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Abstract

Molecular simulations of ligand-receptor interactions are a computational challenge,
especially when their association- (“on”-rate) and dissociation- (“off”-rate) mechanisms
are working on vastly differing timescales. In addition, the timescale of the simulations
themselves is, in practice, orders of magnitudes smaller than that of the mechanisms;
which further adds to the complexity of observing these mechanisms, and of drawing
meaningful and significant biological insights from the simulation.

One way of tackling this multiscale problem is to compute the free-energy landscapes,
where molecular dynamics (MD) trajectories are used to only produce certain statistical
ensembles. The approach allows for deriving the transition rates between energy states as
a function of the height of the activation-energy barriers. In this article, we derive the asso-
ciation rates of the opioids fentanyl and N-(3-fluoro-1-phenethylpiperidin-4-yl)- N-phenyl
propionamide (NFEPP) in a -opioid receptor by combining the free-energy landscape
approach with the square-root-approximation method (SQRA), which is a particularly
robust version of Markov modelling. The novelty of this work is that we derive the as-
sociation rates as a function of the pH level using only an ensemble of MD simulations.
We also verify our MD-derived insights by reproducing the in wvitro study performed by
the Stein Lab, who investigated the influence of pH on the inhibitory constant of fentanyl
and NFEPP (Spahn et al. 2017).

MD simulations are far more accessible and cost-effective than in vitro and in vivo
studies. Especially in the context of the current opioid crisis, MD simulations can aid in
unravelling molecular functionality and assist in clinical decision-making; the approaches
presented in this paper are a pertinent step forward in this direction.

Keywords. Opioid, Ligand-Receptor Interaction, Binding Kinetics, Molecular Dynamics,

Metadynamics, SQRA.

1

Binding rates of small molecules (ligands) to their target protein (receptor) can be strongly
in uenced by the pH value of the chemical environment. This observation depends on the
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acidity (pKa) of the ligand, and also on whether the receptor structure changes with pH [34].
In the molecular simulation of ligand-receptor binding processes, this pHdependence must be
taken into account. It can be assumed that the pH value in an ensemble of ligand-receptor
molecular systems in uences the probabilities for the occurrence of protonated or deprotonated
titratable moieties. This leads to the question of how these probabilities should be considered
within molecular simulation. One could imagine including the transport of protons in the
simulation and thus also the process of protonation of individual titratable moieties. This
procedure has several disadvantages. Since it can only be carried out for a certain pH value,
i.e. for a certain proton concentration, and since purely molecular dynamics (MD) simulations
do not depict protonation processes, quantum-theoretical aspects would have to be taken into
account, which makes it very hard and often impossible to simulate large systems [17]. In
addition, the binding modes of ligand-receptor complexes are often also pH-dependent, so that
the simulations involving the protonation of molecular moieties would also have to take place
on long time scales that allow for a statistical analysis of the di erent binding motifs. This in
turn would mean that the simulations would have to take place over very many time scales,
which in turn require a lot of computing time and often even is infeasible.

Our approach di ers from this approach and is based on a the so-called square root ap-
proximation (SQRA) [31], a mathematical method for numerically solving the Fokker-Planck
equation [8]. SQRA can be used e ciently in high dimensions as required in molecular simu-
lation, and can be seen as a particularly robust version of Markov modelling [6], its variational
variants [45], or similar methods well studied in molecular dynamics [26, 37].

Our idea is to simulate the di erent possible scenarios separately. This means taking into
account the combination of protonated and deprotonated molecular moieties in the di erent
situations. Based on this approach, it is possible to appropriately average over many individual
molecular dynamics simulations, depending on how the external pHa ects the probabilities for
the simulated scenarios. Please note, that it is not correct to use weighted averages of the
individual binding rates. What can be averaged, however, are the occupation probabilities
of the individual intermediate steps of the binding process. SQRA o0 ers a robust way to
calculate the binding rates of the overall process from the averaged occupation numbers of the
intermediate steps [31].
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Figure 1: Potential of mean force (PMF) computed by applying a Metadynamics simulation to
the following receptor-ligand system: \Fentanyl binds to the -opioid receptor at pH 7' (see
Sec.2). The reaction coordinate represents the distance of the fentanyl molecule from its known
binding site.
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Figure 2: Binding modes

In this way, SQRA solves one challenge of the calculation of binding rates of complex
systems. However, often there is another problem that makes MD simulations very troublesome
or even infeasible. This additional challenge concerns the intermediate steps of the binding
process, which may di er from the intermediate steps of the dissociation process.

The molecular system we will look at in this article is an analgesic molecule (fentanyl or N-
(3- uoro-1-phenethylpiperidin-4-yl)- N-phenyl propionamide (NFEPP) [40]) and the receptor it
activates ( -opioid receptor). Figure 1 shows the result of a metadynamics simulation in which
the fentanyl molecule started 30 A (3 nm) away from its binding site and has been placed
at the \entrance" of the receptor. Metadynamics calculates the PMF curve of the simulated
process. When the molecule is placed at the entrance of the receptor, it is pulled very quickly
into the interior of the receptor, as it can then loose a large amount of free energy. Thus,
the binding rate depends mainly on the last \locking™ of the molecule into its nal binding
position. However, this part of the PMF cannot be investigated with su cient accuracy using
metadynamics simulations (di erent curves in Fig. 1). Therefore, in the next section we will
perform separate simulations for this last binding step only. The situation is di erent with the
dissociation of the fentanyl molecule out of the receptor.

Here the molecular system has to overcome a high PMF energy barrier (up to about 15
A away from the binding site). We will therefore have to determine the dissociation rate in a
di erent way. Once the binding rate is given and the binding a nity is known, the dissociation
rate can be calculated from the law of mass action.

2 Methods

The structure of the -opioid receptor was obtained from the RCSB database (PDB: 6DDF
[27]). Protonation states of the individual amino acid residues in the receptor were assigned
based on calculations at pH 5 and pH 7. The protonated and deprotonated forms of fentanyl
and NFEPP were sketched and parameterised using the CHARMM-GUI Ligand Reader &
Modeler [22].

2.1 Molecular Simulations of Binding Modes

The protonated fentanyl was positioned into the -opioid receptor at pH 5 with the Autodock
program [35]. The docking calculations were based on the Gasteiger-Marsili charges [12]. Au-
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