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ABSTRACT: Over the past two decades, the opioid epidemic in the Uniteek with bound Morphine MOR with bound Fentany!
States and Canada has evidenced the need for a better understanding of tHe»®a s Sers7 " asnize
molecular mechanisms of medications useghtopain. Morphine and ~»**® /¢ @70 iso Ginizs
fentanyl are widely used in opiate-mediated analgesia for the treatments Lo - @Tyris0 VK"OH"W::M
chronic pain. These compounds target-thy@oid receptor (MOR), a class,.s. " @nepras Tyrazs

A G protein-coupled receptor (GPCR). In light of described higterye s ® | l

of fentanyl with respect to morphine, we have performed indepsaden4@ ™2 @m4” _TM2
length unbiased molecular dynamics (MD) simulations of MOR complexes ™3 @ TM1 .TM3. TM1
with each of these ligands, including the MOR antagonist naltrexonergfs a1\e TM7. ™5 TM6
negative control. Consequently, MD simulations totaling b@ve been (’ o \‘ ) ‘]’M?
conducted to elucidate at the atomic level ligandespeoeptor activity ‘ ‘ o

and signal transmission in the MOR. In particular, we haveeitistable

binding poses of morphine and fentanyl, which interac iy with the MOR. Dérent ligandreceptor interaction landscapes

directly induce sidechain conformational changes of orthosteric pocket residu® Radb853 GIn126° and Lys235°

The induced conformations determine Aspt4Byr328-43 sidechainsidechain interactions and TrpgZ§5Ala245-46
sidechainbackbone H-bond formations, as well as Mefle8nformational changes. In addition terginces in ligand

binding, dierent intracellular receptor conformational changes are observed as morphine preferentially activates transmembra
(TM) helices: TM3 and TM5, while fentanyl preferentially activates TM6 and TM7. As conformational changes in TM6 and TM7
are widely described as being the most crucial aspect in GPCR activation, this may contribute to ttecyretfentanyl over

morphine. These computationally observed functioaadrdies between fentanyl and morphine may provide new avenues for the
design of safer but not weaker opioid drugs because it is desirable to increase the safety of medicinesnygttinait s@egy .

INTRODUCTION MOR G protein-biased agonist TRV130 (oliceridif).

Chronic pain is a major public health problem with a higpliceridine has been rece_nt'ly ap'proved (August 2020) by the
prevalence and impact on quality of-fif®piate-mediated ~US Food and Drug Administration (FDA) under the trade
ana|gesia has shown to be the mosa@ous treatment for hame Olanyk for short-term intravenous use in hospitals and
chronic pairi,which primarily targets theopioid receptor ~ other controlled settings.Moreover, in the prescribing
(MOR), a class A G protein-coupled receptor (GPCR)information leeet, it is stated that oliceridine is a full opioid
encoded by the Oprml génélpon binding of opioid agonist and is relatively selective for the MOR. It is also
analgesics, ligand-speconformational changes occur in the recognized that, depending on the dose used, adverse
MOR? which lead to activation of the receptor and couplingeactions, including respiratory, and CNS depression may
with intracellular heterotrimeri¢gBotein or -arrestir, thus appear. Importantly, it is also stated that the precise
mediating the propagation of the receptor message througiechanism of the analgesic action is unknown although
di erent signaling pathways. It remains elusive precisely hg@ecic CNS opioid receptors are thought to play a role in the
ligand receptor interactions at the binding siteugénce  anpalgesic ects of the drutf*® Thus, although drug discovery
MOR conformational dynamics and hencereint signal  programs based on biased agonism seem to be a promising

transmissions. While the therapeugcteof opioid analgesics  gyrategy, in particular for the MOR, they still need further
is malnlé/ attributed to MOR activation throughpfBtein

signaling, ® their side eects, opioid-induced hyperalgesia, _
constipation, respiratory depression, and analgesic tolerarfgseived: August 5, 2020
have mostly been linked tearrestin signalifig° Thus,

agonists biased toward thepfdtein pathway would be ideal

to be considered for drug development as potential future

medications. Following this research direction, high expect-

ations were generated by preclinical in vivo studies on the
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knowledge and experimentation both at the molecular anmdMOR crystal structure presents, compared to the inactive
quantitative pharmacology leVel€ In this regard, following  crystal structure, (i) large outward movement of TM6 relative
the strategy of MOR biased agonism, several studies haweTM3, (ii) smaller inward movements of TM5 and TM7,
examined how agonists targeting the MOR interact wittiii) breakage of the H-bond between Ardt6mnd
specic residues to selectively regulate couplingbt@in Thr279-3 (equivalent of the classical 3RFgAsp/GIf-3°
or -arrestirt’ ?®> which in some cases have led to the GPCR ionic lock, which involves an acidic amino acid at the
discovery of new analgesics with reduced negative sidesition 6.30 that is lacking in the MO&R)nd formation of a
e ects:*** Yet, although some structural studies of varyingi-bond between Arg1®% and Tyr252% (iv) inward
MOR agonist ecacy have been addressétithere is stilla  movement of the NPxxY->® motif on TM7 toward
lack of complete understanding of the precise nature dM5.>"%*° and (v) upward axial movement of TM3n
ligand MOR interactions responsible for observed pharmacgeneral, previous MD studies were performed by removing
logical proles. In this regard, further studies at the atomimon-native Nb39 and T4 lysozyme, as well as bound ligands
level including agonists witheatient e cacies can shed light BU-72 and -FNA, from activated and inactive states of the
on MOR activation mechanisms. This was the reason fonMOR, respectively®° In particular, a model was provided
selecting morphine and fentanyl for the present study. Fentatylshow how ecacy depends on small chemica&rdnces in
is a high-ecacy MOR agonist, whereas morphine is a lowestructurally similar morphine-like liganélscommon feature
e cacy MOR agonist, which, depending on the assayf bound opioid ligands revealed in these st(tié$***°is
performed, can behave as a partial agfiistis expected  the protonation of their tertiary amine, which is necessary to
that the generated knowledge can be later incorporated inflarm a conserved salt bridge with Asp£4n TM3 in the
drug discovery programs addressed to avoid ligands wihthosteric pocket. This residue is also located within the H-
unwanted eects yet conserving the analgesic capacity of tHeond distance with Tyr328on TM7 in the mMOR? thus
most powerful drugs. favoring interaction between TM3 and TM7 and activation of
Biophysical studies of the MOR have led to thethe receptot’*’ *° This can be observed in activated and
determination of three dirent crystal structures of the inactive crystal structures of the mM&Ryhere the distance
receptor: inactivé,activated,and fully activ8 structures of  between these residues is closer in the activated crystal
the murine MOR (mMOR). In 2012, the inactive crystalstructure than in the inactive one. In addition, computational
structure of the mMOR was obtained by X-ray crystallog- studies of the mMOR have reported spemiotein ligand
raphy, co-crystallized with the morphine-like antagéihigt interactions such as the plausible existence of two possible
covalently bound to Lys233(superscript numbers refer to tautomers of His2872 which can have relevance in ligand
the Ballesteros and Weinstein generic numbering $ghemefunctiont® as well as Tyr32& and GIn124%° H-bondin
This structure provided thest high-resolution insight of the interactions, which may also determine ligand dttivity.
MOR?Z° which enabled the application of structure-basetiowever, computational techniques are yet to satisfactorily
computational approaches: rational targeted drugde$ign, explain varying MOR agonistcacy and potency.
receptor oligomerization studies with other GPT€Rand Opioid analgesics, the prototypical pain killere, itom
study of the mechanism by which sodium ions prevent largeach other in their structural sid and potency. Of all of
scale movement of transmembrane (TM) helix 6 away froithem, the naturally occurring compound morphine has been
TM3, which inhibits receptor activatioit. In 2015, an considered the reference MOR agonist to which other opioid
activated crystal structure of the mMOR bound to theanalgesics are comparedh the last decade, fentanyl, a
morphine-like agonist BU-7@jjth intracellular binding of a synthetic opioid 50100 times more potent than mor-
G protein mimetic camelid antibody fragment (Nb39), waphine;* >* and fentanyl analogs have been related to a rapid
resolved by X-ray crystallography. protein mimetic  increase in the number of opioid overdose deaths because of
nanobodies have been shown to be of great utility fdegal (such as transdermal patches, which led to an increase in
stabilization of active-like states of GPERSsThe crystal  deaths up to 2038 or illicit manufacturg: >3°%°7 This
structure of the activated mMOR shed light on the structurdlas contributed to what is called the opioid epidemic, which
features of MOR activation that are responsible for¢heye  has aected mainly the United States and Canada and, in a
of most therapeutic analgesics. In addition, it allowed tHewer degree, Europ€’ Fentanyl diers from morphine
description of an extensive reorganization of the protder primarily in its pharmacokinetic properfiespnstituting a
polar network, required in the full activation préeesih is highly lipid-soluble drug compared to low lipid solubility of
associated with an eient allosteric coupling between the morphine, allowing it to penetrate the bldwdin barrier
receptor orthosteric pocket ang pBotein-coupling inter-  faster®* Therefore, fentanyl has a faster onset but shorter
face'”J:212 However, it was not until 2018 that a structure of theduration of action than morphitie? Following receptor
fully active state of the mMMOR was achieved by cryo-electrawtivation, dierences in morphine and fentanyl structural
microscopy’ This receptor structure with bound peptide scaolds determine speciligand-dependent receptor inter-
agonist DAMGO and human @rotein has provided new nalization process8slt has been describ@dthat high-
insights into the mechanism of intracellular binding to the cacy opiates like fentanyl induce rapid MOR phosphor-
MOR?Z ylation and internalization compared to morphine. However,
Computational techniques such as molecular dynami&® 100 times potency dirence" >° between fentanyl and
(MD) simulations have shown promise in further undermorphine has been widely discussed by in vitro $ttrdi¥s
standing the complexities of MOR signaling mechanisms. Famd its potential relation with fentanyhrrestin-biased
example, several MD simulation studies of théehavior has not been clearly established. In this regard, a
MOR 719252630 jnitialized from inactivé and activatéd  recent literatufé study supports that both fentanyl and
mMOR crystal structures, have been worthy in assessing san@phine work as unbiased agdtii$tstoward G protein
relevant features of the activation processy,Bhie activated and -arrestin signaling path\/\/gﬁyg?’ Apparently, contra-
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Figure 1.Crystal and docked ligands. Morphine and fentanyl binding poses. (a) 2D binding poses of respective inactive, activated, and fully acti
co-crystallized ligandsFNA, BU-72, and DAMGO, and docked ligands of interest: morphine, fentanyl, and naltrexone. (b) 3D conformation of
fentanyl and morphine representative stable binding poses observed during MD simulations (purple and pink, left and right, respectively). Resid
of the hMOR in close contact with fentanyl or morphine (<3.5 A) are colored in dark green or dark red, respectively. Residues colored in ligh
green or light red, respectively, are not in close contact but displayed for comparison purposes.

dictory conclusions on biased signaling may depend not onhyathematical models and parameters employed. Thus, while
on the variety of biological assays used but also on tllee E,,JECs, sigmoidaliting parameter was chosen in
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Vasudevan et &f.a comparison between operatioftél, RESULTS
and parameters was made in Burgusral” In the latter
study, while fentanyl was found to be G protein-biased und%

tsTen a/1:i<nA pa&;{ahrcv(;ter\,lvgg fgzrr)]cési,tv?]:Aaﬁstigwa;;;;%i?:%‘l‘n activated and inactive hMOR homology models were
9 9p Y 9 ) enerated from respective activated and inactive mMOR
f

Moreover, it has been shown, by measuring the an_tinociceptglgalstagzg by renumbering sequences, mutating non-con-
and respiratory depressargas of some MOR agonists, that served residues, and adding non-crystallized segments of the

the low intrinsic ecacy of some opioid ligands can explain; : ; ; : ;
their improved side ect prole.69 Additionally, a strong inactive hMOR N-terminus, inactive hMOR intracellular loop,

correlation betuween measures otay for receptor ot SUNREE BNCS CERA S CUEtE kR odels
activation, G protein coupling, andarrestin recruitment y ’

was found for some MOR agonists, including those that hatf performed two control replicas oaength unbiased MD

previously been described as bfdsedetailed review on the simulations with co-crystallized agonist BUarid three

relationship between agonistcacy, biased agonism, and control replicas Of. 3s-length with d.OCkEd antagonist
therapeutic window can be bound ’in Gillis ¥t al ' naltrexone, respectively. As co-crystallized antageNiat

From the above data, it can be concluded that thé’fihe in%ctivle thOq?iS (t:ovalefnttl); bound to Lys?-g%iais but
mechanisms of MOR activation and signal transduction ?& an ldeal control antagonist 1or our purposes nhere, bu

Homology Models of the hMOR Remain Conforma-
nally Stable in Control MD Simulations. Native

not yet fully understood. Although downstream signalin ecause of high similarity between the molecular structures of

events occur after a number of steps following the initial dru altre_xone and-FNA (Figure }, -FNA can be easily .
receptor interactions at the receptor binding site, a chemicaiPStituted for naltrexone. Therefore, in order to test docking
connection is expected to be present between initiat@ind accuracy, BU-72 was re-docked into our hMOR active model,

signaling states. Thus, understanding of the distinct receptiyfilé nalrexone was docked into our inactive hMOR model
conformational changes induced by high- and lcace and compared to co-crystallizeeNA. Docking results reveal

MOR agonists, and their diential involvement in the @ top-ranked BU-72 binding pose with a root mean square
activation of the receptor, can be informative to identify thdéviation (RMSD) of 0.4 A from its co-crystallized position
structural features that causeertint MOR functionalities. 2nd @ top-ranked naltrexone binding pose with an RMSD of
This knowledge is crucial for the rational design of safer bt’ A compared to the common heavy atoms of co-crystallized
not weaker drugs. -FNA. Trajectories of the hMOR with bqund BU-72 and
The experimentally observed functional MOR response Rfltrexone show stable reoepconformations (average
morphine and fentanyl is a consequence of molecular eveRMSDs of 1.8 A (0.4 SD) and 2.8 A (0.2 SD), respectively
that occur rst in the receptor as a result of the interactionsFigures S1 and J4and ligand binding poses (average
established by these ligands with residues of the recepMSDs of 1.7 A (0.6 SD) and 2.2 A (0.6 SD), respectively
binding pocket, which are then transmitted from the(Figures S1 and J32 These results indicate that both
extracellular to the intracellular side of the cell membrane. fi¢tivated and inactive h(MOR models remain near their initial
this context, in the present study, we performed unbsased conformation throughout long-timescale MD trajectories,
length MD simulations to complete a detailed atomic-levé¥hich supports their use as reliable starting points to evaluate
study of the receptor conformational space induced or select8g binding eect of ligands of interest: morphine and fentanyl.
in the MOR by morphine and fentanyl in order to explain the Binding Poses of Morphine and Fentanyl Di er. In
variations seen in opiate cacy’’ Receptor activation by order to computationally examine at the atomic level the MOR
either induction or selection of receptor active states has be@ncacy dierences between fentanyl and morphinesste
recurrently under deb&tehough they may coexist and be docked each ligand into our models of activated and inactive
part of the same thermodynamic cyckéere, both models hMOR models. Starting from these protégand systems,
are considered, which will allow noteworthy structuraive performed three replicas of $length unbiased MD
comparisons. In order to understand how opioid analgesié4nulations to allow for ligand-dependent receptor conforma-
transmit their molecular signal and generatgésein humans, tional change. From the respective morphine- and fentanyl-
we consider it appropriate to perform our study in the nativeound MD trajectories, we iderti one stable binding pose
human MOR (hMOR) and across multiple independent MDfor each ligandF{gure }, consistent across all replicas and
trajectories. Our results show that fentanyl displays Rredominantly selected over other alternative temporary poses
completely dierent binding pose from morphine, which (Figure SP According to RMSD across MD simulations
leads to divergentects on the orthosteric pocket conforma- (Figure SR and considering a threshold:a2.5 A to dene
tional arrangement. The fact that both morphine and fentanlgand stability, we observe that both morphine and fentanyl
could activate both ;Qrotein and -arrestin signaling are stable after thest microsecond of simulation time and
pathways raises the question of which signaling pathwagtil the end of each trajectory, independently of the initial
corresponds to the receptor conformational changes foumneceptor state (average ligand RMSDs of 1.3 A (0.5 SD) and
computationally. This is a question for which there is not a.2 A (0.5 SD), respectively). Notable initial ligand instability,
de nite answer with the present knowledge. Nevertheless, limited to the rst microsecond of replicas starting from the
avoid speculations, structural comparison of computatiorraiceptor activated state with bound fentanyl and reflicas
structures was made with the current MOR crystadnd#2 starting from the receptor inactive state with bound
structures?®*° which are related to the $ignaling pathway. morphine, can be explained by recefigand relaxation and
Our results show that extracellular conformational changesaafaptationKigure SR Therefore, both ligands are bound in a
the receptor compromise the ability of its intracellular side tstable fashion, and anyedences in ligand stability in the

consistently reach (induce) or maintain (select)theotin- activated state are probably a result of béetéthe mMMOR
signaling fully active state. crystal structure for morphine-like ligands, as well as
D https://dx.doi.org/10.1021/acs.jcim.0c00890
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di erences in the molecular std between morphine and establishes its most stable interactions with the N-terminus,
fentanyl Figure ). On the other hand, dérence of size extracellular regions of TM helix 5, TM6, and TM7, and a
between co-crystallized morphine-like ligands of actarated ~section of TM3 facing TM5-{gure landFigure SB On the
inactivé® mMOR models, BU-72 (smaller) aneFNA other hand, fentanyl establishes more frequent contact with
(larger), respectively, creates a wider orthosteric pocket @ftracellular loop (ECL) 2, extracellular regions of TM2 and
the inactive hMOR model. This may allow ligands larger thahM7, and a section of TM3 facing TM2dure landFigure
morphine, like fentanyl, to obtain its preferred binding posgd- IntceLgestln.eg,. fentanyl comes into contact with
faster in this receptor state. Nevertheless, irrespective of initi s215°% which is directly involved in an important

receptor conformation, both morphine and fentanyl reach'fYcture ' . <)

consistent stable poses in the orthosteric pocket over replica Ek?l'ﬁalt.'oﬂs for co_nforrl‘nakt)lonal dchan_gbe éntfmapeually as q
trajectories, which indicatatisfactory docking accuracy 'S N€lIX has previously been described to un ergggg upwar
(Figure 1. axial movement in receptor activation of class A Rs.

Di erences are not onlv observed in the conformation Ip addition to fentanyl and morphine, in the present study, we
y ave performed three additional replicas ofs-Bngth

morphing and fentanyl but glso in orthoster.ic pocket reSidu%ﬁbiased MD simulations with the MOR-bound antagonist
that are in close contact with them (ligarsidue distance h5rexone starting from the activated hMOR state, which
<3.5 A). The distribution of residues most frequently making,pnorts the comparison between morphine and fentanyl.
contact, summarized imable 1 indicates that morphine Ngitrexone, similar to morphine and fentanyl, overall maintains
a stable disposition in the binding pocket across replicas

Table 1. Crystal Ligands, Morphine, Fentanyl, and (Figure SR However, when compared to control replicas
Naltrexone ProteinLigand interaction$s where naltrexone is bound in the inactive hMOR state, it
ligand unique interactions common interactions  Presents a slightly worse receptor accommodation (average

RMSDs of 2.6 A compared to 2.F&ure Spas might be

crystal ligands expected for its antagonist condition. Similarities between

.33 32
b?ﬁ?{amexamme mTyr148 mASp14T naltrexone and morphine sads lead to similar interaction
(inactive crystal)  mGluZ2% environmentsKigure landTable ). Thus, contact between
mLys233% naltrexone and the hMOR is similarly and frequently formed
mval23642 with TM5, TM6, TM7, and a section of TM3 facing TM5
mTrp293+8 (Table landFigure SB However, dierently from morphine,
BU-72 (activated ~ mPrdbg" mAsp14¥32 naltrexone comes into close contact with T¢f328residue
crystal) mLeu12§° mTyr32643 also involved in the interaction between fentanyl and the
DAMGO (active =~ mGIn134° mAsp14%32 receptor in our MD simulations. As these interactions with
crystal) mCys2 942 mTyr32643 Tyr328“® are common to both a potent agonist and an
mLys30358 antagonist, it could be speculated that they are apparently
mTrp3183° associated with aity rather than with ecacy. However, a
mlle3233° detailed analysis of the simulations reveate structural
docked ligands tuning of this residue, which allows the functional distinction
morphine hAspBgem hSers'? term between agonists and antagonists (see below).
hLys235% (i) hAsp14§32 (i) (ii) (iii) Fentanyl and Morphine Induce Di erent Receptor
hlle2985 hTyr1563 (i) Activation Pathways. According to RMSD of the trans-
hval3025° membrane domain (TMD), the hMOR experiences varying
hTrp326% (i) degrees of backbone conformational change across our MD
hile324:% simulations {able S1 and Figure )SZhis is an expected
fentany! hGIn126° (i) hSers5} tem result as the MOR is known to be a highly dynamic
hAsn12963 hAsp148%2 (i) (ii) (iii) protein>’***° as shown when comparing both activated and
hval14328 hTyri563 () inactive crystal$® with the fully active crystal structfire
hCys2152 (i) (TMD RMSDs of 1.4 and 3.0 A, respectively). Making use of a
hTyr3284 (i) (iii) threshold of: 3.5 A, calculated from TMD RMSD of crystal
naltrexone hMet13% hAsp14932 (i) (ii) (iii) structures, we quared the conformational changes between
hLys235%° (i) hTyrl5¢% (i) active and inactive states with respect to either its initial state
hval238* (i) or fully active crystal. In general terms, receptor conformation
hHis29§°2 is relatively stable (3.5 A) in all replicas starting from the
hval302% activated state with the bound agonist (morphine or fentanyl)
hTyr3284 (i) (iii) with an average TMD RMSD of 3.2 A (0.4 SD) from its initial

state and 2.2 A (0.4 SD) from the fully active ciy§Talble
“Residues in close contact (<3.5_A) listed with respective murine (M1 and Figure $40n the contrary, in MD simulations
or human (h) numbering following the Ballesteros and Weinsteigarting from the inactive state with the bound agonist
generic schemigfor crystal structures and MD systems, respecnvelyq

Residues interacting with morphine, fentanyl, and naltrexone argorphlne or fentanyl), TMD conformations remain mostly

included when frequency of contact is >20% of trajectory time durir%PaCtl.Ve'.mf(.a with an average TMD RMSD of 2.8 A (0.3 S.D)
at least two MD simulation replicas, independent of the initial state 0™ 'tg initial state and distant (> 3.5 A) from the fully active
the receptor. Similarity between residues in contact across crystals grstal’ (TMD RMSD of 3.6 A (0.4 SDY,able S1 and Figure
MD simulations are labeled as common to the (i) inactive crystal, (4. However, the receptor in repli#gdsand#3 with bound
activated crystal, and (iii) fully active crystal. fentanyl or replic#2 with bound morphine starting from the
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inactive state presents occasional TMD RMSDs of 2.8 and I ~
A or 2.6 A from the fully active cry3takspectively, which
indicate transient receptor activation toward active-like stalé
( 3.5 A, Figure Sy Larger conformational changes in
simulations starting from the activated state than those starti%
from the inactive state are explained by the lack of thg
intracellular partner in our models. In more detail, compute
tional results also suggest that both activated and inacti
crystal structure®’ (and the models generated from them)
are better adapted to morphine than fentanyl because of t

T™4

similarity between morphine and the co-crystallized ligar Dy TMB A

scaolds, which implies that the receptor has to undergo biggg ™s ST ™ ik TM5§ M s
conformational changes to properly bind fentanyl. TMI:g ( / | » y'@_// 4
conformational changes can be compared with those obser% @ 7 V(‘ M% (

when the antagonist naltrexone is bound, where a cle§ iy J@ (’Qnm o )@) .
tendency toward inactivation is observed when starting froz ™2 7 ™2 S
the activated state (average RMSD of 3.9 A (0.3 SD) from tt ™ @ ™ 4@

initial stateTable S)and a preservation of the inactive state is _ o

found in control replicas starting from the inactive stat&igure 2. Conformational change of the TM domain in MD
(average RMSD of 2.8 A (0.2 SD) from the initial Stalée simulations of the inactive hMOR. Extracellular (top) or intracellular
SJ). Surprisingly, when comparing naltrexone-bound receptgfottom) views of representative receptor conformations from
simulations With,the fully active Cry@tah,e average RMSD replicas#3 and #1 starting from the inactive state with bound

. - . _fentanyl (left, in green) or morphine (right, in red), respectively,
achieved is only 3.0 A (0.4 SD) or 3.7 A (0.3 SD) Incompared with the fully active crystal structure (blue).

trajectories starting from activated or inactive states,
respectivelyT@ble S). In order to better describe receptor

intracellular conformational changes involved in receptegplica#1, the receptor maintains an average active-like
activation, four metrics were employed relative to the protefsosition of +0.3 A (0.2 SBjgure 3Table S1, and Figure
center, considering only the two last microseconds of M35, In comparison, all replicas starting from the activated state
simulations: (i) TM3, which moves upward, (ii) intracellularwith bound morphine, despite transient active-like TM3
tips of TM5 and (i) TM6, which move inward and outward, conformations, show an average less active-like TM3 position
respectively; and (iv) NPxxY motif of TMTyhich rotates  of only +0.2 A (0.2 Srigure 3Table S1, and Figure)S5
toward the core of the helical bundle. Meanwhfly metric  Surprisingly, the tendency observed in replicas starting from
was used for assessing intracellular separation between TiM& activated state, where fentanyl selects for more upward
and TM6: the distance between residues Argl6fd  conformations of TM3 than morphine, is not conserved in
Thr2823%(Arg Thr), which is equivalent to the ionic lock in replicas starting from the inactive hMOR. Under this
class A GPCRS/* ’° Thresholds for these metrics were condition, 2/3 trajectories with bound morphine (replitas
based on fully acti¥e,activated, and inactivé crystal  and#3) induce an active-like average shift of +0.3 A (0.2 SD),
structures (normalized according to the inactive crystalhile replica2 shows an even larger average of +0.6 A (0.2
structure), with a representative sign, which represents te®), in accordance with the fully active ciygtaigure 3
movement involved with respect to the receptor centeTable S1, and Figure)SBn the contrary, none of the replicas
(inward or outward movement, or downward or upwardstarting from the inactive state with bound fentanyl presents
movement; " or “+" sign, respectively): +0.3 A for TM3, average TM3 movements +0.3 A, resulting in mostly

0.8 A for TM5 and NPxxY, +1.7 A for TM6, and + 10.0 A forselecting an inactive-like TM3 conformatitgufe 3Table
Arg Thr distance as utilized in a previous stiflyese  S1, and Figure BSinterestingly, under these conditions,
thresholds werene-tuned with naltrexone-bound MD replica#3 shows a downward TM3 movement@# A (0.2
simulation results to classify active- or inactive-like coisD,Figure 3Table S1, and Figure)Skhich suggests that the
formations of theve intracellular metrics. specic contact fentanyl establishes with C§§21does not

Upward axial movement of TM3dures Z2nd3, Table S1,  reliably invoke TM3 upward axial movement, at least when
and Figure 95s a key indicator of receptor activation, asstarting from the inactive state. Rather, direct interactions
shown previously in other GPCRS.Comparison between between the ligand and TM3 appear moreeittial, as
MMOR crystal structures shows that TM3 adopts a morevidenced by the more numerous interactions morphine makes
upward position when the receptor is activated: by distanceswith TM3 relative to fentanyl. In terms of other TM helices,
+0.2 A and +0.6 A in activatesd fully activ8 crystals with  the distance between the protein center and intracellular tip of
respect to the inactive diierespectively. Based on these TM5 (seeMethod} decreases in activatent fully active
di erences and antagonist-bound MD simulations (averageystal structuréswith respect to the inactive structtitey
movement of +0.1 A (0.2 SD) and + 0.3 A (0.2 SD) in replicas 1.5 A or 2.1 A, respectively. Considering these crystal
starting from activated or inactive states, respectively), wevements and naltrexone-bound MD simulations (average
considered a threshold value of +0.3 A. Our trajectories shamovement of +0.5 A (0.6 SD) and +0.2 A (0.5 SD) in replicas
that replicag2 and#3 starting from the activated hMOR with starting from activated or inactive states, respectively), a
bound fentanyl present an average TM3 upward axigtreshold of 0.8 A can therefore be established for
movement of +0.6 A (0.2 SD), more upward than the initiatletermining active- or inactive-like conformations of TMS5.
receptor activated state and adopting a conformation similarito MD simulations starting from the activated hMOR with
the fully active crysta(Figure 3Table S1, and Figure)Sih either fentanyl or morphine bound, as expected, TM5 stabilizes
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Figure 3.Intracellular conformation in MD replicasnéel by the Arg187° Thr28F-34distance, vertical TM3 movement, and lateral NPxxY

motif, TM5, and TM6 movements. (a) Structural comparison between the fully actidldnetaind either activafedr inactivé® crystals

(top, pink or purple, left or right, respectively), or representative conformation of MD-generaté®i aapitagarting from the inactive state

with bound fentanyl or morphine, respectively (bottom, green or red, left or right, respectively). As a function of time, (b) activee or inactive-lik
states of theve di erent activation-related intracellular features of each replica starting from the activated or inactive hMOR with bound fentanyl,
morphine, or naltrexone (active-like conformations of: AP§TET28F34 NPxxY, intracellular TM6, intracellular TM5, and TM3, in purple,

green, yellow, orange, or blue, respectively). White gaps represent inactive-like conformations of each respectivislaibtritss8etiothe

for thresholds used to ae active- or inactive-like states of intracellular featuFeglands5, S6r respective metric individual time-dependent
analysis.

(selects) the active-like conformation with normalizedFigure Sp Likewise, in trajectories starting from the inactive
distances mostly betweef.8 A and 2.1 A Figure 3 state with bound fentanyl or morphine, TM5 does not obtain
Table S1, and Figure)SAn exception is replieg88 with an active-like conformation and remains inadtiger¢ 3

bound morphine, where TM5 fails to reliably select an activ@able S1, and Figure )S™oreover, in replic&3, TM5

like conformation and instead permits a change toward amdergoes an average change of +1.7 A with a maximum of
inactive-like conformation with a maximum of +0.7 A a8 2.8 +2.9 A Figure Sk which places TM5 in a more outward
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conformation with respect to the receptor daigi(es 2and activé® crystals present more inward positions of the NPxxY
3, Table S1, and Figure)SFhis may be the result of an motif than the inactive crystal( 1.7 and 0.8 A,
outward movement of TM6 (see below), which temporarilyespectively). Consequently, in addition to antagonist-bound
in uences TM5 through their mutual interhelical contact, aMD simulations (average movement@8 A (0.6 SD) and
e ect observed in active-like crystal structift&xception-  +0.1 A (0.3 SD) in replicas starting from activated or inactive
ally, replicagtl and#2 when morphine is bound in MD states, respectively), a thresholdoo8 A can be deed and
simulations starting from the inactive state present transientggplied for determining active- or inactive-like conformations
sustained inward TM5 movement induction with maximundf this intracellular regioRigure 3Table S1, and Figure)S6
and average displacements b7 A and 1.5 A (0.8 SD),  Because of computational limitations, our MD simulations do
respectivelyHigure Sp Altogether, these results indicate that not include bound @rotein; therefore, it might be expected
TM5 generally remains in an active-like conformation if thehat activated-like NPxxY conformations could be selected or
receptor begins in that state, or if initially inactive, morphine jaduced over fully active conformations. During MD
more eective than fentanyl at inducing active-like consimulations starting from the activated state, NPxxY is broadly
formations of TM5Kigures 2and3, Table S1, and Figure)S5  selected in its original conformation with an average distance
Similarly, activatédnd fully activé crystal structures present of 2.5 A (0.5 SD), independent of the agonist boiagi(e
a more outward TM6 intracellular tip conformation (see3 Taple S1, and Figure)S®n the other hand, all replicas
Method} relative to the inactive crystalwith TM6  starting from the inactive state with bound fentanyl induce a
respectively moving +2.1 A and +2.0 A away from the protefiynformational change so that NPxxY achieves a stable active-
c_enter._Based on theseedences and naltrexone-bound MD |jxe position (average o1.4 A, 0.6 SD), which is the greatest
simulations (average movement of +0.8 A (0.5 SD) and +0-6i(l'§ replica#3 (average of 1.8 A, 0.7 SCrigure 3Table S1,
(0.4 SD) in replicas starting from activated or inactive stateg, Figure 96 Conversely, when morphine is bound, only
respectively), a distance threshold of +1.7 A can therefore peyjica#1 starting from the inactive state induces an active-like
used for dening active- or inactive-like conformations Ofposition that crosses the.8 A threshold (average df.5 A
TMS. This helix selects an active-like outward conformatio§ 3" sp Figure Sp whereas other replicas select an inactive-
with an average distance of +3.5 A (0.6 SD) in trajectoriqg o “conformation. These results suggest that fentanyl
Ebnsistently induces active-like conformations of both TM7

starting from the activated hMOR, independent of the agoni
bound igure 3 Table S1, and Figure )Séiowever, a and the NPxxY motif stronger than morphiingufe $. The

et dectston of TG occurs when & o o ofcclc drnce beveon AGIoA 201
at 18 % recording a distance o?+1 Fhyre Sp Likevsise equivalent to the ionic lock in class A GPERs!°® can be
> 9 : ’ lassied as being in an active- or inactive-like conformation by

in all replicas starting from the inactive hMOR with boune_pplying a threshold value of +10.0 A, as used previchesly.

morphine, TM6 does not demonstrate any outward mov . . > - .
ment, maintaining only an average distance of +0.4 A (0.4 86 9 Th_r d|stancg IS brpadly seI_ected In |ts_or|g|nal state in
spective MD simulations starting from activated or inactive

with respect to the inactive crystal and below the 1'states, independent of the agonist bound, resulting in

threshold Figure 3Table S1, and Figure)SHowever, with .
S : - respective averages of 13.0 A (0.9 SD) and 6.5 A (0.5 SD,
bound fentanyl, active-like conformations of TM6 are mduce'x_ﬁ;gure 3Table S1, and Figure)SFowever, in repli

in replicag2 and#3 with maximum values of +2.3 A and +3.2 ‘ X . X .
A, respectivelyF(gures 2and 3, Table S1, and Figure)S6 when starting from the inactive state with bound fentanyl, this
; i ! dgteraction is seen to transiently break at 4.@&hen the

While in replic#&2 these conformational changes are observ istance reaches 10.1 Hgure S In the replicas where
transiently, a more sustained conformational change occur ; : )
Y J )naﬁtrexone is bound, Argi87and Thr28%:34 reach and

replica#3 with an average TM6 movement of +1.9 A (0.6 SD e - ! i
over the last microsecond. Altogether, these results indicgt@bilize distances <10 A over the entire two last microseconds
that while both fentanyl and morphine are able to select MD simulations, started from either control inactive or
active-like conformation of TM6 in simulations starting fronfiCtivated states, as expected by the antagonist nature of
the activated state, uniquely fentanyl is able to induce TMegltrexone, contrary to the overall active-like states selected by
activation when starting from the inactive state, which lea@§0nists when starting from the activated sigte¢ 3Table
TM6 to adopt conformations more similar to activated ancPl, and Figure B7Similarly, naltrexone induces an inward
fully active crystaf¥ (Figures and3, Table S1, and Figure Movement of TM6, in parallel to an outward movement of
S9. This may represent an indication of the greatexoy of T™M5 and the NPxxY region, in simulations starting from thg
fentanyl relative to morphine. activated state, thus adoptl_ng_, as expected, inactive-like
Rearrangement of TM helices during receptor activatiofonformations of these metridgsSg@re 3 Table S1, and
leads to spedi intracellular conformational changes such akigure S) This result indicates that the threshold used clearly
the NPxxY motif on TM7 and Arg£69 Thr28%-34 di erentiates between active- or inactive-like states of this
interaction Figure 3. The fully active crystal structure of interaction. Altogether our results strongly indicate that
the mMORC allows a better understanding of the conformafeceptor activation by means of TM6 outward movement
tional changes adopted by these regions when the intracellflaigures 2and 3, Table S1, and Figure S3-$ more
G, protein partner is bound to the receptor. Interestingly, ifrequently observed with bound fentanyl, which is uniquely
the fully active crystélthe NPxxY motif adopts an alternative able to initiate in as time period, than with morphine.
conformation closer to the inactive crystal stratthem to Therefore, in addition to conformational changes of helical
the activated crystal structlfihis di erence may be due to regions mentioned above, theedint frequency of activation
the non-native binding of Nb39 to the receptor. In thesef these intracellular metrics is consistent with the
crystal structures, the NPxxY position can be describexperimentally observed atience in ecacy between
according to the protein center. As such, activaddully morphine and fentanyl.
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Figure 4.Density maps of the outward movement of TM6 and conformation of the NPxxY maotif with respect to the protein center. Density maps
of fentanyl or morphine (top or bottom row, respectively) of the three replicas started from activated or inactive states (left or right column,
respectively). Inactive, activated, and fully active crystals are represented for comparison by dark blue, light blue, or greensitgspectively. Del
maps show conformations more or less frequently induced represented with a hot to cold color gradient.

All these TMs and intracellular metric movements (averagé the absence of TM3 upward axial movement, which, in
tendencies summarized able S)observed during receptor addition to TM6 outward movement, is required to properly
(in)activation are indicative of conformational changes at tHareak intracellular TM3M6 interactions. Altogether, these
intracellular side of the receptor in system dynamics startingsults are indicative of elient receptor activation pathways
either from activated or inactive states. As shdviguire 3 induced by morphine (TM3 and TM5) and fentanyl (TM6
some of these activation features co-exist in time. Therefoasad TM7).
their simultaneous presence represents a highly activdt has been widely discussed if fentanyl acts-agestin
conformation of the receptor. However, the activation of oneiased agonist or behaves as a balanced HgoHist® As
feature prior to another can be an indication of the exploraticione for other GPCR&’® we performed a density map
of a certain process or pathway of receptor activation. O(Figure 3 of the receptor intracellular state achieved
results indicate that all active-like conformational intracellulaonsidering two of the main representative intracellular
metrics are mostly preserved in MD simulations starting frometrics, which conformationallyadimore between morphine
the activated agonist-bound receptor state, which is biologicalyd fentanyl: (i) outward movement of the intracellular side of
reasonable because morphine and fentanyl are both agoniEl6 and (ii) conformation of NPxxY with respect to the
However, agonist-sp&cdi erences are consistently observedprotein center. This representatibig(re 4 suggests that in
during receptor activation from the inactive state. While witbur MD simulations, we reach a common active-like state with
bound morphine, the hMOR largely presents an upward axither fentanyl or morphine bound. It should be considered
movement of TM3 and exclusively induced TM5 active-likthat our models starting from the activated hMOR were
conformations, with bound fentanyl, the hMOR showscspeci modeled from its respective crystahich contains a G
activation of TM6 and stronger activation of the NPxxY motiprotein mimetic camelid nanobody subsequently removed in
on TM7 (Figure 3. Interestingly, replié starting from the  our model. Therefore, the conformations achieved in our
inactive state with bound fentanyl, which most frequentlirajectories can be conditioned by the initial crystal used,
presents active-like conformations of TM6 and the NPxxWhich may limit the observations of other alternative
motif, is the only replica that yields transient active-likeonformations. However, in a timescale of three microseconds,
Arg167°° Thr28f3* distancesHigure 3. The non-preser- our simulations have not ideati receptor conformational
vation of this Arg187° Thr28f-34separation may be a result regions consistent with biased agonism, in agreement with a
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Figure 5.Orthosteric pocket conformational changes of the hMOR in MD simulations. (a) and (b) Pretaméfardi80.0) or cis
conformation (300.0) of (a) GIn126%° 2 dihedral angle or (b) Lys238 2 dihedral angle, in representative MD conformations with bound
fentanyl or morphine (purple or pink, h(MOR residues in green or red, left and right, respectively). Structural imagesraab/Aspive?

1 dihedral angkisandtransconformations selected, and Asp®4Bgand, Tyr155 ligand, or Asp144? Tyr328-4*H-bond formation. (c)
Conformation frequency of the Aspfa®ans 1 dihedral angle or GIn¥#8and Lys235°cis 2 dihedral angle selected with bound fentanyl,
morphine, or naltrexone, independent of the initial state of the receptor (green, red, or purple, respectively). (d) H-bond occupdhcy of Asp149
Tyr328*3 Lys235% ligand, or Tyr156° ligand interaction of simulations with bound fentanyl, morphine, or naltrexone, independent of the
initial state of the receptor (green, red, or purple, respectively). (e) Structural comparisortéf ddefaG8ation between the fully active
crystal’ (blue) and either replié# starting from the inactive state with bound morphine or fentanyl (red or green, left or right, respectively). (f)
Frequency of Met15%¥ gauche conformation in trajectories with bound fentanyl, morphine, or naltrexone, starting from activated or inactive
states (green, red, or purple, respectively).

recent experimental stfdyt is worth noting that conclusions more prone to -arrestin binding is a speculation to be
on biased agonism from experimental functional studies megnsidered in further studies. _

depend on the parameter used for its quatitn, where the Morphine and Fentanyl Mediate Di erent Orthos-
proposed log(/Ky), log(),or 10g(En/ECso bias teric Pocket Conformational Changes.To ascertain which
factors have led to érent biased prtes when applied to conformational changes in the orthosteric pocket, induced or
fentanyl, with (orotein bias, and-arrestin with and without selected_ by morphine and_fentanyl tsgere ). are most
bias, respectivéfif Interestingly, density maps of simu- responsible for observed intracellular conformatioesl di

lations starting from the inactive state show that fentanyl oo W€ performed an energetic analysis of residues in close

g . ) .tontact with each ligand-igure SB Accordingly, from
reaches more intermediate intracellular states than morph'?@sidues in close contact with both ligands (summarized in
the latter presenting a larger density closer to the inacti

; ; X M&@ble ), fentanyl makes stronger energetic interaction with
crystal conformatidh(Figure . This result may suppose an Asp58 €™ GIn126% Cys2182 and Tyr328* whereas

additional indication of the @rences in ecacy observed morphine makes stronger interactions with T371%0d
between both ligands.>® On the other hand, the possibility |ys2358% (Figure SB Both ligands establish the highly
that the higher trend of fentanyl of generating intermediatenergetic and conserved MOR-opiate salt bridge with
states may facilitate the generation of receptor conformatioAsp149°2 as previously idergid in other studigg:#293%4>
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From a conformational perspective, we observe (i) H-bondsIn addition to Asp14§? ligand interaction, greater
(either direct or water-mediated) between the ligand andnergetic interactions can also be observed between
Asp14832or Tyr156-33and between residues Aspt4and Tyr156-2 and morphine with respect to bound fentanyl
Tyr32843 (ii) specic 1 dihedral angles of Aspt#and (average potential energy (P.E.) ®6 kcal/mol (2.4 SD) or
Met153-3 (directly determined by conformational changes of 1.9 kcal/mol (2.7 SD), respectivélgure SB Di erences
Tyr156-3, and (iii) specic 2 dihedral angle selections of in the energetic landscape between fentanyl and morphine
GIn126%° and Lys235*° sidechainsHigure 5and Figures  relate to their dierent scaold, which presents a single oxygen
S9 S13. Taking these metrics one by one, morphine andjroup in the former (carbonyl group) and three oxygen groups
fentanyl have both been described to make a highly consenmedhe latter (one ether and two hydroxyl grobpsire ).
MOR-opiate electrostatic interaction with Asppf4®residue  This distinction translates to aeatent H-bond occupancy
located on TM8/19293945 |n our MD simulations, this (either direct or water-mediated) between TyrE5énd
interaction between the ligand and Asp4@ highly fentanyl or morphine with average occupancies of 32.2% (7.2
energetically favorable with bound fentanyl but even greateb) or 89.2% (9.4 SD), respectiveigire . In the case of

with bound morphine, independent of the initial receptor statthe antagonist naltrexone, which presents @ldssanilar to
(average interaction energy of8.1 or 94.9 kcal/mol, morphine in terms of ether and hydroxyl grokjpsife }, it
respectivelyFigure SB Despite this energetic dience adopts a Tyr186® naltrexone H-bond occupancy of 56.1%
between morphine and fentanyl, both ligands maintain a stai®6 SD,Figure % Tyr156-33 and morphine or naltrexone
interaction (<4.5 A) over three microseconds between theftydroxyl groups are considered either donors or acceptors
amine group and Asp£49(Figure 5and Figure SR In when evaluating Tyr?58 ligand H-bond presence/absence.
addition, Asp14§? presents derent 1 dihedral angle The higher H-bond occupancy between morphine and
conformations when morphine or fentanyl is bound in thdyr150-3enhances upward axial movement of Titgi(e
hMOR (Figure 5and Figure SP Two di erent Asp1462 3, Table S1, and Figure)@hd exerts a stabilizingeet in the
conformations are observable in our MD simulations: (i) d@ottom of the receptor orthosteric pocket, as observed with the
trans conformation (1 dihedral angle >11%.0 predom- conformation of Met183 (Figure SandFigure S10In MD

inantly induced in 5/6 trajectories with bound fentanylsimulations starting from the activated state, independent of
(average frequency of 89.Egure 5andFigure SP which the agonist bound, the Met%83 1 dihedral angle generally
positions the sidechain closer to TM2 and (iDaache adopts agauche conformation (60.0). Likewise, in MD
conformation (1 dihedral angle <11%)0Oinduced by  simulations starting from the inactive state with bound
morphine in all trajectories (average frequency of 93.7%orphine, Met153° gauche conformation is selected with
Figure 5andFigure SP which positions the sidechain away a frequency of 93.2% (8.8 Stigure 5and Figure S1)0

from TM2. Similar to morphine-bound replicas, when thedowever, when fentanyl is bound, alternative conformations of
antagonist naltrexone is bound to the hMOR, an overaMet1533¢( 1 > 90.0) are more frequently induced with a
Asp14832 gauche conformation is induced, independent of frequency of 65.3% (4.9 SBigure 5and Figure S10

the initial state of the receptéiqure JandFigure SP Under Interestingly, in naltrexedound conditions, MetT58

this condition, conformational change fgamche to trans gauche conformation is overall selected only with a frequency
conformation is only observed in repi®@&tarting from the  of 58.3% (24.5 SBjgure SandFigure S1)) which indicates
inactive state at 2.3. As a result of theansconformation  that this residue conformationallgtuates more with bound
predominantly observed with bound fentanyl, A5{71i49  naltrexone than when fentanyl or morphine is bound in the
within closer H-bonding distance with Tyf32Bcated on hMOR, probably as a result of the direct contact naltrexone
TM7.%° Activated and fully active crystal structiiteiow  makes with this sidechaifable landFigure SB Selection
closer Asp14§? Tyr328“ interaction distances than the of 1 gauche appears to be associated with aforementioned
inactive crystal structité3.2 and 3.4 A, respectively), and active-like conformations of TMBidure 3 Table S1, and

this interaction also @irs in our MD simulations with either Figure Sp This process can be linked with fentanyl-mediated
bound morphine or fentanyFigure 5and Figure Sp TM6 activation where the receptor core undergoes reorganiza-
Throughout 4/6 trajectories with bound fentanyl, independention and becomes morexible. Once this transition ends, the

of the initial receptor state, Aspt49Tyr328 “*maintains a  stability of the core can be recovered, as indicated by
closer interaction (<4.5 A) with an H-bond occupancy otrajectories starting from the activated sfatguie 5and
89.5% (36.1 Srigure SandFigure SP Conversely, across Figure S10 Conversely to the low H-bond occupancy
all trajectories with bound morphine, only transientbetween fentanyl and Tyr#8bin TM3, which conditions
interactions between Aspt#and Tyr328* are observed the conformation of Met15% an energetically favorable
with a H-bond occupancy of 24.1% (22.4Fs@yre 5and interaction with GIn126° on TM2 is established with an
Figure SP Similarly, thegauche conformation overall average P.E. 08.0 kcal/mol (4.4 SD). This contrasts with an
selected when naltrexone is bound leads to an A¥p149 unfavorable average P.E. of +2.7 kcal/mol (2.2 SD) displayed
Tyr328*® H-bond occupancy of 41.1%, independent of théoy morphine Figure SB Subsequently, GIn£#8 shows
starting receptor state (19.5 $Iyure 5and Figure SP conformational derences when morphine or fentanyl is
These results are supported by the low H-bond occupanbpund in the hMORKigure 5and Figure S1)1 In general,
observed when the antagonist naltrexone is bound into theo di erent GIn126°° 2 dihedral angles are observed in our
orthosteric pocket of the receptor (Asp¥adyr328-43H- MD simulations: (i) @isand (i) trang 300.0 and 180.0,

bond occupancy of 41.6% across all religass %, which, respectively). By using a thresholtl @40, GIn126:°°can
despite being in close contact with Tyr82lke fentanyl,  be categorized according to these two conformatignse(5
presents larger Aspi2d Tyr328“° distances. Therefore, andFigure S1)1 Although both conformations are observable
fentanyl mediates a stronger Asp¥49yr328-2 H-bond with each ligand, its frequency is noticeat@yedit from one

than morphine in the orthosteric pocket. to another. Systems with bound fentanyl predominantly induce
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the transconformation 86.0% of the time (10.5 BDure 5
and Figure S1)1 which positions GIn12® toward the
orthosteric pocket, allowing a three-way sidechain interaction
with Tyr32843and Asp14¢2and supporting closer ASfyr
interaction Figure SandFigure S13 By contrast, morphine
selects the GIn12® cisconformation with a frequency of
80.5% (13.5 Shigure GandFigure S1)1 which positions it
toward the membrane and negativebcta the AspTyr
interaction Figure 5and Figure S13 Similar to morphine,
naltrexone selects the GIrfi%6cis conformation with a
frequency of 87.3% (10.0 $Iyure SandFigure S1)1

Finally, Lys23%° agonist interaction is the only one
established between morphine and TM5 and is present at
least 20.0% of the time in 5/6 trajectoriesb(e landFigure
S2. This interaction shows energeticetBnces between
morphine and fentanyl with an average P.E. of +6.1 kcal/mol
(6.9 SD) or +16.5 kcal/mol (3.8 SD), respectivielyufe Sy
Similar to Tyr150® the Lys235*° amino group establishes
an interaction with any of morphexygen groups (ether,
hydroxyl group#l and#2) with a H-bond occupancy of
63.5% (13.2 SD) but generally avoids interaction with
fentanyks carbonyl group (H-bond occupancy of 7.2% (6.9
SD), Figure 5and Figure S12 When naltrexone is bound,
which shares a similar sid with morphine Kigure },
Lys2353% H-bonds naltrexone with an occupancy of 43.9

(18.6 SD). In this spedi interaction, ligand oxygen groups A€ ions of Trp298%( 2 dihedral angle represented by spheres) of full
only qon&dered_as acceptors. Ac;cordlngly, ﬁ?%@@ﬁlays active, ac?ivatedf and inactivegcrystglls (salmor{ Elue ar)ld purgle,
two di erent 2 dihedral angles, either adoptingser trans respectively) and (i) representative MD-generated hMOR conforma-
conformation (300.0 or  180.0, respectively) where a tions with bound fentanyl (green, middle row) of refificstarting
threshold oft 240 can be used to categorize these twofrom the activated state, repli€asnd#2 starting from the inactive
sidechain conformations-igure 5and Figure S1R state (from left to right, respectively) or, ii) with bound morphine
Independent of the bound ligand, ttensconformation is (red, bottom row), replic#3 starting from the activated state, or
the most commonly selected with the sidechain interactiri§Plicastl and#2 starting from the inactive state (from left to right,
with the extracellular solvent rather than with the ligand€spectively).

However, dierent rates otis conformation are induced
between fentanyl, morphine, and naltrexone, with averagg295“® trans conformation is stabilized within 1250 ns
percentages of 11.5% (5.1 SD), 38.0% (13.9 SD), and 40.Q%gures Gand 7 and Figure S1¢% This enables a novel H-
(14.9 SD), respectivelyifure /andFigure S1RIn this case,  bond between Trp29% and Ala242* (sidechain amino
thecisconformation permits interaction with the bound ligandgroup and backbone carbonyl group, respectively) with an
This indicates that morphine mediateerdint conforma-  average occupancy of 97.7% (1.1 SD), which isiaérier

tional dynamics of Lys235(Figure S13which, accordingly, maintaining active conformations of TM5 and TM§ute

helps to stabilize the binding pose of morphine inside th@). Conversely, all replicas starting from the inactive state with

ofigure 6.Trp29%“® conformational change in MD simulations with
respect to MOR crystals. Comparison betweenedt conforma-

orthosteric pocket of the receptor. _ bound fentanyl, as well as repli€aand#3 where morphine
Conformational Changes of Trp29%“® Inducing is bound, select an inactive-like Trp#9Hauche con-
Di erent Bottom-Orthosteric Pocket Receptor Inter- formation Figure 6and Figure SI¥ This conformation

actions Are Relevant in TM5 TM6 Packing. During enables H-bonding with the adjacent residue on TM7,
activation of the MOR, TM6 moves outward, which, togetheAsn33645 which enhances TM&M?7 interaction and avoids
with conformational rearrangement of TM3, TM5, and TM7the interaction of this residue with water molecules, thus
creates solvation of the intracellular Caarity conformational  inhibiting TM6 activationFigure J. Interestingly, in replica
changes in speciresidues on TM6, such as Tr3285By #1 starting from the inactive state with bound morphine, the
classifying sidechain conformation by dihedral gyagielse activated-likeansconformation is induced at 400 ns, which is
(0 120), trans (120 240), or gauche (240 360) in the only replica in this category where the NPxxY motif yields
mMOR crystals, Trp29% 2 changes fromauche to trans an active-like conformation, observed from 200 ns onward
to gauche in inactive, activated, and fully active crystals;Figure Sp This enables sidechabackbone Trp2652
respectively (values of 78 1821.3, and 3429 respectively).  Ala24245H-bonding between TMIM6 with an occupancy

In our MD simulations, we observe two stable T¥p295 of 68.0%, which assists TM5 activation after 500iqs€
conformationsKigure GandFigure S1¥ (i) an activated-like S5, even though TM6 activation is not observed. Despite
transconformation at 225.66.9 SD) and (ii) an inactive-like active-like conformations of the NPxxY motif being present in
gauche conformation at 97.14.1° SD). We do not observe all replicas starting from the inactive state with bound fentanyl,
the gauche conformation probably because, due to computasnly replica#3 transiently induces thmnsconformation of
tional limitations, we have not included an interacting GTrp29%-“during the rst 500 ns before returninggauche
protein in our simulations. In all trajectories starting from théFigure S14 This conformational change results in only 6%
activated hMOR state, independent of the agonist bound, tHe&p Ala H-bonding occupancy, but repeated sidechain
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Figure 7.TM5 TM6 interaction in MD simulations: Trpf9%and Ala242*¢ MD-generated receptor structures showing the interaction of
Trp29%48 with Ala2424 or Asn330 in (a) replica#3 or #2 starting from inactive or activated states with bound fentanyl or morphine,
respectively (left or right, green or red, respectively) or (b) #pktarting from the inactive state with bound fentanyl (greeg). Rer

replica average (c) Trp298 2 dihedral angle, (d) Trp29% Ala24354®distance, and (e) Trp29% Ala2424°H-bond occupancy (shades of

green, red, or purple for repligas 3 with bound fentanyl, morphine, or naltrexone, respectively).

switching is enough to trigger the gradual activation of TM@hese dierences, closer interactions between Taf5285d

which is observed more strongly later in this traje€igryé Ala242%%are observed with active-like conformations of TM5,
SH. Indeed, Trp295"® and Ala242*® mostly interact via TM6, and the NPxxY motiFigure §, which demonstrates
hydrophobic contact for the rest of the trajectory (closesthe importance of rearrangements in TM86 packing. For
distance: 4.7 Aigure Siyrather than H-bonding because comparison purposes, naltrexone-bound trajectories induced
Trp29%-“8remains in itgauche conformation. This suggests or selectedauche conformations from respective activated or
that although bound morphine is capable of eliciting similanactive states with percentages of 74.6 and 88.8%, respectively,
conformational changes in TrFZ§%witching frorgauche with the closest Trp29% Ala2454¢ distance of 8.4 A

to transijts e ect can be derent depending on other residues, achieved in control simulations starting from the inactive state.
such as Met18% In particular, it is noticeable in repti8a  This distance, larger than that observed in fentanyl-bound
with bound fentanyl that Metf58 2 conformational trajectories, suggests a lack of TMB6 packing, which
switching occurs at the same time as T?2@5gures S10  favors the inactive state of the receptor. In addition, we observe
and S1B with these switches in Met#83conformation  di erent distributions between Aspf49Tyr328-43 H-
becoming more frequent as TM6 moves outward. Despitsonding in the orthosteric pocket and Trf293la2454¢

M https://dx.doi.org/10.1021/acs.jcim.0c00890
J. Chem. Inf. ModeXXXX, XXX, XX¥XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.0c00890/suppl_file/ci0c00890_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.0c00890/suppl_file/ci0c00890_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.0c00890/suppl_file/ci0c00890_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.0c00890/suppl_file/ci0c00890_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.0c00890/suppl_file/ci0c00890_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00890?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00890?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00890?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00890?fig=fig7&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://dx.doi.org/10.1021/acs.jcim.0c00890?ref=pdf

Journal of Chemical Information and Modeling pubs.acs.org/jcim

interaction, where average TAfa distances of 3.7 A (1.8 Thr28Ff-3*distance state (p < 0.001 in all casesire S16

SD) or 6.8 A (3.0 SD) are reported when the Agp H- showing overall Trp2%% Ala2454% closer distances in
bond is formed or broken, respectivéligiure S13 This active- than inactive-like states. Close T¥f299a24246
demonstrates the interconnectivity of resighsédue inter-  distances (sééethod$, which are mainly attributed to helical
actions in the orthosteric pocket, which may haeeedt rearrangement, enhance the establishment of hydrophobic

implications for intracellular receptor conformations. contact between both residues. These results highlight the
Intracellular Conformational Changes Correlate with importance of these two residues becoming physically close
Ligand-Speci ¢ Conformational Changes in the Re- irrespective of their H-bonding status.

ceptor Orthosteric Pocket. In order to elucidate how Altogether, these results indicate that, independent of the
ligand-spect orthosteric pocket conformational changedigand bound and the starting conformation of the receptor for
determine intracellular receptor conformations, we perform&dD simulations, mostly all orthosteric metrics studied in this
a number of statistical analygégures S15 and J1sith study statistically reveal sigant di erences between active-
respect to (in)activation of speciintracellular receptor and inactive-like states of the intracellular metrics used, thus
metrics: TM3 upward-, TM5 inward-, TM6 outward-, andestablishing an (in)activati communication connection
NPxxY motif inward-movement and Ar§i%Thr2gf34 mechanism through the entire receptor. Therefices
distance. The chi-square (chi2) test was chosen to examifeeind between agonists in their propensity to select or induce
the association between these intracellular metrics asgecic receptor conformations through these mechanistic

orthosteric pocket metrics: sidechsitiechain Asp1#% structural features may explain theerdnces in ecacy
Tyr32843 Lys2358%° or Tyr156% ligand, sidechain  observed experimentéﬂ%{l. 53
backbone Trp293® Ala2424¢ H-bond formation and Internal Receptor Polar-Water Network Di ers

Met153-%¢ gauche conformation. The chi2 analyses involvebetween Morphine and Fentanyl. A polar network
two-way frequency tables of binary variables (presencefediated by water molecules has been described to be
absence of H-bonds or Met}¥3gauche conformation involved in signal transmission from the extracellular to the
and active/inactive state of each intracellular niétrices intracellular side of the MMOR\N average water density
S15 and S)6In addition, the potential association betweenmap of the hMOR reveals eliences in this network between
the Trp2954 Ala2424®distance and active- or inactive-like activated/inactive states in morphine/fentanyl-bound MD
state of the selected intracellular metrics was measured usitgulations Kigure 3 As might be expected, theedent
Studeris t-testsKigure S16 All these statistical analyses weremolecular size and binding pose of fentanyl compared to
performed independently of the initial state of the receptor andorphine aects the number of water molecules that can enter
the ligand bound. Our objective was notrtd di erences
between ligands but to detect general mechanistic trends of

receptor activation. Because we are combining data from

di erent ligands and MD simulations withedint starting

states, we should take these tests as exploratory rather than

con rmatory of the tested hypotheses. Nevertheless, the

consistency found in the results suggests these analyses are

valuable to realize the apparent relationships between the

selected structural features. Chi2 tests show thegndies

exist between active- and inactive-like intracellular receptor

conformations and Asp$49 Tyr3283 Tyr156 ligand,

Lys235% ligand, Trp295*® Ala2424® H-bond formation

and Met153%¢ gauche conformation g < 0.05 in all cases,

Figures S15 and §1&he absence of statistical sicemce

was found for the association between T3 5iggand H-

bond formation and the intracellular TM6 state 0.051,

Figure S1Band between Lys238 ligand H-bond formation

and either TM3 or TM5 movementp € 0.9 or 0.7,

respectivelysigure S16 Interestingly, the fact that this last H-

bond formation is not associated with movements of TM5

(Figure S1Bsuggests that Lys238a ects the position of the

ligand in the orthosteric pocket, which in turn determines the

conformation of other residues (such as A% 4@ather

than directly transmitting the signal through TM5. Large chi2

values observed in the association between the sidechain

backbone Trp298% Ala2424% H-bond and intracellular

metrics (values between 252.7 and 582.9, which are extremely ) ) ] )

signi cant because»22 contingency tables contain 1 degreeF'gure 8.Polar water ne_twork in MD S|mulat|0_ns. Comparison of the
of freedom and sigeantP < 0.05 values are reached if chi2 > water network connecting extracellular and intracellular sides of the

. L T .~ hMOR with bound fentanyl or morphine (green or orange,
3.841Figure SIphighlight the relevance of this interaction in respectively). Receptor conformations from regilcaand #1

the (in)activation of the hMOR. Similarly, Studentests  giaring from the activated hMOR (snapshots ats2ahd 3.0's,

show that the Trp2§8° Ala242 distance statistically respectively) with (a) fentanyl and (b) morphine and refi8casd
di erentiates between active and inactive TM3, TM5, TM6¢1 starting from the inactive hMOR (pictures at 8.and 1.8's,

and NPxxY motif conformational states and the AR§167 respectively) with (c) fentanyl and (d) naltrexone.
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the orthosteric pocket. Therefore, we observe more watesignaling to either one extor or another. This bar-coded
when morphine is bound than with fentanyl, independent gfhosphorylation signalingats indirectly G protein coupling

the initial receptor stat&ifjure 3. In terms of the receptor because arrestin- and G protein-coupled receptor populations
core or intracellular regions, twcedént water clusters can be coexist and the increase of one population decreases the
identi ed: (i) between Trp2932and Asn33@°on TM6 and  other®” However, phosphorylation patterns may vary between
TM7, respectively, and (ii) adjacent to the intracellulalGPCRs, in particular for the MOR. For this receptor, it was
N74PxxY->3 motif on TM7. In MD simulations with bound found that a single threonine (T180) in ICL2 is fundamental
fentanyl, greater solvation is observed at both these regionsfan agonist-dependent receptor phosphorylation and subse-
particular near the NPxxY motif, which has previously beeuent arrestin binding, activation, and signélling.the
described as important for active conformations of the mMORresent study, the examination of MD simulations of the
or class A GPCRs, in genefal®! This is consistent with hMOR with either fentanyl or morphine bound did mot
stabilization of an active-like receptor conformation or receptdi erences with respect to T180. It is worth noting that with
activation from the inactive state, which is observed in replipgesent computational means, it is not possible to assess which
#3 with bound fentanylF{gure §. On the contrary, with  active receptor conformations are more prone to be
bound morphine, these same water clusters are leghosphorylated, which ultimately lead-gorestin signaling.
pronounced, even with greater solvation in the orthosteridowever, at the timescales and starting models used, our MD
pocket, which suggests comparatively reduced receptimulations suggest the presence of a single common active-
activation or increased destabilization of the active staltke receptor state stabilized by both morphine and fentanyl, in
This is the case even when an activadikeeonformation of  comparison to multiple conformations observed in other
Trp298“8is induced, which allows sidechbatkbone H-  GPCRs such as the adenosine A2A re¢&jtuis leads us to
bonding with Ala242° (Figure 3, as observed in repli¢a consider an unbiased behavior of both morphine and fentanyl,
when starting from the inactive state. Furthermore, in thighere both ligands achieve a common active-like receptor state
same replica, despite corresponding activation of the NPxiY di erently activating ligand-speatonformations of the
motif (Figure }, the lack of TM6 conformational change as areceptor. Nevertheless, it cannot be completely discarded that
whole allows fewer water molecules to access this regigie higher propensity of fentanyl to induce receptor
compared to simulations with bound fentanyl. In the samigtermediate states could facilitate the generation of con-
direction, when the antagonist naltrexone is bound, solvatifgrmations predisposed t@rrestin binding. In addition, it is

of the two aforementioned regions is reduced even iworth noting that reliable quawtition of biased agonism
simulations starting from the activated state, which facilitatageds the use of proper parameters, and in this regard, the
hydrophobic interactions, TMD rearrangements, and inactivisilowing has been proposed: the use of operatiocatye

tion of the receptorHgure § This indicates that proper () versus the transduction cagent (/Ky) in the case of
conformational movements of both TM6, most importantifcomparing ligands producingedent maximum responses or,
through Trp295% and the NPxxY motif are necessary forin other words, when partial agonism is pfésenmoreover,
formation of a water column in the receptor core, which ighe inclusion of constitug receptor activity in the

thought to be necessary for activation of the MOR: mathematical modeling in those cases where basal receptor
response is observét On the contrary, other authors have
DISCUSSION applied theE,./ECs, parameter for bias calculation ef

The recent sgate of deaths from fentanyl and its derivegpioid agonists. Thus, it may happen that the mathematical
compound® >**%*’raises special interest in how these highmodels used for agonist bias queation, in particular in

e cacy agonists interact with the hMOR compared to lowethose systems where pharmacological complexity either at the
e cacy agonists such as morphine. Questions about potentighnd (partial agonism) or receptor (constitutive activity)

di erences between morphine- and fentanyl-based signaliégels is present, may have permitted the occurrence of
lead to the need for better understanding of how these twepn icting results in some cases. Nevertheless, a connection
ligands modulate MOR conformation and function and howetween functional experimental results yielded by ligands
this could instigate stronger responses from the rétéptor from particular receptors and the molecular interactions of
or even stimulate dirent downstream pathw&y$. There these ligands with the residues in the receptor binding pocket
are conicting experimental data about whether fentanyl is & expected. The observed functional response is a consequence
biased agonist or not. It was proposed through in vitro studi@$ molecular events that occrst within the receptor and are

that fentanyl is more biased towasatrestin activation than later propagated to theestor system.

morphin€***** put the recent literatiie did not nd The results obtained in this study greatly depend on the
signi cant bias of neither fentanyl nor a collection of fentanyihteractions established by morphine and fentanyl in the MOR
analogues toward f@otein or -arrestin signaling pathways. orthosteric pocket, which to be properly determined requires a
Interestingly, opposite bias pes were obtained for fentanyl su ciently accurate initial docking pose, as has been previously
depending on the model parameter used for bias qaanti demonstrated in MD simulations of other GPCR-ligand
tion; G protein bias or -arrestin bias whenK, or complexe® In this regard, our accurate docking of co-
parameters were respectively clf§$4D.simulations cannot  crystallized ligands (or their close analogues) gives us reason to
give a denite answer to this problem. GPCR-dependent have cordence in our docking protocol. We consider that, in
arrestin signaling involves the phosphorylation of particularder to properly characterize thecacy of fentanyl and
serine or threonine residues at the intracellular regions of th@rphine in humans, it is important to study the hMOR
receptor by GPCR kinases (GRKSs). In a recent study on thiestead of the mMOR, thus avoiding protégand
dopamine Preceptof? it was found that intracellular loop 3 interactions with non-conserved residues. At the time our
(ICL3) phosphorylation &cts arrestin binding and activation models were generated, only crystals of the actiaated
through various phosphorylation patterns, which direct thieactivé® mMOR were available. Models of activated or
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inactive hMOR states were successfully validated by higiorphine-like scald of agonist BU-72 and antagoniBNA
conformational stability in MD simulations of the receptor anéh the activated or inactive mM&R, respectively. Con-
bound control ligands: BU-72 and naltrexone. However, \&ersely, the native fentanyl binding pose is still unclear, with
third mMMOR crystal structifewas later released, which previouslr¥ progosed binding posesening in their
details the fully active receptor conformation coupled torientatiorr>*® °° and no consensus having been reached.
human Gprotein. Despite not providing data of therestin Mutagenesis-based stuiEs rst characterized the binding
signaling pathway, it supposes a novel point of reference fandscape of fentanyl and fentanyl derivatives involving
comparison with our MD simulations in terms;gfrGein Asp14983 Tyr156* Asn152% Trp320-% His321% and
signaling. Therefore, this crystal structure was used as Eyr328*3 During the last two decades, the use of computa-
independent positive control, which, in addition to the use dfonal techniques has revealed new details in fentanyl binding,
co-crystallized BU-72-bound activated hMOR and naltrexoriéentifg/in dierent residues that might potentially inter-
bound inactive hMOR, allows us to quantifyerdnt  act’>>**"° Despite fentanyl being more prone to change in
conformational changes induced or selected in the hMOR Hifg initial conformation during our MD simulations compared
fentanyl or morphine. The question arises which is the propt@ morphine, the same stable binding mode of fentanyl is
reference state for the system. Both the apo ré€eptban reached in therst microsecond of all replicas, especially in the
antagonist-bound receptor may, in principle, be suitable fractive receptor state. This is interesting because a recent
this purpose. We chose the latter condition because of the higtport investigating fentanyl binding in MD simulations of the
stability of an antagonist-bound inactive receptor state, as wBMOR failed to obtain a stable binding pose in the inactive
as the potential to deactivate an active receptor state to tAtate unless sodium ions (a known negative allosteric
inactive. However, utilizing the apo receptor to investigate tigodulator) were co-boufidSuch ions are not required in-
apparently low reported basal activity of the HVM@Ran our study. As fentanyl and morphine are bpth agonists, |tlm|ght
interesting area for future study, in particular regardinge expected that they should favor binding of the activated
potential allosteric modulation by anionic phospholipids axate over the inactive; however, tight induced-the
has been reported for other homologous class A GB&Rs. activated crystal structure for its co-crystallized morphine-like

Under the simple framework of the two-state model ofgonist 'BU-'FZappears to enable precise docking of morphine
but partially hinders fentanyl. Conversely, the larger size of co-

L . o
receptor activatioR ~ R*, withRandRr, the inactive and  ¢rystallized antagonistFNA in the inactive crystaimay

active receptor states and L, the interconversion equilibriuggyor g faster stabilization of fentanyl in this state compared to
constant. = [R*]/[ R}, the agonist intrinsic @acy can be  the activated one. Nevertheless, once stable ligand binding is

seen either through the induction braéh L AR or reached within our MD simulations starting from activated or
) K K/ inactive states, morphine and fentanyl makeedt ligand
through the selection branches: A + RR and A + R receptor interactions. In particular, morphine interacts more

AR‘ of the thermodynamic cycle, whérnis the dissociation  fraquently with the N-terminus, TM5, TM6, and TM7, coming
equilibrium constant. Thus, induction and selection appig contact with residues: ASPBB Lys235% |le2985!
proaches are equivalent in terms of intringta@y within Val309%5 Trp3263 and 1le324% while fentanyl interacts
the context of four receptor species in equilibrium. Howevegiin, ECL2, TM2, and TM7, coming into contact with
the situation can be more complex when receptor state912460 Asn128%3 Val14528 Cys21§°\2 and Tyr328%
include ensembles of protein conformations. Conversion of Alyever, there are similarities as both morphine and fentany
into AR* may involve derent intermediates with dient interact with Ser87™ Tyr15632 and Asp1492

kinetics. The kinetic component can be a limiting factor in The dj erent molecular sadds of morphine and fentanyl
some cases making more complex the correspondence betwggh to dierent binding modes, which are associated with
induction and selection approaches. Considering that thg erent conformational arramgents in the orthosteric
inactive receptor R is, normally, the major species in tlﬁtﬁjcket and which may be related to theiremdint
absence of an agonist, it is expected that an agonist makiiarmacological eacies. The widely descrifed?%>%4°
“easi€r the conversion of AR into ARill re ect this  electrostatic interaction with Aspt4@as been observed as
molecular feature onto its pharmacologicallepr®ur  essential for binding ofopioid ligands, and the Aspi¥#9
simulations suggest that this could be the case in th&nformation resulting from it plays a direct role in receptor
comparison between morphine and fentanyl. Therefore, {f)activation as shown by mutagenesis experitéfits.

the present study, receptor activation by either induction Qrikewise, H-bonding between AspiZnd Tyr328%%in the
selection of receptor active states has been considered. Tdh$osteric pocket has been shown to be relevant for MOR
has been possible because both inactive and active MQRivatiort® Further experimental studfé§°> have shown
structures were available. Therefore, when starting fromtteat Tyr328has a signéant eect on ligand potency and
specic simulation initial state (activated or inactive hMOR) ifagonist-induced receptor activation, sgalyi for fentanyl,

the receptor achieves the opposite state (inactive- or active-li is conserved and functionakiand -opioid receptors as
conformations, respectively) the indutedpproach is  demonstrated by mutagen&si©ther mutagenesis studies
followed, otherwise, if the initial state is preserved, we caave identied Tyr15833to be relevant for agonist binding
state that a selection approach occurs. This makes the dynasiaity >°’ including fentanyl. In addition, mutation of the
structural analysis more robust and reliable. It should be takevnserved residue Tyri3%in the -opioid receptor alters
into account that because we are using receptor states obtailigand potency’ Likewise, a recent mutagenesis Stunds

for particular ligands, there is a bias toward these states $twown that Cys2t9-2likely comes into contact with fentanyl
those ligands structurally resembling the crystallized onasd is relevant in its binding but does nectreceptor
(BU72 and -FNA). In this regard, the morphine binding poseactivation. This is an interesting result because it implies a
is widely knowit®%°° because of its similarity with the molecular separation of thenity and e cacy concepts,
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which is di cult if not impossible to obtain by parameter Asp1483? Tyr32843 H-bonding through a three-way side-
estimation from functional studies as the estimated bindirghain interaction thus favoring receptor activV4fiorin
constants in operational models include the receptor activatioomparison, the GIn128 cis sidechain conformation,
component®® Therefore, our morphine binding pose is in predominantly selected by morphine, shows lower
accordance with previously described binding f6d&s, Asp149% T¥r32§-43H-bonding and less favorable receptor
co-crystallized BU7and -FNA?° and side-directed muta- activatiod**’ Di erences in GIn12® conformation with
genesis, which determined V&302r Trp326% to be fentanyl and morphine and theiruence on Aspl13¥
crucial for the decredSeor increas€ of morphine anity, Tyr3284 H-bonding may partly explain theiredence in
respectively. Despite this, to our knowledge, no mutagenesiscacy’* °*°%°’ The sidechain conformation of Asp$29
studies have been performed for residues: ™&p56 which is dictated by the drent binding poses of morphine
Lys23583%° and 11e324%® even though they have been and fentanyl, is further dictated byedént interactions the
implicated in morphine binding before. On the other ligands make with Lys23% As both ligands contain an
hand, the fentanyl binding pose presented in our study, whiokygen acceptor group(s), the sidechain amino group of
presents proteirigand interactions similar to those shown Lys2383% can theoretically interact with either. In relevant
previously>®* is in agreement with thest point mutation  crystals, Lys23% covalently binds antagonisENAZ° does
experiments*®®’ involving residues Aspi#d Tyr15G33 not interact with agonist BU-7and makes an H-bond with
and Tyr328*but not Asn15%* Trp326-5 and His324%¢ agonist DAMGG? Di erences in the molecular sta

As far as we are aware, no experimental mutagenesis has beémeen ligands lead to higher Lys¥3Bgand H-bond
performed on GIn128and Asn12$3 which we predict to  occupancy with bound morphine, which results avedit
interact with fentanyl. The relative stability of our observedonformations of Lys®3 Accordingly, Lys23% ligand
binding poses of morphine and fentanyl, irrespective éf-bonding is related to enhanced stabilization of morphine
receptor conformation, leads us to conclude that they arelative to fentanyl in the orthosteric pocket, thus leading
su ciently accurate. As an extra validation of the fentanplsp149®2to adopt agauche sidechain conformation when
binding pose, we docked fentanyl to the new DAMGO-bounthorphine is bound. Therefore, our results indicate that
fully active crystal structure of the mM©®Rhich might be  Asp1483? Tyr328*3H-bonding, previously described to be
expected to yield greater accuracy. This results in a simissential for MOR activati6fi/ is determined by ligand
docking pose to that obtained with our hMOR models andnteractions with Asp1#8and GIn128%°and by its position

MD simulations Kigure S1)7 thus adding an extra layer of in the orthosteric pocket uenced by its interaction with
con dence. Lys2353%

Conformational dispositions in the orthosteric pocket lead Oxygen H-bond acceptor groups on morphine and fentanyl
to alteration of other receptor residues such as M&as8 not only establish interactions with TM5 but also make H-
Trp29%48 which assist receptor activatfdfi**®> More bonds with Tyr156° on TM3, either directly or through a
specically, dierent conformations of Met#83have been  water molecule. Similar to LysZ85morphine has a higher
associated with a speciigand-dependent microswitch for Tyr156-33 ligand H-bond occupancy than fentanyl, which
MOR -arresting signalifgAlthough in our results we have may enhance TM3 activation and exert a stabilizngan
not found multiple active-like states, we obsereeeuli the receptor orthosteric pocket. This includes the crystal
conformations of Met15% more frequently induced when gauchsidechain conformation of Met¥¥3which is largely
either fentanyl or morphine is bound into the receptorinduced in simulations starting from the activated state and
orthosteric pocket. In addition, Trp2&Hhas previously been when morphine is bound. This conformation stabilizes
observed to rotate during activation of the mi&Rand hydrophobic interactions that occur at the bottom of the
class A GPCRs, in genétaind has been commonly named a orthosteric pocket restricting the transition from one state to
“toggle switch Such“toggling can result in derent H- the other. In this respect, signal transmission along TM3 from
bonding between TM5, TM6, and TM7 and solvation of theTyr1503to Met1532 of the hMOR is similar to that of
receptor coré>'%? In particular, it has been described thatother GPCRs such as the nociceptin recEpt@n the
fentanyl stabilizes @rent rotameric states of Trp2¥5  contrary, selection of the Metd¥3ransconformation by
compared to morphine or the apo receptar. our study, fentanyl when the receptor is in an inactive-like state suggests a
we identify ligand-speciorthosteric pocket changes in (i) destabilization of the hydrophobic interactions, which supports
ligand interactions with GIn296 Asp149® Tyr156°% and transition from an inactive receptor state to a more active one
Lys235%including concomitant sidechain rotameric changedy disconnecting TM3 from TM6. These results indicate that
(ii) interhelical Asp14§? Tyr328“3 H-bonding, (iii) side-  fentanyl has a facility to change Méti%fm an inactive to
chain rotameric changes in Trp2%5and Met1533¢ active-like conformation more frequently than morphine. In
(in uenced by conformational change of Tyrf#50and addition to Asp14§? Tyr328“ and Tyr1586% ligand H-

(iv) proximity and interhelical H-bonding between bonding and associated conformational change of #€t153
Trp29%-48 Ala2424% (in uenced by conformational change the conformational toggling of Trp2$has previously been
in Trp29%49. In terms of how these conformational changeslescribed in the activation of the MO®RnNd -opioid
are connected, we observe that morphine and fentanyl engageeptor’® The Trp295* sidechain also adopts atient
with Asp14%% via dierent gauche or trans sidechain  conformations in inacti¥&activated,and fully active crystals
conformations, respectively.transAsp149°2is within the  of the mMORY In our MD simulations with either bound
H-bonding distance with Tyr328 as expected, wend morphine or fentanyl, Trp2d8adopts an inactive-ligauche
higher Asp149? Tyr32843H-bond occupancy with bound or an activated-likerans conformation depending on the
fentanyl. Likewise, &rans sidechain conformation of receptor state and ligand bound. ffAesposition resembles
GIn126° which is induced predominantly when fentanyl igshe conformation observed in the fully active crystal
bound, interacts with Tyr32% further stabilizing structureé® adopting a perpendicular orientation to TM6 but
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with the indole NH pointing toward TM5 instead of TM7. and receptor starting state. This communication has been
This conformation is in general agreement with a recent stugyoposed to operate, at least in part, through a polar network
implementing MD simulations of the mMOR with dockedmediated by water molecules, which changes depending on the
fentanyl but diers from those observed with docked receptor state’® ® Here, we have ider#d two water
morphing® The reason for this discrepancy over morphineclusters, which dir between active- and inactive-like states or
is unclear but could be due toadences between mouse and between morphine/fentanyl bound systems: (i) intracellular
human receptor models or co-bound sodium ions, which migholvation near the NPxxY region on TM7 and (ii) solvation in
negate agonist activifyin our simulations starting from the the receptor core between Asr33@nd Trp295% In
inactive hMOR, the&ansconformation of Trp28%%is only particular, the former has been described to occur during
obtained twice, once with bound morphine and the other moractivation of the hMOR and class A GPCRs in gefiéral.
transiently with fentanyl. This shows that activation of thé&his is partly because TM6 conformational change involved in
hMOR, in particular TM6 oformational change, is a the transition from the inactive to near-active receptor state, as
relatively dicult process to capture in a microsecond periodobserved more with bound fentanyl, leads to greater solvation
This contrasts with the relative ease of receptor activatidgn intracellular receptor regions, including the NPxxY motif, as
observed in MD simulations of other class A GPCRs, such&gll as the receptor core near Trf29®n the contrary, the
CB1'" or adenosine A2AIn some respects, this with the ~ smaller size of morphine allows greater solvation of the
low constitutive activity displayed by the hMOR inorthosteric pocket, which may negativedgtaits binding
pharmacological experiménshich suggests a highly stable stability in the inactive receptor state. Furthermore, the
inactive state. When Trp28%adopts théransconformation, ~ energetic state of these waters and how fentanyl potentially
it allows interhelical H-bonding with Al@?42a position  displaces more of them in the orthosteric pocket relative to
which has been shown to be relevant for TéAdbility in morphine can be the topic of future study.
class A GPCRS.Conversely, thgaucheonformation of In summary, our dynamics of the hMOR are determined by
Trp295-*3H-bonds Asn33@°when whole TM6 movement is  ligand binding to activatednd inactivé receptor models,
not present and the distance between T?3285d Ala242*¢ based on mMOR crystal structures, including extracellular/
is large. As a result, conformational change and activationiifacellular loops and modeled N-termini. The recently
TM5 and TM6 are highly related to close Trp2d5  published fully active mMOR cryo-EM strudiuatiows for
Ala242%8 interaction, either by H-bond formation or helical an independent positive control of MD-generated receptor
rearrangement. Together with AspiAdyr3284% and  structures. In addition, MD simulations with the antagonist
Tyr15G ligand H-bonding, as well as Metf58onforma-  naltrexone bound represent a negative control that allows us to
tional change in the receptor orthosteric pocket, these are thetter describe dérences between fentanyl and morphine.
factors that most strongly govern intracellular receptdrikewise, the constitution of the geometry of our hMOR
conformation and where diences between morphine and models is validated by the mutual ligand and receptor
fentanyl are most clear. conformational stability in control systems with BU-72 or
In our MD simulations, conformational changes of TMnaltrexone bound, respectively, to activated or inactive states.
helices dierently occur with bound morphine or fentanyl. Two di erent physically stable binding poses of morphine and
While morphine largely induces or selects conformationg@ntanyl in the hMOR mediate efient sets of proteitigand
activation changes of TM3 and TM5, fentanyl more frequentijiteractions (in particular involving GIrff26Lys235%
achieved active-like conformations of TM6 and TM7Asp143% Lys235% and Tyr158®), which dierentially
Conformational rearrangements of these TM helices af®ange_orthosteric pocket conformation (in particular
re ected in changes in specintracellular regions such as Asp148% Tyr328® H-bonding, Met153° orientation,
Arg16%%° Thr28F3* interaction between TM3 and TM6 and Trp295%® Ala242“® interaction). These result in
and the NPxxY motif on TM7. However, in the most part, wéli erent intracellular TM3, TM5, TM6, and TM7 conforma-
observe that the distance between At§d&id Thr28%3 tional changes, including movement of the NPxxY motif and
and conformation of the NPxxY motif remain constant wheArg167°° Thr28F** separation. Fentanyl has a stronger
the receptor is already in the activated state with boun@ €ct on TM6 and TM7 conformation, while morphine
fentanyl or morphine, which means that both agonistgreferentially @cts TM3 and TM5. As conformational change
generally sustain the active receptor state, which is consis#&nIM6 is critical for GPCR activation and G protein binding
with their agonist character. However, activation of th# particular, this likely explains the enhanced receptor activity
receptor from the inactive state through breakage dlicited by fentanyl in vivo, which has HID-fold higher
Arg167%° Thr28f3interaction and conformational change Potency than morphifié.*3*%" The structural insights
of the NPxxY motif is more frequently observed with boun@ained in the present study can be used in future work with
fentanyl than with morphine. This suggests that fentanyl mofe spread of -opioid targeting drugs, to identify those
strongly induces conformational changes in the NPxxY moffitéractions and conformational changes associated with
through enhanced Aspi#d Tyr326-43 H-bonding and  Particular ligand ecacy and the disjunction between signaling
enables TM3TM6 separation through disruption of networks through the receptor, which probably determine the
Met1533¢ conformation and Trp28% Ala2424 transient pro ciency in modulation of the receptor intracellular pocket
H-bonding and further close contact. This may be indicative 8°d G protein or -arrestin recognition.
its higher ecacy observed at the experimentafteveand
also reects the allosteric communication that operates METHODS
between the orthosteric pocket and intracellular regions of Homology Modeling. The crystal structures of activated
the hMOR. Nearly all orthosteric metrics analyzed in this studynd inactive states of the mMOR (PDB ids: 5Cami
have shown statistically sigant association with the state of 4DKL) were used to model respective hMOR states using
intracellular metrics studied, independent of the ligand bour@himera v1.11° and Modeller v9.¥8° Non-native camelid
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G protein mimetic nanobody Nb39 and T4L lysozyme fusion MD Simulations. MD simulations of each hMOR system
protein were removed from respective actharddnactive starting from either activated or inactive states with bound
mMOR crystal structures, as well as co-crystallized opioidsorphine, fentanyl, or naltrexone were performed in triplicate
BU-72 and -FNAZ?° respectively. In order to homology using the CHARMM36 forceld* with ACEMD'® on

model human wt-sequence (Uniprot ID: P3587AMOR specialized GPU-computer hardware. Each replica was energy-
models, respective activatadd inactiv€ mMOR crystal minimized for 2000 steps followed by 28 ns of equilibration at
structures were used as templates and with renumberd@0 K and 1 atm, with positional harmonic restraints on
sequences, so Gly52 was renumbered to Gly54, and so. Ugifefein and ligand heavy atoms progressively released over the
Chimera® and the Dunbrack 2010 rotamer libtdfy, rst 8 ns of equilibration and thereafter continued without
sidechain modiations were performed on S55R, H56D,restraints. This was followed with an unbiased continuous
Q61P, V68I, N139T, V189, and 1308V, which correspond t®roduction run under the same conditions fog 8r each
nonconserved residues between species. The most probdBRlica. In addition, the control h(MOR system with bound BU-
rotamer with the fewest steric clashes was chosen in edch was run in duplicate for 2 after the same energy-
instance. Using Modelt&f,noncrystallized segments of the Minimization and e_q_mhbr_atmn process as systems of interest,
inactive h(MOR N-terminus (residues Gly54 to Ile73), inactivéhaking a total additive simulation time of £8 _

hMOR intracellular loop 3 (ICL3; residues Val264 to Lys271), MD Simulation Analysis. In order to evaluate activated

and activated hMOR C-terminus (residues Arg347 to lle354nd inactive hMOR model accuracy, we respectively analyzed
were homology modeled using the other receptor structure ad'§ conformational stability of the receptor helical domain and

template. Subsequently, activated and inactive hMOR modegscrystallized ligand BU72 or naltrexone (substituted for co-
were energy-minimized in the AMBER14SB feld8® crystallized-FNA) making use of RMSD measurements with
using Chimera in vacuum conditiéhgo optimize internal ~ YMD software v1.9'2! Analysis of the three microseconds of

interactions. each trajectory with bound morphine, fentanyl, or naltrexone

Ligand Docking. The structures of three ligands of interest (including control replicas of the naltrexone-bound inactive

for the present study, morphine and fentanyl, and negatigt?t€) was performed using VMDwith the following

control naltrexone. were extracted from Pub&hemd protocol: (i) ligand stability in inactive and activated hMOR
docked in activafed andagtive hMOR models using models and (ii) analysis of respective stable binding poses; (iii)
Autodock4.2.8 Specically, morphine, fentanyl, and nal- comparison between ligand-mediated hMOR orthosteric

trexone were prepared by respectively selecting their bioact?}?/ k?rtMcor?éﬂgg?t'r?]rﬁer%heanqge?v)ar?gtrg‘:g”u‘ig?erlgggn t(‘)’\;'th
isomer, protonating their amino group (consistent with ’ P

. X o . nformational state and (vi) conformational changes of the
physiological pH), and assigning a net charge of +1 in ordé&? = ) . i
to correctly interact with Asp#49 This particular protein rest of the receptor; (vil) water-networledences associated

ligand interaction is in accordance with co-crystahsidid with di erent receptor states. Evaluation of conformational

X ] ) ) 29 stability was measured by the analysis of the two last
?eglg?éfitsstﬁc%ﬁ;l, d%'?‘a'\l/lnGgi%it%%tigaﬂstngﬁrl\éﬁg’neildund microseconds of each replica of the systems generated,
: ; whereas residue-speatonformational changes were studied
inactive state of the hMOR, for control purposes, co

- . . considering the entire simulation time-period. In detail, RMSD
crystalllz_ed _BU-72_was re-docked into the actlvated_ hMO easurements of fentanyl or morphine in their respective MD
state with its amino group protonated as other ligand

Simulations were used to monitor ligand stability. In addition,

X Gl fentanyl, morphine, and naltrexone conformations achieved
pocket volumes, respectively. The selected docked confor ffing respective trajectories were obaissito ve di erent

tion of each ligand in each receptor state represents the top Aitsiers using a cutof 2.0 A using VMD Clustering Too!.
identi ed by the best predicted rity, which also makes A |ist of residues that came into contact with either morphine
correct interaction with Aspf#9 Subsequent docked o fentanyl (<3.5 A) in each replica of each system and their
ligand receptor compleoées were energyém|n|m|zed in thgequency were extracted making use of a smoothing/averaging
AMBER14SB  forcesld® using Chimerd® in vacuum  Tc| script'® executed in VMBL Electrostatic, van der
conditions to optimize proteiigand interactions. Waals, and hydrophobic interactions between the ligand and
MD System Setup.Two control systems, BU-72 bound t0 yesiques with frequencie20.0% in two or more replicas were
the activated hMOR and naltrexone bound to the inactivenalyzed for energetics using NAMD Energy {iugih4
hMOR, and ve di erent systems of interest were generatedyjithin VMD'” RMSD analysis of the hMOR TM domain was
morphine-bound activated and inactive hMOR, fentanyperformed with respect tospective receptor starting
bound activated and inactive hMOR, and naltrexone-bounghnformation or with the fully active cryStab assess
activated hMOR; each embedded separately into a PORgceptor stability or (in)activation. A threshotel 85 A from
membrane using the CHARMM-GUI web-based intéfface the initial receptor state as well as activated and inactive crystal
and solvated with TIP3P water molecules. All models weggnformational divergence from fully active 8%@ used
oriented in the membrane according to the OPM daltabase to determine sigriant receptor conformational changes.
entry of the activated mMOR (id: 5cIirhe disulde Intracellular receptor conformational changes associated with
bridge between Cys242and Cys21¥"*was maintained in  activation/deactivation were analyzed by making use of
all systems, and charge neutralizing ions (0.15 M KCI) wekgMD"'’ in terms of movement with respect to the protein
automatically introduced in order to make a net system chargenter of (i) TM3, (ii) the intracellular tip of TM5, (iii) the
of 0. CHARMM-GU!*? automatically generated membrane,intracellular tip of TM6, and (iv) the NPxxY motif on TM7, in
water, and protein parameters according to the CHARMM3&ddition to (v) distance measurement between alpha carbons
force-eld** and ligand parameters in accordance withof residues Argl®? and Thr28%34 TM3 upward axial
CHARMM General Force Field (CGenFF) v.16.0. movement was measured by z axstali erence between
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TMS3 and the protein center of mass (COM). Helix tips weretotal sample of 900 recepttigand conformations. This
de ned according to the second and third-last intracellulasample was considered sient to construct two-way

helical turns (TM5: residues 2261, TM6: 274284) and

contingency tables to evaluate the Chi2 score and to perform

distances measured relative to the protein COM. Taking i&tuderis t-test analysis for exploring general mechanistic

consideration dérences between crystal Structtresin

trends. P < 0.05 was considered statisticallycaigmilBM

their positions of TM3, TM5, and TM6 as well as MD SPSS Statistics 20.0.0 was used for statistical analyses.

simulations with the antagonist naltrexone bound, relevant

internal distances measured were normalized with respect to ASSOCIATED CONTENT

the inactive crystal,with respective distance thresholds of .

+0.3, 0.8, and + 1.7 A used to classify active or inactive heljﬁ1

conformations. Active- or @ti@e-like conformations of
intracellular metrics such as the NPxxY motif an
Arg167°0 Thr28%34 interaction were deed by distance
from the protein COM (using0.8 A threshold) or by +10.0
A for Arg16¥%° Thr28P3*inter-residue distance. Residues
showing dierences in their P.E. of interaction between bound
fentanyl and morphine were analyzed according to (i)
sidechain 1 dihedral angle; (ii)2 dihedral angle; (iii) P.E.

of interaction with nearby residues; (iv) distribution with

respect to conformational changes of other residues; and (v)

correlation with intracellular receptor conformational changes.
Sidechain dihedral angles were dakssaccording to a
threshold between predominantly obserdveashd 2 dihedral

angle conformations. Thust a15.0 value was used as a
threshold for classifying Aspt#9 1 dihedral angle
conformation daucheand trans conformations)+ 90.0
threshold for the Met13¥ 1 dihedral angleg@ucher
alternative conformations), aad 240.0 threshold for
Lys235%9 and GIn128%° 2 dihedral angles (predominant
cisandtransconformations of 300.8nd 180.9 respectively).

Supporting Information

e Supporting Information is available free of charge at
dittps://pubs.acs.org/doi/10.1021/acs.jcim.0c00890

(Figures S1S17) Stability of BU-72 bound in the
activated hMOR model during control MD simulations;
morphine, fentanyl, and naltrexone conformational
clustering and RMSD in MD simulations; proportion
of residues in close contact with morphine, fentanyl, and
naltrexone in MD simulations; entire TMD receptor
conformational change; TM helix movement with
respect to the protein center in MD simulations;
intracellular Arg187° Thr28F3* distance in MD
simulations; average potential energy per replica of
protein ligand and sidechaisidechain interactions in
MD simulations; fentanyl docking in active MOR crystal
structures; statistical analyses; distribution of orthosteric
pocket conformational changes; and (Table S1) average
and SD of metrics mentioned in the t&®DK
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