more complete understand-
ing of how protonation states impact the conformational dy-
namics and ligand binding of GPCRs awaits the development
of GPU-accelerated hybrid-solvent??2® and all-atom CpHMD
methods® and their integration with enhanced sampling pro-
tocols such as the WE approach. '®2'%* We also note that
the present work is based on the activated structure of mOR
and does not explore the large conformational changes of
the receptor, which likely occur on a much slower timescale,
e.g., the activation time of the class A GPCR apa adren-
ergic receptor was estimated as 40 ms.% Notwithstanding
the caveats, our detailed fentanyl-mOR interaction fingerprint
analysis provides a basis for pharmacological investigations
of fentanyl analogs, particularly how structural modifications
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alter the binding properties of newly identified fentanyl deriva-
tives which may have increased potency and abuse potential.

Supporting Information Avail-
able

Supplementary information contains Methods and Protocol,
Supplemental Tables, and Supplemental Figures.
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