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1 | INTRODUCTION

| Trung Ngoc Nguyen? |

Gerhard Wolber?

Abstract

Fingolimod, the prodrug of fingolimod-1-phosphate (F1P), was the first sphingosine-
1-phosphate receptor (S1PR) modulator approved for multiple sclerosis. F1P
unselectively targets all five S1PR subtypes. While agonism (functional antagonism
via receptor internalization) at S1PR; leads to the desired immune modulatory
effects, agonism at S1PR5 is associated with cardiac adverse effects. This motivated
the development of S1PR3-sparing compounds and led to a second generation of
S1PR, s-selective ligands like siponimod and ozanimod. Our method combines
molecular dynamics simulations and three-dimensional pharmacophores (dyno-
phores) and enables the elucidation of S1PR subtype-specific binding site
characteristics, visualizing also subtle differences in receptor-ligand interactions.
F1P and the endogenous ligand sphingosine-1-phosphate bind to the orthosteric
pocket of all S1PRs, but show different binding mode dynamics, uncovering potential
starting points for the development of subtype-specific ligands. Our study
contributes to the mechanistic understanding of the selectivity profile of approved
drugs like ozanimod and siponimod and pharmaceutical tool compounds like
CYM5541.
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phosphate (S1P) as endogenous agonist. Phylogenetically S1PRs
belong to the lipid GPCRs, a subgroup of class A GPCRs. All class A

A major challenge in drug design is the development of selective
ligands, in particular, when binding sites are highly conserved within a
protein family. While different subtypes typically bind the same or
highly similar ligands and share the same architecture, subtle
differences can account for specificity. In this study, we focus on the
sphingosine-1-phosphate receptor (S1PR) family consisting of five G
protein-coupled receptors (GPCRs) that all respond to sphingosine-1-

GPCRs share a common architecture of seven transmembrane
domains and a common activation mechanism characterized by an
allosteric coupling of the ligand-binding pocket and the intracellular
receptor region. Receptor activation results in the binding of
intracellular binding partners such as different G proteins or the
binding of B-arrestin."?! Several S1PR agonists have been approved

for the therapy of multiple sclerosis and inflammatory bowel disease.
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Like S1P, the active metabolite of the first-in-class drug fingolimod,
fingolimod-1-phosphate (F1P), binds to and activates all five S1PR

subtypes. Activation of S1PR; receptors mainly contributes to desired
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immune-modulatory effects, interestingly, by functional antagonism
via receptor internalization.®* However, bioactivity at other S1PR
subtypes has been associated with adverse drug effects, most
prominently the S1PRs-mediated QT prolongation' and the brady-
cardia observed in mice.[!

Although the role of S1PR; for the cardiac side effects in
patients has been controversially discussed, it was considered an
off-target for the development of new S1PR modulators as
immunomodulatory drugs. Second-generation S1PR modulators like
siponimod (Spm) or ozanimod (Ozm) target subtypes 1 and 5 only,
which makes them clinically preferable.’>¢”! The protein data bank
(PDB) database currently contains structural information of active
conformations for all S1PR subtypes except S1PR,4. For S1PR; and
S1PRs, X-ray structures of inactive receptor conformations are
also available and provide static views of receptor-ligand com-
plexes.#8=151 All S1PR subtypes can bind S1P and phosphorylated
fingolimod (F1P), but their binding mode dynamics differ and unveil
mechanisms by which subtype selectivity might be reached. Here,
we used a fully automated combination of molecular dynamics
simulations and three-dimensional (3D)-pharmacophores (dyno-
phores)*¢18! to elucidate subtype-specific binding site character-
istics of the S1PR family. We focus our analyses on S1PR; and
S1PRjs as they are targeted by second-generation S1PR modulators
Spm and Ozm and S1PRjz as an important off-target for S1PR
modulators.

2 | RESULTS AND DISCUSSION

All available experimental structures indicate the orthosteric binding
site in the core region of the receptor (Figure 1a, Supporting
Information: Table S1). All S1P receptor modulators used in this study
(Figure 1b, Supporting Information: Figure S1) bind to this site with a
highly similar binding orientation, in which the polar head group
protrudes to the extracellular loop region and the lipophilic tail points
to the receptor core. An interesting exception is the S1PRs-selective
ligand CYM5541,[1319:20) which is described below. Superimposition
of active and inactive receptor conformations of S1PR; suggests the
typical activation mechanism for GPCRs that is characterized by an
allosteric coupling of the ligand-binding site and the intracellular
receptor region with an outward movement of transmembrane helix
6 and an inward movement of TM7 (Supporting Information:
Figure 52).[2’12] Initial molecular dynamics simulations with the
inactive state of S1PR; in complex with the antagonist MLO5612%
showed a highly stable binding mode with regard to the polar head
group but also indicated a high flexibility of the lipophilic tail
(Supporting Information: Figure S3). We hypothesized that divergent
dynamics of the lipophilic pocket contribute to the subtype
selectivity of second-generation S1PR modulators. Therefore, we
used classical all-atoms molecular dynamics simulations to analyze
subtype-specific differences in binding mode dynamics.

We compared the binding modes and dynamics of S1P and F1P
bound to S1PR;, S1PR;, and S1PRs (Supporting Information:
Table S2, Figure S4). While the polar head group showed only low
flexibility, the lipophilic tail was found to be more divergent with
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FIGURE 1 (a) Binding site location for SIPR modulators. F1P in the binding site of S1PR4: hydrophilic (blue) and lipophilic (orange) surface.
(b) The S1PR ligands used in this study are shown as two-dimensional structures. All of them bind to the same binding site. F1P, fingolimod-1-
phosphate; Ozm, ozanimod; S1P, sphingosine-1-phosphate; Spm, siponimod.
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regard to the studied subtypes. In S1PR3;, we observed a unique
dynamic behavior with a branched lipophilic binding pocket
(Figure 2a-d). The lipophilic alkyl tail of F1P in complex with S1PR;
was found to be able to occupy two distinct subpockets within the
lipophilic binding site, a behavior that was not observed for S1PR,
and S1PRs. Interestingly, this is consistent with the binding mode of
S1PR3-selective ligand CYM5541, which has two cyclohexyl moieties
that perfectly fit into the two observed orientations of F1P's alkyl tail
when bound to S1PRj3 (Figure 2b,e). While those two pockets are
simultaneously open in S1PR3, only one of them can be accessed in
S1PR; or S1PRs, despite those pockets being larger in those
subtypes. Interestingly, these results could not be obtained by static
approaches and were only possible by analyzing the dynamics of the
binding mode. Supporting Information: Figure S5 shows ligand-
dependent rotamers of F># in S1PR,, which is involved in F1P's
branched behavior. The scaffold of (Spm in S1PR; and S1PR;)
CYM5541 in S1PR;3 impairs the rotation of F>#’. In the presence of
F1P, F>4” can freely rotate toward transmembrane helix 3.

We provide a rational and mechanistic explanation for the
selectivity of CYM5541. In the dynamic pharmacophore model, we
observe that the perfect shape fit of CYM5541 to the lipophilic
pocket is a reason for this ligand's activity even without the polar
head group that is found in other S1P receptor modulators and was
thought to be essential for receptor activation.

Besides the branched lipophilic pocket in S1PR3;, we observed
some other subtype-specific binding site characteristics. A direct
comparison of subtypes 1, 3, and 5 unveiled a narrow channel for the
lipophilic tail in S1PR3 (Figure 3). The dynamic pharmacophore model
of F1P bound to S1PR5 reveals only a small spread of the feature point
cloud in the middle region of the pocket, indicating a narrow binding
site at this location. In this region, there are larger amino acids in S1PR5
(IE€2, F&-3%) compared to subtypes 1 and 5 (VE2, L43%), which results

FIGURE 2 Binding mode dynamics unveil a
unique possibility to target S1PRs. (a)
Superposition of every 100th frame of the F1P
trajectory in S1PR;. (b) Superposition of every
100th frame of the F1P trajectory in S1PR3
unveils a dynamic binding mode and branched
lipophilic binding pocket in S1PR3, which
perfectly fits the S1PR3-selective ligand
CYM5541 (dark gray). A ligand superimposition
shows structural overlaps of both ligands. (c)
Superposition of every 100th frame of the F1P
trajectory in S1PRs. (d) The dynophore of F1P in
S1PR; clearly indicates two possible orientations
of the lipophilic tail, which is in accordance with
(e) the binding mode dynamics of CYM5541. F1P,
fingolimod-1-phosphate; S1PR, sphingosine-1-
phosphate receptor.
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in a structural bottleneck for ligand binding. The polar head group
showed a low flexibility and highly similar interactions for all subtypes
and all ligands. With regard to fluctuations in the binding mode, we
found S1PRs to have the most dynamic binding site (Supporting
Information: Figure Sé). This might explain why second-generation
S1PR modulators evade binding to S1PR; (a considered off-target) but
can still activate S1PRs. We validated these findings by running
molecular dynamics simulation with an introduced L>°F mutation in
S1PR; and S1PRs and F®°5L mutation in S1PR5. As I (Figure 3) also
contributes to the bottleneck in the core region of S1PRj3; we
additionally calculated molecular dynamics triplicates with the corre-
sponding double mutants (L>>>F and VE'2| in S1PR; and S1PRs; Fé>°L
and 152V in S1PRy) (Supporting Information: Table S3).

The observation that the central part of the S1PR5-binding site is
narrower compared to other subtypes can rationally explain the
subtype profile of Spm and Ozm. Both drugs bind to and activate only
subtypes 1 and 5 (Figure 4a,c). In S1PR3, the phenylethyl group of
Spm would clash with 152 and 17°%, and the 2,3-dihydro-1H-inden
moiety of Ozm would clash with LE“2, F332 and 177 (Figure 4b,d).
The absence of S1PR3 activation might be the reason for Ozm and
Spm leading less frequently to bradycardia and conduction abnor-
malities compared to fingolimod.l>?22%! However, S1PR,, which is
also expressed in the heart in a smaller amount and is not targeted by
the second-generation S1PR modulators but by F1P, might also
contribute to this clinical outcome.?*!

In addition, fingolimod is a prodrug, which needs to be
phosphorylated by sphingosine-kinases to the bioactive form F1P
and might be less controllable in the initial therapeutic phase than the
second-generation S1PR modulators. For Spm and Ozm, a dose
titration during therapy initiation is manageable more easily and

independent from individual bioactivation rates, which might play a
[25]

role in reducing S1PR;-mediated heart rate decrease.

H-bond donor H-bond
acceptor positive ionizable
center
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FIGURE 3 The center of the S1PR3-binding site is narrower compared to other subtypes. Dynophores of F1P indicate a very similar
interaction pattern for the polar head group but differences in the spatiotemporal behavior of the lipophilic tail. We observed a narrower center
(indicated by gray lines) for the S1PR; compared to other subtypes. The percentages next to the features refer to their average occurrence
frequency in three simulations. For clarity, the percentages for the hydrogen bond acceptors in red have been omitted. F1P, fingolimod-1-
phosphate; S1PR, sphingosine-1-phosphate receptor.
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FIGURE 4 The structural bottleneck in S1PR3. Spm and Ozm perfectly fit to the binding site of S1PR, [(a) and (c), gray residues] but are
incompatible with binding to S1PR3 [(b) and (d), blue residues]. Residues with a yellow surface show atom clashes. Ozm, ozanimod; S1PR,
sphingosine-1-phosphate receptor; Spm, siponimod.
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Moreover, fingolimod shows a comparatively long half-life and is
clinically less controllable than the newer derivatives like Spm or
ponesimod (Pnm). In the case of Ozm, the active metabolites
CC1084307 and CC112273 (of the oxidative dealkylation of the
((2,3-dihydro-1H-inden-1-yl)amino)ethanol group) must be considered,
which also have a long half-life and show a high activity at SIPR, and
S1PRs.[2524]

We conclude that sterically demanding moieties in the central
part of the binding pocket are incompatible with S1PR; binding,
providing a general design principle for SIPR modulators without
S1PR; activity. This explanation is compatible with the selectivity
profile of other S1P modulators that were approved later or are used
as pharmacological tools. Pnm, cenerimod,?”! and SEW287128! i
have a sterically demanding lipophilic building block that is
incompatible with the narrow central part of the binding site of
S1PR; and evades activity at this receptor subtype (Supporting
Information: Figure S7).

3 | CONCLUSION

In summary, we provide a rational explanation for the subtype profile
of clinically relevant S1PR modulators (F1P, Spm, Ozm, and Pnm) and
specific pharmacological tools (CYM5541 and SEW2871). We
demonstrate the applicability of a dynamic pharmacophore approach
to unveil and analyze also subtle differences, which only occur when

receptors are considered as dynamic entities.

4 | EXPERIMENTAL

Structural and dynamic modeling of S1P receptor-ligand complexes
was based on structural information from the following PDB entries:
7TD3 (S1PR;-S1P),”! 7TD4 (S1PR:-Spm)!” 7VIF (S1PR;-F1p),1*Y
7EWO (S1PRy-Ozm),*? 7EW1 (S1PRs-Spm)*2 7EW2 (S1PRs-
F1P),*31 7EW3 (S1PR3-S1P),1**1 7EW4 (S1PR3-CYM5541),1%] and
3V2Y (inactive SlPRl—ML056).[8] All structural models were prepared
using molecular operating environment (MOE) 2020.0901.2%! Miss-
ing side chains and loops were added, and atom clashes were
eliminated. All docking experiments were performed with GOLD
5.2830 py using default settings and goldscore as primary scoring
function. Mutations in position 6.55 (corresponding to L276F in
S1PR;, F263L in S1PR3;, and L271F in S1PRs) and in ECL2
(corresponding to V194l in S1PR4, 1188V in S1PR3, and V185l in
S1PRs) were built with the mutation tool in MOE; side chains were
manually adapted and minimized to optimize geometries. 3D
pharmacophore models built with LigandScout 4.4.3 were used to
select the most plausible docking poses. S1P, F1P, and Ozm were
positioned in 7EW1 (S1PR5) by superpositioning with the corre-
sponding S1PR1-ligand complex as template for the docking
experiments.

Molecular dynamics simulations were prepared in Maestro
12.7.156.84 Each GPCR-ligand complex was titrated to pH 7 and
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1321 3nd 0.15 M NaCl. The system was placed in

solvated in SPC water
an orthorhombic box, with a 10 A distance to each receptor site, and
periodic boundary conditions were applied. According to the
transmembrane residues given on the orientations of proteins in
membranes database (OPM) website,®% the protein was placed in a
pre-equilibrated POPC membrane (palmitoyl-oleoyl-phosphatidyl-
choline bilayer). As no OPM entry was given for S1PRs, the
transmembrane residues were determined by superpositioning with
S1PR;. The optimized potentials for liquid simulations-all atom force
field®*¥ was used to parameterize the system. Molecular dynamics
simulations were performed with Desmond-v6.5°% on local GPUs
(RTX A5000) for 100 ns in triplicates. Temperature and pressure were
kept constant at 300 K and atmospheric pressure, respectively, while
the number of particles in each system was kept constant. Since no
reasonable docking pose for Spm and Ozm could be found in S1PR3,
ligands were placed by superpositioning with the corresponding
S1PRs-ligand complexes. Statistics of F1P conformations in S1PR3
and S1PRs were done by sorting conformations using visual
molecular dynamics (VMD).

The obtained trajectories were analyzed using VMD 1.9.3.1¢
Therefore, the backbone's heavy atoms of each trajectory frame
were aligned to those of frame 1 (atomic deviations are reported in
Supporting Information: Tables S4 and S5). Dynamic pharmacophore

models were generated with the dynophore application!®7:8]

as
integrated in the framework of Ligand Scout 4.4.3.353¢! root-mean-
square deviation plots for the pocket residues, as indicated in
Supporting Information: Figure S1, were calculated based on the first
frame of the trajectory with all heavy atoms included; values for each
triplicate were merged before violin plotting.*”!

PDB entries 7EW7 (S1PR;-SEW2871)*2 7EVZ (S1PR;-
cenerimod),? and 7TD4"! with docked Pnm were used for static

pharmacophore calculations also using Ligand Scout 4.4.3.
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