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Abstract Initiated by mathematical modelling of extracellular interactions between G-protein
coupled receptors (GPCRs) and ligands in normal versus diseased (inflamed) environments, we
previously reported the successful design, synthesis and testing of the prototype opioid painkiller
NFEPP that does not elicit adverse side effects. Uniquely, this design recognised that GPCRs
function differently under pathological versus healthy conditions. We now present a novel
stochastic model of GPCR function that includes intracellular dissociation of G-protein subunits
and modulation of plasma membrane calcium channels associated with parameters of inflamed
tissue (pH, radicals). By means of molecular dynamics simulations, we also assessed qualitative
changes of the reaction rates due to additional disulfide bridges inside the GPCR binding pocket
and used these rates for stochastic simulations of the corresponding reaction jump process. The
modelling results were validated with in vitro experiments measuring calcium currents and
G-protein activation. We found markedly reduced G-protein dissociation and calcium channel
inhibition induced by NFEPP at normal pH, and enhanced constitutive G-protein activation but
lower probability of ligand binding with increasing radical concentrations. These results suggest
that, compared to radicals, low pH is a more important determinant of overall GPCR function in
an inflamed environment. Future drug design efforts should take this into account.

Introduction

The family of G-protein coupled receptors (GPCRs) represents the largest class of receptors in the
human genome and some of the most common drug targets. Located on the cell membrane, they
transduce extracellular signals into key physiological effects. Natural GPCR ligands include neuro-
transmitters, chemokines, hormones, odours or photons. GPCRs are involved in a large number
of disorders, such as diabetes, high blood pressure, depression, addiction, pain, arthritis, Parkin-
son’s and many others (Congreve et al., 2020). A prominent member of this family is the u-opioid
receptor (MOR). Recent works of our group (Spahn et al., 2017) led to the development of the
novel analgesic compound N-(3-fluoro-1-phenethylpiperidin-4-yl)- N-phenylpropionamide (NFEPP)
which activates the MOR preferentially at acidic extracellular pH-levels, as given in injured tissues
(Stein, 2018). This is of utmost interest because it may preclude the adverse effects of conventional
MOR agonists like fentanyl which include constipation, sedation and apnea. These adverse effects
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are mediated mostly in the brain and the gut, i.e. in healthy tissues (pH 7.4). Since the generation
of pain can be effectively inhibited at the site of the injury (i.e. the origin of nociceptive stimulation),
this gives rise to the hope that NFEPP might have less or even no adverse effects, which could al-
ready be corroborated in animal studies (Spahn et al., 2017; Rodriguez-Gaztelumendi et al., 2018;
Massaly et al., 2020; Jimenez-Vargas et al., 2021).

Up to now, the effects of NFEPP and fentanyl were mathematically analysed at the level of their
binding rates at relevant amino acid residues accessible from the extracellular side of MOR (Spahn
et al., 2017; Ray et al., 2020). To get a more complete picture, we have here built a model of the
intracellular second messenger pathways relevant to pain and analgesia. The mechanism under-
lying the analgesic effect of MOR activation in nociceptive neurons is mainly due to a stabilisation
or even lowering of the plasma membrane potential beneath the threshold value required to elicit
an action potential (reviewed in Stein (2018); Bhave and Gereau (2004)). This effect is mediated
via intracellular inhibitory G-proteins, which dissociate into a- and fy-subunits after formation of
a receptor-ligand complex (Weis and Kobilka, 2018). Among other actions, the fy-subunits bind to
calcium channels in the plasma membrane. This leads to closure of the channels, thereby lower-
ing the amount of positive calcium-ion influx and reducing cellular excitability (reviewed in Proft
and Weiss (2015); Zamponi et al. (2015); Stein (2018); Bhave and Gereau (2004)). In this paper, we
modelled this pathway with a stochastic approach to analyse the effects of fentanyl and NFEPP
on the number of closed membrane calcium channels and activated (i.e. dissociated) G-protein
complexes at different pH-levels. We constructed a biochemical reaction network that connects
the receptor-ligand interactions to the G-protein cycle, and further to the signal cycle of calcium
channel opening and closing (see Fig. 1 for an illustration). The corresponding stochastic reac-
tion process was simulated for different values of the receptor-ligand binding rate, comparing the
mean inhibition of calcium currents and the mean activation of G-proteins resulting from these
numerical simulations to corresponding data from in vitro experiments. It is important to note
that our approach differs from others that have investigated signalling pathways from receptor
to the nucleus or to intracellular second messengers (not to the plasma membrane) by using de-
terministic instead of stochastic models (Shaw et al., 2019; Bridge et al., 2018). As the duration
of membrane calcium channel inhibition required for an efficient reduction of pain signals varies
widely (depending on the nature of noxious stimulation), we chose a stochastic model rather than
ordinary differential equations.

+ activation ‘

Signal
Cycle Caon Caoff
‘ deactivation
G-protein OgpeBY By + Ogp Ogpp + M > 4
CyCl e ‘ activation ‘ hydrolysis *
A4
‘ desensitization +
Receptor RL constitutive RL —» 0
CyCle $ G-protein activation ‘ w
0 - L R -
activation recycling

Figure 1. Overview of the reaction network. Biochemical reaction network for the u-opioid receptor
signalling pathway, connecting the receptor cycle to the G-protein cycle and further to the signal cycle of
membrane calcium channel activation. The basic reaction network was extended by the constitutive G-protein
activation (orange). The focal point of this study is the analysis of the impact that the rates for ligand-induced
receptor activation (blue) and for constitutive G-protein activation (orange) have onto the overall dynamics.

Aside from pH, other inflammatory mediators play important roles. For example, reactive oxy-
gen species (radicals) can induce disulfide bond (DSB) formation in opioid receptors (Bowen and
Pert, 1982). In in vitro experiments, reactive oxygen species can be added by using hydrogen per-
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oxide (H,0,). In order to understand the interplay between pH and additional DSB inside MOR
for the signalling, we modelled different scenarios (see Fig. 2) and performed molecular dynamics
(MD) simulations. Whereas pH has a major influence on the binding rate of opioids to MOR (see
Tab. 1), conformational changes based on DSB can alter the position of transmembrane helix 6
(TM6) of MOR without any opioid bound. This showed that DSB inside the binding pocket might
initiate constitutive G-protein activation with a certain probability. This led us to an extension of
the above model, adding the reaction of constitutive G-protein dissociation. By this extension, it
is possible to take into account conformational changes of the MOR due to DSB. In summary, two
different influences and three different effects are analysed in this article:

1) A lower pH value changes the protonation state of amino acid residues and opioid ligands,
and thus changes their binding rates and subsequent modulation of calcium channels (first
effect).

2) An increased concentration of radicals leads to DSB formation, which reduces the binding
affinity of ligands (second effect) and increases the probability for constitutive G-protein dis-
sociation (third effect).

(@)

(b)

CYS 321

No ligand

Fentanyl

Fentanyl

No DSB DSB: 292-321

Figure 2. Simulation setup. Trajectory snapshot at 5 ns of u-opioid receptor (MOR) without (a, b) and with (c,
d) the ligand fentanyl, and without (a, c) and with (b, d) an additional CYS 292647 — CYS 3217-38 DSB (for
terminology, see (Isherg et al., 2015)). The figures show the two neighbouring helices TM6 and TM7 of the
MOR. Interaction between the ligand and the MOR is assessed by measuring the distance between the ligand,
and the two amino acid residues ASP 147332 and HIS 29752,

Results
In this section, we present the results of our studies on the two influences of pH value and addi-
tional DSB and the three different effects regarding the signalling dynamics.

Impact of the pH value

We first considered the basic biochemical reaction network, which is illustrated in Fig. 1 (omitting
the constitutive G-protein activation) and described in more detail in Materials and Methods. Our
goal was to analyse the effect of varying rates k, > 0 for the ligand-induced activation of a receptor
(given by the binding reaction R, : L + R — RL, see Tab. 2 in Materials and Methods) onto the
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amount of closed calcium channels Caqg. We examined the ligands fentanyl and NFEPP in combi-
nation with changing pH levels (see Tab. 1 for the respective rate values). The relative change of
k, was deduced from Ray et al. (2020). The rates for the other reactions were left unchanged in all
simulations based on the assumption that the intracellular situation does not change much with
different extracellular levels of pH and/or radicals.

Fig. 3a represents the mean number of closed calcium channels depending on time for the
different ligand-binding rates k, given in Tab. 1. Note that for the pairings fentanyl (pH 5.5), NFEPP
(pH 5.5) and NFEPP (pH 6.5), the same binding rate k, was used. For k;, € {2.5x1072s7!,1.25x 107257}
we observed similar amplitudes of closed calcium channels (about 46% of all calcium channels),
while k, = 2.5x1073s7! slightly reduced the amplitude and k, = 5x10~*s~! significantly decreased the
amplitude to approximately 29% (but note that only a maximum of 40 out of the total of 80 channels
can be closed since there are only 40 G-proteins, so the maximum calcium channel inhibition is 50%).
Fig. 3b represents the amount of non-activated (i.e. undissociated) G-protein complexes over time
under the analogous conditions.

Ligand pH =174 pH=6.5 pH=55
Fentanyl | 2.5x 102s™!
NFEPP 5% 1074571

Table 1. Receptor-ligand binding rates. Rate constant k, for receptor activation by ligand-binding,
depending on the ligand and the pH-level.

The findings from these numerical studies for the basic scenario are consistent with the results
from in vitro experiments (see Fig. 4). Both the FRET and the patch-clamp measurements show
a normal maximum effect (G-protein activation or inhibition of calcium currents, respectively) of
fentanyl at all pH values and of NFEPP at low pH, but a significantly smaller effect of NFEPP at pH
7.4.

Impact of oxygen radicals and additional DSB

The pH value has an impact on the binding rate of NFEPP and fentanyl. However, we found that the
receptor-ligand binding rate was also influenced by an additional DSB, which is typically promoted
by increased radical concentrations (Bowen and Pert, 1982). In the atomistic MD simulations, the
difference between inflamed and healthy tissue was modelled by changes in pH and with the for-
mation of a DSB. In order to account for protonation and deprotonation of respective amino acid
residues and ligands, the simulation parameter setting for inflamed tissue was pH 5 and the set-
ting for healthy tissue was pH 7. As explained in the methods section, this parameter setting does
not really represent a concrete H*-ion concentration, but only has an influence on the protonation
state of the MOR amino acid residues. The setting pH 7 results in the same protonation states of
amino acid residues as pH 7.4 and, therefore, models the healthy tissue situation. In the rat MOR,
CYS 292547 of the TM6 helix along with CYS 321738 of the neighbouring TM7 helix were selected for
the introduction of an additional DSB. Sulfur atoms of these two cysteine residues are at a distance
of 0.987 nm in the native rat MOR crystal structure, see Protein Data Bank (PDB) (wwPDB consor-
tium, 2019), code 6DDF (Koehl et al., 2018). Significantly, CYS 292%47 is also in proximity of HIS
297652, which is crucial for the interaction of the binding pocket of the receptor with opioid ligands
(Koehl et al., 2018; Ray et al., 2020). Hence, it is of special interest to examine ligand binding and
activation of the MOR without and with the additional CYS 292547 - CYS 321738 DSB in the receptor,
as depicted in Fig. 2.

Receptor-ligand interaction

The binding of an opioid ligand to the MOR occurs mainly between the two amino acids ASP 147332
and HIS 297552 (Koehl et al., 2018; Isberg et al., 2015). The ligand positions itself between these
two residues. Thus, the interaction of the binding region of the MOR with the ligand was assessed
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Figure 3. Numerical studies. (a) Time course of percentage of closed calcium channels for different values
of the ligand-binding rate k. Note that there can be maximally 40 closed calcium channels (corresponding to
50% on the y-axis) because there are not more than 40 gy-units (see Tab. 4). Error bars indicate
95%-confidence intervals (from 500 simulation runs). (b) Time course of average number of undissociated
afy-complexes for different k,-values. (c) Variances of closed calcium channels from 500 simulation runs. (d)
Variances of undissociated G-protein complexes from 500 simulation runs.

The dashed line indicates the time point ¢ = 20s in all figures.

by measuring its distance with regard to the crucial ASP 147332 and HIS 297%>? residues of the
binding region (Ray et al., 2020).

The formation of an additional DSB is promoted by radicals and, thus, due to the situation of
inflamed tissue. In healthy tissue the formation of additional DSB is unlikely. This means, that in
Fig. 5 mainly 5a and 5c are of importance. At pH 5, fentanyl exhibited similar interactions with the
binding region irrespective of the additional DSB, as shown in Fig. 5a. However, the fluctuation in
the receptor-ligand interaction was demonstrably higher without the extra DSB. The ligand stays
in greater proximity of ASP 147332 as compared to HIS 297532, For NFEPP, interaction with the ASP
147332 residue at pH 5 gets affected upon the introduction of the additional DSB. However, ligand
interaction with HIS 297%>2 remains similar for both scenarios (Fig. 5c). From this observation, we
conclude, that the presence of an additional CYS 292647 - CYS 3217:38 DSB has an effect on the bind-
ing mode of opioids. An additional DSB can have a significant influence on these systems especially
in the case of NFEPP. Hence, increased concentrations of radicals (which induce the formation of
DSB) can indeed affect ligand binding at the MOR and perhaps the subsequent signalling events
downstream. Our conclusion from the change in the atomic distances between the opioid ligands
and the important binding positions is that DSB formation reduces the binding rate k,. A similar
role of DSB has been previously implicated in the modification of the ligand-access channel of cy-
tochrome P450 2B1 (Zhang et al., 2009) and in the functionality of other GPCRs (Weis and Kobilka,
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Figure 4. In vitro experiments. (a) Maximum inhibition of voltage-induced calcium currents by fentanyl or
NFEPP at pH 6.5 and pH 7.4 measured by patch clamp experiments in rat sensory neurons. *P<0.05 NFEPP at
pH 7.4 vs. all other values (one-way ANOVA with Bonferroni’'s multiple comparisons). Data are means +
standard error of the mean (SEM). These findings are comparable to the scenarios simulated in Fig. 3a. (b)
Experimental data from (Spahn et al., 2017) are comparable to the scenarios simulated in Fig. 3b. The time
course of ligand-induced G-protein subunit dissociation (i.e. G-protein activation) was measured by Forster
resonance energy transfer (FRET). A higher number of dissociated G-protein subunits (i.e. stronger G-protein
activation) is represented by more negative FRET values. One can directly see that the blue “curve” (NFEPP at
pH 7.4) shows lower numbers of dissociated subunits (i.e. weaker G-protein activation) compared to the other
scenarios. This is comparable to k; = 5 x 10~*s~! in Fig. 3b. The dashed line indicates the time point ¢ = 20s
where the ligand was added.

2018).

In inflamed tissue, the amino acid residues are not “completely protonated”. With a low prob-
ability, we also find the situations that correspond to a parameter setting of pH 7 in molecular
simulations. Fentanyl would interact less with HIS 297552 with an additional DSB in the receptor
using this parameter setting. However, the distance of the ligand from ASP 147332 remains similar,
both without and with the extra DSB (Fig. 5b). NFEPP prefers interaction with HIS 297%>2 without
the DSB, and with ASP 147332 if an extra DSB would be present at pH 7 (Fig. 5d). This again shows
that a lower rate constant k, can be expected in the case of DSB formation.

Constitutive G-protein dissociation
The TM6 of the MOR is known to play a crucial role in ligand binding. Furthermore, the outward
movement of TM6 is the largest structural change upon receptor activation (Weis and Kobilka,
2018). The position of TM6 may change just because of the presence of an additional DSB, even if
aligand is not bound. Changes in the MOR conformation were monitored by tracking the distance
between the TM6 and TM7 helices in MD simulations without a ligand, as depicted in Fig. 6. The
additional CYS 292547 - CYS 321738 DSB causes a reduction in the distances between these two
helices by approximately 0.1 nm at both pH 5 and 7. Hence, a conformational change of MOR
might occur in inflamed tissue, as the surrounding environment turns more acidic accompanied
by increased radical concentrations, which can trigger formation of DSB (Bowen and Pert, 1982).
From our MD simulations we see that the position of TM6 depends on several extracellular fac-
tors. It is to be expected that the spontaneous (constitutive) dissociation of G-protein subunits is
influenced by conformational changes of TM6. So our MD simulations imply that we have to ex-
tend our reaction network to include the possible influence of DSB on constitutive activity. What
kind of influence can be expected from in vitro data? The formation of DSB is chemically based
on reactive oxygen species (Bowen and Pert, 1982). These species can be produced in in vitro ex-
periments by adding H,0, to the sample. Our experimental data support that increasing radical
(H,0,) concentrations (likely associated with increasing DSB formation) are correlated with increas-
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Figure 5. Receptor-ligand interaction. Distance distributions of fentanyl (a, b) and NFEPP (c, d) as a function
of system acidity, with respect to the ASP 147332 and HIS 297%>2 residues of the binding region. System
states without and with an additional CYS 292647 — CYS 3217-38 DSB are represented by green filled-squares
and red filled-circles, respectively.

ing constitutive receptor activity (i.e. G-protein activation) (Fig. 7).

In order to take this constitutive G-protein activation into account, we extended the basic reac-
tion network by a spontaneous activation of the receptor independently of ligands (see reaction
R,, in Tab. 2). For our studies, the rate k,, of this additional reaction was modified in order to un-
derstand the effect of additional DSB onto the reaction cascade. The results of these studies are
presented in the following subsection.

Parameter studies for extended model

We next investigated the effect of rising radical levels (accompanied by additional DSB in the recep-
tor) onto the dynamics. The results from the MD simulations described before showed a decrease
of the receptor-ligand binding rate k, and an increase in constitutive G-protein activation modelled
with rate k,,. The introduction of constitutive receptor activation now leads to a higher baseline
level of closed calcium channels depending on the rate of constitutive receptor activation. This level
was evaluated in a preliminary simulation run without ligand, and the initial state was adjusted for
each value of k;, accordingly. With progressive inflammation, there are now two effects on k,, one
from the lower pH and one from more DSB. We assumed that the DSB effect decreases k, to about
80% at pH 6.5, and to about 70% at pH 5.5. For fentanyl, k, decreases due to both pH and DSB, while
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Figure 7. Constitutive receptor activity. Effects of increasing concentrations of radicals (H,0,) on basal
[3°S]-GTPyS binding to MOR without opioid ligands. Data are means + SEM of specific binding normalised to
the control group; n=8 per condition. P<0.05, linear regression analysis.

for NFEPP, k, increases due to pH and decreases due to DSB. Without ligands, constitutive receptor
activity increases with progressive inflammation (i.e. rising radical concentrations). This is seen in
Fig. 8 which shows two plots, one for fentanyl and one for NFEPP. The black curve represents the
healthy tissue situation (pH 7.4, no DSB) while the olive (pH 6.5, some DSB) and orange (pH 5.5,
more DSB) curves show the effects of progressive inflammation. The change of k, has the already
known effect of reducing the amplitude of the closed calcium channels which is not altered by the
constitutive receptor activity. Increasing k,, results in a rising number of closed calcium channels.

Discussion

We present a stochastic model of a canonical GPCR signalling pathway linked to plasma membrane
function. This pathway is composed of a biochemical reaction network which begins at the recep-
tor, continues with the G-protein and extends to the membrane calcium channels. In addition, we
have studied the functional role of DSB inside the binding pocket. Our modelling results regarding
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figures.

calcium channels and G-protein activation were validated by in vitro experiments.

Initially, we show that the change in reaction rates translates into a markedly diminished ef-
fect (i.e. a lower number of closed calcium channels) of NFEPP at normal pH compared to all
other scenarios (NFEPP at low pH, fentanyl at low or normal pH). The model shows a non-linear
behaviour of the calcium channel inhibition response with regard to the change of the receptor-
ligand binding rate k,. For the chosen parameter setting, a critical value of k, at which the re-
sponse drops markedly, is k; = 5x107*s~! (corresponding to k, = 0.01 in the unitless regime, see
Fig. 1 in the appendix, where the probability of no receptor-ligand binding can be seen as a surro-
gate parameter for a low amount of closed calcium channels). These results support our previous
studies demonstrating that the conventional ligand fentanyl activates MOR both in injured (low
pH) and non-injured (normal pH) tissues, while NFEPP is not active in non-injured environments
(brain, intestinal wall) (Spahn et al., 2017; Rodriguez-Gaztelumendi et al., 2018; Massaly et al., 2020;
Jimenez-Vargas et al., 2021). In contrast to an ordinary differential equation model we were able
to investigate this phenomenon further and can state that this decrease is not due to a uniform de-
crease of all trajectories but to a stronger decrease of some trajectories and the nearly unchanged
course of others. Mathematically, this is represented by the rise of the variance of trajectories (see
Fig. 3¢).

To find out about the effect of additional DSB, a two stage approach was used: As a first step,
qualitative changes of the reaction rates were assessed by MD simulations, and as a second step,
these rates were used for stochastic simulations of the corresponding reaction jump process. The
MD simulations with DSB imply a decrease of k,, the amount of which is hard to quantify. With
the amount of decrease we assumed in the extended model parameter study section, no decisive
changes in the effect of both ligands are to be expected. Only if one assumes the decrease to be
large enough to drop k, below the critical value of 5x10~*s~!, marked changes will be seen. At low
pH (5.5), a decrease towards the critical value may be possible for either fentanyl or NFEPP. Also,
evidence for a relatively higher constitutive receptor activity could be deduced from our MD simu-
lations which were validated by in vitro experiments. Absolute values cannot be inferred from the
current state of our research. The testing of several combinations of binding rates and constitutive
activation levels showed no large mutual influences.

These results are an extension of the findings in our earlier work (Spahn et al., 2017). There it
was theorised and corroborated in animal studies that a ligand with proper pH-dependent bind-
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ing rate would exhibit analgesic effects without side effects. Now we can add that the change of
binding rates results in reduced calcium channel inhibition. Thus, the present data provide a more
detailed explanation by including the intracellular signalling pathway underlying our initial findings.
This further supports our concept of targeting disease-specific conformations of MOR to preclude
adverse side effects of painkillers.

With regard to other inflammatory mediators (radicals), our study implies lower binding rates
of fentanyl and NFEPP, and a higher constitutive activity of the MOR after introducing a new DSB be-
tween TM6 and TM7 inside the binding pocket. The role of DSB in GPCR has also been investigated
by others. For example, Zhang et al. (1999) describe decreased ligand binding after the removal
of a DSB in the extracellular part of the MOR. A review article by Wheatley et al. (2012) mentions
decreased agonist affinity at the CXC-chemokine receptor 4 and increased constitutive activity of
the angiotensin Il type 1 receptor after breaking extracellular DSBs. It must be keptin mind that lig-
ands may cleave extracellular DSB in MOR (Brandt et al., 1999). If this also occurs inside the binding
pocket, radical-induced DSB formation may not play a major role for opioid receptor activity.

In summary, comparing the influence of two prominent inflammatory mediators (pH and rad-
icals) on ligand-induced opioid receptor function, it seems that pH has a higher impact than radi-
cals under the chosen parameters. When designing novel opioid painkillers devoid of side effects
elicited in non-injured environments, pH-sensitivity may be more important than radical-sensitivity.
Given the high degree of homology between GPCRs (Congreve et al., 2020), our current studies may
be applicable to other signalling pathways (e.g. from receptor to nucleus (Shaw et al., 2019)), to
GPCR involved in other diseases (e.g. cancer, high blood pressure, addiction, depression, arthri-
tis) or even to non-human GPCRs in deranged environments (e.g. in animals or plants exposed to
ocean acidification).

Materials and Methods

Reaction network: Stochastic model

The basic biochemical reaction network under consideration consists of the following reactions
(see Tab. 2 for an overview and Fig. 1 for an illustration). A ligand L attaches to a receptor R
in the membrane, resulting in a receptor-ligand complex RL (reaction R,). This receptor-ligand
complex RL activates a trimeric G-protein complex which leads to exchange of GDP by GT P and
subsequent dissociation into a- and py-subunits (reaction R,). These subunits activate different
signalling pathways. Along with the hydrolysis of GT P, another reaction partner M (e.g. arrestin)
emerges (reaction R,), which initiates internalisation of the receptor-ligand complex (reaction R,).
The gy-subunit inhibits a membrane calcium channel by binding to it (reaction R,). After dissoci-
ation of the gy-subunit from the calcium channel, a trimeric G-protein complex is reformed, and
the calcium channel is opened (reaction R;). The internalised receptor RL,, is either recycled to
the cell membrane (reaction R,) or degraded (reaction Rg). The reaction partner M can itself be
degraded (reaction R,). The ligand L can vanish before it binds to the receptor, e.g. by degradation
or unspecific binding to other extracellular components (reaction R,,), or it is degraded intracel-
lularly (reactions R, and R). In the extended reaction network, we added a reaction R, which
represents a spontaneous (constitutive) activation of the receptor by simply using R, without lig-
and.

The state of the system is given by a vector

11
X =(Xp,Xp, Xpp,-) €Ny

counting the number x of molecules of the different species .S € S, where S is the set of species
under consideration:

S = {L, R,RL,RL,, 0;,pPY,%qpp> %rp, b7, M, Cag,, Caoﬁ} .

For each reaction R, there is a stoichiometric vector v, € Z'' defining the net change in the pop-
ulation state x induced by this reaction. That is, each time that reaction R; occurs, this leads to a
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J Reaction R, Propensity f;
1 L+RL>RL ky-xg-xp
2 RL + agppBy ﬁ’ RL +agrp + Py | ko~ Xpp - Xegpppy
3 Agrp N agpp+ M Ky Xopr,

4 RL+M£>RLW ky-Xpp Xy
5 Pr + Cag, - Caogs ks xp, * Xcag,
6 agpp + Caos - agppBy + Caon | kg Xopp, * Xcagg
7 RL, 2L R ky - Xpi,

8 RL, 2 ¢ ks - Xrp,

9 M2 @ kg« Xy,

10 Lo @ kg« x;
1 R+ agppBy — R+agrp + By Ky o XR X8y

Table 2. Reactions and propensities. R: receptor, L: ligand, RL: receptor-ligand complex, RL,: internalised
receptor, agppfy: G-protein, agpp/agrp: a-subunit loaded with GT P or GD P, respectively, py: fy-subunit, M:
reaction partner (e.g. arrestin) to initiate receptor internalisation, Cagg/Cagp: closed/open calcium channel.
Reaction RTI was used only when the effect of radicals was modelled (extended reaction network). For any
species S it stands x ¢ for the number of molecules of this species.

jump in the system's state of the form

xb—>x+vj.

E.g., the stoichiometric vector v, of reaction R, is given by v, = (-1,-1, 1,0, ...,0). The rates at which
the reactions occur are given by propensity functions f; : Nj' = [0, ), which can be found in the
right column of Tab. 2.

The temporal evolution of the system is described by the Markov jump process (X (1)), X(1) =
(X5())ses Where X (1) is the number of molecules of species S at time . We define the probability
p(x,1) 1= P(X() = x|X(0) = x,) to find the system in state x at time ¢ given some initial state x,,.
Then, the overall dynamics are characterised by the standard chemical master equation (Gillespie,
1992; Winkelmann and Schiitte, 2020) given by

L px.n) = Z} [, = v p(x = v, 1) = £,(0p(x,),]

where n is the number of reactions under consideration (i.e., n = 10 in the basic scenarioand n = 11
in the extended scenario).

We simulated the stochastic process (X (1)),s, via the Gillespie algorithm (Gillespie, 1977) for dif-
ferent scenarios represented by different rate values. Only the rates k, and k,, have been altered,
while the rate constants for reactions R,, ..., R, were left unchanged. The respective values are
given in Tab. 3. We started by setting the rate k5 = 1 as the rate of the central binding reaction
of the py-subunit to the calcium channel and proceeded to arrange the other values relative to it
according to what is known in the literature. From Zamponi and Snutch (1998) it can be deduced
that R happens at a level of hundreds of milli-seconds while from Shea et al. (2000) we know that
R, and R, happen at a level of seconds, so we chose k, and k, ten times smaller than k,. The rates
of reactions R,,R,, R4, R, Were assumed to be of the same magnitude as those of R,,R;. The
recycling and degradation of internalised ligand-receptor complexes are much slower, at a level
of minutes (Fig. 1 in Williams et al. (2013)) which leads to comparatively small rate constants k,
and kg for the reactions R, and Ry of the internalised receptor. The extracellular decay of ligand
due to unspecific binding and other incidents (reaction R,,) was set to a value at which it showed
a first effect on calcium channel inhibition, with k; = 0.01. Constitutive receptor activity, which is
represented by the rate k,, of reaction R,,, was set to show a base level of approximately 5 closed
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calcium channels in the healthy tissue scenario, which appears to be a reasonable value compared
to the other model parameter values.

After running the model with these parameters which gave a unitless time axis since the rate con-
stants are unitless, we compared the results with the time course of the findings of the in vitro
experiments. We found that by scaling our rate constants with a factor ¢ = (20s)~! and thereby
indirectly the time axis of our simulations, we could fit both time courses (in vitro and simulation)
accordingly. So the rates from table 3 were finally multiplied by ¢ to equip the simulation time axis
with the unit seconds.

kl k2 k3 k4 k5 k6 k7 k8 k9 klO
seeTab.1 | 0.2 | 0.1 | 0.1 1 0.5 | 0.01 | 0.001 | 0.1 | 0.5
Table 3. Reaction rate constants. Chosen values for the rate constants of the basic scenario.

Simulations were made with Python 3. For each combination of rate constants, 500 Monte
Carlo simulations were carried out and the arithmetic mean was calculated in order to estimate
the percentage of closed calcium channels plotted in Fig. 3 and Fig. 8. As a time horizon for each
simulation 1200 seconds were chosen. For all simulations of the basic model the initial state in
Tab. 4 was used. To check for normal distribution of the mean, the 500 runs were divided into
batches of 50 and the respective means then tested. Anderson-Darling test indicated normal dis-
tribution with p < 0.05, so the 95%-confidence interval of the t-distribution is shown in the plots.
For the extended model the initial state was adapted according to the new baselevel of constitutive
receptor activation. The same procedure as in the basic model was carried out to ensure normal
distribution of the means.

SpeciesS | L | R | RL | RL, | afy | agpp | @grp | Br | M | Cag, | Cagg

X(0) 10 | 20 0 0 40 0 0 0 0 80 0
Table 4. Initial state. Initial number X ¢(0) of molecules for each species .S € S used for all simulations.

MD simulations

For creating the different possible protonation states of the MOR amino acid residues in inflamed
and in healthy tissue in the computational molecular model, a virtual “pH" value has to be selected.
Ininflamed tissue we selected “pH 5", in healthy tissue “pH 7”. This only accounts for the modelling
of protonated vs. deprotonated amino acids, because individual H*-ions are not part of the mod-
elling. In reality, we always will find a mixture between different protonation states of amino acids.
For example, at normal pH 7.4 there is also a small percentage of protonated histidines. Thus, in
the following passages “pH 5” and “pH 7" just accounts for the parameter setting during the mod-
elling step. Furthermore, the argument that there is always a mixture of different states also led
us to take into account transient states with an additional DSB at pH 7 and without an additional
DSB at pH 5. Systems at pH 5 and pH 7 without a ligand were also considered, both without and
with an additional DSB, for comparison with systems where a ligand was present in the vicinity of
the binding region.

For molecular modelling, the rat MOR structure was procured from the RCSB database (Protein
Data Bank (PDB): 6DDF). Protonation states of the individual amino acid residues in the receptor
were determined based on calculations at pH 5 and pH 7. The histidine imidazole side-chain has
a pKa value of 5.97 (Williams, 2013). Hence, these two levels of system acidity represent histidine
states below (pH 5) and above (pH 7) the side-chain pKa. Other amino acids retain their protona-
tion states as observed at normal pH (7.4). The protonated form of fentanyl, and the protonated
and deprotonated forms of NFEPP (Spahn et al., 2017) were sketched and parameterised using the
CHARMM-GUI Ligand Reader & Modeler (Kim et al., 2017). The protonated fentanyl was positioned

12 of 20



onto the MOR at pH 7 with the Autodock program (Morris et al., 2009). The docking calculations
employed the Gasteiger-Marsili charges (Gasteiger and Marsili, 1978). Autogrid was used for grid
preparation, with grid spacing set to 0.65 A to cover the entire receptor. Lamarckian genetic algo-
rithm (Morris et al., 1998) was used to perform ten docking runs; with the rates of gene mutation
and crossover kept at 0.02 and 0.8, respectively for the LUDI scoring function employed (Béhm,
1994). Remaining docking parameters were kept at their default values. The receptor-ligand com-
plex with most energetically-favourable docking was used for further simulations. For similar start-
ing conformations, the other ligands were aligned to the docked protonated fentanyl with the RMSD
Trajectory Tool of VMD (Humphrey et al., 1996).

The receptor-ligand complexes were inserted into the 1-palmitoyl-2-oleoyl-sn glycerol-3-phos-
phatidyl choline (POPC) bilayer models using the CHAMM-GUI Membrane Builder (Lee et al., 2019).
Similar to (Ray et al., 2020), MD simulations were performed with GROMACS 2019.6 (Abraham
et al., 2015), using the CHARMM36m force-field for the ligands (Soteras Gutiérrez et al., 2016),
receptor (Huang et al., 2017) and lipids (Klauda et al., 2070). The CHARMM TIP3P water model
(Jorgensen et al., 1983) was used as an explicit solvent. Sodium and chloride counterions were
added to neutralise the excess charge and obtain a salt concentration of 0.15 M. The particle mesh
Ewald (PME) method (Essmann et al., 1995) was employed to calculate long-range Coulombic inter-
actions, with a 1.2 nm cut-off for real-space interactions. A force-switch function was implemented
for the Lennard-Jones interactions, with a smooth cut-off from 1.0 to 1.2 nm. The temperature
was maintained at 310 K using the Nosé-Hoover thermostat (Nosé, 1984; Hoover, 1985). System
pressure was kept at 1 bar with the Parrinello-Rahman barostat (Parrinello and Rahman, 1987), us-
ing a semi-isotropic scheme where pressure along x-y-directions and the z-direction were coupled
separately. Coupling constant and compressibility of the barostat were set to 5 ps and 4.5 x 10
bar, respectively. The LINCS algorithm (Hess et al., 1997) was used to constrain the covalent bonds
between hydrogen and other heavy atoms, allowing a simulation time-step of 2 fs.

All simulation systems went through consecutive minimisation, equilibration and production
runs, using the GROMACS scripts generated by the CHARMM-GUI (Lee et al., 2019). First, the sys-
tems were energy minimised with steepest descent algorithms, followed by six-step equilibration
runs. The first two runs were performed in the NVT (constant particle number, volume, and tem-
perature) ensemble and the remaining runs in the NPT (constant particle number, pressure, and
temperature) ensemble. Restraint forces were applied to the ligand, receptor, lipids, and water
molecules, and z-axis positional restraints were placed on lipid atoms to restrict their motion along
the x-y-plane. These restraints were progressively reduced during the equilibration process. Ad-
ditional restraints were applied throughout equilibration to keep the distance between the cru-
cial ASP 147332 and HIS 29752 residues of the MOR binding site (Ray et al., 2020) and the ligand
molecule to the minimum possible. This ensured similar receptor-ligand starting conformations
for the production runs of all the systems. Ultimately, unrestrained NPT production runs of 10 ns
were performed, with periodic boundary conditions along all three orthonormal directions. Pro-
duction run trajectories were saved every 10 ps, and processed with GROMACS analysis tools to
generate the required information. VMD software was used for visualisation.

In vitro experiments

Measurement of calcium currents in sensory neurons

To mimic the mechanisms underlying in vivo opioid analgesia, we examined calcium currents in sen-
sory neurons harvested from rodents using a patch clamp protocol modified from (Walwyn et al.,
2007). The following chemicals were used: Dulbecco’s Modified Eagles Medium (DMEM)/HAM's F-12
medium (Biochrom F4815, Berlin, Germany), Penicillin (10,000 U), Streptomycin (10 mg/ml), 1.25%
Collagenase (Sigma-Aldrich C0130, Taufkirchen, Germany), 2.5% Trypsin (Sigma-Aldrich T0303),

acridine orange/propidiumiodide (Logos, Villeneuve, France), CaCl,- 6H,0, TEA-Cl,, 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES), d-glucose, CsCl, MgCl,, ethylene glycol-bis-(g-aminoethyl
ether)-N,N,N’,N'-tetraacetic acid (EGTA), Mg-ATP, GTP (Sigma-Aldrich).
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Dorsal root ganglia (DRG) were harvested from naive male Wistar rats (200-300 g; Janvier, Le
Genest-Saint-Isle, France). Rats were killed by an overdose of isoflurane (AbbVie, Wiesbaden, Ger-
many). The thoracic and lumbar spinal regions were exposed, DRG were collected in a digestive
solution with 1.25% collagenase and incubated for 60 min at 37°C. After washing the cells three
times with phosphate buffered saline (PBS), they were incubated in a digestive solution with trypsin
for another 10 min at 37°C. After digestion, the tissue was triturated using plastic pipette tips and
subsequently filtered through a 40 ul filter. The filtrate was centrifuged, the supernatant was dis-
carded and the pellet was resuspended in 1 ml culture medium (DMEM/HAM's F12 supplemented
with 1% penicillin/streptomycin and 10% horse serum). Cells were then seeded onto poly-L-lysine
coated plastic culture dishes (35 mm) and placed in an incubator (5% CO, at 37°C). One hour later,
the cell cultures were topped up to a total of 2 ml of culture medium and cultured until patch clamp
recordings, as previously described (Nockemann et al., 2013).

Recordings from DRG neurons were performed 24-48 h after plating. Cell viability was eval-
uated before the first experiment by an automated cell counter (Luna, Villeneuve, France) using
acridine orange/propidium iodide. Recordings were carried out in whole-cell voltage clamp mode.
After washing with PBS, cells were bathed in an extracellular buffer (ECS) (10 mM CaCl,- 6H,0, 130
mM TEA-Cl,, 5 mM HEPES, 25 mM d-glucose; adjusted to pH 7.4 or 6.5; all from Sigma-Aldrich) and
visualised using a Zeiss Axiovert 200 inverse microscope (Zeiss, Jena, Germany). Patch pipettes (re-
sistance 3.5-8 MQ) were produced from Borosilicate glass capillaries using a Sutter P-97 puller (Sut-
ter Instruments, Novato, CA, USA) and filled with intracellular buffer (105 mM CsCl, 2.5 mM MgCl,,
40 mM HEPES, 10 mM EGTA, 2 mM Mg-ATP, 0.5 mM GTP, 5 mM d-glucose; adjusted to pH 7.4 or
6.5; all from Sigma-Aldrich). Currents were amplified and recorded using an EPC-10 patch amplifier
and Pulse software (HEKA, Lambrecht, Germany). Extracellular buffer was added in a steady flow
of 800-1,000 ul/min using a pressurised application system (Perfusion Pressure Kit VPP-6; Warner
Instruments, Hamden, CT, USA) and a suction pump. Opioid ligands (fentanyl, NFEEP, naloxone)
were applied using a perfusion valve system (VC-6; Warner Instruments) to switch between vehicle
(buffer) and the test compounds. After reaching the “giga-seal” at-60 mV, the membrane patch was
breached to achieve whole-cell configuration. Only cells showing proper action potentials were se-
lected for further experiments. The currents were initially recorded at a holding potential of -80 mV
in ECS buffer in the absence of opioid ligands. Immediately thereafter, the cells were depolarised
to +10 mV (100 ms) for eight times after 20 s intervals. During the first five cycles, only ECS was
applied. On the sixth cycle, an opioid agonist (fentanyl, NFEPP) was added to the solution. During
the last two cycles, the opioid antagonist naloxone was used to remove the agonist. All recordings
were performed at room temperature.

Measurement of G-protein activation

Because these experiments require genetic alteration (by transfection) of cells, we performed these
measurements in commonly used human embryonic kidney (HEK293) cells (RRID:CVCL 0045, Ger-
man Collection of microorganisms and Cell Cultures, Braunschweig, Germany). All chemicals were
purchased from Sigma-Aldrich (Taufkirchen, Germany), unless otherwise stated. [3*S]-guanosine-
5-0-(3-thio)-triphosphate ([3>S]-GTPyS) was purchased from Perkin EImer (Waltham, USA). Cell cul-
ture reagents were purchased from Biochrom (Berlin, Germany).

Cells were maintained in DMEM supplemented with fetal bovine serum (Biochrom), penicillin
(100 U/ml, Biochrom) and streptomycin (100 ug/ml, Biochrom) with or without geneticin (G418, 100
ug/ml, Biochrom), in 5% CO, at 37 °C as described before (Spahn et al., 2017). Cells were passaged
1:3 - 1:20 every second to third day from p8 and p28 depending on confluence. Cells were plated
on culture dishes coated with poly-L-lysine 24 h before transfection. 24 h after seeding, confluent
cells (70-90%) were transfected with 1 ug per 200 ul transfection mix of each plasmid containing
the different cDNAs using X-tremeGENE HP DNA Transfection Reagent (Roche, Mannheim, Ger-
many) following the manufacturer's instructions. For stable transfection, pcDNA™3.1+ carrying
the rat MOR provided by Christian ZélIner (University Hamburg, Germany) was linearised with re-
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striction enzyme Bg1Il (NEB, Frankfurt, Germany), and linearisation was verified by agarose gel
electrophoresis. After 48 h, the medium containing the transfection reagent was removed and
replaced by complete DMEM with 10% fetal bovine serum and penicillin/streptomycin (100 U/ml).
Successfully transfected cells were selected by adding G418 (500 ug/ml) into medium that was
renewed every 2 to 3 days. Monoclonal cell lines were then created 17 days post transfection
by picking single colonies of stably transfected cells using a 100 ul pipette and transferring them
to poly-L-Lysine coated wells of a 96-well plate. Cells were grown to confluence and successively
transferred to larger culture flasks in the continued presence of 500 ug/ml G418. Antibiotic concen-
tration was reduced to 100 ug/ml when the cells were moved to 75 cm? culture flasks. Monoclonal
cell lines were further characterised based on immunocytochemistry, MOR mRNA expression, sub-
jective impression of cell growth and overall cell morphology, as described previously (Spahn et al.,
2017). Stably transfected cell lines were cultured for a maximum of 23 passages.

Protein concentrations were determined with the Bradford assay using Coomassie Brilliant Blue
G-250 dye (Bio-Rad Laboratories GmbH, Miinchen, Germany) that shifts absorption from 465 to
595 nm upon binding to proteins. The relationship between measured absorbance and protein
concentration was established based on a standard curve obtained from fixed protein solutions of
known composition and concentration. These measurements were performed in duplicates using
Bio-Rad Protein Assay Dye Reagent Concentrate with Bio-Rad Protein Assay Standard Il (Bio-Rad).
Samples with unknown concentrations, standards and dye reagent concentrate were diluted ac-
cording to the manufacturer’s instructions, thoroughly mixed, and incubated for 5 min at room
temperature. Absorption at 595 nm was measured in triplicates with a spectrophotometer. Gen-
eration of linear standard curves and interpolation of total protein concentration was performed
by the device's inbuilt software. A standard curve was generated for every experiment.

Membrane fractions were prepared from transfected HEK293 cells as described previously
(Zéllner et al., 2003). The cells were grown in 175 cm? tissue culture flasks to approximately 90%
confluence. Cells were then washed with Tris buffer (50 mM, Trizma preset crystals, pH 7.4; Sigma
Aldrich), harvested with a scraper, homogenised using a mechanical disperser (Dispergierstation
T8.10, IKA-Werke, Staufen, Germany) at maximum speed for 10 s and centrifuged at 42Kxg for 20
min at 4°C (Avanti JXN-26 ultracentrifuge, Beckmann Coulter, Krefeld, Germany). Cellular pellets in-
cluding membranes with embedded and anchored proteins were then resuspendend in Tris buffer
for washing to separate them from cytosolic components by homogenisation and centrifugation at
the same settings. Supernatants were discarded and the pellets were stored at -80 °C. On the day
of usage, the pellets were thawed on ice in Tris buffer and homogenised. Total protein concentra-
tions were determined as described above and homogenates were split according to the number
of conditions tested in respective assay buffers.

The [3°S]-GTPyS binding assay was used to determine basal G protein activation (as reflected by
the exchange rate of GDP for GTP) at different H,O, concentrations (0-1,000 xM). GTP was replaced
by a high concentration of [**S]-GTPyS in the assay solvent, and the accumulation of [3S]-GTPyS-
bound G proteins in the membrane was measured. Membrane fractions were prepared with the
following modifications: Membranes were homogenised and dissolved in HEM G-protein buffer
containing 8 mM HEPES, 8 mM 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS), 8 mM
2-(N-Morpholino)-ethanesulfonic acid (MES), 100 mM NacCl, 0.2 mM EGTA, 5 mM MgCl, at pH 7.6,
including freshly added 0.1% (w/v) bovine serum albumin (BSA). The desired amount of H,0, was
then added. To avoid interference with reactive oxygen species, the reducing agent dithiothreitol
(DTT) (as originally used in (ZélIner et al., 2003)) was omitted. Basal [**S]-GTPyS binding was as-
sessed in the presence of vehicle without opioid ligands. In analogy to (Ludwig et al., 2003), 50
ug of membrane fractions in duplicates were incubated with GDP (30 xM) and [**S]-GTPyS (0.05
nM) for 90 min at 30 °C. Unspecific [3>S]-GTPyS binding in the presence of non-radioactive GTPyS
(10 uM) was subtracted to yield specific binding. Bound and free ligands were separated by rapid
filtration under vacuum through Whatman GF/B glass fiber filters soaked in water followed by 6
washes with Tris Buffer. Bound radioactivity was determined by liquid scintillation spectrophotom-
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etry for 3°S after overnight extraction of the filters in scintillation fluid optiphase HISAFE 3 (Perkin
Elmer, Waltham, USA). Concentrations of radioactive compound were calculated based on the half
life of 35S (87.4 days). Experiments were randomised to compensate for position effects in the fil-
ter apparatus or unequal sample processing times. Data processing and analysis were blinded for
different H,O, concentrations with the help of a colleague.

Data Analysis

Experimental designs were randomised to compensate for the position effects on plates or filter
apparatus and unequal sample processing time. Sample sizes were calculated using the G*Power
3.1.2 program with « < 0.05, a power of 80% and a defined effect size (derived from pilot experi-
ments). Analysis of concentration-response relationship was performed with simple linear regres-
sion using the GraphPad Prism 9 program (GraphPad, San Diego, USA) where y = [*>S]-GTPyS bound
and x = [H,0,]. A P value < 0.05 was considered statistically significant. Normal distribution of the
data was assessed using the Kolmogorov-Smirnov test. Data are represented as means + standard
error of the mean (SEM).

All codes and data are available at https://github.com/user3849/MOR.
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Appendix 1

Nonlinear relationship between binding rates and bound receptors
We showed that the receptor-ligand binding rate k, can be affected by a change in its en-
vironment (pH value or additional DSB). To understand if these changes in k, are linearly
or non-linearly influencing the overall activation, we studied the probability of no receptor-
ligand binding within the time interval I = [0,200], where we found the maximum calcium
channel inhibition in Fig. 3a. Studying the probability Prob(RL(200) = 0) of no ligand-bound
receptors at time + = 200, we found that there was a nonlinear relationship between k,
and the probability Prob(RL(200) = 0) (see Fig. 1a). We saw that there is an elbow point
k = 0.0005 such that the probability of no receptor-ligand complexes increases sharply for
k, < k;. We then integrated the probability of no receptor-ligand binding over the interval
[0,200] and found that the elbow point seen earlier had been smoothed (see Fig. 1b). Here
we could also see that the relationship between k, and the probability of no receptor-ligand
binding to be non-linear. We conclude that linear changes in the rate k, have a nonlinear
effect on their downstream signalling.

(a) (b)
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Appendix 1 Figure 1. Probability of no receptor-ligand binding as a function of k. (a) Probability
of no receptors being bound by ligands at time ¢ = 200 for varying k, binding rates. (b) Integrated
probability of no receptors binding to ligands in the time interval [0,200] for varying k, binding rates.
The corresponding position on the x-axis of the k; values presented in Table 1 are indicated with
arrows.
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