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Abstract: Mitragyna speciosa (kratom) is a psychoactive plant native to Southeast Asia that is 

traditionally used for pain relief, increased physical endurance, and as a muscle relaxant. Its most potent 

alkaloid, 7-hydroxymitragynine (7-OH-MTG), acts on the µ-opioid receptor, providing analgesic 

effects. Assessment of its drug-likeness and ADMET properties indicates the suitability of 7-OH-MTG 

as a drug with favorable pharmacokinetic profile. Further, characterization of its interaction with plasma 

transport proteins such as human serum albumin (HSA) and α1-acid glycoprotein (AAG) is vital for 

assessing its therapeutic potential. Molecular docking suggests preferential binding of 7-OH-MTG to 

site III on subdomain IB of HSA and the central binding pocket of both variants F1*S and A of AAG. 

The involvement of various hydrophobic interactions (alkyl, pi-alkyl, pi-pi), hydrogen bonds, and van 

der Waals forces are suggested in stabilizing the 7-OH-MTG–protein complexes. MD simulation results 

supported the overall stable nature of the binding of 7-OH-MTG to both proteins based on several 

parameters, including root-mean-square deviation (RMSD), total energy, root-mean-square fluctuation 

(RMSF), radius of gyration (Rg), and solvent accessible surface area (SASA). These findings have clear 

significance in the development of potential therapeutic agents derived from kratom. 

Keywords: kratom; 7-hydroxymitragynine; human serum albumin; 1-acid glycoprotein; ligand-

protein interaction; molecular docking; molecular dynamics. 
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1. Introduction 

Mitragyna speciosa, commonly known as kratom, is a psychoactive plant found in 

several regions of Southeast Asia where it is used traditionally for pain relief and treating 

common ailments, including coughs and fever [1]. Kratom is valued for its medicinal 

properties, including antinociceptive and antidepressant effects [1, 2]. Local laborers often 

consume kratom leaves as a stimulant to boost energy and endurance [3]. 7-

Hydroxymitragynine (7-OH-MTG) (Figure 1) is a minor alkaloid of kratom that, although it 

makes up only ~2% of the total alkaloid content of the plant, acts on the µ-opioid receptor to 
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elicit analgesic effects that are approximately 13 and 46 times more potent than morphine and 

mitragynine (MTG), respectively [4, 5]. Thus, despite its lower abundance compared to MTG, 

7-OH-MTG contributes significantly to the analgesic, sedative, and potentially addictive 

properties of kratom [6]. 

 
Figure 1. (A) 2D; (B) 3D structures of 7-OH-MTG. 

A drug's absorption, distribution, metabolism, excretion, stability, and toxicity are 

greatly influenced by its binding to plasma proteins [7]. For instance, such interactions lead to 

prolonged in vivo half-life, extended therapeutic efficacy, increased solubility, delayed 

elimination from the body, and decreased toxicity [8]. The degree of plasma protein binding 

determines the level of bound and free drug fractions, which consequently affect the 

pharmacokinetic and pharmacodynamic profiles of the drug [9,10]. 7-OH-MTG, together with 

other kratom alkaloids (MTG and mitraphylline), have demonstrated high plasma protein 

binding (> 90%), as determined by equilibrium dialysis [11]. Similarly, the opioid fentanyl was 

also found to strongly interact with plasma transport proteins, with association constants 

between 105 and 108 M–1 [12]. High plasma protein binding typically suggests a prolonged 

duration of action because the drug is gradually released into the bloodstream, which can help 

provide long-term pain relief. Despite this information, the binding of 7-OH-MTG to specific 

plasma transport proteins is yet to be elucidated in detail. 

Human serum albumin (HSA) and α1-acid glycoprotein (AAG) are crucial transporter 

and storage proteins for most compounds in the circulatory system. HSA is a single, non-

glycosylated polypeptide chain of 585 amino acids with a molecular weight of 66.7 kDa. It is 

the most abundant protein in mammals, constituting nearly 60% of the total plasma protein, 

and is present at a concentration in the range of 35–50 g/L [13]. HSA is also a valuable 

biomarker for various medical conditions such as cancer, rheumatoid arthritis, ischemia, and 

postmenopausal obesity [14,15]. The secondary structure of HSA is mainly composed of α-

helices with no β-sheet components [16]. Crystallographic studies have revealed HSA as a 

globular protein with a shape that resembles the heart that is composed of the homologous 

domains I, II, and III, with each domain divided into subdomains A and B [15–17]. It primarily 

binds acidic molecules but can interact with neutral and basic ligands [15]. The major ligand-

binding regions of HSA are in the hydrophobic pockets in subdomains IIA, IIIA, and IB, which 

are referred to as sites I (Sudlow site I), II (Sudlow site II), and III, respectively [13,18]. 

AAG, also known as orosomucoid, is the major extracellular lipocalin in the blood 

plasma [19]. Existing as a single glycosylated polypeptide chain of 183 amino acid residues, 

its five N-linked glycans contribute up to 45% of its total molecular mass of approximately 41 

kDa [20]. It comprises eight anti-parallel β-strands linked by four loops arranged into a β-barrel 

with three flanking α-helices and a central cleft-like ligand-binding pocket. It is negatively 
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charged at physiological pH due to the presence of sialic acid [16]. As a positive acute-phase 

protein, its concentration can be elevated severalfold in various medical conditions [15, 19]. 

AAG primarily binds to basic and neutral compounds, while some acidic compounds can also 

bind with lower affinities [15, 21]. The F1*S and A genetic variants of AAG are two 

polymorphic forms of the protein that exhibit differences in selectivity for ligands [22]. The 

binding pocket of the F1*S variant is broad and has three lobes (I–III), while that of the A 

variant only has two lobes (I–II) [20, 22]. 

Molecular docking is a computational technique used to predict the binding mode and 

affinity of small molecules to the target receptor. It is useful in drug discovery and design as 

this technique can provide information regarding the interaction of potential drug candidates 

with their target proteins based on molecular conformations and measurement of binding 

energies [23]. On the other hand, molecular dynamics (MD) simulations involve 

computationally simulating the motions and interactions of atoms and molecules over time, 

providing insights into the dynamic behavior of biological systems [24]. These simulations 

assess protein-ligand complexes' structural dynamics, flexibility, and energetics, 

complementing the static snapshots obtained from molecular docking [25]. Together, 

molecular docking and MD simulations contribute to understanding ligand–protein interactions 

and aid in the rational design of novel therapeutics. 

In this work, we first explored the drug-likeness and pharmacokinetic properties of 7-

OH-MTG through ADMET analysis to assess the suitability of the compound as a drug. A 

combination of molecular docking and MD simulations was then applied to describe the 

interaction of 7-OH-MTG with HSA and AAG (both F1*S and A variants). The optimized 

binding orientation of 7-OH-MTG on the proteins and the intermolecular forces involved in 

the interactions based on structure analyses and docking data were identified. Additionally, the 

microenvironment, atomic fluctuation, rigidity, and stability of the proteins were studied in 

comparison to the ligand-bound complexes. These findings will assist in characterizing the 

binding mechanism of this psychoactive kratom constituent to plasma transporter proteins, 

which play a critical role in determining its pharmacological profile. 

2. Materials and Methods 

2.1. Molecular docking analysis. 

Molecular modeling was performed using AutoDock 4.2.6 [26] and AutoDockTools 

1.5.7 (ADT) [26]. The 3D structures of the proteins were downloaded from the Protein Data 

Bank (www.rscb.org), while the 3D conformer of 7-OH-MTG (PubChem ID: 44301524) was 

obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov) in SDF format. The structure of 

7-OH-MTG was optimized with the MMFF94 force field using Chem 3D version 22.0.0.22 

before being converted into the PDBQT format using OpenBabel version 3.1.1 [27]. For the 

docking procedure, the proteins were kept rigid while the ligand was allowed torsional 

freedom. The non-polar hydrogens of the ligand were merged, and the rotatable bonds were 

defined. Further, polar hydrogens were added, and Kollman united partial atom charges were 

assigned to the protein atoms. Existing water and ligand molecules were removed from the 

protein structures as they may affect the docking.  

The atomic coordinates of chain A of the HSA crystal structure (PDB ID: 1BM0, 2.5 

Å resolution) were used as input for ADT after removing the water molecules. For blind 

docking, a simulation box (126 × 126 × 126 Å) with a grid space of 0.681 Å was generated 
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using AutoGrid to cover the entire molecule, centered at coordinates x = 24.149, y = 19.824, 

and z = 24.290. For site-specific docking, three ligand binding sites at subdomains IIA, IIIA, 

and IB were defined using grids of 70 × 70 × 70 points with a grid space of 0.375 Å. These 

grids were centered at coordinates x = 35.26, y = 32.41, and z = 36.46 for site I (subdomain 

IIA), x = 14.42, y = 23.55, and z = 23.31 for site II (subdomain IIIA), and x = 42.45, y = 24.47, 

and z = 15.28 for site III (subdomain IB).  

As for AAG, the crystal structures of variant F1*S (PDB ID: 3KQ0, 1.8 Å resolution) 

and variant A (PDB ID: 3APU, 2.1 Å resolution) were used as the docking receptors. The 

atomic coordinates of chain A of 3APU were used as input for ADT. For the docking, two grid 

boxes of 126 × 126 × 126 Å centered at x = 21.242, y = −3.094, and z = 2.081 (grid space of 

0.408 Å) and x = 11.194, y = 1.306, and z = 29.976 (grid space of 0.708 Å) were prepared for 

3KQ0 and 3APU, respectively, encompassing the entire protein structure. 

Ligand binding energy was evaluated using the Lamarckian genetic algorithm with 

local search as the search engine with a total of 1000 runs for random docking (both HSA and 

AAG) and 100 runs for site-specific docking (HSA only). A population of 150 individuals with 

27,000 generations and 250,000 energy evaluations were employed, with the operator weights 

for the crossover, mutation, and elitism set at 0.8, 0.02, and 1, respectively. For the local search, 

default parameters were used. Cluster analysis was performed on the docking results using a 

root-mean-square deviation (RMSD) tolerance of 2.0 Å between structures. For post-docking 

analysis, the conformation with the strongest binding energy was visualized and analyzed using 

ADT and UCSF Chimera version 1.17.3 [28]. Predictions of the intermolecular forces involved 

in the docking interactions were performed using BIOVIA Discovery Studio software 

v21.1.0.20298 (https://www.3ds.com/). 

2.2. Molecular dynamics simulations. 

The best conformer from each docking output was used in MD simulations to predict 

the binding mode and the possible effects of the binding on the conformation of the proteins. 

The MD simulations were performed using the GROMACS software package version 2022.3 

[29]. Topology parameters of HSA and both AAG variants were created using the GROMOS96 

43a1 force field [30], while the ligand was built using the Dundee PRODRG server [31]. 

Each ligand-protein complex was immersed in a cubic box with extended simple point 

charge (SPC-216) water molecules [32]. The protein was kept at the center and at least 1.0 nm 

from the edge, employing periodic boundary conditions. After water molecules were added, 

counter ions were added to the system to preserve electroneutrality. The entire system was 

composed of the atoms of the protein (HSA: 5843 atoms; AAG variant F1*S: 1872 atoms; 

AAG variant A: 1913 atoms), the ligand (7-OH-MTG), and Na+ counter ions (15 for HSA; 7 

for AAG variant F1*S; 5 for AAG variant A).  

For energy minimization, the steepest descent method (50,000 steps) was used for 

incompatible contact releases with a cutoff of 1.2 nm for van der Waals and Coulomb forces. 

To prevent protein position deviation, the simulation was performed using NVT and NPT 

ensembles. The leap-frog algorithm [33] was used to integrate Newton’s second equation of 

motion with a time step of 2 fs. The protein and ligand were restrained during the NVT and 

NPT equilibration, with the LINear Constraint Solver (LINCS) holonomic algorithm [34] used 

to constrain hydrogen bonds. Long-range electrostatic interactions were calculated using the 

Particle Mesh Ewald (PME) method [35] with a 1.2 nm grid width employing fourth-order 

cubic interpolation. The short-range electrostatic and van der Waals interactions were 
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described using the Verlet cutoff scheme with a 1.2 nm cutoff radius and were updated at each 

time step. Each system was equilibrated for 100 ps at 300 K using a V-rescale (modified 

Berendsen) thermostat [36], followed by another equilibration for 100 ps at 1 atm using a 

Parrinello-Rahman barostat [37]. Finally, this was followed by 100 ns MD simulations with a 

time step of 2 fs for all systems to generate trajectory data for analysis.  

The MD trajectories were visualized using VMD version 1.9.4a57 and analyzed using 

the Xmgrace program (https://plasma-gate.weizmann.ac.il/Grace/). The analysis was 

performed using various GROMACS inbuilt programs, including root mean square deviation 

(RMSD), root mean square fluctuation (RMSF), total energy, Rg (Radius of gyration), and 

solvent-accessible surface area (SASA). 

3. Results and Discussion 

3.1. Drug-likeness and ADMET properties of 7-OH-MTG. 

Before proceeding with preclinical studies, in silico prediction of the pharmacokinetic 

profile of a potential drug is often performed as a quick and simple method to evaluate its 

therapeutic effectiveness and safety. This study predicted the physicochemical, drug-likeness, 

and pharmacokinetic properties of 7-OH-MTG using the SwissADME [38] and pkCSM [39] 

web servers (Table 1). 

Table 1. Drug-likeness properties of 7-OH-MTG. 

Property Reference Value 7-OH-MTG 

Molecular weight (Da) < 500 414.49 

Log P ≤ 5 2.27 

Hydrogen bond donor ≤ 5 1 

Hydrogen bond acceptor < 10 7 

Topological polar surface area (Å) < 140 80.59 

Number of rotatable bonds < 10 6 

Molar refractivity (cm3/mol) 40–130 121.14 

Synthetic accessibility 0 ≤ SA ≤ 10 5.21 

Lipinski’s Rule of Five  Yes 

Egan Rule  Yes 

Ghose’s Filter  Yes 

Muegge Rule  Yes 

Veber’s Rules  Yes 

Bioavailability score  0.55 

Lipinski’s rule of five, which considers a molecule’s weight, lipophilicity, and number 

of hydrogen bond acceptors and donors, is arguably the most widely used set of criteria for 

determining the suitability of a potential therapeutic agent as an orally administered drug. As 

shown in Table 1, 7-OH-MTG complied with all these parameters, suggesting that it possesses 

favorable oral absorption and distribution properties within the body [40]. The total polar 

surface area (TPSA) is a measure of the surface area of a molecule that is associated with 

heteroatoms (oxygen, nitrogen, phosphorus) as well as polar hydrogen atoms [41]. 7-OH-MTG 

has a TPSA value of <140 Å, indicating good intestinal absorption once it enters the body [42]. 

Furthermore, its number of rotatable bonds and molar refractivity are optimal for sufficient 
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absorption and bioavailability [24]. Its synthetic accessibility is estimated at 5.21, indicating 

that it may require particular synthetic processes but is still feasible to produce using available 

chemical methods. Nevertheless, this is not a major concern since 7-OH-MTG can be produced 

by simple chemical modification of MTG, the most abundant kratom alkaloid. Moreover, 7-

OH-MTG also adheres to several other drug-likeness rules, including those by Egan, Ghose, 

Muegge, and Veber, with a bioavailability score 0.55. 

Table 2 summarizes the main pharmacokinetic properties of 7-OH-MTG. A water 

solubility of −3.911 might, at first, indicate potential issues with formulation and distribution 

due to its poor solubility (<1 mg/mL). However, this is unlikely to be a limitation since 

hydrophobic compounds rely on binding to plasma protein for their circulation in the 

bloodstream [43], hence the importance of this work. The high percentage of human intestinal 

absorption (93.5%) suggests a high potential for absorption into systemic circulation upon oral 

administration, which is beneficial for drug delivery. As a P-glycoprotein substrate, the plasma 

concentration of 7-OH-MTG may be altered by administering inhibitors or inducers of this 

efflux pump. The negative BBB and CNS permeability values indicate low permeability across 

the blood-brain barrier, providing some obstacles to attaining therapeutic concentrations in 

brain tissues upon oral administration. With regard to metabolism, it is worth pointing out that 

7-OH-MTG is predicted to be a substrate for CYP3A4, the most important P450 enzyme that 

metabolizes xenobiotics. 

Further, 7-OH-MTG has a high elimination level, as indicated by its total clearance 

index of 0.781. As a whole, 7-OH-MTG can be regarded as safe based on the predicted toxicity 

properties. An LD50 value of 2.954 suggests minimal risk of acute toxicity, and it was also 

unlikely to produce allergic reactions and mutagenic effects. 

Table 2. Predicted pharmacokinetic properties of 7-OH-MTG. 

Pharmacokinetic property Parameter Reference value 7-OH-MTG 

Absorption 

Water solubility (log 

mol/L) 

High: > −2.0 

Moderate: −4.0 to −2.0 

Low: < −4.0 

−3.911 

Human intestinal 

absorption 

High: > 80% 

Moderate: 30–80% 

Low: < 30% 

93.503 

P-glycoprotein substrate  Yes 

Distribution 

BBB permeability (log BB) 
High: > 0.3 

Low: < −1.0 
−0.206 

CNS permeability (log PS) 
High: > −2 

Low: < −3 
−2.47 

Metabolism 

CYP2D6 substrate  No 

CYP3A4 substrate  Yes 

CYP1A2 inhibitor  No 

CYP2C19 inhibitor  No 

CYP2C9 inhibitor  No 

CYP2D6 inhibitor  No 

CYP3A4 inhibitor  No 

Excretion 
Total clearance (log 

ml/min/kg) 

High: > 0.5 

Moderate: 0–0.5 

Low: < 0 

0.781 

Toxicity 

Ames toxicity  No 

Oral rat acute toxicity, 

LD50 (mol/kg) 

High: < 2.5 

Moderate: 2.5–5.0 

Low: > 5.0 

2.954 

Skin sensitization  No 
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3.2. Molecular docking of 7-OH-MTG to HAS. 

Molecular docking analysis was performed using the AutoDock software package 

version 4.2.6 to predict the binding site of 7-OH-MTG on HSA. Blind docking of 7-OH MTG 

to HSA with 1000 production runs was first performed prior to site-specific docking to the 

major drug binding sites of HSA with 100 production runs for each site. 

Cluster analysis of the blind docking of 7-OH-MTG to HSA (Figure 2A) resulted in 

187 multimember conformational clusters from 1000 runs. Interestingly, the most stable 

clusters (binding energy < −9 kcal mol−1) were dominated by 7-OH-MTG conformations that 

were docked to subdomain IB (determined based on the identity of the amino acids), which 

contains drug site III. Likewise, site-specific docking results shown in Figure 2B indicate the 

preference of 7-OH-MTG to bind to site III of HSA based on binding energy and cluster 

population, followed by site I and site II.  

 
 

Figure 2. Cluster analysis of the docking of 7-OH-MTG to HSA (PDB ID: 1BM0). (A) blind docking with 

1000 runs; (B) site-specific docking to sites I, II, and III of HSA with 100 runs for each site. 

 

Figure 3A shows the best docking conformation (lowest binding energy) of 7-OH-MTG 

upon blind docking to HSA, which was at binding site III with the lowest binding energy of 

−9.58 kcal mol−1. The ligand was embedded deep into the binding pocket, with only its anisole 

ring remaining at the surface. Drug site III of HSA is known to be the binding site for 

approximately 60 compounds with varying structural characteristics [44]. It is the primary 

binding site for endogenous compounds such as bilirubin (and related molecules including 

biliverdin and hemin) as well as drugs such as lidocaine and fusidic acid [18, 44]. Additionally, 

it serves as the secondary binding site for azapropazone, indomethacin, and 2,3,5- 

triiodobenzoic acid [13, 45]. Interestingly, sites III and I were demonstrated to be allosterically 

coupled, explaining the potential of heme to reduce the affinity of site I ligands, including anti-

HIV drugs, to HSA [18]. 

Structure analysis of 7-OH-MTG using the ChemAxon (Chemicalize) program 

revealed that only a minority of the total population of 7-OH-MTG exists in the charged form 

at physiological pH, comprising 45.2% (Figures S1 and S2). Therefore, ionic interactions are 

not expected to be significant in binding this compound and plasma proteins. On the other hand, 

the logD value of 7-OH-MTG, which measures the compound’s lipophilicity, was 2.49 at pH 

7.4 (Figure S3), strongly indicating the involvement of hydrophobic interactions in the 

complexation of 7-OH-MTG with proteins. Furthermore, the analysis indicates that 7-OH-

MTG possesses six hydrogen bond acceptors and a single hydrogen bond donor, supporting 

the potential formation of hydrogen bonds with proteins. 
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Figure 3. (A) Molecular surface representation of the docking of 7-OH-MTG on HSA (PDB ID: 1BM0), 

showing the binding orientation of the lowest docking energy conformation of 7-OH-MTG (−9.58 kcal/mol) 

after 1000 runs. The HSA subdomains are colored as follows: red for IA, light red for IB, blue for IIA, light blue 

for IIB, green for IIIA, and light green for IIIB. Schematic representations of (B) the intermolecular forces 

involved and the participating amino acid residues; (C) hydrogen bonding surface; (D) surface hydrophobicity 

at the docking site of 7-OH-MTG on HSA. 

The intermolecular forces involved in forming the 7-OH-MTG−HSA complex at site 

III are shown in Figure 3B (details are presented in Table S1). Although no conventional 

hydrogen bonds were found in the interactions, four carbon-hydrogen bonds were predicted for 

the 7-OH-MTG−HSA complex, mediated by Leu-182, Arg-117, Glu-141, and Tyr-138. The 

spatial regions of the residues acting as donors (pink) and acceptors (green) of hydrogen 

bonding with 7-OH-MTG are indicated in Figure 3C. In addition, 7-OH-MTG formed strong 

interactions with the binding site on HSA through hydrophobic (alkyl and pi-alkyl) and van 

der Waals forces. The hydrophobicity profile of the area surrounding the docked 7-OH-MTG 

(Figure 3D) is color-coded, with the hydrophilic region represented in blue (negative scores) 

and the hydrophobic region in brown (positive scores). Van der Waals forces also played a role 

in the HSA complexation with 7-OH-MTG involving the residues Ile-142, Phe-134, Met-123, 

Val-116, and Leu-185. On the other hand, an unfavorable donor-donor interaction involving 

Tyr-161 and 7-OH-MTG (Figure 4B) was also present, contributing to the lesser stability of 

the 7-OH-MTG−HSA complex compared to its interaction with AAG. 

3.3. Molecular docking of 7-OH-MTG to AAG. 

In studying the interactions of 7-OH-MTG with AAG, blind docking (1000 runs) using 

crystal structures of variants F1*S and A of human AAG was performed. As shown in Figure 

4, the conformational clusters with the lowest binding energy for the complexation of 7-OH-

MTG with AAG variant F1*S (−9.95 kcal mol−1) and A (−10.44 kcal mol−1) were not the 

highest populated cluster. Nevertheless, the binding energy of these clusters was considerably 
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lower compared to that of the highest populated docking clusters of the 7-OH-MTG to both 

AAG variants. 

 
Figure 4. Cluster analysis of the docking of 7-OH-MTG to AAG variants F1*S (PDB ID: 3KQ0) and A (PDB 

ID: 3APU) after 1000 docking runs for each variant. 

The differential binding behavior of the ligand towards the F1*S and A variants can be 

attributed to the variance between their amino acid compositions (which differ by 20 out of the 

total 183 residues), resulting in unique topology structures and drug binding selectivity [20, 

22]. As an example, dipyridamole molecules have a greater affinity towards the F1*S variant, 

whereas tricyclic compounds featuring two benzene rings exhibit a preference for the A variant 

[20]. Despite AAG possessing more than seven potential binding sites, only the central binding 

pocket of the protein has a noteworthy therapeutic significance, exhibiting a high affinity 

towards drugs [46,47]. The central binding pocket of the variant F1*S is relatively large and 

comprises three lobes (I–III). Lobe I is a major non-polar sub-compartment of the binding 

cavity and acts as a hydrophobic drug-binding chamber. In contrast, lobes II and III are smaller 

and negatively charged due to the presence of acidic amino acid residues (Glu64 in lobe II and 

Asp115 in lobe III) [20, 48]. In contrast, the narrower central ligand-binding pocket of the A 

variant consists of only two lobes: the main hydrophobic lobe I, flanked by the smaller lobe II 

[48, 49]. Studies have also shown that the interaction of several compounds, including 

cimetidine, chlorpromazine, disopyramide, mianserin, nortriptyline, and desipramine with 

AAG involves overlap of the different lobes of the binding pocket, irrespective of the AAG 

variant [20, 49]. 

3.3.1. AAG variant F1*S. 

Figure 5 depicts the lowest binding energy conformation of 7-OH-MTG (−9.95 kcal 

mol−1) on variant F1*S of AAG. The ligand was docked to the central binding pocket of the 

protein and was primarily localized at lobe I (Figure 5A). Interestingly, the interaction (details 

in Table S2) involved a conventional hydrogen bond, with the hydroxyl group at C7 of 7-OH-

MTG acting as a hydrogen bond donor to form a bond with Ser-125 at an interatomic distance 

of 2.49 Å (Figures 5B and 5C). Additionally, 7-OH-MTG formed carbon-hydrogen bonds with 

the protein involving Tyr-37 and Arg-90. Various hydrophobic forces (pi-sigma, pi-alkyl, 

alkyl) played major roles in binding 7-OH-MTG to AAG, emphasizing the hydrophobic 

surroundings of the bound ligand (Figure 5D). The contribution of van der Waals forces in 

stabilizing the complexation was also significant, as indicated by the participation of a high 

number of amino acid residues shown in Figure 5B. 
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Figure 5. (A) Molecular surface representation of the docking of 7-OH-MTG on variant F1*S of AAG (PDB 

ID: 3KQ0), showing the binding orientation of the lowest docking energy conformation of 7-OH-MTG (−9.95 

kcal/mol) after 1000 runs. The protein is colored according to the CPK color scheme. The enlarged view of the 

binding site shows lobes I-III of the protein. Schematic representations of (B) the intermolecular forces involved 

and the participating amino acid residues; (C) hydrogen bonding surface; (D) surface hydrophobicity at the 

docking site of 7-OH-MTG on the protein. 

3.3.2. AAG variant A. 

Analogous to its binding to the variant F1*S of AAG, 7-OH-MTG was also found to 

dock within the central cavity of variant A of the protein (Figure 6A), with a binding energy of 

−10.44 kcal mol−1. The intermolecular forces responsible for stabilizing the ligand-protein 

complex are shown in Figure 6B (details in Table S3). The contribution of hydrogen bonding 

in this interaction is evident from the formation of two hydrogen bonds mediated by Gln-66 

(2.03 Å) and Arg-90 (3.10 Å) (Figures 6B and 6C). The relatively weaker carbon-hydrogen 

bonds are also implicated in the complexation. Unsurprisingly, the non-polar nature of 7-OH-

MTG facilitated the formation of several hydrophobic bonds, such as pi-alkyl, pi-sigma, and 

alkyl interactions with the protein, as depicted in Figures 6B and 6D. The multiple instances of 

pi-sigma interactions involving charge transfer between electron-rich aromatic residues (Tyr-

27, Tyr-37, and Phe-112) and the electron-deficient moieties of 7-OH-MTG are seen to 

strongly contribute towards the stability of the compound at the binding site. Moreover, van 

der Waals forces were also significantly featured, with almost the entirety of 7-OH-MTG being 

encompassed by amino acid residues participating in these forces (Figure 6B).  
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Figure 6. (A) Molecular surface representation of the docking of 7-OH-MTG on variant A of AAG (PDB ID: 

3APU), showing the binding orientation of the lowest docking energy conformation of 7-OH-MTG (−10.44 

kcal/mol) after 1000 runs. The protein is colored according to the CPK color scheme. The enlarged view of the 

binding site shows lobes I and II of the protein. Schematic representations of (B) the intermolecular forces 

involved and the participating amino acid residues; (C) hydrogen bonding surface; (D) surface hydrophobicity 

at the docking site of 7-OH-MTG on the protein. 

3.4. Validation of docking procedure. 

To validate the accuracy and reliability of the molecular docking procedure, we 

redocked the originally crystallized ligand to the protein using the structure of AAG variant A 

(PDB ID: 3APU) as our model. Figure 7A compares the crystallized and redocked poses of the 

ligand tetraethylene glycol on the protein. As can be seen, the redocked ligand attached to the 

protein at the same location as the crystallized ligand. Furthermore, the ligand RMSD between 

the two poses was 1.885 Å, indicating a high similarity between structures [50]. Moreover, the 

amino acid residues interacting with the ligand's two structures were identified and found to be 

almost identical (Figures 7B and 7C), thus reaffirming the robustness of the docking protocol. 

 
Figure 7. (A) Comparison of the crystallized (blue) and redocked (red) poses of the ligand tetraethylene glycol 

with AAG variant A (PDB ID: 3APU). Interaction of amino acid residues with the (B) crystallized; (C) 

redocked ligand. 
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3.5. Molecular dynamics (MD) simulations. 

Molecular simulation studies, which compute the behavior of a system as a function of 

time, have emerged as a powerful tool for understanding the interaction between proteins and 

ligands to predict how conformational changes occur to achieve the lowest free energy state 

[25]. Exploration of the conformational space of ligand-protein complexes involving 7-OH-

MTG, HSA, and both variants of AAG at the atomic level by MD helps in understanding the 

energetically favorable states, the transition between states, as well as structural stability and 

flexibility of the molecular systems. Therefore, analyses of root-mean-square deviation 

(RMSD), root-mean-square fluctuation (RMSF), total energy, radius of gyration (Rg), and 

solvent-accessible surface area (SASA) fluctuations were performed for each molecular 

system. 

3.5.1. Protein stability and flexibility. 

RMSD, a quantitative measure of the average distance between corresponding atoms 

in different structures, can be used as an indicator of the stability of ligand-protein complexes. 

The relative decrease in RMSD values suggests a less pronounced protein conformational 

change, which reflects the increase in its rigidity and stability, with values in the range 0.1–0.3 

nm accepted as reasonable for conformational perturbations of globular proteins [51]. To assess 

the structural stability of HSA and AAG, RMSD values were obtained from MD simulations 

of the native proteins and their complexes with 7-OH-MTG. According to Figure 8A, HSA and 

its complexes with 7-OH-MTG achieved an equilibrium phase without any major shifts in 

RMSD. The RMSD value of native HSA stabilized at ~0.47 nm from about 40 ns until the end 

of run time, in line with values from previous reports [52,53]. The RMSD values of the 7-OH-

MTG–HSA complex showed only a slight increase compared to free protein, suggesting that 

the introduction of the ligand did not induce major changes to the structural stability and 

flexibility of HSA.  

  

 
Figure 8. RMSD plots of (A) HAS; (B) AAG variant F1*S; (C) AAG variant A and their complexes with 7-

OH-MTG against simulation time. 
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With regard to AAG, the RMSD values for both variants F1*S and A in their native 

states were between 0.33 nm and 0.37 nm after 10 ns of simulation time. For the variant FI*S, 

its complex with 7-OH-MTG exhibited consistently lower RMSD values compared to the 

native protein, albeit by only a small degree (Figure 8B). However, there were no marked 

differences in RMSD value before and after the complexation of the A variant with 7-OH-

MTG (Figure 8C). The bound 7-OH-MTG showed low RMSD values of around 0.15 nm, 

indicating its relative stability at the binding site and the consistency of its interaction with the 

proteins. The small fluctuations in RMSD value at the beginning of the simulations were 

possibly due to the system's startup and setup adjustments. Overall, the interaction of 7-OH-

MTG with AAG (especially variant F1*S) appears more stable than that with HSA. 

Nevertheless, all complexes were stable throughout the 100 ns simulations with few 

conformational transitions, demonstrating the structural similarity of the native and bound 

states of the proteins. 

The total energy in MD simulations refers to the sum of kinetic and potential energies, 

representing the dynamic state of the system. Understanding this concept helps analyze the 

stability, thermodynamic properties, and physical behavior of the molecular system. Based on 

the results shown in Figure 9, the total energy of the various 7-OH-MTG–protein complexes 

was nearly uniform throughout the simulation period. Hence, it can be concluded that these 

complexes were stable, supporting the RMSD results. 

  

 
Figure 9. Time evolution of the total energy of the complex between 7-OH-MTG and (A) HAS; (B) AAG 

variant F1*S; (C) AAG variant A. 

 

RMSF, a measure of the average deviation of residues of a protein over time, is another 

metric commonly used to assess proteins' flexibility and conformational transitions. The 

comparative RMSF of HSA and AAG (variants F1*S and A) residues in the free and ligand-

bound states are represented in Figure 10. For the most part, the 7-OH-MTG–HSA complex 

exhibited similar RMSF values compared to native HSA, except for select residues that make 

up subdomain IB of the protein, wherein drug site III is located (Figure 10AI). Specifically, the 

binding of 7-OH-MTG to HSA induced a slight increase in the RMSF values of several residues 

at the binding site, most notably Leu-115, Arg-117, and Pro-118 (Figure 10AII). The higher-
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than-average RMSF of certain residues corresponded to the loop regions that are typically more 

flexible than other sections of the protein [54]. RMSF analysis of the ligand-bound AAG 

structures showed nearly identical fluctuations as the free protein, as illustrated in Figures 10BI 

and 10CI for variants F1*S and A, respectively. 

In contrast to HSA, the atomic fluctuations of variant F1*S residues involved in the 

interaction with 7-OH-MTG within the central binding pocket are lower compared to the native 

protein (Figure 10BII). The same trend was also observed for variant A of AAG, involving 

Tyr-37, Phe-51, Leu-79, Arg-90, Glu-92, and Phe-112 (Figure 10CII). These simulation data 

support the formation of stable complexations between 7-OH-MTG and both variants of AAG, 

with increased rigidity of the protein microenvironment in the vicinity of the binding site [46]. 

Overall, the binding pocket of both proteins demonstrated adaptation to effectively 

accommodate the ligands, involving structural rearrangements that affected the local flexibility 

of the docking site, consistent with previous reports [55,56].  

 

 

 
Figure 10. (AI–CI) RMSF values of HSA and AAG (variants F1*S and A) residues in the absence and 

presence of 7-OH-MTG. (AII–CII) Comparative RMSF profiles of HSA and AAG (variants F1*S and A) 

residues at the binding site before and after the docking of 7-OH-MTG. 

3.5.2. Protein compactness and folding. 

The radius of gyration (Rg), defined as the distribution of protein atoms around the 

rotation axis, is often used to characterize the dynamic trajectory of proteins to assess their 

compactness [58]. The closer distribution of mass to the axis is reflected by small Rg values, 
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indicating a more compactly folded system [49]. In this study, the structural compactness of 

HSA and AAG upon the binding of 7-OH-MTG was estimated based on the Rg value of each 

system. The average Rg values of free HSA and the 7-OH-MTG–HSA complex were 2.57 and 

2.58 nm, respectively, during the last 60 ns of the simulation (Figure 11A). As a comparison, 

the experimentally determined Rg value of native HSA in aqueous solution was 2.74 nm based 

on neutron scattering experiments [59]. 

  

 
Figure 11. Time evolution of the radius of gyration of (A) HAS; (B) AAG variant F1*S; (C) AAG variant A 

in the absence and presence of 7-OH-MTG. 

 

  

 
Figure 12. SASA plots of (A) HAS; (B) AAG variant F1*S; (C) AAG variant A in the absence and presence 

of 7-OH-MTG as a function of time. 

 

Nevertheless, it should be noted that the changes in Rg observed in our simulations 

were relatively minor. As smaller proteins, both F1*S (Figure 11B) and A (Figure 11C) of 
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AAG exhibited average Rg values of ~1.55 nm upon reaching equilibrium. However, the 

presence of 7-OH-MTG did not significantly alter the Rg of both AAG variants, probably due 

to the already compact nature of the protein structures.  

The solvent-accessible surface area (SASA) of proteins, an essential indicator of protein 

folding and stability, is a measure of the exposure of amino acid residues to the surrounding 

solvent. As shown in Figure 12A, the SASA values of HSA and its complex with 7-OH-MTG 

were almost identical post the 70 nm mark. Similarly, there were substantial overlaps in the 

SASA fluctuations of AAG variants F1*S (Figure 12B) and A (Figure 12C) in the absence and 

presence of the ligands, suggesting no significant alteration in the folding of these proteins 

upon binding to 7-OH-MTG. 

4. Conclusions 

This work investigates the interaction of 7-OH-MTG, a potent psychoactive compound 

found in kratom, with human transport proteins. Based on ADMET assessments, 7-OH-MTG 

appears suitable as an oral drug with favorable physicochemical and pharmacokinetic features. 

Molecular docking experiments strongly suggested site III, located in subdomain IB, as the 

preferred binding site of 7-OH-MTG on HSA. In the case of AAG, 7-OH-MTG was 

preferentially docked to the central binding pocket of both variants F1*S and A of the protein. 

Involvement of hydrogen bonds, hydrophobic interaction, and van der Waals forces were 

identified in the complexation of 7-OH-MTG with the plasma proteins. In general, the structure 

of AAG was more favorably adapted for binding with 7-OH-MTG. Nonetheless, all ligand-

protein complexes showed stable trajectories, as indicated by low RMSD and RMSF values. 

The compactness and folding of both proteins upon 7-OH-MTG binding are also comparable 

to their native forms based on the minimal fluctuations in Rg and SASA values. This study 

helps in understanding the interaction of the psychoactive 7-OH-MTG with the major human 

transport proteins and may prove beneficial in the future development of therapeutic agents 

derived from kratom. Nevertheless, investigating the interaction of 7-OH-MTG with other 

transport proteins and extending MD simulations under various physiological conditions will 

further deepen our understanding of its pharmacological properties and potential applications. 

Further, validating these results through in vitro and in vivo studies and performing 

comprehensive toxicity and safety profiling is essential. 
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Supplementary materials 

 

 
Figure S1. Microspecies distribution of 7-OH-MTG over the pH range 0−14. 

 
Figure S2. Net charge of 7-OH-MTG over the pH range 0−14. The net charge of 7-OH-MTG at the 

physiological pH 7.4 is 0.45. 
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Figure S3. The logD values of 7-OH-MTG over the pH range 0−14. 

 

Table S1. Intermolecular interactions involved in the complexation of 7-OH-MTG with HSA. 

 
 

Table S2. Intermolecular interactions involved in the complexation of 7-OH-MTG with AAG variant F1*S. 
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Table S3. Intermolecular interactions involved in the complexation of 7-OH-MTG with AAG variant A. 
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