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ABSTRACT: Cyclooxygenase (COX) is one of the concerned
targets in the development of anti-inflammatory therapies. Using
semiempirical quantum mechanical (SQM) methods with implicit
solvation, we investigated the binding free energies and selectivity
of natural cannabinoids and their sulfonamide-modified derivatives
with the COX and cannabinoid (CB) receptors. Validation against
benchmark data sets demonstrated the accuracy of these methods
in predicting binding affinities while minimizing false positives and
false negatives often associated with conventional docking tools.
Our findings indicate that Δ9-THC and its carboxylic acid
derivative exhibit strong binding affinities for COX-2 and CB2,
suggesting their potential as anti-inflammatory agents, though their
significant CB1 affinity suggests psychoactive risks. In contrast,
carboxylic acid derivatives such as CBCA, CBNA, CBEA, CBTA, and CBLA demonstrated selective binding to COX-2 and CB2,
with low CB1 affinity, supporting their potential as promising anti-inflammatory leads with reduced psychoactive side effects.
Sulfonamide-modified analogs further enhanced COX-2 binding affinities and selectivity, displaying favorable drug-like properties,
including compliance with Lipinski’s rules, noninhibition of cytochromes P450, and oral bioavailability. These results highlight the
utility of GFN2-xTB in identifying and optimizing cannabinoid-based therapeutic candidates for anti-inflammatory applications.

1. INTRODUCTION
Cyclooxygenase (COX) is a concern target for anti-
inflammatory drug development due to its role in producing
key inflammatory mediators such as prostaglandins and
prostacyclin. COX has two major isoforms: cyclooxygenase-
1 (COX-1) and cyclooxygenase-2 (COX-2), sharing approx-
imately 60% sequence identity.1−3 While COX-1 functions as
a housekeeping enzyme to maintain physiological processes,
COX-2 is predominantly associated with the regulation of
inflammation.4 Structural differences between these isoforms
at their allosteric sites contribute to their functional
divergence. Notably, the substitution of Ile523 in COX-1
with Val523 (or Val509, as referred to in this study) in COX-
2 alters the active site geometry.3,4

Nonsteroidal anti-inflammatory drugs (NSAIDs), such as
diclofenac, ibuprofen, and naproxen, are widely used to
alleviate pain and inflammation. While aspirin selectively
inhibits COX-1, drugs like celecoxib specifically target COX-
2, offering improved gastrointestinal safety.5 However,
prolonged NSAIDs use is associated with adverse effects,
including gastrointestinal toxicity and renal dysfunction,
limiting their long-term application.6 Similarly, opioids

analgesics such as morphine are highly effective for severe
pain; however, their potential risks of addiction and tolerance
necessitate safer alternatives.7

Cannabis has emerged as a potential alternative for chronic
pain management due to its diverse bioactive phytocannabi-
noids and reduced risk of severe side effects. Cannabis
contains nearly 100 phytocannabinoids that interact with the
endocannabinoid system to modulate pain and inflamma-
tion.8−10 Cannabinoid receptor type 1 (CB1) is predom-
inantly expressed in the central nervous system and mediates
psychoactive effects, while cannabinoid receptor type 2
(CB2) modulates inflammatory responses and is primarily
found in immune cells.9−11 Among bioactive cannabinoids,
delta-9-tetrahydrocannabinol (Δ9-THC) is the primary
psychoactive compound, whereas cannabidiol (CBD) exhibits
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anti-inflammatory activity without psychoactive effects.12,13

Notably, phytocannabinoids such as Δ9-THC, CBD,
cannabidiolic acid (CBDA), and cannabigerol (CBG) have
shown inhibitory effects on COX enzymes, with half-maximal
inhibitory concentration (IC50) values ranging from μM to
mM.14,15 These compounds also exhibit nM-to-mM activities
for CB2 receptors, highlighting their potential as anti-
inflammatory agents. Despite these promising properties,
cannabinoid-based therapies face challenges, including limited
receptor selectivity, complex mechanisms of action, and
suboptimal pharmacokinetics.16,17

Recent advancements in computational chemistry have
facilitated drug discovery by enabling the rational design of
receptor-specific therapeutics. Molecular docking is a widely
used approach to identify binding modes and estimate
binding energies based on force field, empirical, or knowl-
edge-based scoring functions.18−25 However, conventional
docking methods often suffer from limited accuracy,
particularly in ranking poses or predicting absolute binding
free energies.26 To address these challenges, molecular
dynamics (MD)-based free energy methods, such as
molecular mechanics Poisson−Boltzmann surface areas
(MM/PBSA) and molecular mechanics generalized Born
surface areas (MM/GBSA), decompose interaction energies
into enthalpic and solvation components, improving
predictive accuracy.27,28 More advanced techniques, such as
alchemical free energy perturbation (FEP) and thermody-
namic integration (TI), provide a highly accurate binding free
energy but are computationally demanding.
Semiempirical quantum mechanical (SQM) methods offer

a balance between computational efficiency and accuracy for
large biomolecular systems. These methods incorporate
electronic structure calculations to capture noncovalent
interactions such as hydrogen bonding, dispersion, π−π
stacking, and electrostatic forces. For example, PM6-DH2,
which includes empirical corrections for dispersion and
hydrogen bonding, has significantly improved the reproducing
noncovalent interaction energies and the identification of
bioactive binding modes.29−31 Recent PM6-D3H4 and PM7
methods have been applied to receptor-inhibitor complexes,
yielding binding enthalpies in good agreement with IC50
values.32

Self-Consistent Charge Density Functional Tight Binding
(SCC-DFTB) methods, including the advanced DFTB3
variant, have demonstrated robust performance in modeling
van der Waals and hydrogen bonding interactions, with errors
below 1 kcal/mol for benchmark studies.33−36 Additional
refinements, such as halogen bonding corrections in PM6-
D3H4X and DFTB3-D3H4X, have further enhanced docking
accuracy across diverse classes of protein−ligand complexes.37
Meanwhile, the GFN-xTB family of methods has gained
prominence due to its broad applicability and minimal
parameter dependence. It is well-suited for modeling
noncovalent interactions in medium-to-large chemical systems
and estimating the binding free energy (ΔG) of protein−
ligand complexes.38,39 Recent developments, such as DFTB3-
D3H5 and GFN2-xTB, have improved accuracy in predicting
molecular geometries and electrostatic potentials for further
refining binding affinity calculations.40,41

Despite these advancements, SQM methods remain
underexplored in the context of cannabinoid−receptor
interactions. This study aims to bridge this gap by
investigating the binding affinities of key cannabinoids and

their modified analogs for anti-inflammatory applications,
focusing on COX and CB receptors. Initially, rigid docking
simulations were performed to generate ligand poses within
the receptor binding sites. These docked poses were then
rescored at the truncated binding sites by using an SQM
method, both with and without an implicit solvation model.
Finally, fully relaxed geometries of receptor−ligand complexes
were optimized, and thermostatistical contributions were
incorporated to compute the corrected binding free energy
(ΔGbind,solv) of complex association according to eq 1:

= +

= + +

= +

G G G G

E G G

G G

( )bind,solv complex receptor ligand

bind,vac solv TRVC

bind,solv TRVC (1)

where Gcomplex, Greceptor, and Gligand represent the free energies
of the receptor−ligand complex, receptor, and ligand,
respectively. ΔEbind,vac is the total gas-phase interaction
energy, ΔδGsolv is the solvation free energy contribution to
the binding process, and ΔGTRVC represents thermostatistical
contributions from binding enthalpy to binding free energy at
298.15 K. The GTRVC accounts for translation, rotation,
vibration, and conformational degrees of freedom. These
thermostatistical contributions were obtained using the low-
frequency modified rigid-rotor-harmonic-oscillator approxima-
tion (mRRHO) approximation, which also incorporates the
harmonic zero-point vibrational energy.42,43

2. RESULTS AND DISCUSSION
To assess the accuracy of semiempirical quantum mechanical
(SQM) methods for predicting protein−ligand interactions,
we first validated and benchmarked SQM approaches against
reference data sets of noncovalent interactions. Based on the
statistical performance, the most reliable method was selected
for further calculations. Next, solvation free energy (δGsolv)
was computed using the ALPB solvation model to evaluate
the stability of small molecules and drug-like compounds in
aqueous environments.
To examine the binding affinities and selectivity of NSAIDs

and cannabinoids, docking simulations were performed,
followed by geometry optimization using the GFN2-xTB
method. The ΔG values were computed for receptor−ligand
complexes in both unrelaxed and fully relaxed geometries.
The selectivity index (SI) for the COX-2/COX-1 and CB2/
CB1 ratios was also determined to predict the anti-
inflammatory potency and psychoactive potential of cannabi-
noids. In addition, structural modifications involving
sulfonamide substitutions were explored to enhance COX-2
binding affinity. Finally, drug-likeness properties of these
modified cannabinoid analogs were analyzed and compared
to celecoxib to evaluate their suitability as potential
therapeutic candidates.
2.1. SQM Methods for Noncovalent Interactions in

Benchmark Data Sets. The performance of SQM methods
in describing noncovalent interactions was evaluated using
benchmark data sets as listed in Table 1. For the
nonhalogenated S66 and HB375 data sets, PM6-D3H4 and
DFTB3-D3H5 performed comparably well in calculating the
noncovalent interaction energies (IEs), with root-mean-
square deviation (RMSD) values within 1 kcal/mol. As
expected, halogen bonding corrections had no effect on these
nonhalogenated data sets. The PM6-D3H4X method
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demonstrated improved accuracy for halogen-containing
systems, lowering the RMSD to 2.31 kcal/mol and the
mean absolute deviation (MAD) to 1.11 kcal/mol for the
X40 data set, relative to PM6-D3H4. These results align well
with previous studies,44 particularly in capturing noncovalent
interactions involving specific halogen-element pairs such as
[Cl, Br, I] − [O, N].45 However, while PM6-D3H4X
improved the description of XH−I bonds, it introduced larger
errors for XH−Cl and XH−Br interactions in the HB300SPX
data set, yielding an RMSD of 3.76 kcal/mol, consistent with
previously reported findings of 4.44 kcal/mol.46

For all data sets, DFTB3-D3H4 appeared to exhibit large
errors because the H4 parameters were originally designed to
correct hydrogen bonds only involving oxygen and nitrogen
atoms.35 Nevertheless, for the HB300SPX data set, DFTB3-
D3H4 achieved a slightly lower RMSD (2.28 kcal/mol) than
PM6-D3H4. The DFTB3-D3H5 formalism, which uses
element-wise corrections rather than four pairwise parameters
of D3H4, provided improved accuracy for hydrogen bonds
involving oxygen, nitrogen, and sulfur atoms.40 Our results
showed that DFTB3-D3H5 produced the lowest RMSD of
0.60 kcal/mol for S66 data set (Table 1) but failed to predict
structural features of sulfonamide-containing systems such as
bond lengths between the sulfonyl and amino groups, leading
to structural distortions.
Among the SQM methods studied, GFN2-xTB performed

well for small systems but showed a broader distribution of
the mean signed deviation (MSD for larger truncated
protein−ligand systems (PLA15)), indicating a tendency to
systematically underestimate IEs (Figure 1). This method
reproduced benchmark IEs with RMSD values of 1.06 kcal/
mol for X40, 1.40 kcal/mol for HB300SPX, and 13.27 kcal/
mol for PLA15 data set, in agreement with previous
studies.46,47 Notably, GFN2-xTB did not suffer from the
structural inaccuracies observed with DFTB3-D3H5 and was,
therefore, selected for further calculations.
2.2. Solvation Free Energy for Benchmark and Drug-

like Molecules. Solvation free energy (δGsolv) plays a role in
determining ligand stability during its transfer from the gas
phase to the aqueous environment, significantly influencing
the protein−ligand binding affinity. Several implicit solvation

models have been employed with SQM methods to optimize
protein conformations and estimate binding free energies
(ΔG) for the receptor−ligand complexes.47−50 In this study,
we evaluated δGsolv for small molecules from the Minnesota
Solvation Database (MNSOL)51 using the GFN2-xTB
method with the aqueous ALPB solvation model.47 The
computed δGsolv values yielded a MAD of 3.35 kcal/mol

Table 1. Statistical Deviations (in kcal/mol) of SQM
Methods Evaluated Against Benchmark Data Sets

SQM
method deviation S66 X40 HB375 HB300SPX PLA15

PM6-D3H4 MSD −0.20 −0.28 0.15 −2.21 10.52
MAD 0.49 1.43 0.96 2.57 13.30
RMSD 0.69 2.59 1.23 3.72 16.03

PM6-D3H4X MSD −0.20 −0.70 0.15 −2.35 10.51
MAD 0.49 1.11 0.96 2.63 13.30
RMSD 0.69 2.31 1.23 3.76 16.03

DFTB3-
D3H4

MSD −0.65 0.90 −1.67 −0.96 12.47

MAD 0.86 1.93 1.71 1.50 12.47
RMSD 1.26 2.65 2.18 2.28 16.09

DFTB3-
D3H5

MSD −0.19 0.97 −0.59 −0.51 12.47

MAD 0.47 1.78 0.94 1.37 12.47
RMSD 0.60 2.32 1.24 2.00 15.58

GFN2-xTB MSD −0.64 −0.48 −1.12 0.11 −10.23
MAD 0.78 0.86 1.18 1.00 10.52
RMSD 0.95 1.06 1.37 1.40 13.27

Figure 1. Distribution plots of the mean signed deviation (MSD)
for computed interaction energies in the benchmark data sets: (a)
S66, (b) X40, (c) HB375, (d) HB300SPX, and (e) PLA15.
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(Table S1), outperforming the GFN2-xTB (GBSA) method,
which produced a higher MAD of 4.26 kcal/mol.52 The
computed δGsolv values also showed a strong Pearson
correlation coefficient (rp) of 0.99 (Figure S1), indicating
excellent agreement with the experimental δGsolv values.
Furthermore, δGsolv was calculated for organic and drug-

like molecules, including NSAIDs (ibuprofen, flurbiprofen,
ketoprofen, and naproxen)�from the SAMPL2 data set.
These computed δGsolv values for these drugs closely matched
their experimental values, with a MAD of 2.86 kcal/mol for a
set of 20 benchmark geometries (Table S2).53 These results
align well with previous computational studies using the
M05−2X functional with the SMD solvation model.54

Overall, these findings confirm the reliability of the GFN2-
xTB (ALPB) method in accurately predicting δGsolv for both
small-molecule benchmarks and pharmaceutically relevant
compounds, supporting its utility in drug discovery
applications.
2.3. COX Binding Affinities and Selectivity of

NSAIDs. COX is a heme-containing enzyme that catalyzes
the conversion of arachidonic acid into prostaglandin H2,
which is a key precursor of inflammatory mediators. The
COX-1 and COX-2 isoforms share high sequence identity
and similar structural features, yet their selective inhibition by
NSAIDs depends on different binding mechanisms at their
catalytic and allosteric sites. Nonselective NSAIDs such as
indomethacin, diclofenac, ibuprofen, naproxen, and flurbipro-
fen, typically bind to Tyr355 and Arg120 at the entrance of

the COX-1 catalytic site, stabilizing their interactions through
hydrogen bonding and electrostatic forces.55,56 COX-2
selectivity, however, arises from the substitution of Ile523
in COX-1 with Val509 in COX-2, which enlarges the COX-2
active site by approximately 25%, exposing a side pocket
composed of Val509, Tyr371, Met508, Ala513 and Ser516.57

The COX-2 allosteric pocket of COX-2, containing Arg499,
Phe504, Ala502, His75, Gln178, Leu338 and Ser339 is
known to accommodate sulfonyl- or sulfonamide-containing
inhibitors via induced-fit binding, a critical determinant of
COX-2 selectivity.57−59 Interestingly, some traditional
NSAIDs, such as mefenamic acid and diclofenac, exhibit
COX-2 selectivity when their carboxyl groups interact with
Tyr385 and Ser530 within the COX-2 allosteric site.56,60,61

Our docking simulations revealed that COX-2 selective
NSAIDs, etoricoxib and celecoxib, exhibited the highest
COX-2 affinity, with binding energies (ΔEbind,vac) of −10.93
and −10.83 kcal/mol, respectively. In contrast, nonselective
NSAIDs bound to both COX-1 and COX-2, with ΔEbind,vac
values ranging from −7.65 to −8.93 kcal/mol for COX-1 and
−6.47 to −7.56 kcal/mol for COX-2. To improve accuracy
and minimize bias from small ΔEbind,vac variations, the top ten
docked poses of each NSAID were optimized within
truncated COX binding pockets using the GFN2-xTB
method. This led to a broader range of ΔEbind,vac values
(−11.37 to −72.63 kcal/mol, Table 2). Subsequent
reoptimization in implicit aqueous solvation confirmed that

Table 2. Binding Energy (ΔEbind,vac), Uncorrected Binding Free Energy (ΔGbind,solv′ ), and Corrected Binding Free Energy
(ΔGbind,solv) in Implicit Aqueous Solvation for NSAIDs with COX Receptors, Calculated Using Molecular Docking and
GFN2-xTB (ALPB) Methoda

NSAID

best-docked pose in vacuum lowest-energy optimized pose in vacuum and implicit aqueous solvation

ΔEbind,vac/(kcal/mol) ΔEbind,vac/(kcal/mol) ΔGbind,solv′ /(kcal/mol) ΔGbind,solv/(kcal/mol)

COX-1 COX-2 COX-1 COX-2 COX-1 COX-2 COX-1 COX-2

celecoxib −6.89 ± 0.48 −10.83 ± 0.04 −11.37 ± 1.08 −72.63 ± 0.01 +2.56 ± 2.02 −43.86 ± 0.02 −31.67 ± 1.88 −32.02 ± 0.69
etoricoxib −6.83 ± 0.42 −10.93 ± 0.02 −12.67 ± 3.18 −66.79 ± 0.00 +3.01 ± 2.23 −39.75 ± 0.00 −27.72 ± 1.11 −25.27 ± 0.33
flurbiprofen −8.93 ± 0.03 −7.56 ± 0.07 −38.09 ± 0.00 −43.84 ± 1.18 −25.29 ± 0.01 −25.26 ± 0.90 −12.14 ± 1.87 −18.26 ± 3.61
naproxen −8.58 ± 0.01 −7.17 ± 0.16 −41.81 ± 0.00 −45.33 ± 1.36 −26.73 ± 0.00 −24.21 ± 0.33 −13.01 ± 1.19 −8.32 ± 0.98
diclofenac −7.65 ± 0.12 −7.43 ± 0.04 −34.02 ± 1.26 −36.76 ± 0.54 −24.13 ± 1.68 −23.81 ± 0.22 −19.45 ± 1.92 −16.63 ± 1.77
ibuprofen −7.73 ± 0.02 −6.47 ± 0.11 −39.65 ± 0.16 −43.05 ± 0.69 −24.73 ± 0.11 −21.70 ± 0.47 −9.02 ± 0.29 −9.36 ± 1.46
aspirin −5.80 ± 0.04 −5.95 ± 0.06 −30.61 ± 2.45 −25.65 ± 0.00 −17.26 ± 0.03 −19.02 ± 0.01 −9.51 ± 2.91 −10.53 ± 0.54

aThe lowest energy in a unit of kcal/mol ± standard error from the top three bound poses (n = 3).

Figure 2. Lowest-energy GFN2-xTB (ALPB) optimized pose (pink sticks) and best-docked pose (yellow sticks) for (a) aspirin, (b) diclofenac
with key COX-1 residues, and (c) flurbiprofen with key COX-2 residues. Hydrogen bonds (green dashed lines) include distances in angstroms.
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COX-2-selective NSAIDs of COX-2 retained stronger binding
to COX-2.
Using the crystallographic COX-2 conformation and

excluding thermostatistical contribution, the uncorrected
binding free energy (ΔGbind,solv′ ) of nonselective NSAIDs
ranged from −24.13 to −26.73 kcal/mol for COX-1, whereas
etoricoxib and celecoxib exhibited significantly stronger COX-
2 binding, (ΔGbind,solv′ of −39.75 and −43.86 kcal/mol,
respectively, Table 2). Notably, COX-2 selective NSAIDs
showed weaker affinity for COX-1 (ΔGbind,solv′ of +3.01 kcal/
mol for etoricoxib and +2.56 kcal/mol for celecoxib), further
supporting their selectivity.
This selectivity of coxibs is primarily driven by steric

hindrance at Ile523 in COX-1, which disrupts the induced-fit
mechanism required for their binding.57 Additionally, the
binding kinetics of NSAIDs vary depending on their
reversibility and the number of binding steps, influencing
their mechanism of inhibition and selectivity profiles.61−63

False-positive and false-negative errors, commonly found in
docking studies, were minimized through geometry refine-
ment using the GFN2-xTB method. For instance, the
optimized poses of aspirin and diclofenac were closely
aligned with their X-ray crystallographic structures. The
carboxyl group of aspirin’s optimized pose overlapped with its
crystallographic counterpart, forming hydrogen bonds with
Tyr355 (1.65 Å, Figure 2a) at the COX-1 entrance.
Additional hydrogen bonding interactions occurred between
the ester group of aspirin and Ser353 (2.79 Å) and Ala527
(2.97 Å) in COX-1 (Figure 2a). Similarly, the carboxyl group
of diclofenac’s optimized pose maintained its crystallographic
position, forming hydrogen bonds with Arg120 (within 2 Å,
Figure 2b). Interestingly, the best-docked poses of aspirin and
diclofenac were flipped relative to their crystallographic
structures. Consistent with previous studies.64 Arg120 and
Tyr355 were identified as key residues at the COX-1 binding
entrance. At the COX-2 allosteric sites, the carboxyl group of
flurbiprofen’s optimized pose aligned with the sulfonamide
group of celecoxib, forming hydrogen bonds with Arg499 and
Phe504 (within 3 Å, Figure 2c). These interactions are
consistent with previously reported key residues for COX-2
selectivity.57

The Gibbs free energy change (ΔG) upon NSAID binding
is directly related to the equilibrium dissociation constant
(Kd) as described by eq 2:

= = =G RT K RT K RT Kln ln lnd a i (2)

where Ka is the equilibrium association constant, and Ki is the
inhibitory constant. For noncompetitive inhibition, Ki is
directly proportional to the half-maximal inhibitory concen-
tration (IC50). Thus, lower Ki and IC50 values indicate a
tighter binding inhibitor. To evaluate computational accuracy,
we compared the computed ΔGbind,solv′ values of NSAIDs in a
truncated COX-2 pocket with experimental IC50 values.

65,66

With a crystallographic COX-2 conformation and no
thermostatic contribution, the Pearson correlation coefficient
(rp) of the ΔGbind,solv′ of NSAIDS was approximately 0.35,
indicating moderate predictive accuracy (Figure 3a). When
thermostatical contributions were incorporated into fully
relaxed receptor−ligand geometries, the rp improved sig-
nificantly to 0.54 for the corrected binding free energy in
implicit aqueous solvation (ΔGbind,solv) (Figure 3b). This
improvement indicates the strong predictive performance of
the GFN2-xTB (ALPB) method in computing NSAID
binding free energies with enhanced accuracy.
2.4. Binding Affinity of Cannabinoids with COX and

CB Receptors. The GFN2-xTB method with the ALPB
solvation model effectively distinguished the binding free
energies of 55 natural cannabinoids across the COX and CB
receptors, revealing a broad distribution of RMSD and MAD
values for native conformations (Table S3). Binding affinities
of cannabinoids were classified into tight, strong, and
moderate clusters based on their docking energy and the
uncorrected binding free energy in implicit aqueous solvation
(ΔGbind,solv′ ). Tight binding affinity was defined as ΔEbind,vac <
−31 kcal/mol or ΔGbind,solv′ < −21 kcal/mol, indicating
exceptionally stable ligand−receptor interactions. Strong
binding affinity was characterized by −21 to −30 kcal/mol
for ΔEbind,vac or −11 to −20 kcal/mol for ΔGbind,solv′ ,
representing robust but less extreme interactions. Notably,
GFN2-xTB (ALPB) identified only five cannabinoids with
tight binding affinity to COX-2 and none for COX-1 when
considering ΔGbind,solv′ . In contrast, the CB receptors
contained the largest number of tightly bound cannabinoids
using both docking and GFN2-xTB (ALPB) methods,
consistent with their established role as the primary
cannabinoid receptors. Furthermore, significant differences
between the best-bound docked poses and the lowest-energy
optimized geometries highlighted the importance of relaxed
complex geometries for accurate binding affinity predictions.
The selectivity index (SI), derived from the computed Ki

values, was calculated for eight major classes of natural
cannabinoids and their carboxylic derivatives.67 Low SI values

Figure 3. Pearson correlation coefficient for (a) uncorrected binding free energy (ΔGbind,solv′ ) and (b) corrected binding free energy in implicit
aqueous solvation (ΔGbind,solv) of 30 NSAIDs in the truncated COX-2 pocket, calculated using the GFN2-xTB (ALPB) method.
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for the COX-2/COX-1 and CB2/CB1 ratios indicate high
selectivity of ligands for anti-inflammatory potency with
minimal psychoactive effects, whereas high SI values for
CB2/CB1 suggest enhanced psychoactivity (Figure 4).
Specifically, the SICB2/CB1 values for Δ9-THC, Δ9-THCA,
CBD, CBDA, CBG, and CBNA were positive, reaching 6.37,

consistent with their tight affinity for CB1. This aligns with
their low experimental Ki values: 0.036 μM for Δ9-THC, 1.69
μM for CBD, and 1.04 μM for CBG.68 In contrast, CBN
exhibited a low SICB2/CB1 value of −3.80, in agreement with
its experimentally determined Ki value of 0.10 μM for CB2,
confirming its nonpsychoactive profile.17,69 Negative
SICOX‑2/COX‑1 values observed for CBCA, CBNA, CBEA,
CBTA, and CBLA (Figure 4) suggest their potential for
structural modifications aimed at improving the COX-2
selectivity. It is noteworthy that the acid hydrolysis of CBNA
produces CBN, which displayed negative values for both
SICB2/CB1 and SICOX‑2/COX‑1, highlighting its unique pharmaco-
logical profile.
With fully relaxed complex geometries, the corrected

binding free energy (ΔGbind,solv) was computed at 298.15 K
by incorporating thermostatic contributions that account for
translation, rotation, vibration, and conformational flexibility.
Interestingly, ΔGbind,solv was more negative than ΔGbind,solv′ for
the COX receptors but not for the CB receptors (Table S4).
For instance, ΔGbind,solv and ΔGbind,solv′ for CBNA with COX-2
were, respectively, −20.20 and −8.56 kcal/mol (Table S4),
whereas these values for CB1 were, respectively, −15.34 and
−32.89 kcal/mol (Table S5). Compared to flurbiprofen
(ΔGbind,solv = −18.26 kcal/mol, Table 2) and diclofenac
(ΔGbind,solv = −16.63 kcal/mol, Table 2), CBCA, CBEA, and
CBTA showed stronger affinities for COX-2 affinities, with
ΔGbind,solv values ranging from −19.59 to −22.80 kcal/mol
(Table S4). In contrast, the COX-2/CBLA complex exhibited
a weaker binding affinity (ΔGbind,solv = −15.52 kcal/mol,
Table S4) compared to these nonselective NSAIDs.
The effect of the carboxyl group was also explored by

calculating the relative binding free energy (ΔΔGbind,solv)
within the crystallographic COX-2 pocket. The ΔΔGbind,solv
values ranged from +1.71 to −2.77 kcal/mol, approximately
10% of their total ΔGbind,solv (Table 3), and followed a
consistent trend of hydrogen bonding interactions with
His75, Lue338, Ser339, Arg499, Phe504, and Val509 of
COX-2. However, repulsive hydrogen−hydrogen interactions
could influence these ΔΔGbind,solv values, particularly between
the side chain and carboxyl group of CBNA or between the
carboxyl group of CBTA and His75 or Tyr341 of COX-2
(Table 3).
Structural analysis revealed that the alkyl side chains of

CBNA, CBTA, and CBEA were positioned similarly to the
sulfonamide group of celecoxib, forming key interactions with
Arg499 of COX-2 (Figure 5). To enhance binding affinity,
structural modifications were explored by introducing a
sulfonamide group at the carbon alkyl side chain of each
cannabinoid, including CBCA and CBLA, followed by
reoptimization of the complex geometries.
2.5. Relative Binding Free Energies of Carboxylic

Acid Derivatives of Cannabinoids Modified with a
Sulfonamide for COX-2. Sulfonamide modification signifi-
cantly enhanced the COX-2 binding affinity for selected
cannabinoids, resulting in ΔGbind,solv values that were more
negative than celecoxib (−32.02 kcal/mol, Table 4). In
addition to solvation and thermostatical contributions, key
energy components such as self-consistent charge (SCC),
repulsion, and dispersion also contributed to the binding
strength (Table 4). Among the modified analogs, CBTA-C2-
SO2NH2 (11) exhibited the highest COX-2 affinity, with
ΔGbind,solv of −63.85 kcal/mol. This strongest binding was
driven by 15 hydrogen bonds within 3 Å between its sulfonyl

Figure 4. Selectivity index (SI) derived from ΔGbind,solv′ for (a)
NSAIDs, (b) parent C-5 cannabinoids, and (c) carboxylic derivatives
of cannabinoids with COX and CB receptors. Error bars represent
the standard error from the top three bound poses (n = 3).
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group (−SO2) and Arg499, Ile503, and Phe504. Additional
stabilizing interactions involved the sulfonamide group
(−SO2NH2) with His75 and Gln178, the carboxyl group
with Arg499, and the hydroxyl groups with Arg106, Ser339,
and Ala513 (Figure 6). Herein, the catalytic COX-2 region
covers the side pocket at Val509, Tyr371, Met508, Ala513,

and Ser516 as well as the carboxylate-binding region at the
entrance between Tyr341 and Arg106. The allosteric site for
sulfonamide binding is at Arg499, Phe504, Ala502, His75,
Gln178, Leu338, and Ser339.57

Other sulfonamide analogs, such as CBTA-C1-SO2NH2
(10) and CBTA-C3-SO2NH2 (12), also showed tight COX-2

Table 3. Corrected Binding Free Energy (ΔGbind,solv) and Relative Binding Free Energy (ΔΔGbind,solv) for the Carboxylic
Group of Candidate Cannabinoids, Calculated in kcal/mol for COX-2 Using the GFN2-xTB (ALPB) Method

compound

fully relaxed COX-2 X-ray crystallographic COX-2

ΔGbind,solv/(kcal/mol) ΔΔGbind,solv/(kcal/mol)
intermolecular hydrogen

bonds
intramolecular hydrogen

bonds unfavorable interaction

CBCA −22.80 ± 4.89 −1.87 N/A COOH···OH N/A
CBNA −20.20 ± 2.81 +1.71 HOCO···HC(His75) HOCO···HO 3[COOH···HC]

2[COHO···HN(Arg499)]
HOCO···HN(Arg499)

CBEA −20.05 ± 0.32 −2.77 HOCO···HC(Val509) N/A N/A
CBTA −19.59 ± 1.14 −1.26 HOCO···HN(His75) N/A 2[COOH···HN(His75)] COOH···

HC(Tyr341)2[HOCO···HN(Arg499)]
2[COHO···HC(Ser339)]
COOH···OC(Ser339)

CBLA −15.52 ± 0.17 −2.17 COOH···OC(Leu338) N/A N/A
ibuprofen −9.36 ± 1.46 −5.81 HOCO···HN(Arg499) N/A N/A

HOCO···HC(Arg499)
COOH···OC(Phe504)

Figure 5. Lowest-energy optimized poses of (a) CBCA, (b) CBNA, (c) CBEA, (d) CBTA, and (e) CBLA using the GFN2-xTB (ALPB)
method overlaid with celecoxib (gray stick) in the fully relaxed COX-2 binding site.

Table 4. Energy Components of COX-2 Binding Free Energy (ΔGbind,solv), and Relative Binding Free Energy (ΔΔGbind,solv)
Associated with the Sulfonamide Group of Modified Cannabinoidsa

compound ΔGbind,solv ΔSCC Δrepulsion Δdispersion
ΔδGsolv

ΔZPE TΔSmRRHO ΔΔGbind,solvΔGelec ΔGsasa ΔGhb ΔGshift
CBCA-C3-SO2NH2 (3) −48.41 ± 5.98 −24.59 0.31 −52.18 32.61 −2.35 17.62 −0.68 6.05 −21.12 −21.31
CBNA-C3-SO2NH2 (6) −45.62 ± 5.24 −23.99 0.24 −51.60 10.16 −3.27 11.45 −0.68 6.06 −24.44 −19.64
CBEA-C1-SO2NH2 (7) −39.97 ± 3.44 −24.96 0.27 −45.46 20.85 −5.14 16.88 −0.68 4.92 −27.13 −11.66
CBEA-C2-SO2NH2 (8) −45.82 ± 2.95 −24.06 0.30 −50.25 34.40 −2.70 20.68 −0.68 6.16 −21.75 −18.26
CBEA-C3-SO2NH2 (9) −44.30 ± 1.44 −29.60 0.23 −46.63 46.07 −4.11 14.82 −0.68 7.36 −25.46 −18.05
CBTA-C1-SO2NH2 (10) −52.45 ± 7.32 −36.09 0.28 −47.03 37.82 −5.92 18.03 −0.68 6.74 −24.61 −16.60
CBTA-C2-SO2NH2 (11) −63.85 ± 11.35 −39.31 0.39 −53.93 36.86 −3.24 21.35 −0.68 6.51 −22.24 −17.35
CBTA-C3-SO2NH2 (12) −46.61 ± 6.85 −29.39 0.37 −47.58 30.54 −5.39 19.73 −0.68 5.58 −25.57 −12.59
CBLA-C1-SO2NH2 (13) −34.71 ± 9.51 −16.60 0.30 −43.97 49.13 −2.37 15.38 −0.68 4.05 −21.70 −16.95
celecoxib −32.02 ± 0.69 −10.43 0.14 −48.14 29.94 −3.14 8.53 −0.68 4.74 −21.60 −19.73
aAll lowest-energy value ± standard error (n = 3) is reported in kcal/mol.
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binding affinity, with ΔGbind,solv values of approximately −50
kcal/mol (Table 4). The higher binding strength of CBCA-
C3-SO2NH2 (3) (ΔGbind,solv = −48.41 kcal/mol) compared
to that of CBNA-C3-SO2NH2 (6) (ΔGbind,solv = −45.62 kcal/
mol) was attributed to hydrogen bonding with Met508 at the
COX-2 catalytic pocket (Figure S2). In contrast, CBLA-C1-
SO2NH2 (13) exhibited weaker COX-2 binding (ΔGbind,solv =
−34.71 kcal/mol), likely due to the absence of interactions
with Ile503 (Figure S6). Their binding interactions are
illustrated in Figure 7.
To quantify the effect of the sulfonamide group, the

relative binding free energy (ΔΔGbind,solv) was calculated as
the difference in ΔGbind,solv between modified and unmodified
cannabinoids, following a thermodynamic cycle (Figure 8).
The ΔΔGbind,solv values for these modified cannabinoids
ranged from −12 to −21 kcal/mol (Table 4), contributing
30−50% of the total binding free energy. This proportion
highlights the critical role of the sulfonamide group in
enhancing the COX-2 binding interactions. Notably, hydro-
gen bonding interactions occurred between the sulfonamide
group and key COX-2 residues, including Arg106, Tyr341,
Gln178, Leu338, Ser339, Arg499, Ile503, and Phe504.57 This
agreed with the mechanism of action known for selective
celecoxib binding to the catalytic and allosteric sites of COX-
2.
2.6. Predicted Drug-like Properties of Modified

Cannabinoids. For successful drug development, candidate
compounds should have appropriate physicochemical proper-
ties, lipophilicity, water solubility, pharmacokinetics, and
drug-likeness. In this study, the drug-like properties of the
sulfonamide-modified analogs and their parent cannabinoids
were predicted using the SwissADME70 online tool. The
analysis revealed that all selected cannabinoids and their
sulfonamide-modified analogs meet the Lipinski’s rules of
five.71,72 Specifically, their molecular weights are below 500
g/mol, they possess fewer than five hydrogen bond donors
and ten hydrogen bond acceptors, and their partition
coefficients (log P) are less than 5. Notably, the log P values
of CBT, CBTA, CBCA-C3-SO2NH2 (3), and CBNA-C3-
SO2NH2 (6) were comparable to celecoxib (log P = 3.40,
Table 5). Additionally, none of the sulfonamide-modified

analogs were predicted to inhibit any cytochrome P450
enzymes, which are related to pharmacokinetics and reducing
the risk of drug−drug interactions.
All compounds listed in Table 6 showed favorable

bioavailability scores (ranging from 0 to 1), indicating their
potential suitability for oral administration. Other physico-
chemical properties, including lipophilicity, size, polarity,
solubility, flexibility, and saturation, are also significant factors
that impact oral drug bioavailability.70,73,74 These properties
were visualized using radar maps, where the optimal ranges
are depicted by pink areas (Figure 9). Compounds CBCA-
C3-SO2NH2 (3), CBNA-C3-SO2NH2 (6), and CBLA-C1-
SO2NH2 (13) aligned well with these optimal ranges.
However, CBTA-C2-SO2NH2 (11) was found to be too
polar, deviating from the optimal polarity range. Overall, the
predicted drug-like properties suggest that the sulfonamide-
modified cannabinoid analogs possess favorable physicochem-
ical characteristics for oral bioavailability, supporting their
potential as promising drug candidates.

3. COMPUTATIONAL METHODS
3.1. Benchmark Data Sets. To validate the performance

of SQM methods for noncovalent interactions, we used
several benchmark data sets listed in Table 6. The S66 data
set, consisting of 66 molecular dimers without halogen atoms,
was used to represent common noncovalent interaction
energies in organic molecules, such as electrostatic and
dispersion interactions.75 Moreover, the X40 data set, which
contains 40 halogenated organic dimers, was used to describe
noncovalent interactions involving halogen bonding alongside
electrostatic, dispersion, and hydrogen bonding.44 For a
focused analysis of hydrogen bonding, we selected only
hydrogen bonding systems (262 entries) from the HB375
data set, emphasizing six specific hydrogen bond patterns:
OH−O, NH−O, OH−N, NH−N, CH−O, and CH−N.76
The HB300SPX data set was used to extend the analysis of
hydrogen bonds involving sulfur, phosphorus, and halogens
(F, Cl, Br, I), categorized into eight interaction groups: XH−
N, XH−O, XH−P, XH−S, XH−F, XH−Cl, XH− Br, and
XH−I.46 For larger biomolecular systems, the PLA15 data set
includes 15 protein−ligand binding−site complexes, with

Figure 6. Binding interactions of sulfonamide-modified CBTA-C2-SO2NH2 (11) with key amino acids in the fully relaxed COX-2 complex
calculated using the GFN2-xTB (ALPB) method. Hydrogen bonds are shown as green dashed lines.
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systems sizes ranging from 259 to 584 containing 37−95
ligand atoms and ligand charges of −1, 0, or +1.47
To evaluate solvation effects computed using GFN2-xTB

and ALPB solvation model, hydration free energies (δGhyd)
representing the transfer energies from gas to liquid phases
were calculated as δGhyd = Gsolv − Gvac for 390 neutral and
143 ionic solutes containing H, C, N, O, F, Si, P, S, Cl, Br,
and I52 in the Minnesota Solvation Database (MNSOL)
version 2012.51 Additionally, δGhyd of 20 organic molecules
and drugs from SAMPL253 data set, including NSAIDs such
as ibuprofen, flurbiprofen, ketoprofen, and naproxen, were
also validated against the experimental values.54

3.2. SQM Calculations. The performance of selected
SQM methods with corrections for dispersion (D), hydrogen
bonding (H), and halogen bonding (X)�specifically PM6-
D3H4, PM6-D3H4X, DFTB3-D3H4, DFTB3-D3H5, and
GFN2-xTB�was examined for computing interaction energy
(IE), defined as

= +_ _E E EIE ( )dimer monomer a monomer b (3)

using benchmark data sets listed in Table 6. For Grimme’s
D3 dispersion correction, a scaling coefficient (s6) of 0.88
was applied for PM6, whereas s6 of 1.0 with Becke−Johnson
damping (BJ) was used for DFTB3.35,36 Default parameter
sets were used for dispersion, hydrogen bonding, and halogen
bonding corrections.35,40,77 PM6 calculations were carried out
using the MOZYME module in MOPAC2016 to accelerate
SCF calculations in large complexes.78 DFTB3 calculations
were performed using DFTB+ program version 21.2.16

For the GFN2-xTB method, default parameters were used
as implemented in the xtb program, version 6.6.0.41,79 The
accuracy of single-point energy calculations and geometry
optimizations was refined by setting the self-consistent charge
(SCC) convergence to 2.0 × 10−7, energy convergence to 1.0
× 10−7, and gradient convergence to 2.0 × 10−4 Hartree. The
electronic temperature was set at 298.15 K. The implicit
aqueous ALPB solvation model was used with the dielectric

Figure 7. 2D interaction diagrams of sulfonamide-modified analogs: (a) CBCA-C3-SO2NH2 (3), (b) CBNA-C3-SO2NH2 (6), (c) CBEA-C2-
SO2NH2 (8), (d) CBTA-C2-SO2NH2 (11), (e) CBLA-C1-SO2NH2 (13), and (f) celecoxib with key amino acid residues in the fully relaxed
COX-2 binding pocket, optimized using the GFN2-xTB (ALPB) method.
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constant of 80.2 and surface tension of 1.0 × 10−5

Hartree.52,79

To determine the binding affinity of receptor−ligand
complexes, the corrected binding free energy of complex
association (ΔGbind,solv) was calculated using the GFN2-xTB

(ALPB) method. This required both full geometry

optimization and Hessian calculations. The binding free

energy (ΔG) of complex association was converted to the

inhibitory constant (Ki) using eq 4:

Figure 8. Thermodynamic cycle illustrating the relative binding free energy (ΔΔGbind,solv) between two ligands (“ligand 1” and “ligand 2”).
Green arrows indicate ligand association with the COX-2 pocket. Black circles highlight the sulfonamide substitution sites.

Table 5. Predicted Drug-like Properties of Selected Cannabinoids and Their Sulfonamide-Modified Analogs

compound
MWa

(g/mol) HBAb HBDc
consensus log Po/w
(lipophilicity)

log S (water
solubility)

bioavailability
score

cytochrome P450 inhibitor

CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4

celecoxib 381.37 7 1 3.40 −4.57 0.55 yes no yes no no
CBC 314.46 2 1 5.47 −5.84 0.55 no no yes yes yes
CBN 310.43 2 1 5.21 −5.74 0.55 yes yes no yes no
CBE 330.46 3 2 4.36 −5.16 0.55 no no yes yes no
CBT 346.46 4 3 3.54 −3.87 0.55 no no no yes no
CBL 314.46 2 1 5.08 −5.50 0.55 no yes yes yes no
CBCA 358.47 4 2 4.98 −5.73 0.85 no no yes no yes
CBNA 354.44 4 2 4.48 −5.95 0.85 yes yes yes no no
CBEA 374.47 5 3 4.04 −5.40 0.56 no no yes no yes
CBTA 390.47 6 4 3.21 −4.11 0.56 no no no no no
CBLA 358.47 4 2 4.60 −5.73 0.85 no yes yes no yes
CBCA-C3-
SO2NH2 (3)

409.50 7 3 2.71 −4.43 0.56 no no no no yes

CBNA-C3-
SO2NH2 (6)

405.46 7 3 2.64 −4.29 0.56 no no no no yes

CBEA-C1-
SO2NH2 (7)

397.44 8 4 1.22 −3.21 0.11 no no no no no

CBEA-C2-
SO2NH2 (8)

411.47 8 4 1.61 −3.51 0.11 no no no no no

CBEA-C3-
SO2NH2 (9)

425.50 8 4 1.76 −3.75 0.11 no no no no no

CBTA-C1-
SO2NH2 (10)

413.44 9 5 0.43 −1.91 0.11 no no no no no

CBTA-C2-
SO2NH2 (11)

427.47 9 5 0.60 −2.22 0.11 no no no no no

CBTA-C3-
SO2NH2(12)

441.50 9 5 0.83 −2.46 0.11 no no no no no

CBLA-C1-
SO2NH2(13)

381.44 7 3 1.95 −3.54 0.56 no no no no no

aMW= Molecular weight. bHBA = Hydrogen bond acceptors. cHBD = Hydrogen bond donors.
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where R is the gas constant (1.98 cal/K·mol) and T is the
absolute temperature (298.15 K). The selectivity index (SI)
was then calculated as
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for COX-2/COX-1 and CB2/CB1 selectivity, respectively.
For comparison, experimental SI values were calculated from
IC50 values using eq 7:
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3.3. Preparation of Receptors. The X-ray crystallo-
graphic structures of COX-1 (PDB code: 1EQH),62 COX-2
(PDB code: 3LN1),80 CB1 (PDB code: 5XRA),9 and CB2
(PDB code: 6PT0)10 receptors, all with resolutions <3.50 Å,
were obtained from the RCSB protein data bank (PDB).81

For molecular docking simulations, only chain A of each
receptor was retained, while water molecules and other
heteroatoms were removed. Hydrogen atoms were then
added to the complex structures. The protonation states of
amino acids were adjusted to pH of 7.4 using the PROPKA
plugin in the APBS-PDB 2PQR software suite.82

For rescoring docked poses, key residues of amino acids
within the binding region of each receptor (Table S6) were
selected and truncated based on their roles in previously
reported protein−ligand interactions: COX-1 and COX-2,
CB1, and CB2.9,10,57,64,83 To complete the binding pockets,
all dangling bonds of cleaved amino acid residues were then
capped with hydrogen atoms. The truncated binding pockets
contained 41, 38, 28, and 31 amino acids for COX-1, COX-2,
CB1, and CB2, respectively. The size of these pockets ranged
from 494 to 657 atoms, with total charges of +1 or +2 (Table
7). These characteristics agree well with the previously
reported optimal cutoff radius of 6 Å for defining binding
regions.43

3.4. Preparation of Ligands. A diverse set of NSIADs
and phytocannabinoids were prepared for analysis. The
Simplified Molecular-Input Line-Entry System (SMILES)
representations of 7 NSAIDs�etoricoxib, celecoxib, diclofe-
nac, naproxen, ibuprofen, flurbiprofen, and aspirin�were
retrieved from the ChEMBL database and converted to 3D
structures using OpenBabel.84,85 An additional set of 23
NSAIDs were used for validation.66 The 3D structures of 54
phytocannabinoids were obtained from the cannabis database,
with the exception of CBTA, which was manually built by
using IQmol due to its absence in the database.86,87 All ligand
structures were minimized using the MMFF94s force field in
IQmol. The compliance of all studied ligands with Lipinski’s
rules of five88 for drug-likeness was assessed using additional
information from the cannabis database and the SwissADME
online tool.70 Based on the structural diversity of
cannabinoids, the selected cannabinoids, including their acid
analogs, were categorized into 16 main classes (Figure S9).
The modified analogs with the sulfonamide group at the
carbon side chains are shown in Figure 10.
3.5. Molecular Docking Protocols. The docking process

for NSAIDs and cannabinoids was performed at the active
sites of each receptor using the Lamarckian genetic algorithm
(LGA) implemented in the AutoDock4 version 4.2.6.25 A
grid box with dimensions 50 × 50 × 50 Å and a grid spacing
of 0.375 Å was used for all four receptors to fully cover the
binding region of each protein−ligand system. Docking
simulations were run with a population size of 150
individuals, a maximum of 250,000 energy evaluations, and
27,000 maximum generations.
To validate docking parameters, cocrystallized ligands were

redocked into the active sites of their respective receptors.
AutoDock4 successfully reproduced bound ligand poses for
all four receptors, with RMSD values ranging from
approximately 1.0 to 2.0 Å. After validation, all studied
ligands were then docked into the validated grid box at the
binding sites of the protein receptors. Protein−ligand
interactions were visualized using Discovery Studio (DS)
visualizer.89

4. CONCLUSIONS
This study highlights the effectiveness of semiempirical
quantum mechanical (SQM) methods, particularly GFN2-
xTB with the ALPB solvation model, in evaluating the
binding free energies of natural cannabinoids and their
sulfonamide-modified derivatives with the COX and CB
receptors. Validation against benchmark data sets confirmed
the superior predictive capability of SQM methods for
binding conformations and interaction energy estimation over
conventional docking tools.
Our results indicate that while Δ9-THC and its carboxylic

acid derivative strongly bind to COX-2 and CB2, their
significant affinity for CB1 limits their therapeutic applic-
ability due to potential psychoactive effects. Conversely,
carboxylic acid derivatives of cannabinoids such as CBCA,
CBNA, CBEA, CBTA, and CBLA exhibited selective binding
to COX-2 and CB2, with minimal affinity for CB1,
highlighting their anti-inflammatory potential with reduced
psychoactivity. Sulfonamide modification significantly en-
hanced the COX-2 binding affinities, contributing up to
50% of the total binding free energy, while preserving
favorable drug-like properties such as oral bioavailability and
noninhibition of cytochromes P450 enzymes. These findings

Table 6. Description of Benchmark Data Sets Used in the
Study

data set entries description

S66 66 organic noncovalent dimers representing
electrostatic and dispersion interactions.

X40 40 halogenated organic dimers including halogen,
hydrogen, electrostatic, and dispersion bonding.

HB375 262 subset of HB375 focusing six hydrogen bond
patterns: OH−O, NH−O, OH−N, NH−N,
CH−O, CH−N.

HB300SPX 300 extended hydrogen and halogen bonding
interactions involving S, P, and halogens (F, Cl,
Br, I).

PLA15 15 protein−ligand active−site complexes (259 − 584
atoms with ligand charges of ± 1 or 0).

MNSOL 533 hydration free energy for 390 neutral and 143 ionic
solutes containing H, C, N, O, F, Si, P, S, Cl, Br,
and I

SAMPL2 20 subset of organic molecules and drugs.
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highlight the potential of sulfonamide-modified cannabinoids
as selective COX-2 inhibitors with desirable pharmacokinetics
and minimal off-target effects. Further experimental studies

should validate these computational predictions and explore
structural optimizations to maximize the therapeutic efficacy.
This study underpins the role of SQM methods, particularly

Figure 9. Radar map of oral bioavailability for (a) celecoxib, (b) CBCA-C3-SO2NH2, (c) CBNA-C3-SO2NH2, (d) CBEA-C2-SO2NH2, (e)
CBTA-C2-SO2NH2, and (f) CBLA-C1-SO2NH2.

Table 7. Characteristics of Protein Receptors and Their Truncated Binding Sites

protein PDB code resolution/Å cocrystallized ligand

truncated binding site

residues atoms charge

COX-1 1EQH 2.70 flurbiprofen 41 657 +1
COX-2 3LN1 2.40 celecoxib 38 607 +1
CB1 5XRA 2.80 tetrahydrocannabinol (AM11542) 28 504 +1
CB2 6PT0 3.20 aminoalkylindole derivative (WIN 55212-2) 31 494 +2

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c00562
ACS Omega 2025, 10, 13605−13620

13616

https://pubs.acs.org/doi/10.1021/acsomega.5c00562?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00562?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00562?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00562?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


GFN2-xTB, in advancing cannabinoid-based drug discovery

for anti-inflammatory therapies.
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