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Abstract

The molecular dynamics simulations of fentanyl complexed with the p-opioid receptor (LOR) were studied using both inactive
4DKL and active 5CIM opioid receptor crystal structures. Analogous simulations in morphine with or without a ligand were
done for comparison. Simulations of the inactive states were carried out in the absence and presence of the Na* ion. The obtained
fentanyl’s binding mode agrees with some of the mutagenesis data, and it overlaps with that of morphine only to a minor extent.
Notably, fentanyl stabilizes different rotameric states of Trp293%“*® than observed for morphine or unliganded receptor. Another
difference is tighter arrangement of the interaction between Asp147°>% and Tyr3267* (a link between helices TM3 and TM7) in
the presence of fentanyl. Principal component analysis reveals differences in the trajectories dependent on the ligand bound. The
differences found could be linked to ligand-dependent efficacy with respect to receptor intracellular signaling events.
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Introduction

The p-opioid receptor (LOR) agonists are among the most
effective medicines for the treatment of severe pain [1].
Although they are highly potent, there is still a field open for
innovation, since opioids are not devoid of unwanted and
possibly dangerous side effects (e.g., constipation, nausea,
respiratory depression, tolerance, dependence, etc.) [2—4].
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The modern medicine needs novel (safer and more potent)
analgesics. With the major progress in the field of structural
biology of LOR, these needs are more likely to be answered in
the near future. As we now have three pOR crystal structures
available [9—11], they provide us with an unprecedented in-
sight into LOR function and interaction with ligands. This has
already brought about (and is certainly going to keep on doing
so0) practical advancements like the discovery of novel active
compounds [5—-11].

The rational search for new analgesic substances bene-
fits from taking into account as much as it is possible to
know about the currently known drugs. Opioid receptor
ligands include several classes of quite distinct molecules
(e.g., opium alkaloids and their derivatives, morphinans,
benzomorphans, 4-phenylpiperidines, 4-anilidopiperidines
diphenylheptanes, phenylpropylamines, peptides [12]) dif-
fering with respect to potency, receptor affinity, subtype
selectivity, and other characteristics. A basis for many of
these important differences may reside in different ligand—
receptor interactions. As the experimental structural infor-
mation on these interactions is now available only for
three LOR ligands: the irreversible {3-funaltrexamine (f3-
FNA) antagonist belonging to N-substituted 4,5«-
epoxymorphinans (PDB ID: 4DKL, the inactive pOR
crystal structure [9]), the morphinan agonist BU72 (PDB
ID: 5C1M, the activated pOR crystal structure [10]),
and the peptidic agonist DAMGO [11], identification of
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Scheme 1 Structures of
morphine and fentanyl. The &, —
34 torsion angles are defined by
the subsequent three bonds where
the middle ones are indicated by
the arrows and the terminal are
denoted in green

morphine

the molecular signatures of binding for molecules coming
from other opioid classes is possible only using in silico
methods (e.g., [13, 14]). A group of opioids deserving a
closer in silico look are 4-anilidopiperidines with mole-
cules of high clinical relevance, such as fentanyl,
alfentanil, remifentanil, and sufentanil [15-17].
Comparing fentanyl (N-(1-(2-phenylethyl)-4-
piperidinyl)-N-phenyl-propanamide, Scheme 1) and the
prototypical wOR ligand-morphine, it can be found that
both are highly selective tOR agonists, binding to the re-
ceptor with similar, nanomolar affinity [18-20]. On the
other hand, fentanyl is analgetically much more potent than
morphine [5] due to its higher lipophilicity [21]. Regarding
the post-binding signaling events, morphine is a more ef-
ficient G protein activator. In opposition, fentanyl robustly
induces pOR interactions with (3-arrestin [22], receptor
phosphorylation [22] and leads to a substantial desensiti-
zation and internalization of the receptor [23], while in all
these cases morphine is less efficacious. Furthermore,
fentanyl-mediated phosphorylation of ERK1/2 has been
shown to be [3-arrestin-dependent, while in the case of
morphine it proceeds via a PKC-dependent pathway [24].
Considering the pair in structural terms, both fentanyl
and morphine have a protonable tertiary amine in the pi-
peridine ring. On the other hand, fentanyl has only one

i }
N-phenyl-propanamide
N
- N
+ }
94}

more structural element able to participate in hydrogen
bonding (C=0), compared to phenolic and hydroxy —OH
and ether —O— groups of morphine. Fentanyl is also rela-
tively highly flexible, with its seven more or less rotatable
bonds (neglecting the CHj rotations and possibility for the
piperidine ring conformation flips), while morphine is es-
sentially rigid [25-28].

How do these structural differences affect the
ligand—receptor interactions? Is flexibility, different
shape, and rather apolar a structure connected to dif-
ferent molecular signatures of ligand-pOR interac-
tions? As the knowledge on these issues is certainly
important from the point of view of the search for
novel analgetics, we endeavored to perform a compar-
ative analysis of the behavior of fentanyl and mor-
phine bound to the receptor. To this aim we per-
formed a set of full-atom molecular dynamics (MD)
simulations of the fentanyl-uOR and morphine-pOR
complexes, as well as the simulations of the
unliganded receptor (APO). By their means, we
attempted to identify molecular signatures (key
ligand—receptor interactions, molecular switches) of
fentanyl binding and compare them with those of
morphine. The obtained characteristics were discussed
in the context of experimental findings. To the best of

piperidine ring

N

N-phenylethyl ring

fentanyl

Table 1 Molecular dynamics

variants Code Receptor structure Sodium at the allosteric site Ligand
APO-IN-NA 4DKL yes none
FENT-IN-NA 4DKL yes fentanyl
MORPH-IN-NA 4DKL yes morphine
APO-ACT 5CIM no none
FENT-ACT 5CIM no fentanyl
MORPH-ACT 5CIM no morphine
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Fig. 1 The initial binding mode of the fentanyl-uOR (by manual
docking)

our knowledge, it is the first molecular dynamics
study on fentanyl bound to the crystal structure pOR
by studing the ligand—receptor interactions.

Methods
The general workflow

The general workflow of the study was as follows: 1) to identify
a ligand binding mode; 2) to perform full-atom molecular dy-
namics runs with the given binding mode; 3) to analyze differ-
ences between fentanyl-pOR and morphine-pOR complexes.

Binding mode determination

For the sake of binding mode determination, we performed
manual and automated dockings to both receptor structures:
4DKL (inactive) and 5CIM (active) (with AutoDockVina
[29] using default parameters, see below for ligand and recep-
tor preparation details):

(i) With regard to morphine, the manual placement was ob-
tained by superimposing the piperidine ring in morphine
and crystallographic ligands. An almost identical binding
mode was found as the top scored by automated docking,
so it was retained for further study. Both receptor struc-
tures yielded the very same binding mode.

(i) For fentanyl, the automated docking to the inactive re-
ceptor without sodium gave poses that were unstable
(therefore they are not discussed). If sodium ion was
present in the inactive structure, the poses were stable.
The manually obtained pose (described below), after
some reorganization converged to a stable pose both in
fentanyl-4DKL and fentanyl-SCIM complexes, so this
one was chosen for extended production run. For further
discussion, the binding mode to which several simula-
tions with the inactive and the active structure had con-
verged was chosen (see Table 1).

Regarding the manual docking of fentanyl, it was obtained
by superimposing the piperidine ring of fentanyl with that of
crystallographic ligands. The N-phenethyl chain was directed
toward the intracellular part of the receptor (with an attempt to
lay it over the coordinates of N-cyclopropylmethyl of [3-
FNA), while 4-N-phenylpropanamide toward the receptor
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Fig.2 The RMSD [A]as a function of simulation time [us] in production
runs for APO, FENT, and MORPH: (APO-IN-3,2,1; FENT-NA-3,
FENT-ACT-1, FENT-ACT-2; and MORPH-ACT-2). The three first

columns are for inactive APO, FENT-Na, MORPH-Na (a) and the next
three are for active APO, FENT, MORPH (b)
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a

3

b

Fig. 3 The fentanyl side-chains retain some residual mobility in the binding pocket: a 4-N-phenylpropanamide mobility, b N-phenethyl mobility
(conformers are represented with different colors). Helices of the receptor are colored from N-terminal (blue) to C-terminal (red)

outlet so that the phenyl pointed to Trp318”-3, The rationale
behind this positioning was that we assumed N-phenethyl of
fentanyl is a counterpart of N-phenethyl in N-
phenethylmorphine (a pnOR agonist) and if N-
phenethylmorphine has the alkaloid part oriented similarly to
[3-FNA in 4DKL, the N-phenethyl chain must go toward the
receptor intracellular part. Further, the activity of a fentanyl
derivative substituted at the N-phenethyl chain has been found
to be sensitive to mutations of Ser329”*® located around the

\ i A

94 = Trp133 -
yraze  GnA24 S TP

a

putative sodium binding pocket toward the intracellular side
of the receptor [30]. On the other hand, the activity of a deriv-
ative, which is substituted at the para-position of the anilide
aromatic ring have been influenced by mutations of
Trp3187-% and His3197° [31]. The similar binding mode of
fentanyl in the active and inactive receptor structures (see
Fig. 1) was found.

The stability of the obtained binding modes (manually
or automatically) was checked by several molecular
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Fig. 4 Intermolecular contacts of fentanyl in the receptor cavity presented for FENT-IN-Na*: a in 3D view and (all helices gray, Leu and Ile green,
Asp red, Trp brown, Tyr, Gln orange, His blue) and b 2D view. Yellow point on left part of ligand is the sodium ion
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Fig. 5 Intermolecular contacts of morphine in the receptor cavity presented for MORPH-IN-Na*: a in 3D view (all helices gray, Val and Tle green,
Asp red, Trp brown, Tyr orange, His blue) and b 2D view. Yellow point on left part is the sodium ion

dynamics runs (of at least 500 ns lengths, for details of MD
simulations see below) with the complexes ligand-4DKL
and ligand-5CIM. The poses of fentanyl, coming from
automatic docking were unstable in simulation. In the case
of morphine, the manual/automated docking pose retained
a very stable positioning throughout all simulations.

Receptor and ligand preparations

The 4DKL and 5CI1M receptor structures were
downloaded from the Orientation of Proteins in
Membranes (OPM) database [32]. The OPM structures
are pre-oriented protein coordinates with respect to the
membrane normal (the Z axis by definition). The original
ligands, the T4 lysozyme fragment in 4DKL, and the
nanobody in 5CIM were removed; as were all other het-
eroatom (HET) residues found in the structures.
Crystallographic water molecules found within the recep-
tor were retained. The missing ICL-3 loop in 4DKL was
modeled using the ModLoop server [33]. The disulfide
bridge (Cys140-Cys217) was kept as found in the crystal-
lographic structures. A few missing atoms were added au-
tomatically in both structures. Unnatural amino acid
cysteine-s-acetamide (YCM) found in the position 57 of
5C1M was manually changed to cysteine.

The piperidine N-atoms of ligands were protonated as
expected at physiological pH. The structures were mini-
mized using Gaussian09 [34] at the B3LYP/6-31G(d,p)

level. In order to obtain force-field parameters for the li-
gands, they were submitted to the ParamChem service,
which produces parameters compatible with the
CHARMM force-field (CHARMM CGenFF) [35].

Molecular dynamics variants
The molecular dynamics were performed on the system con-

taining: receptor protein, membrane, and solvent. The variants
(Table 1) included simulations where the protein structure

T™M4 (A y}

T™M5

T™3

79

Fig.6 Overlap of fentanyl and morphine positioning in the pOR binding
pocket. Helices of the receptor are colored from N-terminal (red) to C-
terminal (blue)

™7
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a

b

Fig.7 Both ligands contact the helices at different residues: a fentanyl (blue) and b morphine (yellow) in the LOR. The residues that are contacted by the

ligand are marked in red (simplified depiction)

came from either the inactive crystal 4DKL (denoted with -IN
postfix) or the active crystal SCIM (denoted with ACT).

The binding pocket was occupied by either fentanyl (de-
noted with FENT- prefix) or morphine (denoted with
MORPH- prefix). Alternatively, simulations without a ligand
were also performed (denoted with APO- prefix). In the case
of the 4DKL complexes, we prepared systems with (-IN-NA)
or without a sodium cation (simply -IN postfix) placed at the
allosteric site (close to Aspl 14? '50), but as most of simulations
without allosteric sodium gave unstable fentanyl behavior,
this variant is not discussed in the text. In the case of the empty
4DKL receptor, sodium entered the allosteric site within sev-
eral nanoseconds from the simulation start, so we treat these
runs in aggregate with other -IN-NA simulations.

Molecular dynamics protocol

The MD simulation systems were prepared with the help
of CHARMM-GUI service [36]. The receptor was
inserted into the POPC membrane (145 lipid molecules,
the replacement method was used), and the system was
solvated with water (about 13,000 water molecules, the
TIP3P water mode was used). Na* and Cl™ ions were
added so as to obtain 0.154 M concentration. The size
of the final systems (rectangular box) was 78.88 x
78.88 x 111.18 A. The CHARMM36 force-field was used
[36] or the protein, lipids, water, and ions. Energy mini-
mization and MD simulations were performed using
GROMACS 5.1.2. [37]. After the minimization, the

Fig.8 The Trp293%® rotameric states found in the simulations: a MORPH and the majority of APO simulations; b and ¢ FENT simulations. Note that

rotameric states of Phe289%** are very similar in all cases
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system was subject to six steps of equilibration [38] (as
defaulted in the CHARMM-GUI service). The NVT dy-
namics (constant volume and temperature) was used for
the first and second step, and the NPAT (constant pres-
sure, area, and temperature) dynamics for the other steps
at 303.15 K. The parameters used in the production step
were as follows: NPAT ensemble, 303.15 K, integration
step=2 fs, cut-off scheme Verlet, Nose-Hoover thermo-
stat, Parrinello-Rahman barostat, LINCS H-bonds con-
straints. MD results were analyzed using GROMACS,
VMD, and in-house Python scripts (using the
MDAnalysis library [39]).

The proper production runs were extended to obtain at
least 1.2 us simulation time after the stabilization of the
binding mode. The production simulations were done in
three replications. The protein RMSD for the APO, FENT
and MORPH simulations (Fig. 2) fluctuates around similar
values. Thus, the ligands undergo comparably small con-
formational changes as indicated by their RMSD values.
This suggests higher stability of the ligand-receptor sys-
tem in the case of morphine is present in the binding pock-
et than when it is either empty or is occupied by fentanyl.

Results and discussion

This chapter contains the description of our MD simulation
results: (i) the fentanyl and morphine binding modes supple-
mented by mutagenesis data, (ii) the description of the differ-
ences in the dynamic behavior of the binding site residues, and
(iii) the principle components analysis. The discussion of pre-
sented results finishes this chapter.

Fentanyl binding mode

We undertook several approaches for the determination of the
fentanyl binding mode. Our idea was to find the binding mode
by bridging molecular docking and molecular dynamics
(following the workflow similar to the one proposed in ref.
40). The ligand was docked either manually or automatically
to the binding site of: i) the inactive receptor without a sodium
cation present in the allosteric site (4DKL, FENT-IN), ii) the
inactive receptor with a sodium cation present in the allosteric
site (4DKL with sodium at Asp114*°°, FENT-IN-NA), and
iii) the active receptor (FENT-ACT), see “Binding mode
determination”.

Molecular dynamics runs of length up to at least 500 ns
were performed in all cases. The simulations with unstable
behavior of fentanyl in the binding site were discarded. For
example, no stable fentanyl positioning was found in FENT-
IN simulations, and therefore this configuration was omitted
from further investigations. Finally, a single binding mode to
which several FENT-IN-NA simulations and FENT-ACT

simulations had converged was chosen for the extended MD
runs. Therefore, similar interactions in the binding pocket for
both FENT-IN-NA (Fig. 4) and FENT-ACT (Fig. SM-1) were
observed.

In this binding mode, the protonated amine of the piperi-
dine ring interacts stably with Asp147°3?, as expected of
high-affinity pOR agonists. The N-phenethyl chain is oriented
toward the intracellular side, while the 4-N-
phenylpropanamide chain toward the extracellular side. Both
these chains retain some residual mobility and in some simu-
lations a sort of rotational alternation can be observed without
the overall change of the binding mode (Fig. 3a and b).

Figure 4 presents the intermolecular contacts of the
fentanyl-pOR complex (3D and 2D projections). Apart from
the mentioned charge-assisted hydrogen bonding pipNH"...
Asp147°2, the piperidine ring also forms hydrophobic inter-
actions with GIn124%° and for some time with le3227° or
Tyr326”*. The N-phenethyl chain in the most frequent ar-
rangement is localized so that the aromatic ring of fentanyl
forms hydrophobic contacts with Tyr326”4 for some of the
simulation periods with 11e296°>" and T1e322 (dependent
on the rotamer of the N-phenethyl chain) and/or with
Trp293°%*® (dependent on the rotameric state of the
Trp293°“® side chain). As to the 4-N-phenylpropanamide ter-
minus, two groups of residues interact either with the phenyl
ring or with the propionyl chain of fentanyl. The first grouping
involves: GIn124%*%°, Trp1335°, val14332% Cys217°°%2,
Asp216ECL2 and the second one: Ile1443%7, Tyr1483'33,
Thr218"“"2, Leu219"“"?, Leu232>7*,

Additionally, we observed that the 4-N-
phenylpropanamide may interact with His54 of the receptor
N-terminus in the active structure (FENT-ACT) where the
flexible N-terminus of the receptor is present. One can take
into account that experimentally, there is some evidence that
N-terminus is important for fentanyl’s binding (lowering the
Kp by ten times upon N-term deletion) but not for that of
morphine [41].

Morphine binding mode

In the case of morphine, the determination of the binding
mode was straightforward, after only a very minor readjust-
ment from the pose obtained by manual docking. In both the
active and the inactive receptor (MOR-IN-NA, MOR-ACT),
morphine keeps a very stable positioning throughout all sim-
ulations, and therefore similar interactions in the binding
pocket for both MORPH-IN-NA (Fig. 5) and MORPH-ACT
(Fig. SM-2) were observed.

The intermolecular contacts (see Fig. 5) between the ligand
and pOR involves first and foremost the interaction of the
protonated amine with Asp147°~?. The oxygens of the phe-
nol, hydroxy, and ether groups are oriented toward the extra-
cellular side and exposed to interactions with the solvent
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«Fig. 9 Distributions of Trp293%*® dihedral angles: a ;. b x». The
histograms are made based on the last 300 ns for three replications
(900 ns in total); The plots ¢ and d show time dependences of x; and
x> for Trp293%*® during 1.2 ps simulations. Each component picture
demonstrates a separate simulation. The top, middle, and bottom row
correspond to APO, FENT, and MORPH, respectively. Observe that
only for FENT are different values of the torsion angles stabilized

molecules hydrating the binding site. The water molecules in
the direct vicinity of these oxygens form a water network
contacting for example Tyr148*~. Morphine is also involved
in a number of stable hydrophobic interactions with
Met151°3°, Val236°*?, Trp293°*¥, His297°°%, 11e296°",
Val300%°°, Trp3187-3°, 11e3227-*°, Asn150°*>, and
Lys233°2°. Such a binding mode is generally similar to the
ones found in crystallography for a 4,5-a-epoxy-morphinan
antagonist [3-funaltrexamine [9] or for a more distant agonist
derivative BU72 [10]. It is also consistent with other modeling
studies that dealt with morphine so far [42, 43].

The data emerging from the pOR mutagenesis

The description of the binding modes of both ligands is sup-
ported by mutagenesis data:

(1) First and foremost, both studied ligands exhibit an ionic
interaction with Asp147°-2. The mutation of this residue
for alanine or asparagine (able to form H-bonds but not
ionic interactions) lowers the pOR affinity of morphine
more than 30 times [44]. Such a drastic drop is not ob-
served with the Aspl147Glu mutation [44], where the
side-chain is negatively charged (as in Asp), but longer
by one —CH,— unit which is apparently suboptimal, still
demonstrating, however, the necessity of the N*H...
COO' interaction in utOR binding. No data on the
Asp1473 32 mutations are available for fentanyl; however,
it is reasonable to suppose that the importance of the
interaction also holds true for 4-anilidopiperidines (as a
general rule in aminergic GPCRs). “Carba”-derivative of
fentanyl was reported to bind with much weaker affinity
[45].

(i) Both ligands interact either directly (H-bonds) or indi-
rectly (H-bonds through a bridging water molecule) with
Tyr148>33. This corresponds to the effect of Tyr148Phe
mutation [44], upon which such an interaction is not
possible (there are no atoms in the side-chain able to
form an H-bond), and which was reported to bring about
a threefold drop in morphine affinity and a 2- to 7-fold
drop in affinity of ohmefentanyl stereoisomers.

(iii) An identical mutation on Tyr326’*3, namely
Tyr326Phe, was reported to cause a significant deteri-
oration in fentanyl affinity (more than 72 times), while
a not so dramatic one for morphine (about six times)
[46]. In our simulations, for neither of the ligands there

exists a direct H-bonding interaction with Tyr326*.
On the other hand, Tyr3267'43 is involved in the inter-
action with Asp147°-? (previously called “the 3-7
lock™). The interaction is either direct or mediated by
a water molecule (or dissolved). Our simulations show
(these results are described in “Differences in the dy-
namic behavior of the binding site residues™) that this
contact is tighter for fentanyl. Hypothetically, the pres-
ence of the H-bonding ability in this residue is impor-
tant for adequate positioning of the side chains for fOR
interactions with fentanyl, and therefore a mutation de-
priving such a function impacts fentanyls’ affinity to a
much greater extent than that of morphine.

(iv) A mutation where the effect on affinity and potency is
clear for morphine (5 x | affinity) but not for fentanyl (2
x | affinity) is Trp318Leu [47]. In our simulations, fen-
tanyl did not form stable contacts with Trp3187-5.
Contrarily, morphine did form hydrophobic interactions,
so an exchange for a smaller side-chain resulting in a
smaller contact surface should consequently bring about
some lowering of the affinity.

A generalized glance at both ligands

In a generalized view (Fig. 6), both morphine and fentanyl
interact with TM3, TMS5, TM6, and TM7. The positioning
of fentanyl and morphine overlap only to a minor extent
(Fig. 7), even though some of the contacts are present in both
cases (Figs. 4 and 5). Notably however, the extent of these
contacts does differ in both cases.

Fentanyl’s atoms are in the proximity (closer than 7.0 A) of
as many as seven TM3 residues, while for morphine it is only
four residues. The situation is somehow reverse if TM6 is
considered. Here, morphine is able to contact five TM6 resi-
dues, and fentanyl only three. Regarding TM7, both ligands
are in contact to a similar extent, but its place is different.
Morphine interacts closer to the extracellular side
(Trp3187-?), and fentanyl at the bottom of the binding pocket
(Tyr3267*%). Fentanyl, as it stretches toward the extracellular
side with the 4-N-phenylpropanamide chain, is also able to
reach ECL1, ECL2, and the N-terminus (present in 5SCIM
structure).

Differences in the dynamic behavior of the binding
site residues

The comparison of the experimental structures in the inactive
and active crystal forms has revealed main “micro-switches”
to explain the inhibition/activation mechanism of GPCR.
There are putative “Trp rotamer toggle switch” and
breaking/creating of “3-7 lock” [48, 49]. Apart from
contacting different residues of the LOR binding pocket than
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morphine, fentanyl contacts the elements common to both
ligands but induces some different effects. These include the
conformation of: Trp293°“®, Asp147°?, and Tyr320”*.

The first of the mentioned residues, highly conserved
amino-acid Trp293%*¥, seems particularly important since it
has been thought to be directly involved in the activation
process in the so-called “Trp rotamer toggle switch” (called
“transmission switch” too [49]). This “micro-switch” hypoth-
esis was based on the MC simulation of the TM6 in cannabi-
noid CB; receptor [50, 51]. More recent MD simulations per-
formed on inactive and activated pOR crystal structures seem
to support it [52—-54]. This residue links the agonist binding
site with the movement of TM5 and TM6 through the rear-
rangement of the TM3-5-6 plane. In our simulations, the dif-
ferences in x; and x, angles in Trp293°*® are clearly seen for
morphine and fentanyl interactions with pOR. Therefore, we
monitor the process through the Trp293°*® movement, which
can be evidenced by the time course of the x; and x, angles.

In the inactive 4DKL crystal structure of receptor,
Trp293°“® has dihedral angles x, =—77° and x, = 79°, while
in the active crystal structure SC1M, these values read —87°
and 121°, respectively. The simulations of the empty receptor
started from either the active (3 out of 3 APO-ACT replica-
tions) or the inactive (2 out of 3 APO-IN-NA replications)
converge to values of about —70° and 110°, respectively
(Fig. 8a and b). However, one APO-IN-NA simulation results
in another rotamer of Trp2936'48 (x1 ~ 180° and x, ~ 110°,
presented in Fig. 8b). The first option is unexceptionally pres-
ent in MORPH-IN-NA and MORPH-ACT simulations. In the
case of FENT, both possibilities are sampled and additionally,
a third rotamer appears (x; ~ 180° and x, ~ —110°, see Fig.
8c). The —70°/110° rotamer is associated with a particular,
stabilized conformation of the N-phenethyl chain [t, g, g |,
and with the chain flexibility at 9, and 94 ([t/g /g"; t,g /g"]
conformers (for & definitions see Scheme 1).

To better understand the structural changes for Trp293°4%,
the distributions of two dihedral angles are presented in
Fig. 9a, b, and the time evolution of these angles is illustrated
in Fig. 9c, d.

The positions of the x; and x, torsional angles in the APO,
MORPH, and FENT simulations can be easily read from the
angle distributions (Fig. 9a and b). Observe that in the APO
and FENT simulations based on the inactive receptor, two
positions of the x; angle are found, while in the other simula-
tions only one value is populated (Fig. 9a). It seems to be
important that MORPH simulations indicate the same value
of x; for both inactive and active receptor structures.
Moreover, the x; angle in APO simulations of the active re-
ceptor structure is practically the same. In contrast, in FENT
simulations based on the active structure of receptor the x;
angle is very clearly different and equal to ca. —160° (Fig. 9a).
On the other hand, the x, torsional angle value is split only for
the FENT simulations based on the inactive receptor (Fig. 9b).
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Interestingly, the X, values in APO and MORPH simulations
are basically identical in the inactive or active receptor. Again,
the value of the X, angle is very clearly different than that in
APO and MORPH simulations, and it equals ca. —110° (Fig.
9a). The exceptional values of the x; and x, torsional angles in
the FENT simulations evidently distinguish the fentanyl inter-
actions with pOR from those of morphine.

The time dependences of the x; and x, torsional angles in
the APO, MORPH, and FENT simulations (Fig. 9¢ and d)
confirm the image given by the angle distributions (Fig. 9a
and b). Indeed, there are two x; angle values for the APO and
FENT simulations based on the inactive receptor and one for
all the other simulations (Fig. 9c). As before, the x; angle
indicated by the time dependence in the FENT simulations
of the active receptor structure is different than that in the
APO and MORPH ones. Similar conclusions can be drawn
based on the time dependences of the x, torsional angle (Fig.
9d).

Additionally, we determined the number of water mole-
cules within 5 A from Asp114%°°, as the hydration of
Asp114*°?is connected with the rotation of Trp293°*¥, which
opens the space toward the cell interior for water influx. The
distribution of the number of water molecules is presented in
Fig. 10. It appeared that the number of water molecules in all
APO, FENT, and MORPH simulations in the inactive receptor
structure is similar (from 4 to 11, within the statistical fluctu-
ations) and does not differentiate the ligands. Also, the num-
ber of water molecules and distribution shape in the APO,
FENT, and MORPH simulations in the active receptor struc-
ture are practically identical (from 4 to 9) and do not differen-
tiate fentanyl from morphine.

The X; and , dihedral angles in Phe289°** and Trp293°4®
are known to be correlated [44]. The time dependence of the
torsional angles in Phe289%** is presented in Fig. 11a. Two
positions of the x; (ca. —180° —100°) are observed in the
inactive receptor. However, for APO and MORPH the
equal to ca. —100° occurs rather occasionally, whereas for
FENT x; =—100° is stable for quite a significant part of the
simulations (Fig. 11a). On the other hand, in the active recep-
tor for both: APO, MORPH, and FENT simulations only x; =
—180° is present (Fig. 11a). In the inactive receptor, two posi-
tions of the x, (ca. —100° and 90°) are observed for APO and
MORPH simulations but for FENT ones, in the earlier stage of
simulations, up to 0.9 us, from 2 to 5 values of x, can be
observed, but eventually the same two angles seem to be pop-
ulated ca. —100° and 90 ° (Fig. 11b). In the active receptor, the
same two positions of the x, (ca. —100° and 90°) are observed
for all simulations, but for APO and MORPH, flips between
the two angles are very frequent, while for FENT the flips are
occasional. The frequency of changes of the x; and x, dihe-
dral angles in Phe289°** in FENT with respect to APO and
MORPH seem to be the main difference of interaction be-
tween fentanyl and morphine with pOR.
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Fig. 10 The distribution of the number of water molecules within 5 A from any atom of Asp114*°. The histograms are made based on data from the last
300 ns of three replications (in total 900 ns)

Tyr3207*. It has been suggested to play a key role in the
activation of the pOR. Opening of “the 3—7 lock” was the
first switch proposed to activate the rhodopsin. Here, the
lock behavior is demonstrated in the form of distributions
(Fig.12a) and time evolutions of the distance between

We also observe changes of the hydrogen bond between
Asp147°3% and Tyr320”*. It has been speculated to be in-
volved in “the 3—7 lock™, i.e., the breaking of the link between
TM3 and TM7 during the activation, which is realized by the
breaking of a hydrogen bond between Aspl147°? and
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Fig. 11 The Phe289%* a x, and b X, dihedral angles time dependences of the x; and X, during 1.2 us simulations. Each component picture
demonstrates a separate simulation. The top, middle, and bottom rows correspond to APO, FENT, and MORPH, respectively
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Aspl147°3? and the Tyr326”* (Fig. 12b). When fentanyl
is in the binding pocket, the Tyr326”** hydroxyl group
remains closer to Aspl47°~? than when morphine is
bound. It is particularly visible in FENT-IN-NA simula-
tions, where distribution of the Tyr3267'43 O(H)...CG
Asp1473'32 distance is focused around 5.0 A, while for
MORPH-IN-NA there is a shift toward higher values
and for APO-IN-NA it is usually distributed around
7.0 A (Fig. 12). The time evolutions support the image
yielded by distributions (Fig. 12b).

Additionally, except for the distribution of the Tyr326’*
0...CG Aspl47°3? distance, the observation of the
Aspl47°2% x, dihedral angle changes are very important.
These parameters, the distribution of the distance and the time
dependence of Asp147°2% x; dihedral angle for Asp147°-2
during simulations, are presented in Fig. 13a, b.

In this case, the distributions for the inactive receptor al-
most do not change in the active one (Fig. 13a) for the two
ligands, morphine and fentanyl. Notice, however, that only
one angle is populated for MORPH, while there are two for
FENT and APO simulations. The time evolution supports the
image yielded by distributions (Fig. 13b).

APO-IN-NA FENT-IN-NA

0.45

MORPH-IN-NA

Principal component analysis

The structural variability observed in the simulations was also
investigated by the means of principal component analysis
[55]. For the sake of analysis, only the last 300 ns of the
simulations were taken into account. The data from different
runs were pooled so to obtain a common subspace.

The first principal component (PC1) accounts for as much
as 46% of the observed variance. The further four PCs are
associated with 6% (PC2 and PC3), 4% (PC4), and 3%
(PC5) variability. The plot of PC2 vs PC1 reveals clear clus-
tering (Figs. 14 and 15). The points corresponding to the IN-
NA runs gather at the low extremum of PC1, while those of
the ACT runs at the high extremum thereof. Thus, it seems
that the movement associated with PC1 corresponds to the
large helical movements on the activation pathway. Indeed,
it is what is revealed by the visual inspection of the trajectory
projections on the average structure from PCA along the PC1
(Fig. 16).

Notably, there is also some less pronounced grouping with-
in the ‘active’/‘inactive’ clusters. The APO-IN-NA generally
has the lowest values. FENT-IN-NA groups in the middle
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Fig. 12 a The distributions of Tyr326”* 0...CG Asp147°3? distance.
The histograms are made based on data from the last 300 ns of three
replications (in total 900 ns). b The plots showing time evolution of the
distance (in nm) during 1.2 ps simulations. Each component picture
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demonstrates a separate simulation. The top, middle, and bottom row
correspond to APO, FENT, and MORPH, respectively. It seems that
time dependencies of the Tyr326”** O...CG Asp147>* distance do not
differentiate the APO, FENT, and MORPH systems
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Fig. 13 a The distributions of Asp147°3? y, dihedral angle. The
histograms are made based on data from the last 300 ns of three
replications (in total 900 ns). b The plots showing time dependences of

between APO-IN-NA and MORPH-IN-NA. This could be
interpreted that APO-IN-NA runs do not go toward the acti-
vation (no G protein and no agonist present), while in the runs
with the agonist it occurs at least partially. Regarding the ACT
simulations, PC1 values are rather concentrated, with only
some left-tailing of the APO-ACT. An interpretation for that
could be that with the lack of agonist in the binding site, APO-
ACT deactivates faster than the structures with fentanyl or
morphine.

The yet clearer clustering within the IN-NA runs is obtain-
ed if the second PC is taken into account. PC2 values for
FENT-IN-NA group to the higher extremum, while APO-
IN-NA and MORPH-IN-NA are evenly distributed. The clus-
tering in PC2 values is not so pronounced when ACT simula-
tions are considered. The extraction of the motion associated
with PC2 is not easy. However, the clustering could suggest
that some receptor elements on the activation pathway
inactive—active might be different in the presence of morphine
or fentanyl.

To finish, we would like to present a link between the
differences in dynamic behavior and the differences in signal-
ing pathway efficacy. The activation mechanism of GPCRs
involves the rearrangement of hydrophobic residues below the

the x; dihedral angle for Asp147°>? during 1.2 ps simulations. Each
component picture demonstrates a separate simulation. The top, middle,
and bottom row correspond to APO, FENT, and MORPH, respectively

orthosteric binding pocket (“hydrophobic core”). This rear-
rangement enables large helical movements that lead to the
formation of the water channel from the extracellular to the
intracellular side. A residue that connects the ligand binding

-6}

“6 ~a =2 0 2 2 6
PC1

Fig. 14 The plot of the PC2 vs PC1 values. APO-IN-NA (red), FENT-IN-

NA (blue), MORPH-IN-NA (green), APO-ACT (black), FENT-ACT (or-

ange), MORPH-ACT (pink)
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Fig. 15 Superposition of the a
distributions of: a PC1 values, b 0.30
PC2 values. The histograms are
made based on data from the last 0.25 - °
300 ns of three replications (in ’
total 900 ns)
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pocket and the hydrophobic core is Trp®*® (highly conserved, A similar suggestion could be elucidated for the ob-

Trp or Phe present in over 80% of GPCR A family proteins).
The changes of the rotameric states of this residue have been
suggested to form a “microswitch” that participates in the
early activation stages by influencing the packing of the hy-
drophobic core residues and opening a gate for the water in-
flux from the bulk toward the center of the receptor [56].
Presumably, if some agonists stabilize different sets of
rotamers of Trp6'48, as is the case in our simulations, it can
result in differences in the course of the activation process,
yielding different efficacies with regard to binding the intra-
cellular partners.
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served differences in the interaction between Tyr326’*+
and Aspl47°2. Tyr326Phe (human receptor numbering)
mutations have also been shown to influence opiate recep-
tor bias with yet a different pattern. Tyr — Phe exchange
disables the ability to form the hydrogen bond between
the Asp3 32 and mutated amino acid in TM7, which had
been formerly designated as a “3—7 lock”. In FENT-IN-
NA simulations the lock seems ‘tighter’, with either direct
H-bond interaction or one mediated by a water molecule
happening more often than in APO-IN-NA or MORPH-
IN-NA. This seems due to the different arrangement of
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a

b

Fig. 16 The trajectory projections on the average structure from PCA along: a the PC1, b the PC2. Helices of the receptor are colored from N-terminal

(blue) to C-terminal (red)

fentanyl’s piperidine with respect to Asp147°-%, as well

as a direct interaction of its N-phenethyl with the
Tyr3267** aromatic ring.

The question of if and how these differences could lead to
structural differences at the intracellular binding site cannot be
answered on the basis of the simulations of the timescale pre-
sented here. An early hallmark of such possible differences
may be different hydration of the allosteric sodium site, which
is larger in FENT-IN-NA than MORPH-IN-NA (Fig. 10).
More experimental work is necessary to elucidate this
hypothesis.

Conclusions

In the present contribution we describe the molecular dy-
namics simulations of fentanyl complexed with pOR. We
performed runs using both inactive and active receptor
crystal structures. As a comparison, we also carried out
analogous simulations with morphine in the binding site
or without a ligand. The main was the study of the
ligand—receptor interactions for two ligands. The simula-
tions enabled us to identify fentanyl’s binding mode. With
both starting points (inactive/active receptor structure),
fentanyl converges to a single binding orientation,
conforming to some clues stemming from mutagenesis
data.

The binding poses of fentanyl and morphine overlap
only to a minor extent. The presence of ligands in the
binding site is associated with different rotameric states

of the Trp293°*® residue resulting in different hydration
of Aspl14*°°. Fentanyl also seems to stabilize tighter
arrangement of the interaction between Aspl47°-% and
Tyr326"**. Principal component analysis reveals differ-
ences in the trajectories dependent on the ligand bound.

We believe that the different extent of communication with
receptor helices as well as differences in the Trp293°*®
rotamers, Asp147°2% and Tyr326"** interaction, and hydra-
tion of Asp114>°° observed for fentanyl and morphine in our
simulations could be linked to the differences in ligand-
dependent efficacy with respect to receptor intracellular sig-
naling events. The results suggest that small changes in the
ligand-residue interactions and the receptor conformations
lead to differing efficacies. Further studies of fentanyl deriva-
tives are in progress.
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