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Physics-based simulation methods can grant atomistic insights into the molecular origin
of the function of biomolecules. However, the potential of such approaches has been
hindered by their low efficiency, including in the design of selective agonists where
simulations of myriad protein-ligand combinations are necessary. Here, we describe an
automated input-free path searching protocol that offers (within 14 d using Graphics
Processing Unit servers) a minimum free energy path (MFEP) defined in high-dimension
configurational space for activating sphingosine-1-phosphate receptors (S1PRs) by arbi-
trary ligands. The free energy distributions along the MFEP for four distinct ligands and
three S1PRs reached a remarkable agreement with Bioluminescence Resonance Energy
Transfer (BRET) measurements of G-protein dissociation. In particular, the revealed
transition state structures pointed out toward two S1PR3 residues F263/1284, that
dictate the preference of existing agonists CBP307 and BAF312 on S1PR1/5. Swapping
these residues between SIPR1 and S1PR3 reversed their response to the two agonists
in BRET assays. These results inspired us to design improved agonists with both strong
polar head and bulky hydrophobic tail for higher selectivity on SIPR1. Through merely
three in silico iterations, our tool predicted a unique compound scaffold. BRET assays
confirmed that both chiral forms activate SIPR1 at nanomolar concentration, 1 to 2
orders of magnitude less than those for SIPR3/5. Collectively, these results signify the
promise of our approach in fine agonist design for G-protein-coupled receptors.

GPCR | activation path | drug specificity | agonist design | sphingosine-1-phosphate

G-protein-coupled receptors (GPCRs) represent the largest superfamily of membrane
proteins in human genome (1). Distributed in most cell types, GPCRs play essential roles
in numerous diverse physiological processes (2) and are currently the targets for ~35% of
FDA (Food and Drug Administration)-approved drugs (3). The binding of an agonist to
this receptor triggers a change of the packing of its 7 transmembrane helices (TM), which
is further transmitted intracellularly, causing the downstream G-protein to associate with
the receptor, disassemble due to exchange of Guanosine diphosphate (GDP) by Guanosine
triphosphate (GTP), and then initiates downstream signaling.

As the 800 members of the GPCR family can be activated by a plethora of ligands,
specificity lies in the core of agonist design for GPCRs, especially those in the same sub-
family. Note that the class A GPCR alone already contains 30 subfamilies with more than
three members (Fig. 14). The high sequence similarity among the members in the same
subfamily poses grave challenges for selective agonist design. Agonists with moderate
structural differences may prefer to activate distinct subsets of the members. For instance,
the five members of the Sphingosine 1-phosphate receptor (S1PR) family (4) share ~70%
sequence similarity in their agonist-binding pockets (Fig. 1B). As a result, most existing
agonists, such as Fingolimod-Phosphate, CBP-307, and Siponimod (BAF-312), do not
activate SIPR1 exclusively, but also some of the other four members (5-7) (Fig. 1C). Such
promiscuity undermines the efficacy of these ligands in extending indications and reducing
side effects when the endogenous S1P signals are hijacked indistinguishably for disease
treatments, calling for the design of highly selective agonist for SIPR1 (8-10). However,
elaborate design requires a thorough understanding of the activation mechanism, which
is grueling for existing technology. Structural biology techniques typically provide precious
atomistic structures for the inactive receptor and active receptor—ligand complex but are
unable to capture the crucial short-lived transition state (TS) for activation. Besides,
structural biology, and likewise mutagenesis of the receptor, remains expensive and far
from high-throughput to empower systematic dissections of multiplex receptor—ligand
combinations.

Physics-driven molecular dynamics simulations (MD) are able in principle to describe
the fine details of GPCR activation but have been suffering from low efficiency mainly
due to the expensive force calculations. Consequently, brute force MD has been mostly
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G-protein-coupled receptors
(GPCRs) are the targets for ~35%
of Food and Drug Administration-
approved drugs. Yet designing
selective GPCR agonists remains
challenging, because it requires a
thorough understanding of the
activation mechanism of several
GPCRs by various ligands.
Molecular dynamics simulations
can offer fine details of activation
but suffer from low efficiency. To
tackle this efficiency bottleneck,
we present an automated
input-free protocol, built upon the
travelling-salesman automated
path searching (TAPS). Our
approach not only dissected the
activation of Sphingosine-1-
phosphate receptors (S1PRs) by
existing agonists for treating
autoimmune diseases but also
enabled the design of a unique
compound that activates STPR1
exclusively. This mechanism-
based design minimized wet-lab
costs through three
computational iterations and a
single synthesis of the final
compound.
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Fig. 1. Problem of specificity in the agonist design for class A GPCRs. (A) Subfamilies of Class A GPCRs and the corresponding coverage of known ligands. The
figure is drawn by GPCRdb (https://gpcrdb.org/). (B) Sequence similarity of the agonist-binding pocket among the five members of the sphingosine-1-phosphate
receptor family (S1PRs). (C) Pattern of the activation of S1PRs by three representative agonists Fingolimod-Phosphate, CBP-307, and Siponimod (BAF-312), arrows

indicate activation.

used for local structure optimization or single case study after
wet-lab discovery (11-17) rather than as a systematic prediction
tool that could reduce the number of necessary wet-lab attempts.
Nevertheless, the use of specialized computers has provided impor-
tant insight (11, 15). Alternative coarse-grained approaches (18,
19) offer ways to gain molecular insight on the landscape of GPCR
activation process (20, 21). However, obviously it is desirable to
exploit the increase in computer power and the advance in simu-
lation strategies to obtain a more microscopic description.

Results

Automated Search of GPCR Activation Path. MD-based path
methods are algorithms that locate the minimum free energy
path (MFEP) closest to a given initial path for a conformational
change of interest (22-27). Focusing the sampling process on
the transition instead of the stable states, path methods can in
principle provide rigorous characterization of the conformational
change in a cost-effective manner (28). Given the abundance of
resolved inactive and active forms of various GPCRs (29) and the
tremendous progress in structure prediction by AlphaFold2 (30)
or RosettaFold (31), path methods are particularly suitable for
dissecting the activation process between the two states.
Nonetheless, most path methods require guessed mechanism
(collective variables with physical meanings, CVs) as input (23—
26) and therefore cyclic sampling for input validation, which
prevented their large-scale applications (S Appendix, Fig. S1) (32).
Moreover, as the MFED therein is typically defined in a low dimen-
sional CV space, the interpretation of the activation mechanism
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could be incomplete and therefore unable to inspire ligand mod-
ifications for enhanced selectivity.

To tackle these issues, some of us have recently developed a
Travelling-salesman based Automated Path Searching (TAPS)
approach (33) that has successfully located the MFEP for biomo-
lecular systems with hundreds of residues at cost of sub-microsecond
simulations (34-36). TAPS only requires a distance metric as input,
i.e., the set of atoms used to compute the root-mean-square-distance
(RMSD) between any pair of conformations (Fig. 24). Such a
feature is particularly useful for a general prediction of an arbitrary
ligand-receptor complex, where the vital atoms underlying the
activation process are unknown a priori. Full automation can be
achieved by using all heavy atoms of the complex for RMSD cal-
culations, yielding an MFEP composed of complete complex
structures.

Simulation-Guided GPCR Agonist Design. Centered around the
TAPS approach, we devised the following protocol for designing
selective GPCR  agonists. All steps for the path-searching
process are designed input-free to predict the activation potency
of arbitrary ligands and reveal the corresponding activation
mechanism (Fig. 2B ©-@). Without assuming prior knowledge
of the ligand-binding pocket, blind docking is first performed to
obtain initial structural models of the receptor-ligand complex for
both the inactive and active states, followed by short simulations
for local structural optimization (Fig. 2B ©). Targeted MD (37)
is then used to drag the complex from the inactive to the active
model, with the dragging force applied to all heavy atoms of the
complex (Fig. 2B ®). The activation MFEP is finally obtained by
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A Path Optimization: Traveling-salesman based Automated Path Searching (TAPS)
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Fig. 2. Automated search of activation path for rational GPCR agonist design. (A) Travelling-salesman-based automated path searching needs only a distance
metric as input and yields a path composed by complete biomolecular structures with full information (in high-dimension configurational space) for mechanism
interpretation. (B) Protocol for rational design of selective GPCR agonist: guess the inactive and active structure of the receptor-ligand complex via blind docking
(no G-protein); use targeted MD that bias on all heavy atoms of the complex to generate an initial activation path; use all heavy atoms to define RMSD and TAPS
to find the MFEP; perform umbrella sampling to obtain the free energy distribution along the MFEP; modify the ligand structure for enhanced selectivity based
on the TS and intermediate structures; pick the most selective compound for synthesis and BRET assay for validation. (C) Comparison between computational
prediction (x-axis, summation of activation barrier height and stability of IS) and wet-lab measurements (y-axis, logarithm of EC50 in BRET assay) for nine

receptor-ligand combinations (colors indicate receptors; shapes indicate ligands).

TAPS with RMSD defined by all heavy atoms (Fig. 2B ®). We
then calculated the path collective variable (PCV) (38) of the
MFEP, with RMSD defined again by all heavy atoms. The two
variables s and z of the PCV approximate the progress along the
MFEP and the average distance from a high dimensional point
to the MFEP, respectively (38). Umbrella sampling (39) is then
performed on PCV-s, yielding the Gibbs free energy distribution
along the MFEP (Fig. 2B ®).

PNAS 2024 Vol.121 No.8 e2317893121

Note that here for minimizing computational cost, our simu-
lations do not involve the downstream G-protein, which assumes
that the coupling of G-protein occurs after the ligand drives the
receptor toward an intermediate state (IS) which almost resembles
the structural features of the fully active state, e.g., outward move-
ment of transmembrane helix 6 (TM6). This assumption generally
holds at least for GPCRs without obvious basal activity (12). For
GPCRs with basal activity, the G-protein can be included in the
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Fig.3. Activation mechanism of STPR1/3/5 by endogenous agonist S1P. (A) Predicted Gibbs free energy curves along the activation paths with the transparent
bands denoting the errors, the height of activation barriers, and free energy difference between the IS and the inactive state are labeled by triangles/TS and
squares/IS respectively; (B) BRET measurements of G, dissociation; (C) structural comparison of the inactive state (gray), TS (green), and IS (green) for STP-S1PR1;
(D) structural comparison of the inactive (grey) and IS (purple) for STP-S1PR3; (E) structural comparison of the inactive (gray) and IS (orange) for S1P-S1PR5. Errors
in the free energy are plotted in the same color as the free energy curves but transparent.

simulation with initial path generated by dragging the complex
from the G-protein-coupled active state to the inactive one.

For our current setup without the G-protein, the free energy
distribution along the MFEP typically reveals an activation TS,
an intermediate that is structurally similar to the fully active state
(Fig. 2B®@). The active state will exhibit “apparent instability” due
to the absence of G-protein stabilization. The activation potency
of the tested ligand can be measured by the sum of the barrier
height AG; and the stability of the intermediate with respect to
the inactive state AG;.

The full information of the activation mechanism, encoded in
the complete complex structures of the TS and the intermediate,
can be used to guide the modification of the ligand for tuning its
activation potency for a series of receptors and, therefore, speci-
ficity enhancement. Notably, on a state-of-the-art 4/8-card
Graphics Processing Unit (GPU) server, one iteration of such in
silico prediction takes less than 14 d on the same timescale of

40f9 https://doi.org/10.1073/pnas.2317893121

subsequent compound synthesis and functional assay. Here, we
used Bioluminescence Resonance Energy Transfer (BRET) (40)
to measure the dissociation of the G-protein for functional assay
and validation of the designed agonists.

We first tested this protocol on three S1P receptors (SIPR1/3/5)
and three existing agonists, including CBP-307, Siponimod
(BAF-312), and the endogenous agonist S1P. As shown in Fig. 2C,
our computational prediction (AG+AG;) reached remarkable
agreement with the EC50 of BRET assay for all 9 receptor-ligand
combinations. Such accuracy signifies the potential of this
approach in reducing wet-lab costs and offers strong support for
subsequent design of new agonists.

Activation Mechanism of S1PR by Endogenous Agonist S1P. For
the natural agonist S1D, all three S1PRs (§1PR1/3/5) share a similar
activation barrier of height 6 to 8 kcal/mol in our prediction (Fig. 34).
The major differences among the receptors were found in the

pnas.org
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Fig. 4. Activation mechanism of STPR1/3 by CBP-307 and BAF-312. Free energy distributions along the activation paths are plotted with the transparent bands
denoting the errors: (A) CBP-307, STPR1/3; (B) BAF-312, S1PR1/3. BRET measurements of G;; dissociation are given as the Insets; structures of the transition
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mutants; (F) BAF-312, STPR1/3 mutants.

stability of the IS: ~11.78, -3.56, and 2.42 kcal/mol for SIPR1/3/5,
respectively. Consistent with BRET measurements (Fig. 358, EC50
reported in S/ Appendix, Table S1), these results pointed to decreasing
activation potency of S1P for SIPR1, S1PR3, and S1PRS5.
Throughout the activation process, the strong polar head of
S1P is stably captured by all three receptors (Fig. 3C). In SIPR1,
the hydro;)hobic tail of S1P interacts with the bulky side chains
of F210°4 ,F125°% and W269%8, To cross the activation barrier,
S1P has to induce rotation of W269%%® and F2105'47, providing
additional space for F265%* to reorient to the other side of TMG6.

PNAS 2024 Vol.121 No.8 e2317893121

These changes destabilize the interactions between TM3 and
TMG, resulting in the outward movement of TM6. Accordingly,
the middle region of SIPR1 experienced a series of changes. In
the inactive state, D91>°° on TM2 has a stronger interaction with
$131°*’ on TM3 than N307"* on TM7, yet the movement of
F265%% creates room for N307"*’ to move toward the receptor
center and form tighter contact with D91%%°, promoting the
inward movement of TM?7.

After crossing the barrier, the hydrosphobic tail of S1P swings
toward TM3 in the IS, causing F210°* to rotate substantially

https://doi.org/10.1073/pnas.2317893121
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toward TM6. Meanwhile, F265% rotates further toward TMS5,
stabilizing the outward movement of TM6 with a new polar con-
tact formed between N307’% and S131°%. Together with
D91%°°, this polar interaction stabilizes the inward movement of
TM?7 and finally caused Y31 172 in the TM7-NPxxY region near
the G protein binding site to coordinate with Y221°3% on TMS5,
further disconnecting the interaction between TM6 and TM3.

Since all residues mentioned above are conserved in the SIPR
family, they represent the common activation mechanism of all
subtypes. The major difference between SIPR1 and SIPR3/5 is
that, in the IS of SIPR3/5, no stable polar contacts are formed
between N294"*/N302"*°, the serine on TM3 (S131%%),
Y298"%1Y306"%, or Y215°7%/Y212°* (Fig. 3 D and E), although
these residues all arrive at similar positions as in SIPR1. This
explains why the SIPR3/5 intermediates are less stable than that
of SIPR1. Therefore, we conclude that S1P activates SIPR1/3/5
by the same molecular mechanism, but with lower efficiency in
S1PR3/5 due to the lack of a series of polar contacts in their
intermediates.

Origin of CBP/BAF’s Preference on S1PR1 over S1PR3. CBP-307
is a unique, orally available SIPR agonist currently in phase II
clinical trials targeting ulcerative colitis and Crohn's disease (5).
BAF-312 (Siponimod) is a specific SIPR agonist approved in
2019 by the US Food and Drug Administration (FDA) to replace
Fingolimod for treating multiple sclerosis (41) via reducing the
efflux of lymphocytes from lymph nodes and therefore suppressing
immune response. Being also amphiphilic, CBP-307 and BAF-
312 both hold a polar hydroxyl group as head and a ring-like
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hydrophobic portion, except that CBP-307 has more rings in
its middle while BAF-312 is ring-rich at its tail (Fig. 4 A and B).

CBP-307 has been reported to activate SIPR1/4/5 only (Fig. 1C)
with significantly lower potency on SIPR5 than S1PR1 (5). BAF312
was approved because of its selective activation on SIPR1/5 and its
1,000-fold higher potency for SIPRI than S1PR2/3/4 (7). Such
preferences of both compounds of SIPR1 over S1PR3 are well repro-
duced by our BRET assays (/nset of Fig. 4 A and B) and the free
energy distributions along the activation paths (Fig. 4 A and B).
CBP-307 not only has a lower barrier for SIPR1 (8.37 kcal/mol)
than SIPR3 (11.13 kcal/mol) but also a significantly more stable
intermediate (-9.64 kcal/mol) for SIPR1 than S1PR3 (5.56 kcal/
mol). BAF-312 activates SIPR1 via a small barrier of 5.44 kcal/mol
and an intermediate of stability 1.05 kcal/mol. The corresponding
values for BAF-S1PR3 are both significantly higher (9.92 and 6.79
kcal/mol).

For both agonists, the two bulky SIPR3 residues F263%°° on
TM6 (L276°” of SIPR1) and 12847 on TM7 (1297” of SIPR1)
seem crucial in discouraging its activation. In SIPR1, both agonists
are more flexible, with their hydrophobic tails able to insert into the
pocket deeper than in SIPR3 (Fig. 4 C and D). This difference is
mainly caused by the shrinking of space in SIPR3 at the presence
of the large ring of F263** and bulky 12847, F263%° and 1284"
forced the hydrophobic part of CBP-307 to detach from TM6 and
its polar head to rearrange. Such difference is further transmitted to
the central part and G-protein binding region of SIPR1 and S1PR3.
In the central part, the side chain of Y98 is able to rotate to form
a stable polar contact with the main chain of SIPR1-TM7, stabiliz-
ing its inward shift (8 Appendix, Fig. S7A). No such contact is
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Fig. 6. Rational design of STPR1-specific agonists. Free energy distributions along the activation paths are plotted with the transparent bands denoting the
errors. The free energy distributions and BRET measurements of G;; dissociation for STPR1/3/5 are presented in black, blue, and orange, respectively. The chiral
carbon of the second designed compound (Middle of figure) is labeled with an asterisk.

however observed in S1PR3. In the deeper central region, F265%*

of SIPR1 experienced a notable rotation to allow an obvious inward
shift of TM7. No such rotation can be observed for F252°* in
S1PR3. Therefore, the presence of F263%% and 1284 appears to
be the dominant factor that weakens the hydrophobic interaction

PNAS 2024 Vol.121 No.8 e2317893121

between CBP/BAF and TMG6, the inward shift of TM7, and prevents
the activation of SIPR3.

To verify this hsypothesis, we designed two receptor mutants that
swapped L276%%°/1.2977% and F263%°/1284” between S1PR1
and S1PR3. For CBP-307, our calculations revealed a high barrier

https://doi.org/10.1073/pnas.2317893121 7 of 9



Downloaded from https://www.pnas.org by 97.189.134.204 on May 1, 2025 from IP address 97.189.134.204.

AG of 8.36 kcal/mol and a positive AG; of 4.65 kcal/mol for
S1PR1-1.276%7F-1.297"*1, indicating low activation potency
(Fig. 4E). By contrast, CBP-307 activates S1 PR3-F263°7°L-1284"¥L
via a small barrier (AG+ = 3.04 kcal/mol) and a stable intermediate
(AG; = -4.31 kcal/mol). Similarly, as shown in Fig. 4F, BAF-312 is
able to activate SIPR3-F263°°L-1284"*°L (AG = 3.44 kcal/mol,
AG, = 0.7 keal/mol) more efficiently than S1PR1-L276%°°F-1.297"*1
(AG+ = 6.70 keal/mol, AG; = 1.85 kcal/mol). As expected, BRET
assays confirmed these predictions (Znset of Fig. 4 E and F and S7
Appendix, Table S1).

Strong Polar Head May Discourage S1PR5 Activation. For
S1PR5, both CBP-307 and BAF-312 exhibited lower activation
potency than S1PR1. CBP-307 activates SIPR5 via similar
barrier of 6.68 kcal/mol to that of SIPR1, yet with a less stable
intermediate (1.78 kcal/mol) than SIPR1 (Fig. 54). BAF-312
activates SIPR5 via two TS where the first has similar height
(6.10 kecal/mol) with SIPR1 and the second being the rate-
limiting step (9.49 kcal/mol). Interestingly, the intermediate for
BAF-S1PRS is slightly more stable (-1.43 kcal/mol) than SIPR1
(Fig. 5B). Overall, due to the more stable intermediate, BAF-
312 seems to activate SIPR5 more eficiently than CBP-307, as
confirmed by BRET assays (Fig. 5 A and B, Inser and SI Appendix,
Table S1). Meanwhile, the activation potencies of BAF-312 for
S1PR1/5 are comparable.

The major differences in the sequence of SIPR1/5 can be found
near the polar head of the ligand, i.e., R37 in SIPRS with stronger
polarity and longer side chain than K46 in SIPR1 and D289”*° in
S1PRS with a shorter side chain than E2947%° in SIPR1. In the
transition structures of CBP-S1PR1, K46 points away from the
polar head of CBP, while E294*° seems coordinated with the N-H
group on the polar head of CBP In the opposite, in SIPR5, R37
points to the polar head with D2897%° loses its contact with the
N-H group. Accordingly, in the intermediate of CBP-S1PR1, an
obvious inward movement of TM7 can be observed, resembling
the structural features of the SIP-S1PR1 activation partly (Fig. 5C
and SI Appendix, Fig. S7B). In CBP-S1PR5, the inward motion of
TM?7 seems prevented by the tighter polar interactions between
N307" and D91** in the central region of the receptor than
S1PR1 (Fig. 5C) and the loss of coordination between Y89*” and
the TM7 backbone (S Appendix, Fig. S7B). These results indicate
that ligands with a stronger polar head may resemble more structural
features of the SIP-SI1PRI activation while further discouraging
the inward motion of TM7 and therefore activation of SIPRS5.

For BAF-312, while the first transition state in SIPR5 looks
similar to the one in SIPRI, in the second transition state, the
ligand inserts deeper into the receptor than in SIPRS (SI Appendix,
Fig. S8B). Such insertion persists in the intermediate of BAF-S1PR5
possibly due to the loss of the contact between the polar head and
Y19 on ECLI observed in SIPRI and induces the rotation of
F201°% (F210" in SIPR1) to form a stable packing with the
surrounding bulky side chains of hydrophobic residues, stabilizing
the intermediate structure (Fig. 5D). This suggests that introducing
a stronger polar head into the ligand may encourage its coordina-
tion with R37/Y19, preventing its insertion into the receptor and
the activation of SIPRS5.

S1PR1-Specific Agonists. Based on the knowledge learned
for S1P, CBP-307, and BAF-312, we first designed a unique
compound scaffold with strongly polar phosphate-group
similar to that of SIP and Fingolimod-P and a bulky ring-rich
hydrophobic tail that resembles the one of BAF-312 (Fig. 6). The
bulky tails as shown by CBP/BAF shall prevent the activation of
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S1PR3, while the phosphate group may discourage the insertion
of the ligand into S1PR5 and therefore its activation. Indeed,
this compound is unable to activate SIPR3 (AGy = 10.86 kcal/
mol, AG; = 6.99 kcal/mol). However, it appears to active SIPR5
more efficiently (AGy = 7.23 kcal/mol, AG, = -6.96 kcal/mol)
than S1PR1 (AGy = 5.10 kcal/mol, AG, = -3.23 kcal/mol).
After visual inspection of the structures along its activation paths,
we hypothesized that the apparent higher activation potency for
S1PR5 might be due to the lack of an extra ring in the middle of
the ligand, similar to that of CBP-307. This results in a second
scaffold design with even bulkier ring-rich hydrophobic tails
(Middle of Fig. 6).

Since this new scaffold has two chiral forms, S (HY-X-1010)
and R (HY-X-1011), we calculated the free energy curves along
the activation paths for both. Both forms activate SIPRI sig-
nificantly more efficiently than SIPR3/5. The S-type is featured
by an 8.16 kcal/mol barrier and a very stable intermediate
(-14.33 kcal/mol) for SIPR1, but higher barriers (15.58, 12.75
kcal/mol) and barely stable intermediates (3.92, 2.7 kcal/mol)
for SIPR3/5. For the R-type, the activation potency of S1IPR1
appears comparable to the S-type: though with a less stable
intermediate (AG; = -3.16 kcal/mol), the activation barrier
AGy = 4.90 kcal/mol is considerably lower than the S-type.
For S1PR3/5, the R-type exhibits either a high barrier (S1PR5
10.31 kcal/mol) and an unstable intermediate (SIPR3 7.96
kcal/mol), indicating the ability for both forms to activate only
S1PRI.

The predicted selectivity encouraged us to synthesize the two
forms of the designed compound. BRET assays confirmed that,
for both forms, the activation of SIPR1 occurs at tens of nano-
molar concentration, around two orders of magnitude smaller

than that for SIPR5.

Discussion

The present work demonstrated the long-expected promise of
physics-driven computation in rational drug design. The ability
of our approach to reveal the detailed activation mechanism of
GPCRs by arbitrary agonists at affordable time-cost enables fine-
tuning of the ligand scaffold for higher selectivity on SIPRI.
Such mechanism-based modification also simplifies the design
procedure to only a few iterations and helps minimizing wet-lab
costs. As a general approach, our path-searching protocol can be
readily applied in the agonist design for other GPCRs, e.g.,
S1PR3/5, or other target families where abundant inactive and
active structures are available. In the present work, ligand mod-
ification has been made manually. Automatic generation of
ligand scaffold through generative learning could be an impor-
tant future direction for further automation of the design
procedure.

Materials and Methods

In the present work, automated predictions of the activation potency of STPRs
by arbitrary ligands were achieved by integrating homology modeling, blind
docking, all-atom MD simulations, TAPS, and umbrella sampling for calculating
the free energy distribution along the activation path. BRET assays were applied
forinvitro validation of the predictions. Details of the experiments, e.g., molecular
cloning and cell culture and computational setup are described in SI Appendix,
Materials and Methods.

Data, Materials, and Software Availability. TAPS method is wrapped within

a python script publicly available at https://github.com/liusong299/TAPS (42). All
other data are included in the manuscript and/or S Appendix.
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