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Abstract

Recently, FDA approved ubrogepant and rimegepant as oral drugs to treat migraines by
targeting the calcitonin-gene related peptide receptor (CGRPR). Unfortunately, there is no high-
resolution complex structure with these two drugs, thus the detailed interaction between drugs and
the receptor remains to be elusive. This study uses molecular docking and molecular dynamics
simulation to model the drug-receptor complex and analyze their binding interactions at a
molecular level. The complex crystal structure (3N7R) of the gepant drugs’ predecessor,
olcegepant, was used for our molecular docking of the two drugs and served as a control system.
The three systems, with ubrogepant, rimegepant, crystal olcegepant, were subject to 3x1000ns
molecular dynamics simulations and followed by the simulation interaction diagram (SID), the
structural clustering and MM-GBSA binding energy analyses. Our MD data revealed that
olcegepant binds most strongly to the CGRPR, followed by ubrogepant then rimegepant, largely
due to changes in hydrophobic and electrostatic interactions. The order of our MM-GBSA binding
energies of these three compounds is consistent with their experimental ICso values. SID analysis
revealed the pharmacophore of the gepant class to be the dihydroquinazolinone group. Subtle
differences in interaction profile have been noted, including interactions with the W74 and W72
residues. The ubrogepant and rimegepant both contact A70 and M42 of the receptor, while
olcegepant does not. The results of this study elucidate the interactions in the binding pocket of
CGRP receptor and can assist in further development for orally available antagonists of the CGRP
receptor.
Keywords:  Ubrogepant; rimegepant; molecular dynamics simulation; MM-GBSA,
CGRP/calcitonin gene receptor peptide, CLR/calcitonin-like receptor, RAMP/receptor-activity

modifying protein



I. Introduction
According to a 2016 study, roughly 1.04 billion people experience migraines worldwide

[1]. During a migraine, the level of the calcitonin gene related peptide (CGRP) hormone, a potent
vasodilator, in the cranial blood circulation will rise [2]. The effectors of CGRPs are calcitonin
gene related peptide receptors (CGRPR) which belong to class B secretin G-protein coupled
receptors (GPCR) and has been a growing area of research in the development of anti-migraine
drugs. Unfortunately, class B secretin receptors are especially difficult to crystallize and very
few full crystal structures of class B receptors exist [3-6]. Like class A GPCRs, class B secretin
receptors exhibit the typical seven transmembrane a-helices of GPCRs. Additionally, class B
secretin receptors include a large N-terminal extracellular domain (ECD) [3-5, 7]. The class B of
receptors includes the calcitonin (CT) receptor family with two members: the calcitonin receptor
(CTR) and the calcitonin-like receptor (CLR). Both CTR and CLR are capable of dimerization
with a specific transmembrane receptor activity modifying protein (RAMP 1-3) [4, 8-20]. These
dimers are activated mainly by potent vasodilators. Specifically, the CLR/RAMP2 and
CLR/RAMPI dimers can be activated by adrenomedullin and CGRP, respectively [10, 11, 18,
20-23]. This study will focus on the CLR/RAMP1 complex which, upon binding of CGRP, will
stimulate the Gs-protein complex and cause migraines (Figure S1) [24, 25].

The gepant class of drugs was developed to bind the CLR/RAMP1 receptor and act as an
antagonist to the natural CLR/RAMPI. Previous drugs in the gepants class such as telcagepant
and olcegepant were intravenously administered (Table 1). Telcagepant was discontinued in
2011 when studies showed compound-related adverse effects leading to hepatoxicity [26-28].
Olcegepant (ICso=0.030 nM) [21], on the other hand, showed to be a promising competitive
inhibitor (Figure S1) [29]. However, difficulty in formulating orally administered olcegepant

ultimately led to its discontinuation. Ubrogepant is the first in its class to orally treat migraines,
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followed by rimegepant. Both are antagonists of the CLR/RAMPI1 receptor and have recently
been approved by the FDA to orally treat migraines. Ubrogepant is an orally available drug
approved in 2019 [30, 31]. Rimegepant is an orally disintegrating tablet (ODT) approved in
February 2020 [32, 33] and may be more effective than ubrogepant with respect to sustained pain
freedom [34]. The administration of an orally disintegrating tablet may also help patients with
dysphagia, the difficulty of swallowing. Ubrogepant has an experimental ICso value of 0.08 nM
[30, 35], and rimegepant has an ICso value of 0.14 nM [32]. Both have low molecular weights
that allow them to be orally bioavailable.

Liang et al has proposed a full length cryo-EM structure of the CGRP-agonist bound
CLR/RAMPI in complex with G-proteins (Figure S1) [24]. It was experimentally determined
that the antagonist olcegepant would act as a competitive inhibitor to block the C-terminal of
CGRP, thereby preventing activation of the Gs-protein complex and inhibiting increased cAMP
levels [25, 29, 36-39]. The crystal structure of the ECD of the CLR/RAMP1 complex with
olcegepant was solved by Ter Haar et al [40]. This structure shows olcegepant binding to the
pocket interface between the characteristic ECD of the CLR and RAMP1 (Figure 1). The
superimposition of the crystal ECD/RAMP1 structure and full-length cryo-EM structure show
minimal interactions between the antagonist and the transmembrane domain or G-proteins
(Figure S1). Thus, the transmembrane domain and G-proteins have been omitted from this study
to reduce computational costs.

The crystal ECD/RAMPI structure has been used to identify key binding interactions
between the crystal ligand, olcegepant, and ECD/RAMP1 receptor [9, 10, 40]. However, no
crystal structure has been solved for the newly FDA approved ubrogepant or rimegepant. This

study will probe the interactions of ubrogepant and rimegepant in the binding pocket of the



ECD/RAMPI receptor using molecular docking, molecular dynamics simulation with molecular
mechanics generalized Born surface area (MM-GBSA) binding energy analysis. Understanding
the interactions and energy dynamics within the binding pocket may help further drug design

efforts for CLR/RAMP1 antagonists and mechanistic studies of the CLR/RAMP1 receptor.

1I. Results and Discussion

ESOL method reveals solubility of rimegepant > ubrogepant > olcegepant. The
SwissADME database was used to calculate water solubility of each ligand by the ESOL method
[41] [42]. Results showed greatest solubility of rimegepant (logS = -6.40), followed by

ubrogepant (logS = -5.14), then olcegepant (logS = -4.67) (Table 2).

Convergence of simulations was confirmed by RMSD analysis of protein and ligand. The
root-mean squared deviation was calculated to measure the average change in displacement of
the Ca backbone in the protein and heavy atoms in the ligand (Figure 2, Figure S2-4). The ligand
and protein RMSD of the olcegepant-protein complex maintain a deviation of about 2.5+0.2 A
and 2.3£0.2 A for protein and ligand, respectively. The ligand RMSD values for ubrogepant and
rimegepant maintain an average RMSD of 0.8+0.1 A and 1.0+0.1 A, respectively, indicating that
the induced fit poses of each complex appear to be stable. These values indicate that the ligand
maintained its position and did not diffuse away from the binding pocket site. The protein RMSD
of the ubrogepant-receptor complex remains relatively stable at an average RMSD of 2.4+0.3 A
during the simulation. The protein RMSD of rimegepant-receptor complex remains relatively

stable at an average RMSD of 2.1+0.1 A.

Trajectory clustering analysis reveals a single conformation like the initial pose of each
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complex. Clustering analysis was performed on each system to group the frames into structure
families. For each complex, only one structural family was generated, and its centroid structure
was used for further analysis. Ligand superimposition of the three cluster representatives show
conserved binding poses, specifically at the dihydroquinazolinone portion of olcegepant, the
dihydropyrrolopyridinone of ubrogepant, and the dihydroimidazopyridinone of rimegepant
(Figure S5). The centroid structures of olcegepant, ubrogepant, and rimegepant were then
superimposed with their corresponding crystal or induced fit structures and showed very few
differences in their pose (Figure 3). The piperazinopyridine portion of olcegepant showed slight
deviation from the initial crystal pose, represented in the ligand RMSD with an average RMSD
of 2.3+0.2 A. This value is twice larger than those of ubrogepant and rimegepant at 0.8+0.1 A
and 1.0£0.3 A, respectively. Trajectory clustering analysis reveals a representative conformation
for both ubrogepant and rimegepant that show very few differences from the proposed induced

fit pose.

MM-GBSA results reveal the order of the ligand binding energy to be olcegepant >
ubrogepant > rimegepant. MM-GBSA calculations were performed on each of the MD
simulations and revealed that olcegepant is bound most tightly to the receptor, followed by
ubrogepant, then rimegepant. The calculated total binding energy for olcegepant is the strongest
among the three ligands at -151.9 kcal/mol. Ubrogepant is the next strongest with a total binding
energy of -124.3 kcal/mol. Rimegepant follows with a total binding energy of -116.9 kcal/mol
(Table S1).

Changes in energy decompositions, with reference to olcegepant, were calculated for

ubrogepant and rimegepant (Table S1). Ubrogepant showed a 9.7 kcal/mol decrease in van der



Waals interactions, 13.5 kcal/mol decrease in hydrophobic/lipophilic interactions, and 4.5
kcal/mol decrease in electrostatic interactions. This sums to a 27.6 kcal/mol decrease in total
binding energy from olcegepant to ubrogepant, largely due to reduced hydrophobic interactions.
Rimegepant showed a 5.5 kcal/mol decrease in van der Waals interactions, 16.2 kcal/mol
decrease in hydrophobic/lipophilic interactions, and 12.1 kcal/mol decrease in electrostatic
interactions. This sums to a 35.0 kcal/mol decrease in total binding energy from olcegepant to
rimegepant, largely due to a decrease in both hydrophobic and electrostatic interactions.

The binding energy data provides encouraging results as they share the same trend as
previously reported experimental ICso values, with olcegepant being the strongest binding ligand,
and rimegepant, the weakest. Olcegepant has the highest binding affinity with an ICso value of
0.030nM, followed by ubrogepant’s 0.80nM, then rimegepant’s 0.14 nM [21] [30] [32]. Energy
decomposition data show that, from olcegepant to ubrogepant, there is a large decrease in
hydrophobic interactions. From olcegepant to rimegepant, the large decrease in binding affinity
can be attributed to a decrease in both hydrophobic and electrostatic interactions. It should be
kept in mind that olcegepant is a charged +2 molecule and rimegepant is a charged +1 molecule,
which may contribute to some of the differences in electrostatic interactions. By comparing
ubrogepant and rimegepant binding energy decomposition, ubrogepant’s tighter binding can be

attributed to an increase in favorable electrostatic interactions with the receptor.

Protein-ligand interaction analysis reveal conserved and novel residue interactions in
all three ligands. Olcegepant, ubrogepant, and rimegepant protein-ligand interactions were
analyzed using the SID (Figure 4, Figure 5, Figure S7-12). Residues interacting with the ligand
more than 0.1 fraction of the simulation time were tabulated and dynamic contacts were recorded

(Table S2, Figure S13-15). Previous studies performed on the crystal structure of olcegepant and
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its receptor identified three important binding interactions between the receptor and olcegepant,
including, but not limited to, the T1225P, W74RAMPI "and W84RAMPI residues [40]. These same
interactions were reproduced in our molecular dynamics simulation. Furthermore, these three
residues were among the six residues conserved across all three ligands: W72EP, W121ECP,
T122FCP Y 124FCD W74RAMPL "and W84RAMPL These six conserved residues exhibit either
hydrophobic or hydrogen bonding interactions with each of the three ligands.

Of the six conserved residues, T1225¢P is one of interest because it makes interactions with
the conserved structural feature of all three ligands. In a study by ter Haar et al., researchers
established that olcegepant’s dihydroquinazolinone structure acts as a hydrogen bond acceptor to
the backbone of the T122ECP residue [40]. This residue interaction was reproduced in our MD
simulation of olcegepant. Molecular dynamics simulations reveal similar interactions between
T122E€P and ubrogepant, as well as T122ECP and rimegepant. This residue exhibits hydrogen
bonding with the dihydroquinazolinone portion of olcegepant, the dihydropyrrolopyridinone of
ubrogepant, and the dihydroimidazopyridinone of rimegepant. T122FP has an interaction
fraction of 1.808 with olcegepant, 1.971 with ubrogepant, and 1.857 with rimegepant. These
conserved interactions suggest that the dihydroquinazolinone derivatives of each antagonist are
the pharmacophore of the gepant class.

The W74RAMPL and W84RAMPL regidues are also noteworthy because they are residues in
the RAMPI1 protein that exhibit conserved interactions among all three ligands. As mentioned
previously, different RAMPs associated with the CLR can lead to different ligand specificity [4].
Researchers have also reported that the indole of the W74*AMP! gsidechain results in stacking of
the aliphatic portion of the lysine terminus in olcegepant [40]. W74RAMP1ig 3 key residue for

selective binding of the gepant class as seen in experimental binding assays with rats. In one



study, a mutagenesis substitution at this position from lysine (the homologous amino acid in the
human receptor) to tryptophan resulted in a 100-fold increase of binding of antagonists. This was
attributed to favorable hydrophobic interactions between W74 and the antagonists [44]. The
W74RAMPL residue only appears in RAMP1, and not in other CLR/RAMP counterparts such as
CLR/RAMP?2 or CLR/RAMP3, both of which are adrenomedullin receptors [45]. The
CLR/RAMPI complex’s selectivity for antagonists such as olcegepant has been attributed to the
presence of the W74RAMP! residue. W84RAMPL of RAMP1 also contributes to this selectivity
because it is the residue that forms the hydrophobic pocket in tandem with W74*AMPL[40]. Our
study reproduces the interactions between olcegepant and the W74RAMP1 and W84RAMPL regidyes.
W74RAMPL hag an interaction fraction of 0.911 with olcegepant, 0.421 with ubrogepant, and a
doubled 1.915 with rimegepant. While W74R*MPlinteracts hydrophobically with all three
ligands, it exhibits additional, strong hydrogen bonding with rimegepant’s amide carbonyl group,
increasing their interaction fraction. W84R4MP1 interacts hydrophobically with an interaction
fraction of 0.488 with olcegepant, 0.682 with ubrogepant, and 0.351 with rimegepant. Both
W74RAMPL and W84RAMPL make up the hydrophobic binding pocket of the receptor and contribute
to ligand specificity.

Contact between the antagonists and W725P may also be noteworthy as the trend correlates
well with the trend of MM-GBSA values. Olcegepant and W72E¢P had an interaction fraction of
2.000, consisting of both hydrophobic and hydrogen bonding interactions. Ubrogepant and
W72ECP had an interaction fraction of 1.941. Rimegepant and W72EP had an interaction fraction
of 1.798. These values show that between the W72EP and the antagonist, olcegepant makes the
strongest interactions, followed by ubrogepant, then rimegepant. All three drugs exhibit both

hydrophobic and hydrogen bonding interactions with W72EP, Researchers have also previously



determined that W72ECP forms a hydrogen bond between the indole of tryptophan and the
carbonyl oxygen of olcegepant’s amide bond. This creates a “shelf” for the piperidine group of

the olcegepant to sit on [36]. In our study, this hydrogen bond between W72ECP

and olcegepant’s
amide bond is reproduced. Similarly, ubrogepant exhibits hydrogen bonding between its amide
carbonyl and the indole of W72E¢P. Dissimilarly, W72EP did not form a hydrogen bond with the
amide carbonyl of rimegepant, but instead formed a hydrogen bond with the nitrogen of the
cycloheptenopyridine group.

It can also be noted that there are unique interactions made with the FDA approved ligands,
ubrogepant and rimegepant, that were not present with olcegepant: M425P and A70RAMP! Both

M42E€D and A70RAMPI make hydrophobic contacts with ubrogepant and rimegepant. M42E¢P has

an interaction fraction of 0.263 with ubrogepant and 0.423 with rimegepant.

Secondary structure examination shows very few differences. The simulation interaction
diagram shows the evolution of secondary structure over time. Both alpha helices and beta sheets
are shown for the two proteins of the receptor: RAMP1 and the ECD of the CLR (Figure 6,
Figure S16-18). The three complexes of olcegepant, ubrogepant, and rimegepant are similar with

no notable differences.

Protein and Ligand RMSF show fluctuation in localized regions. The protein Ca RMSF plots
are used to characterize local changes along the Ca protein backbone during simulation (Figure
7, Figure S19-21). PDBSum was used to create topological maps of the secondary structures to
locate residues [43]. Peaks of fluctuation in the ECD can be attributed to looped regions of the
protein that are typically less stable. Fluctuations in RAMP1 are at the C terminal end of the

protein. The moving average RMSF values were also calculated (Table 3). Heavy atoms were
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used to calculate ligand RMSF to give novel insight about how the molecule moves (Figure 8,
Figure S22-24). Olcegepant shows greatest fluctuation at the aliphatic lysine portion of the
molecule with an average of 2.0 A fluctuation, followed by an averaged 1.5 A fluctuation of the
piperazinopyridine. This is also reflected in trajectory clustering analysis, where the greatest
fluctuation of olcegepant occurs at the described regions. Ubrogepant shows greatest fluctuation
at its trifluoro group, at an average of 1.2 A. The rest of the ligand maintains an average of 0.6 A

fluctuation. Rimegepant shows relative stability with all heavy atoms around 0.7 A RMSF.

Superimposition of crystal structures reveals mode of antagonism. Previous experimental
data has suggested that olcegepant acts as a competitive inhibitor of the ECD/RAMPI receptor
[29]. The proposed mechanism is that the antagonist blocks the C-terminal of the CGRP agonist
[25]. Interestingly, the superimposition of the full-length cryo-EM structure and crystal structure
of olcegepant has shown that the binding positions of olcegepant’s dihydroquinazolinone and the
CGRP’s C-terminal are close to each other, allowing the antagonist to block the binding of the
CGRP C-terminal to the transmembrane domain of the CLR/RAMP1 receptor (Figure S1). In
addition, the results of our MD simulations show that the binding positions and binding modes of
the three compounds olcegepant, ubrogepant, and rimegepant are similar, suggesting that both
ubrogepant and rimegepant also antagonize CGRP through competitive inhibition (Figure S25).
Thus, all three antagonists could potentially block the C-terminus of the CGRP. By preventing
CGRP from binding to the CLR/RAMP1 receptor, the Gs-protein complex will not activate
cAMP and cause vasodilation [2, 25].

111. Conclusion

The gepant class of drugs has been found to effectively treat migraines through antagonistic
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competitive inhibition of the CGRP receptor. Olcegepant, the predecessor of ubrogepant and
rimegepant, was discontinued due to the nature of its delivery being intravenous as opposed to
oral. Prior studies have been performed to solve the crystal structure of the receptor and
olcegepant, but no crystal structure exists for the FDA approved ubrogepant and rimegepant.
This study uses molecular docking and molecular dynamics simulations to propose induced fit
poses for both and identify key binding interactions between the receptor and the ligands. From
the induced fit ligand pose, results suggest that ubrogepant and rimegepant also antagonize
CGRP through competitive inhibition. SID analysis revealed that ubrogepant and rimegepant
make critical binding interactions with T122EP W74RAMPL 514 W84RAMPL regidues that are
conserved interactions across all three studied ligands. These three critical interactions reveal the
pharmacophore of the gepant class to be the dihydroquinazolinone group derivatives of each
ligand. SID analysis also revealed slight differences in interaction profiles, specifically in the
interaction with W74RAMP1in which rimegepant has an interaction fraction twice that of
olcegepant and ubrogepant. New interactions that appear in the FDA approved drugs are namely
hydrophobic interactions between M42EP and A70RAMPI,

MM-GBSA results reveal the binding affinity of olcegepant to be greater than ubrogepant,
whose binding affinity is greater than rimegepant. The binding affinity values correlate with the
trend of experimental ICso values. Furthermore, by energy decomposition, it appears that the
ubrogepant does not bind as strongly as olcegepant due to a decrease in hydrophobic
interactions, while rimegepant does not bind as strongly due to a drop in both hydrophobic and
electrostatic interactions.

This study may assist in further development of the gepant class for orally available, more

potent inhibitors of the CGRP receptor. By looking at the full-length receptor, it can be noted
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that there exist other binding pockets that may be targeted to inhibit the receptor (Figure S1). The
simulations in this study were run with the ECD as opposed to the full-length receptor, including
the transmembrane domain and G proteins, thus, further studies may be needed to interpret the
mechanism in which the gepant class inhibits signal transduction.

IV. Methods

The three compounds in this study underwent systematic workflows (Figure 9). Initially,
each ligand was docked into the receptor protein structure with XP precision. This docking uses
a rigid receptor and is done as a preliminary step before induced fit docking. Once docked, the
ligand-receptor complexes underwent induced fit docking to find the most probable
conformational pose. Induced fit docking allows the protein receptor to undergo conformational
changes to fit the ligand [54]. The solved crystal structure of olcegepant was used in lieu of an
induced fit pose. The induced fit poses or crystal structure of each ligand-receptor complex were
then subject to three 1000ns molecular dynamics simulations. Analysis of the simulation
interaction diagrams was performed, followed by structural clustering and MM-GBSA

calculations.

1. Preparation of Ligands

Olcegepant’s 3D structure was taken from the crystal ligand-receptor complex, downloaded from
the RCSB Protein Data Bank [46]. The 2D structures for ubrogepant and rimegepant were
downloaded from the ZINC15 database [47], corrected for bond orders, and converted to 3D
models in Maestro. lonization states were generated at a pH of 7 using Epik’s pKa calculations
[48] [49]. Ligands were then relaxed by minimization with Maestro’s Protein Preparation Wizard

tool and procedures, using the OPLS3e forcefield. @The OPLS3e forcefield utilizes a

13



parametrization approach to systematically assign charges [49] [50]. The 2D structures of each
ligand were also submitted to the SwissADME database to calculate solubility based on the ESOL
method [41] [42].

2. Preparation of CGRP Receptor

Previous studies of the gepants class show olcegepant and telcagepant interacting mainly at the
ECD and RAMPI interface [40]. As a result, the transmembrane domain and G proteins of the
CGRP receptor were omitted in this study to reduce computational costs. A crystal structure of the
remaining ECD/RAMP1 complex was taken from the RCSB Protein Data Bank (PDB ID: 3N7R)
[40]. This crystal structure included the crystal ligand, olcegepant, and the truncated CGRP
receptor. The ligand was removed to reveal only the ECD/RAMPI complex that was then
subjected to homology modeling to repair a missing loop in the ECD structure (Figure S26). The
homology modelled ECD/RAMP1 structure was then minimized to relax the protein using
Maestro’s Protein Preparation Wizard in an OPLS3e force field with default parameters [49] [50]
[51].

3. Ligand docking

The fully prepared ECD/RAMP1-olcegepant crystal complex was used to define the binding site
of the receptor. In order to validate Schrodinger Maestro’s Extra Precision (XP) Glide Docking
methods [52] [53], the prepared olcegepant ligand was docked into the ECD/RAMP1 receptor
complex (XP docking score: -12.77 kcal/mol). Its docking pose was then compared to the crystal
structure. The ligand RMSD between the crystal structure and docked olcegepant was 0.943 A,
indicating little deviation and validating our docking protocol (Figure S27). Ubrogepant (XP
docking score: -10.15 kcal/mol) and rimegepant (XP docking score: -9.69 kcal/mol) were

subsequently docked into the ECD/RAMPI receptor and their poses were compared to that of
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olcegepant (Figure S28). Once all ligands have undergone Glide XP docking, ubrogepant and
rimegepant underwent induced fit docking under default parameters to generate multiple poses of
ligand complex that include structural modifications of the receptor (Figure S29) [54]. The induced
fit docking poses generated were manually evaluated based on binding score and similarity to the
crystal ligand olcegepant’s binding pose. Finally, the selected induced fit poses for ubrogepant and
rimegepant, as well as the crystal structure of olcegepant, were used for molecular dynamics

simulation (Figure 10).

4. Preparation of Molecular Dynamics Simulation

Three separate systems were prepared for a 1000 ns molecular dynamics simulation. Each
system included the ECD/RAMP1 protein structure in complex with a ligand: olcegepant,
ubrogepant, or rimegepant. These three systems were solvated in a simple point-charge (SPC)
orthorhombic water box with a 10 A water buffer between the complex and the water box
boundary [55]. The olcegepant system consisted of 7631 waters, ubrogepant of 9841 waters, and
rimegepant of 7649 waters. They were then neutralized by counter ions and 0.15 M NaCl was
added. Each system was built with an OPLS3e force field using the Desmond System Builder
with Maestro’s 2019-2 update [50].

The molecular dynamics (MD) simulations were performed with Schrodinger Maestro’s
Desmond simulation package [56] [57]. The three systems were relaxed using the default
protocol and energy minimizations were performed to reduce possible steric stress [58]. First, the
systems were minimized with restraints on solute heavy atoms and then once more without
restraints. Next, the systems were simulated in an NVT ensemble with a heat transition from 0 to
300K, in a water barrier, and with restraining on solute heavy atoms. Then, the systems were

simulated in an NPT (P = 1 bar, T = 310K) ensemble with a water barrier and solute heavy atom
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restraints. The systems were simulated in the NPT ensemble with an equilibrium of both solvent
and solute. Then, systems were simulated under NPT ensemble with protein heavy atoms
annealing from 10.0 to 2.0 kcal/mol. Systems were then simulated under NPT ensemble with Ca
atoms restrained at 2 kcal/mol. Finally, they were simulated for 1.5 ns under the NPT ensemble
with no restraints. After relaxation, the three systems were run for 1000 ns using NPT ensemble
(P =1 barand T =310 K). In these simulations, temperature was controlled by the Nosé-Hoover
chain coupling scheme with a coupling constant of 1.0 ps [59], and pressure was controlled by
the Martyna-Tuckerman-Klein chain coupling scheme with a coupling constant of 2.0 ps [59].
All bonds connected to hydrogen atoms were constrained by applying M-SHAKE [60] and
enabling a 2.0 fs time-step within the simulations. Long-range electrostatic interactions were
analyzed using the k-space Gaussian split Ewald method [61] under periodic boundary
conditions, with a charge grid spacing of ~ 1.0A and a direct sum tolerance of 10”°. The short-
range non-bonded interactions had a cutoff distance of 10A. The long-range van der Waals
interactions were based on a uniform density approximation. To condense the computation, an r-
RESPA integrator was used to calculate non-bonded forces [62], where every step the short-
range forces were updated and every three steps the long-range forces were updated. Three
trajectories were run for each system and saved at 50.0 ps intervals for analysis.

5. Simulation Interaction Diagram (SID) Analysis

The Desmond simulation interaction diagram (SID) analysis tool depicts the interactions
between the receptor and ligand during molecular dynamics simulation. This analysis report
includes protein-ligand root mean squared deviation (RMSD), protein-ligand contacts, protein

root-mean squared fluctuation (RMSF), changes in secondary structure elements (SSE) during
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the simulation, and ligand torsion profiles. The protein and ligand RMSD plots were analyzed to
ensure the convergence of the MD simulations.

6. Trajectory clustering Analysis

The Desmond trajectory clustering analysis tool [63] uses the structures from the MD
simulation to group complex structure. The backbone RMSD matrix is used as the basis of
structural similarity and the clustering with average linkage was cut off at 2.5 A [63]. The
centroid structure of the protein-ligand complex was used to represent each structural family.
Structural families with frames >1% of the total frames were considered separate structural
families with separate centroid structures.

7. Binding Energy Calculations and decompositions methods

Molecular Mechanism - Generalized Born Surface Area (MM-GBSA) binding energies

were calculated using snapshots of the last 200 ns of the simulation. Previous studies assessing
the validity of MM-GBSA have been performed [64-69]. The calculations used an OPLS3e force
field, a VSGB 2.0 solvation model and the default Prime protocol [51]. First, the receptor was
minimized, followed by the ligand, and finally the receptor-ligand complex. The total binding
energy equation is as follows: AGbind = Geomplex — (Giigand + Greceptor). The binding energy was
broken down into three components: Gelectrostatic, Gvaw, and Giipophitic. Gelectrostatic Was calculated by
summing G-bond and Geoutumbic. Gvaw summated Gvaw, Gpi-pi stacking, and Gielf-contact. AGbind 1S the
total Gibbs free binding energy in kcal/mol (Table S1). It should be noted that entropy was
omitted from the Gibbs free binding energy calculation. While this may lead to an
overestimation for MM-GBSA, the compounds are assumed to have similar entropic

contributions due to their similar structure, and entropic contribution has been omitted.
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Table 1. Gepant class antagonists

Ligand Commercial Stage of Administration  Crystal Structure
product name development with Receptor

Olcegepant - Discontinued intravenous solved

Telcagepant - Discontinued intravenous -

Ubrogepant UBRELVY™ FDA approved oral -
December 23, 2019

Rimegepant Nurtec™ ODT FDA approved oral -
February 27, 2020

Status of gepant class antagonists.
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Table 2. Properties of studied CGRPR antagonists

ICso MW Net Glide XP Score ~ Water solubility AG
Ligand (nM) (Da) Charge (kcal/mol) Log S (kcal/mol)
(ESOL)!
Olcegepant 0.030 871.7 +2 -12.8 -6.40 -151.9+£22
Ubrogepant  0.080 549.6 0 -10.2 -5.14 -1243+4.6
Rimegepant 0.14 535.6 +1 -9.7 -4.67 -116.9+7.3

Predicted values from SwissADME database.
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Table 3. Mean RMSF of receptor complex

RAMP1 Mean RMSF ECD Mean RMSF
Olcegepant 0.85+0.31 1.52+1.46
Ubrogepant 1.21£0.49 1.50 £ 1.01
Rimegepant 0.88+0.36 1.17+0.78

RMSF values measured using Ca backbone and first snapshot as reference.
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Figure 1. Three studied compounds with their target receptor. Olcegepant binds to the ECD/RAMP1 pocket
interface of the CGRPR, and this truncated complex was used as the receptor in this study. A: Crystal ligand,
olcegepant, docked in full length CGRPR (purple) in complex with receptor activity modifying protein 1 (yellow)
[PDB ID: 6E3Y]. B: Truncated crystal structure of ECD (purple) and RAMPI1 (yellow) with crystal ligand
olcegepant (green) bound at the pocket interface /PDB ID: 3N7R]. Chemical structure of olcegepant displayed
below. C: Chemical structure of ubrogepant and rimegepant.

28



—3N7R Protein =—OQlcegepant Ligand

0
0 100 200 300 400 500 600 700 800 900 1000
Time (ns)
B 4
—3N7R Protein =—Ubrogepant Ligand

3
=<
32
=
o

0
0 100 200 300 400 500 600 700 800 900 1000
Time (ns)
C 4
—3N7R Protein =—Rimegepant Ligand
3
=
32
=
o
1 M\AMWWM‘WM
0
0 100 200 300 400 500 600 700 800 900 1000

Time (ns)

Figure 2. Ca average RMSD of ECD/RAMP1 proteins and three ligands during the three 1000 ns MD simulation
trajectories. First snapshot of simulation is used as the reference. A: olcegepant B: ubrogepant C: rimegepant.
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Figure 3. Comparison of centroid structures (blue) from MD simulations with corresponding
initial pose (gray). Initial pose for olcegepant is crystal pose, initial poses for ubrogepant and

rimegepant are induced fit poses.
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Figure 4. 2D ligand interaction diagrams of trajectory during MD simulation. Residues displayed interacted with
ligand for at least 30% of the simulation time.
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Figure 5. Protein-Ligand contacts during MD simulations. Interaction fraction greater than 1 is possible because
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Figure 7. Protein RMSF of the Ca during MD simulation. Protein structure split into ECD (A) and RAMP1 (B)
for comparison. 2D domain pictorials from PDBSum.
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Figure 8. Ligand RMSF diagram of ECD/RAMP1 receptor with A: olcegepant, B: ubrogepant,
and C: rimegepant.
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Figure 9. Workflow of analyzing binding interactions of two FDA newly approved antagonists.
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Figure 10. Best pose from IFD for two newly approved drugs. These structures are used as the initial
conformation for molecular dynamics simulation. Purple ribbons represent ECD, yellow ribbons represent RAMP1.
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