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ABSTRACT: Molecular photoswitches enable spatiotemporal
photocontrol of protein function, but their design requires high
target selectivity and large light-dependent changes in binding
affinity and/or efficacy. These properties are especially difficult to
optimize in membrane receptors due to membrane—protein
interactions. Computational design remains challenging because
few benchmarks rigorously compare free-energy methods against
experiment. Here, we establish such a benchmark for photo-
switchable antagonists of f-adrenergic receptors, exemplifying most
successful designs in the photopharmacology of class A G protein-
coupled receptors (GPCRs) to date. We evaluated widely used free-
energy methods for predicting how substituents and chirality affect
light-responsive binding and subtype selectivity. Thermodynamic

Free Energy Methods

MM-PB/GB-SA & Umbrella
Thermodynamic Integration (T1)

Cis vs. Trans Binding Affinity Differential

Substituent Effects

Subtype Selectivity

Enantiospecific Effects

Computational Design of GPCR Photopharmacology

integration shows the best agreement with experiment, followed by umbrella sampling, whereas metadynamics and end-point
methods perform poorly. Our simulations reveal interactions stabilizing cis OP2 in f,-AR and the key role of PHE289 in isomer-

specific binding, consistent with mutagenesis data. Overall, this work provides a robust computational framework for GPCR

photopharmacology.

B INTRODUCTION

Molecular photoswitches enable the remote, reversible, and
precise manipulation of biological processes via light, offering
potential candidates for novel therapeutics with minimal side
effects in photopharmacology.'™® They are designed to
isomerize bidirectionally when exposed to different wave-
lengths of light, and thermally relax to the most energetically
stable isomer form in the dark-adapted state. Usually, one
isomeric form mimics the structure of a parent non-
photochromic compound, which is an agonist or antagonist
targeting a specific biomolecular target (e.g, a membrane
receptor), while the other isomeric form differs significantly
from the parent compound. Thus, the photoinduced and
thermally driven isomerization of the photoswitches alters their
binding affinity and/or efficacies toward the biomolecular
target. Moreover, their photochemical properties and protein—
ligand interactions can be fine-tuned through careful design
and organic synthesis, enabling precise and reversible photo-
control of various targeted biological processes.'~® This makes
them promising candidates for the photopharmacology of
various diseases, such as cardiovascular diseases,>’
degenerative disorders,®® cancer,'® and vision loss.""
Designing effective photoswitchable ligands usually relies on
maximizing the difference in the binding affinities and/or
efficacies between the active and inactive isomeric forms

neuro-

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

toward a specific biomolecular target. This maximizes light-
responsiveness of bioactivity while minimizing cytotoxicity

47
48

outside illuminated regions, thereby fulfilling the goal of 49

precise photocontrol of the drug activity. Therefore, to design
photoswitchable drugs, it is critical to predict how chemical
modifications influence (1) absolute binding affinity toward a
specific target, (2) difference in the binding affinity and/or
efficacies between distinct isomers toward this target, which
affects the precision of photocontrol, and (3) binding
selectivity between proteins in distinct subclasses within the
same superfamily, which minimizes off-target effects.
Achieving all three goals experimentally often involves
tedious trials and errors, and molecular simulations can be a
useful tool in their rational design. However, major challenges
exist because prediction errors as small as a few kcal/mol in the
binding affinity difference between distinct isomers can lead to
a qualitatively incorrect identification of the active isomer,
thereby greatly hindering design efforts. For example, a “cis-on”
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Figure 1. (A) The bidirectional photoisomerization of Opto-prop-2 (OP2) under illumination of different wavelengths. (B) The chemical
structures of OPs and PLZs with different R-group substitutions. The drug’s side chain is 3-(isopropylamino)-2-hydroxypropoxy, abbreviated as
IHP. For each pair of PLZ and OP with the same index, e.g., the PLZ1 and OP1, the IHP side chain is located at the same position (ortho, meta, or
para) on the azobenzene moiety. (C) A schematic representation of the conversion from the S-enantiomer of the cis OP2 (OP2C(S)) to its R-
enantiomer (OP2C(R)). (D) The structure of f5,-AR, shown from side and top-down views, with the intracellular loop (ICL3) highlighted. The
structure of the f3,-AR is presented in Figure S2. (E) Simulation setup of f5,-AR embedded in a DOPC/cholesterol mixed lipid bilayer, showing the
binding pocket with highlighted residues that interact with the ligand (OP2 as an example). Cholesterol, Na*, and Cl~ ions are shown in tan, red,
and yellow colors, respectively. For clarity, the DOPC units and water molecules are displayed transparently.

65 azobenzene-based ligand exhibits higher affinity in the cis
66 isomer than the trans isomer, and its activity is turned on by
67 light because the dark-adapted state is dominated by the
68 thermally more stable but inactive trans isomer. In contrast, a
69 “trans-on” azobenzene ligand is active in the dark-adapted state
70 (trans isomer), which is turned off by light (cis isomer). On top
71 of this challenge, predicting how substituents affect the light-
72 responsive difference in binding affinity between distinct
73 isomers (referred to as “light-responsive affinity differential”
74 below) is even more difficult, where intuitions often fail. ">
75 Moreover, it is especially challenging to predict ligand binding
76 affinities in membrane proteins due to the conformational
77 fluctuations arising from the dynamic interplay of protein—
78 membrane and protein—ligand interactions,'” which have
79 nontrivial effects on the ligand binding process and the
80 associated allosteric effects within the protein.

81 Conventional methods fail almost completely to address
82 these challenges. For example, it has been shown that docking
83 and unbiased molecular dynamics (MD) simulations are
84 inaccurate even for qualitatively estimating the effects of
gs substituents on the light-responsive affinity differential.*'*"®
86 Only a few studies have used free energy calculations to
87 quantify light-responsive affinity differential of small-molecule
88 drugs,m_18 and there has been a lack of systematic
80 benchmarking of the accuracy of free energy methods for
90 predicting the effects of substituents on these quantities against
91 experimental data.

92 To bridge this gap, here, for the first time, we systematically
93 benchmarked several popular free energy methods against

experiments to quantify how substituents affect (1) the
absolute binding affinity, (2) light-responsive affinity differ- os
ential, and (3) binding affinity preferences toward the target
protein against other subtypes in the same family. These
methods include the Thermodynamic Integration (TD),"" ™" os
Umbrella Sampling (US),”*™>* Metadynamics,””~** and
Molecular Mechanics Poisson—Boltzmann/Generalized-Born 100
Surface Area (MM-PB/GB-SA).””*" They were tested on a
series of photoswitchable antagonists”*** targeting beta- 102
adrenergic receptors (ff-ARs), which belong to the class A G-
protein-coupled receptor family. GPCRs are one of the largest 104
families of membrane receptors and have been intensively
targeted for the treatment of various diseases.”” In recent years, 106
the photopharmacology of GPCRs, pioneered by one of us, has 107
undergone rapid development, enabling photocontrol of cell 108
signaling processes.s’7’31’32’34_41 Among class A GPCRs,
human p-ARs are widely studied therapeutic targets for
treating cardiovascular and respiratory diseases.”>* ¢~ *042 =4
Therefore, designing photoswitchable ligands for S-ARs can
open new doors to precisely control a diverse set of 113
biomedically relevant signaling pathways**~** using light. 114

The photoswitches we investigated here were recently 115
developed experimentally as light-regulated analogs of 116
propranolol,”*"** a hallmark beta-blocker that antagonizes 117

the f,-AR and f,-AR, and treats cardiovascular diseases. 118
Replacing the naphthalene group of propranolol with an 119
azobenzene moiety produced three photoswitchable analogs: 120

opto-prop-1 (OP1), opto-prop-2 (OP2), and opto-prop-3 121
(OP3)”** (Figure 1 A & B), which were designed in our
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Figure 2. Thermodynamic cycles for calculating the light-responsive affinity differential and the effects of substituents and mutations. (A) In
Approach A, each compound X is alchemically transformed from the cis isomer into its trans isomer. The TI simulation estimates the free energy
change of this process in both protein (AGyynd cisx— transx) and solution (AGpound.cix— transx)- The cycle is employed to estimate the relative

binding free energy between the cis and trans isomers, i.e., the cis-vs-trans affinity differential (AAG

) using eq 1. (B) In Approach B,

X, cis— trans

compound X is alchemically transformed into Y in the same isomeric form (Approach B). The TI simulation estimates the free energy change of
this process in both protein (AG,;x _, sy pound) 2nd aqueous solution (AG,;x _, ey unbound)- The cycle is employed to estimate the relative binding

affinity between X and Y (AAGbinding,cisX—)cst) AAGbmdmg,tmnsx—»tmnsY) using eqs 2 and 3. Based on the two relative binding free energies calculated

in either approach, the effect of transforming X to Y on the cis-vs-trans affinity differential was calculated using eq 4. (C) Thermodynamic cycle for
estimating the effect of mutating PHE289 residue to Ala (F289A) on the binding affinities of cis and trans isomers of OP2 in complex with f3,-AR.
The relative binding affinities between wild type (WT) and Mutant (Mut) of f§,-AR (AAGbinding, as(WT) > cis(Mut) 20 AAGy oo trans(w) — trans(Mat))

were calculated using eqs 6 & 7.

123 previous experimental studies.””” They have varying binding

124 affinities and light-responsive affinity differential in f,-AR and
125 f,-AR.*"* For all three compounds, the trans isomer is
126 thermally more stable than the cis isomer in the ground
127 electronic state. The OP2 exhibits the highest light-responsive
128 affinity differential for B,-AR, with its cis isomer being the
129 functionally active state. This compound is among one of the
130 most successful candidates for the photopharmacology of class
131 A GPCRs. The three OPs also exhibit different binding
132 selectivity between the f3,-AR and f,-AR. The “cis-on” effect of
133 OP2 in f3,-AR is also enantiospecific, with OP2(S) featuring a
134 greater effect than OP2(R)* (Figure 1C), highlighting the role
135 of chirality in fine-tuning light-responsive affinity differ-
136 ential.”** Furthermore, Photoazolol (PLZ) is another recently
137 developed series of photoswitchable propranolol analogs,
138 exhibiting considerable antagonist activity for fr-AR.!
139 Compared to OPs, PLZs only have one additional p-acetamido
140 group (Figure 1 A,B), but this small modification leads to key
141 differences in light-responsive affinity differential.”’ For
142 example, OP2 shows a 587-fold increase in binding affinity
143 toward f,-AR upon switching from the trans to cis isomer,
144 whereas PLZ2 greatly reduces this light-responsive affinity
145 differential to just 3.6-fold. Thus, computationally studying the
146 OP and PLZ series can reveal how small chemical
147 modifications on the photoswitch affect light-responsive
148 bioactivity of $-AR antagonists.

140 Our results indicate that substituents and chirality strongly
150 affect light-responsive affinity differential and subtype
151 selectivity between fB,-AR and f,-AR, and that Thermody-
152 namic Integration (TI) provides the most reliable predictions
153 consistent with experiments. Other methods, such as US, Well-
154 Tempered Metadynamics (WT-MTD), and MM/PBSA
155 (GBSA), exhibit significant discrepancies with the experiment.

Additionally, the MD simulation offers valuable atomic-level
insights into the strengths and limitations of current modeling
techniques for light-responsive ligand—receptor interactions.
These findings bridge the available experimental data and free
energy calculations, and will advance the rational design of
photoswitchable f-AR antagonists with enhanced light-
responsiveness and subtype specificity.

B COMPUTATIONAL METHODS

Here, we first introduce the system setup and equilibration
simulations. Then, we detail the free energy methods including the
TI, US, WI-MTD and MM/PBSA and MM/GBSA. eqs 1—8 and the
thermodynamic cycles in Figure 2 are used for calculating various free
energy quantities reported in the Results section.

System Setup and MD Equilibration Simulations

The crystal structure of the inactive f,-AR bound to propranolol
(PDB ID: 6PS5)** was used as the starting structure for setting up the
B,-AR simulations. Following the approaches of previous studies,”
the T4-lysozyme (T4L) segment fused with the f,-AR in the crystal
structure was removed. The intracellular loop (ICL3) of f,-AR
missing from the crystal structure was reconstructed as an
unstructured loop using the MODELER®® software package (Figure
1D). The mutated residues in the crystal structure were modified back
to the wild-type sequence using the same package. The propranolol
ligand was removed, and molecular docking simulations were
performed using AutoDock Vina software®” to place a single molecule
of OP or PLZ in the binding pocket in either the cis or trans isomer.
The structure of the docked ligand was visually checked such that the
azobenzene moiety has maximal overlap with the hydrophobic ring of
the original ligand (propranolol), and cross-compared with those in
ref 32 whenever possible. The protonation states of the ionizable
residues at neutral pH were determined using the H++ server.”® The
CHARMM-GUI server™’ was utilized for embedding the f,-AR and
Bi-AR in a lipid bilayer, which is capped on both sides by boxes of
water molecules with 40 A thickness. In all setups, the membrane was
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composed of 180 molecules of DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine) combined with 10 wt % cholesterol. This specific
DOPC/cholesterol ratio was selected based on prior studies that
examined how cholesterol concentration influences the stabilitgf and
dynamic properties of the receptor within the lipid bilayer.”” To
mimic physiological conditions, 0.15 M NaCl was added, which also
neutralized the net charge of the system (Figure 1E). The resulting
periodic boundary condition (PBC) simulation box has a dimension
of ~100 X 100 X 140 A®. For the ;-AR simulation setups, the crystal
structure of f,-AR bound to the carazolol ligand (PDB ID: 7BVQ)**
was used, and a similar setup procedure was followed.®"

The TIP3P model was employed to treat the water molecules,”
while the FF14SB®* and LIPID17% force fields were employed to
treat the proteins and the lipid bilayer, respectively. The general
AMBER Force Field (GAFF) approach®®’ was employed to
parametrize the force fields of the ligands (OP1, OP2, OP3, PLZI,
PLZ2, and PLZ3). The torsional terms associated with three key
dihedrals in the azobenzene moiety, ie., the C2—N3=N4-C$5
(Ocanc), C1—C2—N3=N4 (6ciconn), and N3=N4-CS5-C6
(Oxnescs) (Figure 1B), were parametrized based on the relaxed
scans of the potential energy surface (PES) along these coordinates
using a quantum mechanical (QM) method. This procedure is
necessary because our previous study®® has shown that utilizing the
GAFF parameters for these torsions without modification usually
leads to structural distortions from the expected planar geometry in
the trans isomer during MD simulations. Consequently, careful
refinement of these dihedral parameters was necessary for accurate
free energy calculations. To this end, the hh-TDA-DFT method®’
with the BH&HLYP functional and 6-311++G(d,p) basis set was
employed as the QM method. This multireference QM method has
been well benchmarked for studyin% photochemical reactions of
azobenzene-derived photoswitches,”*™"* and the use of the multi-
reference QM method was demonstrated to be important for
describing the transition state of ground-state isomerization.”* The
torsional parameters were fine-tuned such that the molecular
mechanics (MM) PES reproduced the QM PES regarding the cis-
to-trans isomerization barrier heights and the energy differences
between the two isomers (Figure S1). All QM calculations in the
force field parametrization were performed with the TeraChem
software package.”*”

The systems were first subject to 100,000 steps of energy
minimization. Following this, the system was equilibrated in the
constant NVT ensemble at 300 K for S ns, with a time step of 1 fs.
During this step, harmonic biasing potentials with force constants of
5.0 kcal'mol™>-A~* were imposed on all protein heavy molecules.
Then, the systems were equilibrated for S0 ns in the constant NPT
ensemble (300 K, 1 bar) with a 1 fs time step, during which the
protein restraints were gradually reduced to zero. In the final step,
production MD simulations were conducted for 1.1 ys in the same
constant NPT ensemble with a 2 fs time step, with no protein
restraints. The pressure was controlled using the anisotropic
Berendsen method’® with a relaxation time of 1 ps. Temperature
control was achieved through the Langevin thermostat’”” with a
friction coefficient of 1 ps™'. Long-range electrostatic interactions
were treated using the Particle Mesh Ewald (PME)”® method, and a
12 A cutoff was applied for the van der Waals interactions.
Additionally, all covalent bonds involving hydrogen atoms were
constrained using the SHAKE algorithm throughout the simula-
tions.”” All geometry optimizations and MD simulations were
performed using the AMBER24 software package.*

It is worth noting that unbiased MD trajectories were used to
analyze ligand—receptor interactions and characterize binding
interaction profiles. The TI simulations generate trajectories from
mixed Hamiltonians of the two end states. Thus, they represent
intermediate states during alchemical transformations, and do not
correspond to physically meaningful states, nor are they suited for
analyzing interaction frequencies or per-residue contributions. For
this reason, the molecular interaction analysis was performed using
the unbiased production MD trajectories, where the ligand—receptor
complex is fully interacting and structurally stable. This approach

allows meaningful identification of residue-ligand contacts and
interaction patterns.

Free Energy Calculations

The equations below used for free energy calculations are
summarized. Equation 1 was used for the relative binding affinities
between cis and trans isomers of the same compound X, i.e., the light-
responsive affinity differential. eqs 2 and 3 were used for the relative
binding affinities between the same isomer of compounds X and Y in
the same receptor. Equation 4 was used for the substituents’ effects on
the light-responsive binding affinity differential in the same receptor.
Equation S was used for substituents’ effects on the subtype selectivity
between the f-AR and f,-AR. Equations 6 and 7 were used for the
relative binding affinities between the wild-type (WT) and the mutant
(Mut) for the same isomer of the same compound. Equation 8 was
used for the receptor’s mutational effects on the light-responsive
affinity differential for the same compound.

Thermodynamic Integration (TI)

The TI methods were employed to evaluate (1) the difference in the
binding affinity between the cis and trans isomers (referred to as “cis-
vs-trans affinity differential” below) for each compound
(AAGY oo trans Approach A), (2) the relative binding affinity
between a pair of compounds (X and Y) in the same isomeric form
(AAGbinding,cisXﬁcisY and AAGbincling, ApproaCh B) The R

and S enantiomers of the OP2 were treated as two compounds in
Approach B, each with its own cis and trans isomers.

transX —transY’

AA GX, cis—trans A Gbinding, transX AG binding, cisX

= AGbound,cisX%transX - AG

(1)

unbound, cisX — transX

AA Gbinding,cisX—) cisY — A Gbinding, cisY A Gbinding, cisX

= AGcisXacisY,bound - AG

cisX— cisY,unbound

)

AA Gbinding,

transX — transY
= AGbinc:ling,tmnsY - AGbim‘ling,tmnsx

= AG AG (3)

transX— transY,bound transX — transY,unbound

AAAGX—»Y,cis-vs-transbinding
= AAGY,Cis—»trans - AAGX,Cis—»tﬂms
= [AGbinding,tmnsY - AGbinding,cisY]
- [AGbinding,tmnsX - AGbinding,cisX]
= [AGbindin JtransY T AGbindin trunsX]
g 8
- [AGbindin csY AGbindin cisX]
8 8

= AAGbim:ling,trans)(~>tnmsY - AAGbinding,cisX%cisY

(4)

AAAGcisXﬁcisY,ﬂlfARvsﬂZfARbinding
= AAGcisY,ﬂZ-ARﬁ/il-AR - AAGcisX,ﬂZ-AR%/}l-AR
= (AGasY/ﬂ-AR - AGcisY,/)'?.-AR) - (AG.:isX,/il-AR
- AGcisX,ﬂ?.-AR)
= (AGcisY,ﬂl-AR - AGcisX,/)‘l-AR) - (AGcisY,ﬂZ-AR
- AGcisX,/i?.-AR)
(5)

= AA Gbinding, cisX—cisY,f1-AR AA Gbinding, cisX—cisY,f2-AR
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AAGbinding, cis(WT) — cis(Mut)
= AGb]‘.nding,cis(Mut) - AGbinding,cis(WT)
= AG

cis,Mutation (holo) —

AGMutaﬁon(apo) (6)

AAG binding, trans(WT) — trans(Mut)
= AGbincling,tmns(Mut) - AGbinding, trans(WT)
= AG

trans,Mutation(holo) ~

AGMutation(apo) (7)

AAAG 1 Mugcis-vs-trans binding
= AAGuinding trans(WT) - trans(Mut) ~ DA Ginding cis(WT) - cis(Mut)
= [AGyinding trans(Mut) — AGinding trans(wr)]
- [AGbinding,cis(Mut) - AGbinding,cis(WT)]
= [AGtmns,Mutaﬁon(hoIo) - AGMutation(apo)]
= [AG; Mutation(holo) — AGMutation(apo)]
= AGy05 Mutation(holo) — AGeis Mutation(holo) (8)

In Approach A, the cis isomer of each compound X is alchemically

294 transformed to the trans isomer in the TT simulation via an unphysical

298
296

297

298
299
300
301
302
303
304
308
306
307

pathway, with one phenyl ring gradually disappearing from one side of
the N=N double bond and reappearing on the other side (Figure 3).

Approach A
—

opP2C

0OP3C

Figure 3. Two different approaches (Approach A and Approach B)
for calculating the substituents’ effects on the cis-vs-trans affinity
differential of the antagonists. In Approach A, for the same
compound, e.g, OP1, the cis isomer (OP1C) is converted to the
trans isomer (OP1T) through the disappearance of a functional group
from one side of the N=N bond and the reappearance of it on the
other side. In approach B, the side-chain substituent is moved to
different positions on the benzyl ring within the same isomeric form.
For example, the cis isomer of OP1 (OP1C) is converted to the cis
isomer of OP2 (OP2C) or OP3C.

The free energy differences between the two isomers in protein
(AGbound,cisX%tmﬂsX) and the aqueous solution (AGunbound,cisXatmnsX)
were directly estimated by the TI simulations. Then, a thermody-
namic cycle (Figure 2A) was constructed to estimate the cis-vs-trans
affinity differential of the compound X, i.e,, AAGy _, 40 Using eq 1.
In Approach B, one compound X is transformed to the other
compound Y in the same isomeric form by alchemically removing and
adding the differing groups between the two compounds (Figure 3).
The free energy differences between the two compounds in protein
(AGcisX%cisY,bound and AGtmnsXﬂtmnsY,bound) and in the aqueous

solution (AGcisXacisY,unbound and AGtmnsXatmnsY,unbound) were dlreCtly

estimated. A thermodynamic cycle (Figure 2B) was constructed to
estimate the difference in the binding affinities between the
compound X and Y in the same isomer form, i.e,
AAGbindingciSX%cisY and AAGbinding,tmnsX%tmnsY using eqs 2 and 3.
Using the above-described relative binding affinities, the substituent’s
effect on the cis-vs-trans affinity differential, i.e., the
AAAGX—»Y,cis-vs-tmnsbinding' can be estimated from either approach
using eq 4.

Based on the available experimental data,””” the S enantiomer
exhibits a stronger “cis-on” effect than the R enantiomer (Figure 1) in
B,-AR. In addition, the S enantiomer of OP2 exhibits higher binding
affinity than the R enantiomer in both the cis and trans isomers.
Because experimental measurements are available for both R and S
only for OP2,*” and the S enantiomer consistently exhibits stronger
receptor affinity, all simulations in this study were performed using
the S enantiomer of the OP compounds, except for OP2, for which
both R and S enantiomers were simulated. In addition, according to
the experimental reports, the PLZ compounds were synthesized and
evaluated in the S enantiomeric form.*' To further evaluate the effect
of chirality, TI calculations using Approach B, MM/PBSA and MM/
GBSA simulations were also carried out to estimate the relative
binding free energy difference between the S and R enantiomers.

Additionally, using Approach B, the substituent’s effect on the
binding selectivity between f,-AR and f,-AR in the same isomeric
form, e.g, AAAGy_,y 3 ARvsp2-ARbinding(cisortransy Was calculated. This

7,32

quantity describes the effect of X—Y transformation on the relative
binding affinity between the ;-AR and f,-AR. This calculation began
with the TI evaluation of the free energy change associated with
alchemical transformations between the two compounds in the same
isomeric form in both the $,-AR and f3,-AR, as well as in solution.
Based on these quantities, employing a thermodynamic cycle in
Figure 2B, the difference in the binding affinity between the two
compounds with the $-AR (e.g, AAGbindmg’mX%cisY’/ﬂ,AR) and the

B-AR  (e.g., AAGbinding,cisX%cisY,/}Z—AR) was calculated. The
AAAGy _yp1_ARvsp2-ARbinding Value was finally calculated according

to eq S.

Furthermore, to assess the effect of the mutation on the cis-vs-trans
affinity of OP2, TI calculations were performed in a ,-AR mutant. In
these simulations, the PHE289 residue in the wild-type (WT)
receptor was gradually transformed into the alanine residue,
generating the mutant receptor (Mut), by systematically modifying
the system Hamiltonian using a A parameter ranging from 0 to 1 (with
a spacing of 0.1). From each TI calculation, the free energy change
associated with the mutation was obtained for the entire system in
both the OP2-unbound (apo) and OP2-bound (holo) states of 3,-AR,
yielding AGyuation(apo) 20d A Gpytation(holo)r Tespectively. A thermody-
namic cycle (Figure 2C) was then used to determine the mutation-
induced changes in OP2 binding free energy in the cis and trans
isomers, expressed as AAGygngciswr)—dsmay 20 d
AAGbinding,trans(WT)»tmns(Mut) (eqs 6 and 7). A positive AAGbinding
value indicates reduced binding affinity upon mutation. Based on
these relative binding affinities, the effect of the mutation on the cis-vs-
trans affinity differential, defined as AAAGyp_,

calculated using eq 8. A positive AAAG

cis-vs-trans binding’ was

WT — Mut, cis-vs-trans binding value

indicates that the mutation enhances the “cis-on” effect in f,-AR
compared with the wild-type receptor.

In the TI calculation, the set of atoms differing between the starting
and ending compounds linked by the alchemical transition (X—Y)
was separated into two sets: atoms disappearing from X and those
appearing in Y. The TI simulation was divided into three stages: (1)
switching off the charges on the disappearing atoms to zero, (2)
switching off the van der Waals and bonded interactions associated
with the disappearing atom and switching on these interactions
associated with the appearing atoms, while keeping all charges on
both sets of atoms zero (3) switching on the charges on the appearing
atoms to full charge. In each stage of each TI simulation, 11 4
windows were simulated, with a 4 spacing of 0.1, totaling 33 windows
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per alchemical transformation. The soft-core potential was applied to
their van der Waals interactions of the disappearing and appearing
atoms in stage (2).

To prepare the initial structure of the TI simulation, the system was
equilibrated in a mixed Hamiltonian of X and Y, corresponding to the
A = 0. in stage (2), except that both disappearing and appearing
atoms have full charges. The initial geometries of the systems were
taken from a representative snapshot in the unbiased MD equilibrated
simulation for one of the two compounds. The system was minimized
using 15,000 steepest descent steps, and then reheated to 300 K over
a period of 1 ns using the Langevin thermostat’’ with a friction
coefficient of 1 ps™'. Following this, the systems were equilibrated for
20 ns in the constant NPT ensemble (300 K, 1 bar) without positional
restraints. The last snapshot was subsequently used as the initial
structure in each A window in each of the three stages. In each 1
window, 500 ps of NVT equilibration and at least 6 ns of production
NPT simulations were performed.

Furthermore, TI calculations were performed to quantify the effect
of the F289A mutation on OP2’s light-responsive affinity differential
in 3,-AR. In both the apo and holo states of the receptor, the PHE289
residue was alchemically transformed into alanine using a dual-
topology scheme implemented in AMBER,* with the mutation
gradually introduced through a coupling parameter (4) ranging from
0 to 1. A total of 11 A windows were used with an interval of 0.1. The
mutation region was defined using the corresponding TI masks for the
WT and mutant residues. Each 4 window followed a standard three-
step protocol including energy minimization, heating, and production.
During minimization, positional restraints were applied to the solute
while the system was relaxed. The systems were then gradually heated
to 300 K temperature under constant volume using a Langevin
thermostat,”” followed by production simulations performed in the
constant NPT ensemble at 300 K temperature and 1 atm pressure. In
each 1 window, 500 ps of constant NVT equilibration and at least 50
ns of production NPT simulations were performed. The error bars in
the TI calculations were obtained by block-average analysis.

In the TI simulations performed, SHAKE constraints were applied
to the system except for bonds connecting one common and softcore
atom(s), which is the default option in the Amber simulation
package.®® This is to ensure stable integration during the alchemical
process.”” Because these bond constraints are removed, a 1 fs time
step was used.®' It is worth noting that using a 1 fs time step increases
the computational cost compared with simulations that use SHAKE
for the whole system and a 2 fs time step. However, this choice
reduces the risk of numerical instability during the alchemical
transformations.

Umbrella Sampling (US) and Well-Tempered
Metadynamics (WT-MTD)

To estimate the cis-vs-trans affinity differential of each ligand, the
potential of mean force (PMF) of its thermal isomerization in protein
and aqueous solution was calculated by both US and WT-MTD
simulations.”” The cis-vs-trans affinity differential AAGy s trans WAS
then estimated using the PMFs in the protein and solution through
the thermodynamic cycle in Figure 2A. The AAAGXHY, cis-vs-trans binding
was calculated using AAGy ;_, yrans (€9 4).

In the US simulations, the torsion around the N=N double bond,
i.e, Ocanc (Figure 1A), was the collective variable (CV) biased in the
simulations and used for projecting the 1-dimensional PMFs. A total
of 37 umbrella windows were used for each PMF. The centers of
harmonic potentials used in the windows were positioned at different
values from 0° to 180° with a 5° interval. In each window, the
harmonic potential had a force constant of 200 kcal/mol/radian®. The
final frame of the MD production trajectory of the cis isomer served as
the starting point for the first umbrella window. The initial structure
for each window was derived from the adjacent window’s structure
after a 1 ns equilibration period. Afterward, at least 20 ns of
production simulation was performed for each window, which was
used for analysis. In total, at least 740 ns of US production run was
conducted for each system, in the protein or solution. The PMF was

constructed using the WHAM algorithm.**> The US simulations were
performed using the AMBER24 software package interfaced with
PLUMED 2.9.%> The error bars in the PMFs were calculated by block-
average analysis.

In the WT-MTD simulations, two CVs were biased in the
simulation and used in the projection of the 2D PMFs: CV1 = Ocync,

CV2 = %(QCICZNN + 0NNC5C6)' The CV2 is the average of the two

torsions around the single bonds adjacent to the N=N double bond
(Figures 1B and S1). The deposition rate, width, bias factor, and
initial height of the Gaussians were set to 2.0 ps™', 0.35 radians, 45,
and 2.5 kJ/mol, respectively. For each system, 500 and 100 ns WT-
MTD simulations were conducted for the protein—ligand complex
and ligand in the aqueous solution, respectively, using a 2 fs time step.
All WT-MTD simulations were performed using the AMBER24
interfaced with the PLUMED 2.9 packages.

MM/PBSA and MM/GBSA

The final 150 ns of the production step was used to evaluate the
binding affinity of the ligands against $|-AR and f,-AR using MM/
PBSA or MM/GBSA methods. In these calculations, dielectric
constants of 80, 2, and 4 were assigned to water, the lipid membrane,
and the protein, respectively.***> A solvent probe radius of 1.4 A was
used, and the default force field parameters were applied for the
atomic radii.’® The AAGy s, trans Values were calculated directly
using the absolute binding affinities obtained from the MM/PBSA
and MM/GBSA simulations of different isomers (eq 1). The
AAAG was calculated using AAGy ;0 (eq
4). The error bars in the calculations were obtained by block-average
analysis.

X—Y,cis-vs-trans binding

B RESULTS AND DISCUSSION

This section is organized as follows. First, we systematically
compare the accuracy of different free energy methods in
predicting the substituents’ effect on the difference in the
binding affinity between cis and trans isomers (referred to as
“cis-vs-trans affinity differential” below) among three OPs:
OP1, OP2, and OP3 in S,-AR and f,-AR, identifying the
compound-to-compound TI approach as the most accurate
one. Second, we extensively benchmark the accuracy of these
approaches in four additional scenarios with crucial implica-
tions in previous experimental designs: (1) comparison
between PLZs and OPs in terms of the cis-vs-trans affinity
differential in $,-AR and f3;-AR; (2) enantiospecific effects on
the cis-vs-trans affinity differential of OPs in ,-AR; (3) the
OPs’ selectivity between the f,-AR and f3,-AR subtypes; (4)
substituents’ effect on the cis-vs-trans affinity differential in f3,-
AR among PLZs; (5) the effect of the mutation on light-
responsive binding affinity differential of OP2. The exper-
imental binding affinities were deduced from photostationary
states (PSS) under different wavelengths of light, where either
the trans or cis isomer predominates.”*"** For the OPs, the
binding affinities (K; values) were directly measured.”** For
the PLZs, only functional studies were performed, and we
assumed that the K, values deduced from the ICyy’s of these
bioactivity measurements were equal to the binding affinities
(K; values). Third, we present a detailed analysis of protein—
ligand interactions based on unbiased MD simulations, which
reveals the molecular origin of the light-responsive binding
affinity of these ligands. Finally, we discuss several key details
of our free energy simulations.

Throughout the discussion, we refer to the thermodynamic
cycles in Figure 2 and eqs 1—8 in the Method section for the
definition and calculation of the absolute binding free energies,
relative binding free energies, and the substituents” effect on
them. In particular, eq 1 was used for the relative binding
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Table 1. Calculated cis-vs-trans Affinity Differential (AAGy j; . .0) in f,-AR and B,-AR Using the Approach A of the TI
Method (cis-to-trans), US, TI, WI-MTD, MM/PBSA, and MM/GBSA, Compared to the Experiment’*

compounds
quantity OP1 oP2 oP3
AR
BAG e (Exp) 08206 ey 05 £ 01
AAGy i, rans (TI) 0+1 1+1 22+ 03
AAGy i, rans (US) —5.5+ 0.1 8.6 + 0.5 2.7 02
AAGy o yans (WT-MTD) —30 +38 1.0 + 2.0 0.6 + 22
AAGy oo trans (MM/PBSA) 0.6 + 0.1 —3.0 £ 0.1 10.1 + 0.1
AAGy i, yans (MM/GBSA) —49 + 0.1 —3.1+0.1 122 + 0.1
Bi-AR
AAG s trans (Exp.) -1.3+0.1 19 £ 0.1 —-1.7 + 03
AAGy o prans (US) —31+ 11 9.3 + 0.9 —46 £ 0.7
AAGy o, yrans (MM/PBSA) —5.1+0.1 11.0 + 0.1 0.8 + 0.1
AAGY s trans (MM/GBSA) —4.0 £ 0.1 9.2 + 0.1 —2.9 + 0.1

“Approach A of TI and WT-MTD were used to calculated cis-vs-trans affinity differential in f2-AR. The other methods were applied to calculate
the AAG for both receptors. A positive value of AAG
and vice versa. All calculations reported in this table were performed in the S enantiomer. The experimental values were reported for the racemic
mixture of S and R isomers, unless otherwise noted for OP2, where the enantiospecific AAGy ;_, 440, S Were also measured.®” Table S1 contains the

indicates a higher binding affinity in the cis isomer than in the trans isomer,

X, cis—trans X, cis— trans

detailed information on quantities calculated by each method.

Table 2. Calculated Difference in the binding Free Energies AAGy,;,ging x—v (kcal/mol) between the OPs in the Same Isomeric
Form (Either cis or trans) in f#,-AR and f#;-AR Using Approach B of the TI Method (Compound-to-Compound) Compared to

the Experiment””

chemical modifications

quantities OP1C—0P2C OP1T—OP2T 0OP2C—OP3C OP2T—OP3T
fy-AR
AAGygingx—y (Exp.) —0.1 £ 0.6 45 £ 06 44 + 04 11+ 04
AAGygingx—y (T1) —1.1+09 32+ 08 41+03 1.6 + 0.4
Bi-AR
AAGygingx—y (Exp.) 0.6 + 0.1 3.8 +02 0.0 + 0.1 —35+06
AAGy;gingx—y (TI) L5+ 05 31408 0.0 + 0.6 —33+ 14

“A negative value of AAGy;ging x—v indicates a higher binding affinity in the ending compound than in the starting compound, and vice versa. All

calculations reported in this table were performed in the S enantiomer. The experimental values were reported for the racemic mixture of S and R
enantiomers. Table S3 contains the detailed information on quantities calculated from the TI simulations using Approach B.

s0s affinities between cis and trans isomers of the same compound
so7 X, i.e., the light-responsive affinity differential. eqs 2 and 3 were
sos used for the relative binding affinities between the same isomer
500 of compounds X and Y. Equation 4 was used for the
s10 substituents’ effects on the light-responsive binding affinity
s11 differential. Equation S was used for substituents’ effects on the
512 subtype selectivity between the f3,-AR and f,-AR. Equations
s13 6—8 were used for mutational effects on the light-responsive
s14 affinity differential.

sis Method Comparison: The Light-Responsive Affinity

si6 Differential of OPs in f,-AR and f;-AR

s17 Five free energy methods, namely the TI, US, WT-MTD,
s1s8 MM/GBSA, and MM/PBSA were employed to predict the
s19 substituents’ effects on the light-responsive affinity differential
s20 for three antagonists, i.e, OP1, OP2, and OP3, in f,-AR and
s21 B1-AR. Each method was benchmarked against experimental

. . .1 731,32
522 isomer-specific binding affinities.

Thermodynamic Integration (TI)

The TI method has been well-regarded as one of the most
accurate methods for estimating relative binding affinities
between different ligands. For this reason, we first test its
accuracy in quantifying how chemical modifications, ie.,
changing from compound X to Y (X and Y being two of the
OP1, OP2, and OP3 compounds), affect the cis-vs-trans affinity
differential in ﬁZ'AR and ﬂl'AR (AAAGXAY,cis—vs-transbinding!

Method).

We employed two approaches with different alchemical
transformation pathways to compare their performance. In the
first one (Approach A), the TI simulations alchemically
converted the cis isomer of the photoswitch into its trans
isomer (Figure 3). The cis-to-trans alchemical transformations
were performed in both the aqueous solution and the f3,-AR,
and the cis-vs-trans affinity differential of compounds X and Y
(AAG and AAG

through a thermodynamic cycle (Method, Figure 2A, eqs 1
and 2). The difference between the two compounds’ cis-vs-

) were directly calculated

X, cis— trans Y, cis— trans
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sa trans affinity differentials, i.e., AAAGy_y i vs-pransbinding €D be

s43 calculated by taking the difference of these two AAG’s
s44 (Method, eq 4). Thus, this quantity is key to measuring the
s4s substituent’s effect on the light-responsive affinity differential.
46 A positive AAAG indicates a higher “cis-on”

s47 effect in the ending compound (Y) than in the starting
45 compound (X), and vice versa. The calculated AAG
s40 and AAAG

sso together with the experimental ones, are reported in Tables
ss1 1 and 3.

X—Y,cis-vs-trans binding

X, cis—trans

values using Approach A,

X—Y,cis-vs-trans binding

Table 3. Calculated Substituents’ Effects on the cis-vs-trans
Affinity Differential (AAAGy_.y i vs-fransbindings 10t kcal/mol)

in the f,-AR and f,-AR Using the TI (Approaches A & B),
US, WI-MTD, MM/PBSA, and MM/GBSA Methods
Compared to the Experiment”

AAA GX—»Y,cis—Vs— trans binding

approach OP1 — OP2 OP2 — OP3 OP1 — OP3

BrAR

experiment 4.6 + 0.8 -33+ 06 1.3 £0.6

TI (Approach A) 1+1 1+1 2+1

TI (Approach B) 4+1 -2.5+05 2+1

Us 141 £ 0.5 =59 £ 05 82 + 02

WT-MTD 4.0 —0.4 3.6

MM/PBSA -3.6 £ 0.1 13.1 £ 0.1 9.5 £0.1

MM/GBSA 1.8 £ 0.1 153 £ 0.1 17.1 £ 0.1
pi-AR

experiment 32+02 —-3.5+03 —-03 + 04

TI (Approach B) 1.6 + 0.9 =33 15 -17 £ 17

us 124 + 14 —-139 £ 1.1 -1.5+ 13

MM/PBSA 16.1 + 0.1 —10.2 £ 0.1 59 +01

MM/GBSA 132 £ 0.1 —-12.1 + 0.1 1.1 £ 0.1

“A Positive Value of AAAGy_,y ;i v transbinding Indicates a Higher

“cis-on” Effect in the Ending Compound Than in the Starting
Compound, and Vice Versa.

ss2 In the second approach (Approach B), one compound was
553 converted to another in the same isomeric form (Figure 3) in
ss4 both the aqueous solution and the f,-AR and f,-AR, in both
sss the cis and trans isomers. In the alchemical transformation, the
ss6 entire 3-(isopropylamino)-2-hydroxypropoxy (IHP) side chain
ss7 gradually disappears from the benzyl carbon atom to which it is
sss linked and reappears on another one. For example, when
sso transforming the cis OP1 (OP1C) to cis OP2 (OP2C), the
560 position of the side chain disappears from the ortho position
sé1 on the phenyl ring and is changed to the meta position (Figure
s62 3). Performing the TI simulations for this transformation in
s63 the protein and aqueous solution and employing another
s64 thermodynamic cycle (Figure 2B, eq 2), the relative binding
s6s free energy between OP1C and OP2C can be calculated, i.e,,
566 AAGyinding op1c—0p2c- Similar calculations were performed on

s67 the trans isomers of OP1 and OP2 (OP1T and OP2T) using
s¢s €4 3, generating AAGbinding,OPlT—»OPZT‘ Finally, the

569 AAAGQp)_, 0p3,cis-vs-transbinding 2lues were calculated by taking

s70 the difference of these two AAG’s (Method, eq 4). The
calculated AAC;binding,X—>Y and AAAGX—>Y,cis—Vs—tn/ms’binding val-

N

—

57
572 ues using Approach B, together with the experimental ones, are
573 reported in Tables 2 & 3.

—

Employing Approach A, the calculated values of cis-vs-trans 574
affinity differential for the three OPs are in qualitative s7s
agreement with the experimental values (Table 1), predicting s76
the active isomer of the photoswitch for each compound. For 577
the OP2, the positive AAG values indicate that the OP2 has 578
“cis-on” activity, ie., the thermodynamically less stable cis 579
isomer, which dominates the photostationary state under 360 sso
nm light, has higher antagonist activity against the f,-AR than ss1
the more stable trans isomer. The “cis-on” effect is also ss2
observed for OP3 (Table 1). However, Approach A cannot 583
always accurately predict the substituents’ effects on the cis-vs- 584
trans affinity differential (AAAG ) between (g

two different compounds (Table 3). For example, experimental ss6
values of AAAGy_,y i vs-transbinding SHOW that OP2 has a g

greater “cis-on” effect than OP3 (Table 3). In contrast, the TI sss
method predicts that OP3 has a greater “cis-on” effect than sso
OP2 by 1 + 1. Therefore, Approach A is accurate for s9
evaluating the cis-vs-trans affinity differential within a single so1
compound, but sometimes fail to predict how chemical 592
modifications can change this quantity. 593

Using Approach B, the calculated relative binding affinities s94
between these three antagonists in the same isomer form s9s

(AAGbinding,X—»Y) in complex with f;-AR and f,-AR were .,
calculated (Table 2, AAGbindingIX_)Y), based on which the .,
substituents’ effect on the cis-vs-trans affinity differential so8
(AAAGX_,Y,Cl.s_vs_mnsbinding) was calculated (Table 3).

According to Table 2, the calculated AAGy,;,4ing 0p1c—0P2C 600

of —1.1 + 0.9 kcal/mol indicates that the cis OP1 to cis OP2 601
transformation increases the ligand’s binding affinity in f$,-AR. 02
In contrast, the corresponding value of 1.5 + 0.5 kcal/mol for 603
Bi-AR indicates a reduction in binding affinity for the same 604
transformation. These trends are consistent with the 6o0s
experimental results, which report —0.1 + 0.6 kcal/mol for 6os
P>-AR, within the error bars, and 0.6 + 0.1 kcal/mol for $;-AR. 607
The calculated AAGy,;,4i0g op1T—o0p2r ©Of 3.2 £ 0.8 keal/mol 4

X—Y,cis-vs-trans binding

indicates that the trans OP1 to trans OP2 transformation 609
decreases the ligand’s binding affinity in $,-AR, in agreement 610
with the experimental value of 4.5 + 0.6 kcal/mol. The same 611
trend is observed for f,-AR, where the calculated 612
AAGynging, opiT—o0P2r 18 3.1 £ 0.8 kecal/mol, consistent 45

with the corresponding experimental values of 3.8 + 0.2 kcal/ 614
mol. 615
The calculated AAGygngor2c—orsc 20 d g4

AAGygingor2T—0p3T for fr-AR are also consistent with ¢,

experimental observations, indicating that transforming OP2 to 618
OP3 in either the cis or trans isomer forms decreases the 619
binding affinity. For §,-AR, a different behavior is observed. 620
The calculated AAGy;,ging op2c—op3c s 0.0 = 0.6 keal/mol, ¢,

indicating essentially no change in binding affinity for the cis 622
transformation, in agreement with the experimental value of 623
0.0 = 0.1 kcal/mol. In contrast, converting trans OP2 to trans 624
OP3 increases the binding affinity in ,-AR, as reflected by the 625
calculated AAGy,;,ging op2T— 0p3T Value of —3.3 £ 1.4 keal/mol, 44

which differs from the trend observed in f,-AR. 627
The AAAGy_y gis-vs-transbinding values for the OP1 — OP2, ¢

OP2 — OP3, and OP1 — OP3 transformations were also 629
accurately predicted by Approach B (Table 3) for both f5;-AR 630
and f3,-AR. For the OP1 — OP2 transformation in 3,-AR, both 631
experimental (4.6 + 0.8 kcal/mol) and theoretical (4 + 1 keal/ 632
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Figure 4. Potential of mean forces (PMFs) for the ground-state cis-to-trans isomerization of the photoswitchable ligands in complex with the f3,-AR
(blue), B,-AR (green), and in an aqueous environment (red), calculated by the US method. The results are shown for (A) OP1, (B) OP2, and (C)
OP3. The trans isomer of each compound corresponds to the minima near fcync = 180°. The cis isomer of each compound corresponds to the

minima near Gcoyye = 0°.

633 mol) results show an increase in the “cis-on” effect. A similar
634 trend is also observed in f#;-AR, where the calculated value of
635 1.6 + 0.9 keal/mol suggests an increase in the cis preference for
636 this transformation. For the OP2—OP3 transformation in f,-
637 AR, both experimental (—3.3 + 0.6 kcal/mol) and theoretical
638 (—2.5 + 0.5) values indicate a decrease in the “cis-on” effect
639 (Table 3). Note that Approach A failed to capture this
640 behavior correctly, as it predicted the wrong sign for
641 AAAGHpy ., 0p3,cis-vs-ransbinding (T2ble 3). A similar behavior

642 is observed for f,-AR. For the OP2 — OP3 transformation,
643 the TI calculated AAAGop, _, 0p3 cs-vs-transbinding Value of —3.3

)

644 = 1.5 kcal/mol is in very good agreement with the
645 experimental result of —3.5 + 0.3 kcal/mol (Table 3). The
646 negative sign indicates a reduction in the “cis-on” effect upon
647 transforming OP2 to OP3 and confirms that the TI
648 calculations capture how this structural modification shifts
649 the cis-vs-trans binding preference in both receptors.

650 Thus, Approach B can reliably capture all subtle
6s1 substituents’ effects on the light-responsive affinity differential
652 among the three OPs, highlighting its predictive power in the
653 design and optimization of light-responsive bioactivity of
654 photoswitchable drugs targeting GPCRs. Notably, in our
6ss recent parallel study of photoswitchable inhibitors of tubulin,
6s6 this method has also achieved good agreement with the
657 experiments.18

«n

o

-

6s8 Umbrella Sampling (US)

659 Next, we benchmarked the US method (Figure 4), a widely
660 used enhanced-sampling technique for free energy calculation.
661 The torsion around the N=N double bond, i.e., Ocync
662 (Figure 1B), was used as the collective variable (CV) biased
663 in simulations and the projection of 1-dimensional PMFs. The
664 PMFs describe the free energy profile of ground-state cis-to-
665 trans isomerization of OP1, OP2, and OP3 in both the f5,-AR,
666 f1-AR, and aqueous solution. The free energy difference
667 between the cis and trans isomer forms in either the proteins or
668 the solution, i'e" AGbouncl,z:is—)tmns and AGunbound,cisﬁtmns’ was
669 evaluated based on the 1D PMF’s two minima (Figure 4),
670 where Ocyne is ~0° and ~180°, respectively. Similar to the
671 Approach A of the TI method, the thermodynamic cycle in
672 Figure 2A was adopted to calculate the AAG and
AAAG

)

X, cis— trans

values using eq 4. Here, the key

673 X—Y,cis-vs-trans binding

difference between the US and Approach A of TI method is 674
that the US samples a realistic ground-state thermal relaxation 675
pathway connecting the two isomers with a physics-based free 676
energy barrier, whereas the TI simulations involve unphysical, 677
alchemical transitions where different functional groups 678
gradually disappear and appear in different positions. Such a 679
difference is not only theoretical but also can have practical 680
implications in terms of sampling and convergence, as 681
discussed below. 682

For all three compounds in complex with ,-AR, the US 683
method correctly predicts the more bioactive isomer, i.e., the 684
sign of AAGy e although the magnitudes are largely gg5

overestimated (Table 1). Importantly, throughout the 6ss
simulations in all umbrella windows, the ligand remains 687
bound inside the binding pocket, in contrast to the unstable 688
binding behavior observed in the WT-MTD simulations 689
(discussed below). The AAAG

By-AR predicted by the US simulations have the correct signs 691
for all three transformations, qualitatively capturing the 692
substituents’ effects on the cis-vs-trans affinity differential 693
among the three OPs. 694

Furthermore, for the OP compounds in complex with f;- 695
AR, the US simulations reproduce the experimental preference 696
between the cis and trans isomers, correctly predicting the signs 697
of AAG for all three ligands (Table 1). Specifically, gog

the simulations indicate a “tran-on” effect for OP1 and OP3 699
and a “cis-on” effect for OP2, consistent with the experimental 700
observations. However, similar to the f,-AR results, the 701
absolute magnitudes of the light-responsive affinity differentials 702
are overestimated, most notably for OP2, where the US 703
calculations predict a substantially greater “cis-on” effect. A key 704
result is that OP3 exhibit different light-responsive behavior in 70s
the two subtypes, exhibiting “trans-on” effect in ,-AR and “cis- 706
on” effect in 3,-AR. The US simulations clearly reproduce the 707
switch in the active isomer between the two receptor subtypes. 708
In addition, the calculated AAAG values for o,

the transformations among OPs in complex with f;-AR 710
correctly capture the qualitative trends observed experimen- 711
tally (Table 3). These results suggest that the US approach is 712
able to describe how substituent changes modulate the cis-vs- 713
trans affinity differential across the OP series in f;-AR and f,- 714
AR. Although the method overestimates the magnitudes of 715

X—Y,cis-vs-trans binding values of 690

X, cis—trans

X—Y,cis-vs-trans binding
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716 these modulations, particularly for the OP1 — OP2 and OP2
717 = OP3 transformations in the f,-AR and f|-AR, respectively
718 (Table 3), it is a reliable method for qualitatively predicting
719 substituents’ effects on cis-vs-trans affinity differential, second
720 to Approach B of TL

721 Well-Tempered Metadynamics (WT-MTD)
722 The WT-MTD method was also benchmarked to calculate the
723 same ground-state cis-to-trans isomerization described above.

724 Following previous simulation studies,'” two-dimensional
725 PMFs were calculated using two CVs: CV1 = fcyne and

—

76 CV2 = %(GCICZNN + Ouncsce) Le, the average of the two

727 single-bond torsions adjacent to the Ocync (Figures 1B and
728 S1). These two CVs were biased in the WT-MTD simulations
729 and used for the projection of the 2D PMFs (Figure S4). The
730 2D PMFs were integrated over the CV2 to generate the 1D
731 PMFs projected to CV1 (Figure SS). The calculations of
732 AAGX,Cis—»truns’ and AAAGX—>Y,r:is»vs-tramsbinding follow the same

733 approach as the US method.

734 The results of WT-MTD are summarized in Tables 1 and
735 S1, Figures S4 and SS. For OP1, the AAGqp; g yrans Value is
736 —3.0 kcal/mol, indicating “trans-on” bioactivity, in qualitative
737 agreement with the experimental value of —0.8 kcal/mol, while
733 Overestimating the magnitude. The calculated AAGqp, i, frans

—

730 and AAGgps i, irans T€ poOsitive, indicating “cis-on” effect in its
:

740 bioactivity, which are also qualitatively consistent with the
741 experimental values (Table 1). Furthermore, the
740 DAAGY Ly i vs-transbinding  Values obtained from WT-MTD

743 simulations are 4.0, 3.6, and —0.4 kcal/mol for OP1 — OP2,
744 OP1 — OP3, and OP2 — OP3, respectively (Table 3). These
745 results indicate that metadynamics captures the qualitative
746 trends in the substituents’ effects on light-responsive affinity
747 differential, but it suffers from quantitative inaccuracy.

748 Despite the qualitative agreement with the experiments,
749 serious limitations of WT-MTD were observed when
750 monitoring the trajectories. One critical problem was that in
751 many simulations, the ligands quickly dissociated from the
752 protein after a few hundred nanoseconds, defeating the
753 purpose of running these simulations for the ligand-bound
754 system. It repeatedly occurred with different parameters of the
75s Gaussian potential, deposition rates, and tempering, including
756 those used by previous studies for similar photoswitchable
757 ligands in tubulin.'” This made it difficult to converge the
758 PMPFs in the protein. Since WT-MTD adds time-dependent
759 external biasing forces to constantly drive the structural
760 transitions of the ligand (in our case, back-and-forth
761 conversions between cis and trans isomers), it can sometimes
762 push the system out of equilibrium and gradually cause the
763 ligand to dissociate from the binding pocket. If it occurs, due
764 to the ruggedness of the free energy surface, it could take a
765 long time for the system to revisit the conformation where the
766 ligand is bound in the protein. This time scale can be much
767 longer than the time intervals of Gaussian potential deposition,
768 making it difficult to converge the PMF. For example, the free
769 energy difference between cis and trans isomers converged
770 quickly after only ~50 ns (Figure S6 A). However, for the
771 protein—ligand complex, even after 500 ns of simulation, this
772 quantity still exhibits large fluctuations and fails to converge
773 within this simulation time. Therefore, the instability of the
774 ligand in the binding site makes the calculated PMFs
775 unreliable, since the WT-MTD trajectories cannot faithfully

st

—_

represent the bound state of the ligand throughout the entire 776
simulation. 777

MM/PBSA and MM/GBSA 778

In addition to the light-responsive affinity differential that can 779
be calculated using US, MTD, and TI methods, we examined 780
the ability of MM/PBSA and MM/GBSA approaches to 7s1
reproduce the absolute binding affinities of the photo- 782
switchable ligands. Based on the results summarized in Tables 7s3
S1 and S2, both methods predict strong binding of all OP and 734
PLZ compounds for both cis and trans forms. However, the 7ss
calculated AGy;yging Values are consistently much more negative 7s6
than the experimental measurements. For example, while 787
experimental affinities fall in the range of approximately —7 to 7ss
—13 kcal/mol, the MM/GBSA results typically predict values 7s9
between about —25 and —45 kcal/mol. This systematic shift 790
indicates a clear overestimation of absolute binding affinity. 791
These discrepancies highlight the limitations of MM/PBSA 792
and MM/GBSA for predicting absolute binding affinities in 793
GPCR systems. Both methods rely on simplified implicit 794
solvent models and limited treatment of entropy, and they do 795
not fully capture the complex environment of membrane 796
proteins, protein conformational flexibility, and ligand— 797
membrane interactions. Therefore, although MM/PBSA and 798
MM/GBSA calculations provide a general indication that the 799
ligands bind favorably to both receptors, they are not suitable soo
for quantitative estimation of absolute binding affinities in this so1
class of systems. 802

Furthermore, neither method can consistently and correctly so3
predict the signs of the cis-vs-trans affinity differential for all so4
three compounds (Table 1). In other words, they failed to sos
even predict whether a ligand is “cis-on” or “trans-on”. For so6
instance, the MM/GBSA approach predicts that trans OP2 has so7
a higher binding affinity than cis OP2 (in complex with 3,-AR), sos
i.e., “trans-on” bioactivity for OP2, opposite to the s09
experimental observations that OP2 exhibits the largest “cis- sio
on” effects of all three compounds. Compared to MM/GBSA, si11
the MM/PBSA approach’s performance is inferior, predicting a s12
“cis-on” OP1 and a “trans-on” OP2 (in complex with 5,-AR), s13
both of which contradict the experiments. Furthermore, even si4
when the signs of the cis-vs-trans affinity differential was sis
predicted correctly, both methods largely overestimate their si6
magnitudes (Table 1). For §,-AR, MM/GBSA and MM/PBSA s17
calculations predict much larger AAGy ;. 1, Values for OP1 g4

and OP2 (Table 1). For OP1—OP2 transformation in f3,-AR, s19
MM/GBSA correctly predicted a positive so
AAAGOPI—»OPZ, cis-vs-trans binding for both receptors, consistent

with experiment, while MM/PBSA predicted the wrong sign s22
(Table 3). For OP2 — OP3 transformations in complex with s23
Bo-AR, neither method correctly predicts the negative sign of g4
AAAGOPI—>OPZ,(:is-vs»tmnsbinding (Table 3) 825

Overall, neither method can consistently predict the 826
absolute binding affinities, the experimental cis-vs-trans affinity s27
differential, and the substituents’ effects on the differential, and s2s8
they often produce qualitatively wrong answers. Compared to 829
TI calculations, the inferior performance of MM/PBSA and s30
MM/GBSA suggests that additional factors, such as explicit 831
solvent effects or entropic contributions, may need to be s3
incorporated for improved accuracy. Indeed, incorporating s33
these effects improved agreement with the experiments, as s34
discussed above for the US method. 835
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Table 4. Calculated and Experimental Relative binding Free Energies AAGy, 415 x .y (kcal/mol) and Substituents’ Effects on

the cis-vs-trans Affinity Differential (AAAG

Transformations”

X—Y,cis-vs-trans binding

quantity

) in the f,-AR for the OP2 — PLZ2 and OP2(S) — OP2(R)

chemical modifications

OP2 — PLZ2

OP2(S) - OP2(R)

OP2C— PLZ2C

OP2T— PLZ2T

OP2C(S)— OP2C(R) OP2T(S)— OP2T(R)

AAGygingx—y (TD) 2.6 + 0.1 —0.5+ 05 1.7 £02 1L1+05
AAGygingx—y (MM/GBSA) —59+0.1 17 + 0.1 85+ 0.1 92 + 0.1
AAGy;gingx—y (MM/PBSA) —2.1 %01 0.9 + 0.1 37 + 0.1 64 + 0.1
AAGygingx—y (Exp.) 2.5 + 04 —0.6 + 0.4 2.0 + 0.6 0.6 + 0.1
AAAGXev,cis—vs—trunsbinding (EXP) -3.1 £ 0.5 —-14 + 0.6
AAAGX—»Y,cis—vs—tmnsbinding (TI) —-3.1 £ 0.6 —-0.6 + 0.5
AAAGX—»Y cis-vs-trans binding
cis-vs-transbi 42 £ 0.1 0.7 + 0.1
(MM/GBSA) x +
AAAGX Y, cis-vs-trans binding
— Y, cis-v: ir .0 + 0.1 2.7 £ 0.1
(MM/PBSA) 30+ 7

“A negative value of AAGy;, i x—y indicates a higher binding affinity in the ending compound than in the starting compound, and vice versa. A

positive value of AAAG

XY, cis-vs-trans binding

indicates a higher “cis-on” effect in the ending compound than in the starting compound, and vice versa.

All calculations were performed in the S enantiomer, except for the OP2C(R) and OP2T(R).

836 Additional Benchmarking for Other Compounds and
837 Receptor Subtypes

838 Below, we further benchmark the accuracy of the free energy
839 methods in five additional scenarios, all of which are crucial for
840 understanding the design principles of photoswitchable
841 antagonists of f-ARs. Given the stability and convergence
842 issues, WI-MTD was not further tested in these additional
843 benchmarks.

844 Influence of p-Acetamido Modification on the
g4s Light-Responsive Affinity Differential

846 Photoazolols (PLZs) are another class of photoswitchable
847 ligands derived from propranolol that dislplay significant
848 antagonist activity against f3,-AR (Figure 1B).*" Their chemical
849 structures closely resemble those of the OPs, except that PLZs
850 contain an additional p-acetamido substituent on the
8s1 azobenzene moiety (Figure 1B). Notably, although both
852 OP2 and PLZ2 exhibit “cis-on” bioactivity, OP2 has a far
853 greater light-responsive affinity differential than PLZ2.”
854 Specifically, the cis isomer of OP2 binds 587-fold more
8ss strongly than its trans isomer, whereas the cis PLZ2 binds only
856 3.6-fold more strongly than its trans isomer.”*" Therefore,
857 accurately predicting the change in the “cis-on” effect upon the
858 OP2 — PLZ2 transformation presents a critical benchmark,
859 since it is directly related to maximizing the light-responsive-
860 ness of the bioactivity.

861 The AAAGOPZ—»PLZZ,cis-vs—trcmsbinding value calculated by

862 Approach B of the TI method (Table 4) is —3.1 % 0.5 kcal/
863 mol, in good agreement with the experimental value of —3.1 +
864 0.6 kcal/mol. This result indicates that the OP2 exhibits a
86s larger “cis-on” effect than the PLZ2. Furthermore, the TI
866 calculation revealed distinct effects of the acetamido group on
867 the relative binding affinity between the two compounds in the
868 same isomeric form. For the cis isomers, the OP2C — PLZ2C
869 transformation resulted in a decrease in binding affinity,
870 whereas for OP2T — PLZ2T, the transformation slightly
871 increases the binding affinity. Thus, the introduction of the p-
872 acetamido group weakens the cis isomer’s binding affinity while
873 strengthening that of the trans isomer, thereby reducing the
874 light-responsive affinity differential. The TI method can

capture the impact of a relatively minor chemical substitution 875
on ligand—receptor interactions and the light-responsive 876
affinity differential. In contrast, neither MM/PBSA nor MM/ s77
GBSA can correctly capture this trend qualitatively (Table 4). 878

Enantioselective Light-Responsive Affinity Differential in 879
ﬂZ'AR 880

Experimental data®” showed that the S-enantiomer has a larger ss1
“cis-on” effect than the R-enantiomer in f,-AR (Figure 1). ss2
Moreover, the S-enantiomer of OP2 exhibits a greater affinity 883
than the R-enantiomer for both the cis and trans isomers. This ss4
was an important discovery,”” as it demonstrated that both the sss
absolute binding affinity and the light-responsiveness of sss
binding affinity can be controlled by chirality, highlighting a ss7
crucial new design principle for photoswitchable inhibitors of sss
GPCRs. Thus, the Approach B of TI and US methods were ss8o
tested to capture these subtle effects. The calculated free soo
energy results were reported in Tables 4 and SS. The 891
calculated AAGy;,g,5p Values demonstrate that the S- g,

%

enantiomer binding is more favorable to the receptor 893
compared to the R-enantiomer, consistent with the exper- o4

imental results. Furthermore, the AAAGy_y i vs-transbinding 895

value calculated by TI is also consistent with experiment, 896
showing a decreased “cis-on” effect upon converting the S to 897
the R enantiomer. The good agreement between the 89
simulation and experiment demonstrates the predictive 899
power of the TI method for fine-tuning the light-responsive 900
bioactivity via stereochemistry. The US method overestimated o1
the magnitude of AAAGy_y ;v pransbinding DUt correctly oo

predicted its sign (Table S5). 903
Subtype Selectivity between f,-AR and f,-AR 904

Due to the similarity of the two subtypes f,-AR and f$,-AR, 90s
both OP2 and OP3 can bind to both receptors. Exper- 90s
imentally, the OP2 — OP3 transformation shifts the ligand’s 907
binding selectivity between the two receptors toward the /- 908
AR in both isomeric forms. In other words, in both isomeric 909
forms, OP2 favors binding with f,-AR over f;-AR, while the 910
binding preference between the two receptors is reversed for 911
OP3. Thus, the correct prediction of the reversal in subtype 912

—_

—
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Table 5. Difference between OP2 and OP3 in Their f§;-AR vs f3,-AR Selectivity (AAAGop, _, op3 g1-aR vs p2- ARbinding) for both the

cis and trans Isomers”

quantities TI
AAAGOPZaOI’s,/}l-ARvs 32-ARbinding(cis) —4.1 £ 0.7
AAAGOPZ—»OP,%,//I—ARVS /2-ARbinding(trans) —49 + 15
AAAGPLZI4>PLZZ,cis-vs-tmnsbinding(/)Z-AR) 25+ 1.0

MM/GBSA MM/PBSA Exp.

17.8 £ 0.1 112 £ 0.1 —44 + 04
-9.7+ 0.1 —12.1 £ 0.1 —4.6 + 0.5
12.7 £ 0.1 4.6 + 0.1 2.5 +03

“A negative value indicates that the chemical transformation shifts the binding selectivity towards f5|-AR. A positive value of this quantity indicates
that the chemical transformation shifts the binding selectivity towards f3,-AR, and vice versa. The substituents’ effects on the cis-vs-trans affinity
differential (AAAGX_,YIM_VS_WMbmding) for the PLZ1—PLZ2 transition in the f},-AR is also reported. A positive value of AAAGy_, y i vs-transbinding

indicates a higher “cis-on” effect in the ending compound than in the starting compound, and vice versa.

selectivity upon OP2 — OP3 transformation is crucial for
designing photoswitches that minimize off-target toxicity by
precisely targeting a particular receptor subtype on the cell
membrane.

To this end, we define the quantity
AAAGOPZ—)0P3,/ﬂ—ARvsBZ—AR’binding(cisortrans)l which Captures the
effect of the chemical modification (OP2 — OP3) on the
binding selectivity between the two subtypes (Method, eq $).
To calculate this quantity, first, we calculated the relative
binding affinity between the OP2 and OP3 in 5,-AR and f,-AR
in the same isomeric form. Then, the difference between the
two relative binding affinities in ;-AR and f,-AR is calculated,
which equals the difference between OP2 and OP3 in their f3;-
AR vs f,-AR selectivities, i.e., the

AAAGOPZ—»OPS,/}I—ARVS B2-ARbinding (cis or trans) (eq 5) This quan-
tity is dependent on the isomeric form and has a negative value
if the chemical transformation shifts the binding selectivity
toward f5;-AR. The results are summarized in Table S. For
comparison, the values calculated by the MM/PBSA and MM/
GPSA methods using eq 5 are also reported in Table S.

The TI simulation results are quantitatively consistent with
the experiment, showing that the OP2—OP3 transformation
shifts the binding selectivity toward the f,-AR for both the cis
and trans isomers. In contrast, the MM/PBSA and MM/GBSA
methods consistently fail to predict the sign of this shift and
largely overestimate its magnitude. The TI method accurately
captures both the direction and magnitude of the shift,
confirming its predictive power for the rational design of light-
regulated drugs with high subtype-selectivity.

Light-Responsive Affinity Differential of PLZs in f,-AR

As described above, PLZs are also photoswitchable derivatives
of propranolol, with an additional p-acetamido group in the
azobenzene moiety compared to the OPs (Figure 1B). For
each pair of PLZ and OP with the same index, e.g., the PLZ1
and OP1, the IHP side chain is located at the same position
(ortho, meta, or para) on the azobenzene moiety (Figure 1B).
The PLZs’ design predated the OPs, serving as an independent
set of benchmark data in addition to the OPs. Here, we
benchmark Approach B of the TI, the MM/GBSA and MM/
PBSA methods to quantify the change in cis-vs-trans affinity
differential in f5,-AR upon the PLZ1 — PLZ2 transformation.
The AAGbinding,PLZlePLzz and AAAGPLZl—>PLZZ,cis—vs—trans val-
ues are summarized in Tables S and Table S3.

For both isomers, the TT method predicts that the PLZ1 —
PLZ2 transformation has positive AAGy; 4o x—y values,
indicating that PLZ1 has a stronger binding affinity than
PLZ2, consistent with the experiment. In contrast, for OP1 —
OP2, the experiment and simulation yield slightly negative

AAGy;,gingx—y Values (Table 2), indicating a slightly higher
binding affinity of OP2 than OP1. This trend is opposite to the

961
962

PLZ1 vs PLZ2 comparison. The TI method is thus capable of 963
reproducing this subtle difference between these two pairs of 964

ligands. Although the MM/PBSA and MM/GBSA qualitatively
predict this trend, they both overestimate its magnitude.
Furthermore, the AAAGyp;y . p1z) cis-vs-transbinding  V2lUe€

(Table S, 2.5 + 1.0 kcal/mol) is in quantitative agreement
with experimental data, with a smaller magnitude than
AAAGQp; -0y, cis-vs-transbinding: 10U, adding the p-acetamido

group to the azobenzene moiety diminishes the increase in the
“cis-on” effect upon relocation of the IHP side chain. In other
words, the p-acetamido group couples with the location of the
IHP side chain to collectively influence the magnitudes of cis-
vs-trans affinity differential. This collective effect may arise
from the additional polar and hydrogen-bond interactions
between the p-acetamido group and the receptor binding
pocket. These additional protein—ligand interactions perturb
the original cis-vs-trans affinity differential of the OPs lacking
the p-acetamido groups. Notably, the TI method accurately
predicts such a nuanced collective effect of the two
substituents.

Mutational Effects on the Light-Responsive Affinity
Differential

Additional TI benchmark calculations were performed to
evaluate the effect of the mutation on the light-responsive
affinity differential of OP2 in f,-AR. The change of binding
affinity upon mutation was calculated using the thermody-
namic cycle in Figure 2C and eqs 6 and 7. The mutational
effects on the cis-vs-trans affinity differential,
AAAG 1 Mutcis-vs-transbindings  Was  calculated using eq 8.

Experimental studies’” have identified PHE289 as one of the
most influential residues controlling light-responsive ligand
binding in f,-AR. Our calculated relative binding free energies
between the wild-type and mutant systems closely match the
experimental observations. In both experiment and simulation,
the F289A mutation weakens ligand binding for both isomers,
with a greater effect for the cis isomer. The computed relative
binding affinity change upon mutation for the cis isomer

(AAGbinding,m(WT)_ms(Mm)) is 2.9 + 0.1 kcal/mol and 1.1 + 0.3
keal/mol for the trans isomer (AAG i ging trans(WT)— trans(Mut))

in good agreement with the experimental values of 3.2 + 0.6
and 1.3 + 0.4 kcal/mol, respectively (Table S4). Additionally,
the simulation predicts a negative
AAAGWTﬂMut,CiS—vs—transbinding (_18 + 03 kcal/m()l)l indicat-
ing a smaller “cis-on” effect in the mutant than the wild-type, in
agreement with the experiment (—1.9 % 0.7 kcal/mol). This
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Figure 6. Binding poses for the photoswitchable antagonists (OPs, cis and trans) in this study. The profiles indicate that the isomeric form of the
photoswitchable antagonist plays a crucial role in its interactions with the f,-AR. The most representative binding pose obtained from the

clustering analysis is shown for each compound.

1008 confirms that the T1I simulations accurately capture the critical
1009 role of PHE289 in differentiating the binding affinities of the
1010 two isomers.

1011 Molecular Interactions between f,-AR Complexes with
1012 Different Antagonists

1013 To better understand the role of substituents and the isomers
1014 (cis and trans) of the antagonists in their affinity with f,-AR,
1015 we examined the interaction between f5,-AR with the three
1016 OPs in unbiased production MD simulations (~1.1 us for each
1017 compound). Key results are discussed here, and a more
1018 detailed discussion of the protein dynamics and the protein—
1019 ligand interactions at the level of individual amino acid
1020 residues is provided in the Supporting Information.

The number of contacts between the drugs and the receptor
often serves as a useful metric for qualitatively comparing
binding affinity. A higher number of contacts generally
corresponds to stronger molecular interactions and higher
binding affinity. As shown in Figure SA, the ligand’s isomeric
form plays a key role in its interaction with f,-AR. For
example, the OP2C—OP2T isomerization can diminish the
binding affinity by 1 + 1 kcal/mol, as predicted by Approach A
of the TI method (Table 1). Consistent with the free energy
calculations, the OP2C exhibits the highest number of contacts
(707 + 80), indicating strong interaction with f,-AR. In
contrast, OP2T demonstrates the lowest number of contacts
(152 + 48), suggesting a weaker interaction. This result is also
consistent with the clustering analysis.
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The hydrogen bonds (H-bonds) between protein and ligand
are one of the most important binding interactions. The
calculated average number of H-bonds between f3,-AR and the
ligand is presented in Figure SB. OP2C forms the largest
number of H-bond interactions with $,-AR among all OPs in
all isomeric forms, consistent with its highest binding affinity.
Moreover, the H-bond analysis highlights the role of the
isomeric form in light-responsive binding affinity differences.
Based on protein—ligand contact profiles (Figure 6), the
hydroxyl group of the side chain of OP2C participates in
considerable polar interactions with the binding pocket,
especially the electrostatic and hydrogen bond interactions
with ASP113, ASN 312, and SER207 residues. In addition, the
azobenzene moiety of OP2C has hydrophobic interactions
with the PHE193, PHE289, ALA200, TYR308, and ILE309
residues, which stabilize OP2C inside the binding pocket. In
contrast, for OP2T, its side chain forms a hydrogen bond with
the PHE193 residue, instead of a hydrophobic interaction as
observed with OP2C. Moreover, the azobenzene moiety of
OP2T has fewer polar interactions with the ASP113 and
ASN312 residues, as well as fewer contacts with these
hydrophobic residues. Its azobenzene moiety also has partial
contact with the Y199 residue, but without forming stable
hydrogen bonds or z—x interactions between their aromatic
rings.

In contrast to OP2C, the side chain of OP1C does not
participate in strong electrostatic interactions with ASP113 and
instead interacts with this residue primarily through less stable
van der Waals contacts, diminishing their binding interactions,
consistent with the OP1C—OP2C TI result and experimental
data (Table 2). For the OP3, a clear isomer-dependent
behavior is observed: the OP3C forms two stable H-bonds
with ASP113 and ASN312, whereas the OP3T forms only a
single H-bond with ASP113. The reduced electrostatic
interactions in the OP3T than the OP3C is consistent with
the cis-to-trans TI results and experimental data (Table 1).

Our analysis is in qualitative agreement with the trends
observed in previous site-directed mutagenesis experiments of
the OP2(S),” and provides additional atomistic-level insight
into the origin of the isomer-dependent binding affinity. In the
1.1 ps unbiased MD simulations, the cis isomer OP2C adopts a
binding pose that allows its hydroxyl group to engage in strong
polar interactions with conserved residues such as ASP113 and
ASN312, while its aromatic moiety penetrates deeply into the
hydrophobic pocket and form strong van der Waals
interactions with the nonpolar residues such as PHE193 and
PHE?289. These interaction patterns observed in the simulation
are consistent with the mutagenesis experiments,”> which
showed that the N312Q and F289A mutations lead to a
considerable reduction in the binding affinity of the cis isomer,
confirming the critical role of this residue in the binding of
OP2C.

In contrast, the trans isomer OP2T fails to penetrate deeply
into the binding pocket, and has fewer hydrogen bonding and
less favorable van der Waals interactions with the protein,
thereby reducing its binding stability compared to OP2C. This
is consistent with the mutagenesis data showing that
replacement of the aromatic residues TYR199 and PHE290
with alanine increases the binding affinity of the OP2T,
indicating that the elongated frans azobenzene moiety may
have some extent of steric clashes with these residues.
Moreover, our observation that OP2T forms weaker polar
interactions with ASP113 and ASN312 directly supports the

experimental conclusion that the trans configuration disrupts
the critical H-bond interaction network required for high-
affinity binding.

Overall, the MD simulation and TI results validate the
experimental mutagenesis data’ and confirm the proposed
molecular mechanism underlying the isomer-dependent bind-
ing behavior. The cis isomer adopts a bent binding pose that
allows more favorable interactions with both polar and
hydrophobic residues within the 3,-AR binding pocket, leading
to a stronger binding affinity than the trans isomer.

To further quantify the effects of isomers and substituents
on the strength of protein—ligand interactions, we analyzed the
average interaction energy (IE) between the OPs with the f3,-
AR (Figure SC), taking into account both van der Waals and
electrostatic interactions. The trend of calculated IE values
aligns well with the trends of binding affinities from
experiments and free energy calculations (TL, WT-MTD, and
US, Table 1), i.e, OP1T > OP1C, OP2C > OP2T, and OP3C
> OP3T.” Additionally, the IEs reveal that OP2C exhibits the
highest binding affinity among all OPs, consistent with H-
bonds and contact number analysis. Our results demonstrate a
considerable linear correlation between the calculated number
of H-bonds and interaction energy. As shown in Figure S8, an
increase in H-bond interactions between the antagonists and
Pr-AR correlates well with an increase in the magnitude of IE.
This finding underscores the critical role of H-bonds in the
binding interactions between the antagonist and the /3,-AR.

Overall, these results suggest that OP2C is the most effective
antagonist against ,-AR compared to the other compounds, in
agreement with the experiments and free energy calculations.
This is due to its strongest interactions (H-bond, electrostatic,
and van der Waals) with f3,-AR, which is consistent with the
highest number of contacts.

Discussions on the Methodological Details of Free Energy
Simulations

For consistent comparisons across the different free energy
methods, the same atomic charge set derived for the cis isomer
was used for both the cis and trans isomers in the TI
calculations for Approaches A and B. This is because in the US
and WT-MTD simulations, the isomerization process was
modeled by biasing the torsional modes while keeping the
point charges unchanged. Although in principle the two
isomers may exhibit different charge distributions, in practice,
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separate charge models were not introduced for each isomer of 1141
each compound. In our preliminary tests at the early stage of 1142

this study, such a constraint on the force field parameters, to
some extent, helps avoid overfitting issues and ensures model
robustness, while enabling direct comparability across different
computational methods.

1143
1144
1145
1146

It is also worth noting that the cis <> trans isomerization of 1147

these ligands can result in protein structural changes, which
usually take time to fully relax in free energy calculations.
However, we emphasize that the ligands under study were all
designed as antagonists of $-ARs, and their binding to the
receptors stabilizes the inactive state of the otherwise apo
receptor (Figure S7), rather than inducing large conforma-
tional changes from the inactive to the active state, which is
required for downstream signaling. The role of ligand
isomerization is thus mainly to modulate ligand-binding
affinity rather than to cause significant conformational changes
of the receptors. This claim is also supported by the inhibitory
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Figure 7. Comparison of experimental and calculated AAAG
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values across different computational approaches for the

transitions among the three OP ligands. The experimental values are plotted against the corresponding calculated results obtained from TI
approach A (TI(A)), TI approach B (TI(B)), US, WT-MTD, MM/PBSA, and MM/GBSA methods. The TI approach B has the best performance
in terms of quantitatively reproducing experimental trends in the substituent’s effect on the cis-vs-trans affinity differential. The US method can
provide qualitatively correct predictions but overestimates the magnitudes of the experimental AAAG values.

1159 effect of both isomer forms of each compound in the
1160 experimental assays,” even for the less active isomer form.
1161 We also note that, in principle, with ergodic sampling, all
1162 free energy methods should converge to the same prediction.
1163 However, in practice, it is very difficult to achieve. This is
1164 exactly what motivates us to provide pragmatic guidance on
1165 which free energy method performs best with finite, affordable
1166 sampling in the current study. We reason that approach B of T1
1167 is most robust among all tested approaches, as it avoids directly
1168 sampling the isomerization event during the alchemical
1169 transformation. Approach A of TI, US, and WT-MTD are all
1170 based on cis<>trans isomerization, which is coupled to local
1171 changes in the protein binding pocket and takes time to relax,
1172 making it more difficult to converge the free energy differences
1173 to the ground truth within finite simulation times.

1174 In Figure 7, the performance of the different computational
1175 methods is summarized and compared. It presents a direct
1176 comparison of the experimental and calculated
7y AAAG values across all approaches, high-

1178 lighting the best performance of the TI approach B for
1179 quantitatively predicting how substituents influence the light-
1180 responsive affinity differential. The US provides the next-best
1181 performance in qualitatively capturing these effects. However,
1182 as shown by the computational costs summarized in Table S6,
1183 both methods require substantial computational resources and
1184 are relatively expensive to apply.

X—Y,cis-vs-trans binding

1185 Il CONCLUSION

1186 Quantitatively predicting the light-responsive bioactivity of
1187 photoswitchable ligands targeting biomolecules is a crucial goal
1188 in photopharmacology. However, a lack of systematic
1189 benchmarking of existing free energy methods for this task,

especially in the challenging cases of membrane proteins, 1190
hinders the development of accurate computational design 1191
platforms. To this end, we benchmarked the accuracy of 1192
several widely used free energy methods (T, MTD, US, MM/ 1193
PBSA, and MM/GBSA) against experiments for quantifying 1194
the light-responsive affinity differential of a series of photo- 1195
switchable antagonists targeting -AR and f,-AR. 1196

Our calculations indicate that the compound-to-compound 1197
TI method (Approach B) has the best quantitative accuracy in 1198
predicting the impacts of chemical modifications on the cis-vs- 1199
trans affinity differential, as well as on the binding selectivity 1200
between receptor subtypes (f5;-AR and 3,-AR). Achieving both 1201
tasks is essential for maximizing light-responsiveness in 1202
bioactivity and reducing off-target toxicity. The second task 1203
is especially important for the photopharmacology of GPCRs, 1204
where different receptor subtypes initiating distinct signaling 1205
processes coexist in the cell membrane. As another remarkable 1206
result, this TI method correctly predicts that removing the p- 1207
acetamido group from PLZ2 and fine-tuning its chirality, which 1208
yields the OP2(S), can significantly enhance the “cis-on” effect. 1209
This was regarded as a key achievement in the experimental 1210
design campaigns of the OPs.”*” The only drawback of this TI 1211
method is that it does not directly estimate the cis-vs-trans 1212
affinity differential of an individual ligand, i.e., whether the 1213
compound exhibits the “cis-on” or “trans-on” effect, and its 1214
magnitude. For this purpose, as a complementary approach, 121s
the cis-to-trans TI method, which alchemically converts 1216
between the two isomeric forms of the same ligand, can be 1217
used with acceptable accuracy. 1218

Second to the compound-to-compound TI, the US method 1219
can qualitatively capture the trend of the cis-vs-trans aflinity 1220
differential across the three OPs, as well as the active isomer 1221
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1222 form for each ligand. However, it significantly overestimates
1223 the magnitudes of light-responsive affinity differential, as well
1224 as the substituents’ effects on it. Thus, this method is suitable
1225 for qualitative trend prediction instead of quantitative
1226 characterization of the “cis-on” or “trans-on” effects. Moreover,
1227 the WT-MTD method, similar to the US method, can capture
1228 the experimental trend, but the application of this approach is
1229 faced with challenges in achieving convergence due to unstable
1230 ligand binding during the simulations. We note that WT-MTD
1231 has been successfully applied to estimating the cis-vs-trans
1232 affinity differential of photoswitchable inhibitors in tubulin.'®
1233 However, during these simulations, external biasing potentials
1234 were employed to restrain the ligand in the binding pocket.
1235 This is consistent with our observation in the simulation of
1236 OPs in f3,-AR."¢

1237 The MM/PBSA and MM/GBSA methods have the worst
1238 performance among all methods tested, perhaps due to the lack
1239 of explicit sampling of solvent degrees of freedom. Neither
1240 method can reliably predict the substituent’s effects on the cis-
1241 vs-trans affinity differential, or even whether a ligand has the
1242 “cis-on” effect, the latter of which being a much simpler task.
1243 These methods also have poor performance for the photo-
1244 statin-tubulin system, as reported in our recent study.'® Thus,
1245 we recommend against using these approaches for the design
1246 of photoswitchable ligands targeting biomolecular systems.
1247 Our unbiased MD simulations also reveal that among all
1248 OPs, the cis isomer of OP2 (OP2C) has the highest binding
1249 affinity with f,-AR due to forming the largest number of
1250 hydrogen bonds and contacts with the protein, consistent with
1251 the experiment. Furthermore, adding a p-acetamido group to
1252 OPs reduced the substituents’ effects on the cis-vs-trans affinity
1253 differential. This interesting finding reveals the nontrivial
1254 coupling effects between different functional groups that
1255 collectively fine-tune the light-responsive bioactivity, which
1256 can also be correctly predicted by the compound-to-compound
1257 TI method.

1258 It is worth mentioning that although photoswitchable
1259 ligands offer a unique opportunity to control drug activity
1260 with high spatial and temporal precision, translating these
1261 systems into real drugs remains challenging. In practice,
1262 photoisomerization rarely produces a single active or inactive
1263 isomer, and mixtures of isomers can complicate biological
1264 responses.”” In addition, both isomers may differ in
1265 permeability, metabolism, and off-target interactions, meaning
1266 that pharmacokinetics and pharmacodynamics should be
1267 considered separately for each state. The chemical and
1268 photochemical stability of common photoswitches, particularly
1269 azo-based systems, is another concern. Finally, clinical
1270 application requires reliable light delivery and careful balance
1271 between absorption wavelength, isomerization kinetics and
1272 quantum yields, target binding interactions in vivo.* Together,
1273 these factors highlight both the strong therapeutic promise of
1274 photoswitchable ligands and the need for continued
1275 optimization to address their pharmacological and translational
1276 limitations.

1277 Overall, these results not only enhance our understanding of
1278 how photoswitchable ligands enable photocontrol over $-ARs,
1279 but also establish a robust computational framework for
1280 designing photoswitchable drugs with maximal light-respon-
1281 siveness in bioactivity and subtype-selectivity. The consid-
1282 erable precision of TI methods, complemented by US for trend
1283 validation, is a powerful combination of computational tools
1284 for advancing the photopharmacology of membrane receptors.

By quantitatively reproducing experimental light-responsive 1285
affinity differentials, the substituent and enantiospecific 1286
effects,”*> and by qualitatively interpreting the mutagenesis 1287
data,* this work establishes a strong connection between 1288
experiment and predictive molecular simulation for the 1289

advancement of GPCR photopharmacology. 1290
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