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Abstract 

The Impact of Allosteric Modulators on The Orthosteric and Allosteric Binding Pockets 

 

Chih-Jung Chen, B.S. 

 

University of Pittsburgh, 2022 

 

ABSTRACT 

Allosteric modulators (AM) that bind allosteric sites can exhibit greater selectivity than the 

orthosteric ligands and can either enhance agonist-induced receptor activity (termed positive 

allosteric modulator, or PAM), inhibit agonist-induced activity (negative AM, or NAM), or have 

no effect on activity (silent AM, or SAM). Until now, it is not clear what the exact effects of AMs 

are on the orthosteric active site or the allosteric binding pocket(s). In the present work, we 

collected both the 3D structures of receptor-orthosteric ligand and receptor-orthosteric ligand-AM 

complexes of a specific target protein. Using our novel algorithm toolset-Molecular Complex 

Characterizing System (MCCS), we were able to quantify the key residues in both the orthosteric 

and allosteric binding sites along with potential changes of the binding pockets. After analyzing 

21 pairs of 3D crystal or cryo-EM complexes, including 4 pairs of GPCRs, 5 pairs of ion channels, 

11 pairs of enzymes, and 1 pair of transcription factors, we found that the binding of AMs had 

little impact on both the orthosteric- and allosteric- binding pockets. In return, given the accurately 

predicted allosteric binding pocket(s) on a drug target of medicinal interest, we can confidently 

conduct the virtual screening or lead optimization without concern that the huge conformational 

change of the pocket could lead to the low accuracy of virtual screening. 

Keywords: Allosteric modulator, MCCS, drug discovery 
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1.0 INTRODUCTION 

1.1 Allostery 

Allostery, also called allosteric regulation, is a process or phenomenon where a 

macromolecule (mostly protein) transmits the effect caused by an allosteric interaction at an 

allosteric binding site which is spatially and topographically remote from the active site and 

leading to the regulation of the macromolecule activity.[1-3] Allosteric signals are transmitted 

from allosteric binding sites across the macromolecules to the active site, and the signaling 

pathway includes atomic fluctuations, residues networks, or domain movements.[2, 4-6] Allosteric 

interactions can be noncovalent contacts (ions, small molecules, peptides, nucleic acids, lipids, and 

proteins),[2, 7-12] covalent modifications (phosphorylation, point mutations, and disulfide 

trapping),[2, 13-17] environmental fluctuations (pH, temperature, and ionic strength),[18] and 

light absorption.[2, 19-21] 

Compared to the orthosteric ligands, allosteric modulators (AMs) have the following 

benefits. Since the proteins in the same family are coded by homologous genes, their orthosteric 

binding sites are always highly conserved, especially in protein kinases and G-protein coupled 

receptors (GPCRs). In contrast, allosteric sites are often less conserved since the allosteric effects 

can arise in varied regions on proteins other than active sites.[2, 22, 23] Therefore, AMs possess 

better selectivity between subtypes and thus have fewer side effects than orthosteric ligands.[24-

26] Even if the binding affinities of an AM are the same for different subtypes in a protein family, 

it can still deploy selectivity since the cooperation between orthosteric and allosteric sites may be 

different to some extent.[27, 28] In addition, there is an “effect ceiling” for AMs since they only 
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cause an effect when an orthosteric ligand is binding to the protein, and, they only regulate rather 

than eliminating or activating the proteins, which makes them safer than orthosteric ligands.[2, 14, 

29] If a target protein is activated by special stimuli, such as divalent cations, light, and portions, 

it is hard to design a drug to mimic the orthosteric effect. However, AMs may be able to regulate 

this type of protein.[30] Besides, AMs have the potential to fine-tune a specific tissue with indirect 

allosteric effects on a protein involved in lateral protein interaction, where several proteins co-

expressed in the same cell and associate with each other to form homomers or heteromers to 

generate physiological function.[31, 32] 

Nonetheless, there are some disadvantages and challenges for developing novel AMs. 

Some of the allosteric pocket structures are flat and non-tractable, resulting in less effective 

AMs.[33] For instance, the binding affinities of many AMs for GPCRs only exist micromolar 

range.[34] In addition, AMs for non-conserved allosteric sites may easily arouse drug resistance 

by point mutation, especially in the system with rapid genetic mutation and selection, such as anti-

viral, anti-bacterial, and anti-cancer therapeutic areas.[35, 36] Moreover, the low evolutionary 

conservation of allosteric sites may lead to different pockets between species. Therefore, the 

animal model experiments may mismatch the results in the human body, which hinders the 

development of allosteric drugs.[33, 34] Besides, although there are many possible allosteric 

pockets on a protein surface, discovering a highly effective allosteric site is still a challenge.[37-

39] Furthermore, unlike the design of orthosteric compounds that can refer to endogenous 

substrates, the development of AMs may need to start from creating a new scaffold.[40]  



 3 

1.2 Allosteric Site 

When residues in allosteric binding sites interact with AMs, they generate the allosteric 

signal and can modulate the protein activity as well as the binding affinity of orthosteric ligands 

via remote control. They are more nonconservative than orthosteric binding sites. Calculated from 

homologous sequence alignments with 58 enzymes of various species, the average conservation 

score of residues in allosteric pockets is 0.58, while that of orthosteric site residues is 0.94.[23]  

Allosteric binding pockets are prone to be more hydrophobic than orthosteric pockets. 

Compared to orthosteric binding pockets, there are more hydrophobic residues in allosteric sites, 

such as leucine, valine, isoleucine, phenylalanine, and proline. The few charged residues in 

allosteric binding sites play important roles in specific ligand interactions and facilitate ligand 

binding. Specifically, when the polar residues in allosteric pockets are replaced by hydrophobic 

residues, the binding affinity of AMs decrease. Moreover, higher hydrophobicity allows allosteric 

binding pockets to be more tolerant for mutations since it is easier for hydrophobic residues to be 

substituted by a residue with a similar size compared to charged residues which may also involve 

in a specific polar network.[23, 41, 42] In addition, the interfaces of proteins or subunits coupling 

are common to be allosteric binding sites,[43] and they are generally more hydrophobic.[44-46] 

On the other hand, orthosteric binding sites are comprised of more abundant polar residues 

than allosteric pockets, such as aspartic acid, asparagine, glutamic acid, and histidine. Amino acids 

in possession of hydroxyl groups, such as threonine, serine, and tyrosine, are also more enriched 

in orthosteric sites than in allosteric pockets. With more hydrophilic residues, there are higher 

opportunities within orthosteric pockets to form specific connections with ligands, such as 

hydrogen bonds networks, to promote ligand binding.[23, 41, 42]  
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Moreover, orthosteric binding sites are more common to form covalent bonds with 

orthosteric ligands, such as phosphorylation, while allosteric pockets seldom covalently connect 

with AMs. Residues with hydroxyl groups which are more abundant in orthosteric pockets than 

allosteric sites can form covalent bonds with ligands.[2, 13, 47, 48] 

1.3 Allosteric Modulators 

Allosteric signal propagation pathways are pre-existing in proteins and activated by the 

binding of AMs. When an AM bind to the target protein, they induce a specific allosteric pathway 

among the ensemble of pre-existing pathways and do not create a new conformation of the 

protein.[49, 50]  

AMs bind to allosteric sites different from orthosteric binding sites, and thus, they are non-

competitive effectors that do not compete with endogenous substrates or orthosteric ligands. Based 

on the pharmacological features, AMs can be divided into three categories, positive allosteric 

modulator (PAM), negative allosteric modulator (NAM), and silent allosteric modulator (SAM). 

PAMs increase the activation of agonists of a receptor by raising their affinity or efficacy. They 

may also promote the G protein coupling in GPCRs. NAMs reduce the affinity or the efficacy of 

agonists to decrease the activation of agonists or stabilize the inactive state of the receptor that is 

bound with antagonists. SAMs have no impact on the activity of orthosteric ligands, but they 

occupy the allosteric binding sites, resulting in the blocking of the allosteric activities from PAM 

and NAM.[2, 51]  

Allosteric binding sites of PAMs and NAMs on a specific protein can be at the same pocket 

or different sites. The chemical features of PAMs and NAMs binding to the same binding site may 
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only have subtle differences, such as a change of a single atom or a small group. Detailed 

interaction between AMs and the protein may determine the pharmacological effects caused by 

AMs. Atoms in AMs can be divided into two parts: anchor and driver. The anchor atoms form 

favorable interactions with the protein, which do not alter during the transition of protein 

conformations from active to inactive states. The driver part interacts with protein and can either 

become attractive “pulling” atoms or repulsive “pushing” atoms to stabilize/destabilize the 

allosteric active/inactive conformation. For example, the attractive interaction between the 

allosteric pocket and the driver atoms may pull the inactive conformations to transform into active 

states. Therefore, subtle modification on the driver atoms of AMs may lead to opposite 

pharmacological effects.[50, 52] 

AMs have some common structural and physicochemical properties. Smith et al.[44] 

collect and analyze information of compounds from ASD (http://mdl.shsmu.edu.cn/ASD/ ) and 

ChEMBL (https://www.ebi.ac.uk/chembl/ ) to investigate the features of AMs and compare them 

with orthosteric ligands. They find that there are more aromatic atoms and fewer saturated bonds 

on heavy atoms in AMs, leading to the fewer number of rotatable single bonds in AMs and thus 

resulting in more rigid and constrained structures of AMs, although allosteric binding sites often 

undergo conformational change when AMs bind. Wang et al.[53] and Van Westen et al.[35] report 

similar results. The former states that AMs have significantly fewer rotatable bonds compared with 

drug molecules from DrugBank. The latter reveals that for transmembrane proteins, AMs possess 

more sp2 hybridized carbons, fewer sp3 hybridized carbons, and more aromatic atoms compared 

to orthosteric ligands. All in all, relatively rigid AMs bind to allosteric binding sites and induce a 

change in protein flexibility to accommodate AMs.[44] Furthermore, although allosteric binding 

sites are inclined to be hydrophobic, AMs may not be more hydrophobic than orthosteric ligands. 

http://mdl.shsmu.edu.cn/ASD/
https://www.ebi.ac.uk/chembl/
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Smith et al. conduct large-scale statistics and find that there is no significant difference regarding 

hydrophobicity between AMs and orthosteric ligands.[44] 

1.4 Research Regarding Allostery 

In the past two decades, studies and publications regarding allosteric mechanisms, pockets 

and AMs have grown at fast pace. Figure 1 shows the related articles in SciFindern climbing from 

721 in 2000 to 2153 in 2020. Importantly,  56 AM drugs have been approved by the US FDA, in 

which there are 4 for G-protein coupled receptors (GPCRs),[54-57] 40 for ion channels,[58-83] 

and 13 for enzymes[84-95] (Table 1). For example, the oldest approved AM in the US is 

chlordiazepoxide, a benzodiazepine drug approved in 1960 for alcohol withdrawal syndrome and 

anxiety.[96] Chlordiazepoxide is a PAM for GABA-A receptor that can increase the frequency of 

GABA-induced chloride channel openings and enhance the binding affinity of GABA in its 

orthosteric binding site.[97, 98] Subsequently, several benzodiazepines came on the market in the 

mid- and late-twentieth-century, and the success of benzodiazepines in clinical practice caught the 

eye of the researchers focused on allosteric drug discovery.[60-63, 99] In 1998, the first enzyme 

AM, rifapentine, was approved by the FDA. It is a NAM for bacterial RNA polymerase (RNAP) 

for the treatment of tuberculosis infection.[89] In 2004, the first GPCR AM, cinacalcet, appeared 

on the market for the treatment of secondary hyperparathyroidism and parathyroid 

carcinoma.[100-104] Cinacalcet is a PAM of calcium-sensing receptor (CaSR) and can increase 

the sensitivity of the calcium-sensing receptor for activation by extracellular calcium.[54] The 

blossoming of  AMs in the market makes the development of allosteric drugs an increasingly hot 

research area. 
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Figure 1. Articles regarding “allosteric” in SciFindern from 2000 to 2021. 

With transmission electron cryo-microscopy (cryo-EM), X-ray crystallography, and other 

innovative technologies, more and more 3D crystal structures complexed with AMs in high 

resolution have been released. There are 6,772 complexes containing allosteric agents in the 

Protein Data Bank (https://www.rcsb.org/).[105] The Allosteric database 

(http://mdl.shsmu.edu.cn/ASD/) cumulates 82,070 molecules with allosteric modulation features 

and 538 drugs from preclinical phases to approved status.[106] The high quality of 3D  complexes 

of the protein with modulator allows structural biologists to investigate the binding pocket(s) of 

receptors, the binding poses of orthosteric ligands and AM(s), and the potential conformational 

changes of the target protein. For example, Liu et al. reported two crystal structures that included 

(1) β2 adrenoceptor (ADRB2) binding with orthosteric antagonist carazolol and (2) the complex 

of ADRB2-carazolol-Cmpd-15(NAM compound 15). Their studies unveiled the important 

residues involved in the interactions between Cmpd-15 and ADRB2, the conformational changes 

caused by the binding of modulator that stabilized the inactive inward conformation of TM6, and 

https://www.rcsb.org/
http://mdl.shsmu.edu.cn/ASD/
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the prevention of coupling to Gs protein caused by the steric clash with Cmpd-15.[107] In addition, 

the high-quality 3D structures of protein complexed with AMs improves the accuracy of 

computational experiments and thus facilitate in-silico drug discovery. 

Table 1. AM drugs approved by US FDA 

GPCRs Enzymes 

Cinacalcet, ticagrelor, Maraviroc, 

plerixafor 

carglumic acid, trametinib, sirolimus, enasidenib, rilpivirine, rifapentine, 

cobimetinib, Etravirine, Temsirolimus, Thrombomodulin α, Trametinib, 

Trastuzumab, Pertuzumab 

Ion channels 

GABA-A receptors AMPA 

Receptors 

Calcium 

Channels 

Sodium 

Channels 

Others 

Lorazepam, Flurazepam, Ketazolam, 

Clonazepam, Cyclothiazide, 

Diazepam, Triazolam, Alprazolam, 

Eszopiclone, Topiramate, 

Chlordiazepoxide, Clobazam, 

Estazolam, Midazolam, Oxazepam, 

Quazepam, Remimazolam, 

Temazepam, Zolpidem, Zaleplon, 

Zopiclone, Eszopiclone, Etomidate, 

Propofol, Sevoflurane 

Piracetam, 

Aniracetam, 

Perampanel 

Diltiazem, 

Verapamil, 

Isradipine, 

Nifedipine, 

Lomerizine, 

Ziconotide, 

Pregabalin 

Pirmenol, 

Carbamazepine, 

Lamotrigine 

ivermectin 
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1.5 Purpose  

Dedicated to the development of modulators for GPCRs,[108-112] our lab previously 

compared and analyzed the existing computational methods for detecting the allosteric sites and 

designing AMs in our review paper.[113]  We compared six approaches for the prediction of the 

allosteric binding sites, including sequence-based approaches, structure-based methods, 

conformational dynamics-based approaches, normal model analysis-based approaches, the 

combination of conformational dynamics-based and NMA-based approaches, and other allosteric-

related approaches. For designing the drug candidates, we classified the strategies into three 

categories, including pharmacophore models, structure-based virtual screening, and molecular 

dynamics simulation. We delineated every method with a detailed introduction, tools, advantages, 

challenges, and examples of application study in the article.[113] Recently, to deeply investigate 

the AMs of GPCRs, we collected the available 3D structures of the class A GPCRs with effective 

interactions between modulator and receptor, found 7 allosteric binding pockets/regions at GPCRs, 

and analyzed the binding characterization of allosteric binding pockets. In addition, we further 

predicted the allosteric binding sites at the CB2 receptor as well as the detailed interaction between 

CB2 and AMs, which will benefit the development of CB2 allosteric drugs.[114] In addition, we 

recently developed a novel algorithm tool-set, Molecular Complex Characterizing System 

(MCCS), which can compute the residue energy contribution to quantify the binding features or 

pattern of protein-ligand complexes.[115]  

In this study, we first collected four-pair complexes in GPCRs, eleven pairs in enzymes, 

one pair in transcription factors, and five-pairs in ion channels into our dataset. All these targets 

play important roles in the nervous system. For example, β2 adrenergic receptor belongs to 

sympathetic nervous system,[116, 117] glucokinase gets involved in the neuronal glucose-sensing 
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mechanism,[118, 119] and ionotropic glutamate receptors, such as AMPA and NMDAR, modulate 

neuronal excitability with the excitatory neurotransmitter, glutamate.[120-123] Exploiting our 

innovative technique, MCCS, we investigated whether the binding of a modulator had an impact 

on the orthosteric ligand binding via systematically comparing the 3D structure of receptor-ligand 

with and without a modulator, which would highly facilitate the rational design and development 

of modulator drug candidates. 
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2.0 METHODS AND MATERIALS 

2.1 Protein−Ligand(s) Complexes 

The cryo-EM and X-ray crystal structures were collected from the Protein Data Bank 

(https://www.rcsb.org).[124] Two different complexes of any target protein were used in our work, 

including the structure of protein coupled with orthosteric ligand and allosteric modulator as well 

as the structure of protein bound with orthosteric ligand only. The orthosteric ligand in these two 

kinds of complexes should be the same.   

2.2 Molecular Complex Characterizing System (MCCS) 

MCCS[115] was applied to prepare the structures and calculate the residue energy 

contribution. It can analyze the binding recognition between receptors and ligands by calculating 

the energy contribution of each residue and the corresponding energy terms, such as hydrogen 

bonding, hydrophobic force, repulsion, etc. 

Figure 2 shows the workflow of the MCCS. After we input the PDB structure, Chimera 

(version 1.15)[125] was first applied to repair the residues with a truncated side chain. To be more 

specific, Chimera first scanned the entire protein structures and reported the residues with missing 

parts. Then, a complete side chain of the same residue type replaced the defective side chains with 

the Dunbrack rotamer library.[126] Next, we split the complex into the ligand and the protein PDB 

Files. VEGA[127] was applied to both ligand and protein files to add the Vina force field, 

https://www.rcsb.org/
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Gasteiger charges, and polar hydrogens. Moreover, VEGA would define rotatable bonds for ligand 

files. The format of the output files was transformed from PDB into PDBQT by VEGA. In 

addition, PROPKA (version 3.4)[128, 129] was applied to predict the pKa values of ligands and 

generated a PKA format. If there was any tertiary (3°) amine in the molecules, it would be 

protonated by MCCS when the predicted pKa value of ligands was higher than or equal to the 

given pH (7.4 by default). The PDBQT files of protein and ligand(s) together with the PKA file of 

ligands form the input of the next step in MCCS- scoring and docking with jdock (version 2.2.3c, 

https://github.com/stcmz/jdock). 

As a variant and successor of idock,[130] jdock is a docking and scoring program that can 

predict the binding pose of a compound within a complex and calculate the total binding free 

energy as well as energy contribution of each residue which involved in the interaction between a 

ligand and a protein. The binding affinity of a ligand can then be predicted with the calculated total 

binding free energy.[131, 132]. Adopting the same 5-term scoring function (gauss1, gauss2, 

repulsion, hydrophobic, and h-bonding) invented by AutoDock Vina,[133, 134] jdock can generate 

a vector of residue free energy from the conformation either predicted by the Monte Carlo-based 

docking algorithm or determined by X-ray crystallography or cryo-EM. Those energy terms are 

related to the distance between two interacting atoms and the van der Waals radii of the interacting 

atoms.  

In this study, we applied the scoring function of jdock to analyze the binding features of 21 

pairs of X-ray crystal and cryo-EM structures, in which the scores of all receptor-ligand atom pairs 

were directly calculated and summed to form the overall score. The scoring function in jdock can 

generate nine binding recognition vectors for a given receptor-ligand complex, including (1) Gauss 

(Gauss1+Gauss2), (2) Gauss1, (3) Gauss2, (4) repulsion, (5) steric (Gauss1+Gauss2+repulsion), 

https://github.com/stcmz/jdock


 13 

(6) hydrogen-bonding, (7) hydrophobic, (8) non-steric (hydrogen-bonding+hydrophobic), and (9) 

residue energy contribution. More details can be found in our previous publication.[115] 

 

Figure 2. The workflow of MCCS.  

The blue portion is the preparation steps. The green part is the performance of jdock. The orange part is the 

function of MCCSX. 
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2.3 Alignment of the Structures and Calculation of RMSD 

Alignment of the structures within each pair and the root-mean-square deviations (RMSD) 

value for the protein structure and binding pockets in each pair was calculated by the “align” 

command in PyMol, which was suitable for the two protein structures with similar sequence. 

Orthosteric and allosteric binding pockets consisted of residues around the ligands within 8 Å 

which was the cutoff value for the minimal distance to generate interaction between two atoms 

and was adopted in the algorithms of jdock in MCCS and Autodock Vina.[133] 

2.4 In-Silico Site-Mutagenesis 

In-silico site mutagenesis was conducted with the Mutagenesis Wizard in PyMol. The 

conformation of the mutated residues was selected when the ligands were bound to the receptors. 

2.5 Molecular Dynamics (MD) Simulation 

Two pairs of complexes, PDB 4MQS-4MQT and PDB 2RH1-5X7D, were set up for MD 

simulation. Each complex consisted of a receptor and an orthosteric ligand w/o an AM, which 

were put into a 0.15M NaCl solution with a cubic water box, 300 POPC lipid molecules, and about 

20809 TIP3P water molecules[135]. CHARMM-GUI Online Toolkit[136] (https://charmm-

gui.org) was applied to add POPC lipids and prepared the bilayer membrane where the membrane 

protein embedded with the size about 128 Å ×110 Å × 128 Å. The protein was modeled with the 

https://charmm-gui.org/
https://charmm-gui.org/
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AMBER ff14SB force field[137]. The partial atomic charges of ligands were derived via the semi-

empirical with bond charge correction (AM1-BCC) method[138, 139]. The residue topologies for 

ligands were prepared with the ANTECHAMBER module. The other force field parameters were 

obtained from GAFF in AMBER16[139]. 

The MD simulations were conducted with the PMEMD.mpi and PMEMD.cuda modules 

in the AMBER16[140-142] package. The system was first minimized by several steps to avoid 

possible steric clashes. Subsequently, each system was gradually heated from 0 K to 300 K during 

the heating stage and maintained at 300 K during the following equilibrium and production stages 

with a time step of 2 fs. The constant temperature and pressure ensembles were maintained with a 

periodic boundary condition. The pressure was set at 1 atm and controlled by the anisotropic (x-, 

y-, z-) pressure scaling protocol with a pressure relaxation time of 1 ps. The temperature was 

regulated using Langevin dynamics with a collision frequency of 2 ps-1.[143, 144] The particle 

mesh Ewald (PME) method[145, 146] was adopted to handle long-range electrostatics and a 10 Å 

cutoff was set to treat real-space interactions. All covalent bonds involving hydrogen atoms were 

constrained with the SHAKE algorithm.[147] Each system was subject to a 100 ns MD simulation 

and the trajectory of simulated systems was saved every 100 ps. 
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3.0 RESULTS AND DISCUSSION 

3.1 Innovation and Application of MCCS 

Our lab has developed an innovative technique, MCCS, a method to quantify the energy 

contribution of residues involved in the interactions between compounds and protein(s) with high 

accuracy and high efficiency. Compared to molecular dynamics (MD) simulation-based energy 

decomposition, MCCS features the function to generate the binding recognition vector, the residue 

energy contribution, and vector similarity with high efficiency and high accuracy. The detailed 

protocol of MCCS could be found in our recent publication.[115] We also exploited MCCS in 

several applications or studies. The first study[148] was to analyze all the existing allosteric 

binding pockets in GPCRs regarding the interactions between important residues and AMs. 

Moreover, this study explored the detailed interaction within the allosteric binding pocket on CB1 

and predicted the potential allosteric site(s) for CB2. The second study[149] was dedicated to 

repurposing and combining FDA-approved drugs with high efficiency, and also further designing 

new compounds for the treatment of COVID-19. The latest study[150] focused on the binding 

pockets in adenosine A2A receptor (AA2AR), especially distinguishing the key residues binding 

with antagonists from that with agonists, analyzing various statuses of AA2ARs, and investigating 

selectivity between AA2AR and adenosine A1A receptor (AA1AR), which could facilitate the 

rational drug design for treatment involving AA2AR. These studies served as a “proof-of-concept” 

of MCCS in that it can be applied by other researchers in the field for the design and discovery of 

functional ligands for a specific target. 
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3.2 Stabilization of Both GPCRs and Orthosteric Ligands by AMs 

For GPCRs, there were four pairs of complexes of either X-ray crystals or cryo-EM 

structures, including M2 muscarinic acetylcholine receptor (M2 receptor), β2 adrenoceptor, and 

free fatty acid receptor 1 (FFA1/GPR40).  

For the M2 receptor, PDB 4MQT is the complex of M2 muscarinic acetylcholine receptor, 

PAM-LY2119620, and agonist-iperoxo (Figure 3a, magenta cartoon), while PDB 4MQS is the 

complex of M2 muscarinic acetylcholine receptor with iperoxo (Figure 3a, green cartoon). There 

were no obvious conformational changes for both the orthosteric binding site and the whole 

structure of M2 when the two structures were aligned in PyMol (Figure 3a). Moreover, in the 

orthosteric binding pocket of the two structures, there was no residue with a significant change of 

the energy contribution (Figure 3b), indicating that the interactions between the orthosteric agonist 

and the receptor were stable after the binding of PAM. Recently, Kruse et al.[151] reported the 

binding affinity of iperoxo with/without LY2119620 using [3H]-NMS competition binding assay. 

There wasn’t a significant difference between the pKi values of iperoxo w/o the binding of 

LY2119620 (the pKi value of iperoxo with the binding of LY2119620 is 8.51 ± 0.04, and the Ki 

value for iperoxo without LY2119620 is 0.0073 μM, i.e., pKi value= 8.1367). Hence, our results 

were consistent with the experimental data and indicated that there was no significant 

conformational change in the orthosteric binding site of the M2 muscarinic acetylcholine receptor 

when a PAM binds at the allosteric binding site. On the other hand, there were only two residues, 

Trp422 and Phe181, that endured the conformational change in the allosteric binding pocket along 

with its energy contribution. When aligning the two structures, the conformation of the Trp422 

side chain rotated from a horizontal pose to the vertical pose in the presence of LY2119620, which 

allowed the binding of LY2119620 to M2 to engage in an aromatic stacking interaction (Figure 
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3a). The side chain of Phe181 transformed from horizontal to vertical to the PAM, which 

accommodated the binding of LY2119620. 

 

Figure 3. The comparison of the complex of M2-iperoxo(agonist) with/without the binding of the positive 

allosteric modulator (PAM)-LY2119620.  
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(a) The overlap of M2-iperoxo (green cartoon-blue stick) and M2-iperoxo-LY2119620 (magenta cartoon-

yellow stick-salmon stick). The residues involved in the binding pockets are shown as thin element-colored 

lines. (b) The comparison of the binding residues involved in the orthosteric binding pocket between M2-

iperoxo (PDB: 4MQS, green bars) and M2-iperoxo-LY2119620 (PDB: 4MQT, magenta bars). 

There are two pairs for β2 adrenoceptors. The first pair is PDB 5X7D-2RH1, another pair 

consisted of PDB 6N48-4LDE. In the first pair, PDB 5X7D is the complex of β2 adrenoceptor, 

Compound 15 (Cmpd-15, NAM), and orthosteric antagonist carazolol, while PDB 2RH1 is the 

complex of β2 adrenoceptor binding with carazolol. In the orthosteric binding site (Figure 4a), 

most of the energy contributions of the residues were identical in the two structures, except for 

Asn293. The total free energy contribution of Asn293 reduced significantly when the NAM bound 

to the receptor. To be more specific, the steric force of Asn293 decreased greatly after the binding 

of Cmpd-15. Aligning the two structures showed that the position of Asn293 shifted for about 0.9 

Å along with the slightly inward movement of TM6 caused by the NAM that stabilized the inactive 

conformation of the receptor (Figure 4b). It is worth noting that Asn293 is an important residue 

for interactions with both agonist and antagonist. A recent report by Wieland et al.[152] about the 

site-directed mutagenesis studies of Asn293 replaced by Leu supports that Asn293 is crucial for 

stereospecificity and intrinsic activity of agonists in their interactions with the receptor. Hanson et 

al.[153] reported a structure containing β2 adrenoceptor and timolol (PDB code: 3D4S), and their 

results showed that Asn293 played an important role in the interaction between the antagonist and 

β2 adrenoceptor. Our computational results agreed with the experimental data and further unveiled 

the detailed energetic change of residues. Finally, we also investigated the detailed interactions 

between NAM-Cmpd-15 and its surrounding residues. Most of the allosteric binding residues did 

not endure significant conformational changes, including Leu64, Asn69, Ala271, Thr274, Tyr326, 
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and Ser329. However, four residues, Arg63, Asp331, Lys267, and Phe332, rotated to either 

accommodate or interact with Cmpd-15. 

In the second pair, PDB 6N48 is the complex of β2 adrenoceptor- orthosteric agonist 

BI167107- PAM compound-6FA, and PDB 4LDE is the complex of the β2 adrenoceptor- 

BI167107. The energy contribution of important residues in the orthosteric pocket did not endure 

significant change after the PAM bound to the receptor. The computed result is consistent with the 

alignment of the two structures that the residues in the orthosteric binding pocket only underwent 

slight movement when the PAM bound. In addition, in the allosteric binding site, Phe113, Tyr141, 

Leu144, and Lys149 rotated away from or approach to the pocket center to accommodate the PAM, 

while other residues only shifted along with the movement of helixes around the pocket.  
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Figure 4. The comparison of the complex of β2-carazolol(antagonist) with/without the binding of the negative 

allosteric modulator (NAM)-Cmpd-15. 

(a) The comparison of the binding residues involved in the orthosteric binding pocket between β2-carazolol 

(PDB: 2RH1, green bars) and β2-carazolol-Cmpd-15 (PDB: 5X7D, magenta bars). (b) The alignment of β2-

carazolol (green cartoon-blue stick) and β2-carazolol-Cmpd-15 (magenta cartoon-yellow stick-orange stick). 

The residues involved in the binding pockets are shown as thin element-colored lines. The red arrow shows 

the inward movement of TM6. 
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For the FFA1 receptor, PDB 5TZY is the complex of FFA1, allosteric agonist AgoPAM 

AP8, and agonist MK-8666. PDB 5TZR is the complex of FFA1 and MK-8666. Two important 

residues including Trp174 and Leu186 underwent significant changes in their energy contributions 

when AgoPAM AP8 bound to the structure. The steric force of Trp174 decreased and the 

hydrophobic contribution disappeared in the 5TZY structure compared to that in the 5TZR 

complex, leading to the raise of the total free energy of Trp174 with the binding of PAM. As for 

Leu186, the steric contribution increased and the hydrophobic contribution emerged in the 5TZY 

structure compared to that in the 5TZR complex, resulting in the loss of the total free energy of 

Leu186 with the binding of AP8. The two aligned structures of 5TZY and 5TZR showed that the 

extracellular part of FFA1 in 5TZY, except for TM1/2, moved in a clockwise direction compared 

to that in 5TZR (from extracellular part to intracellular portion), and the intracellular part of FFA1 

moved outward when the PAM bound to the receptor. However, most of the residues in the 

orthosteric binding pocket between 5TZY and 5TZR structures did not endure significant change, 

while Trp174 and Leu186 were the exceptions. The rotation of Trp174 changed with the movement 

of ECL2 and the position of Leu186 raised with the movement of TM5, which was congruous with 

our computing results. Besides, Sum et al.[154] published a study regarding the important residues 

for the orthosteric agonist recognition and the activation of FFA1, in which the site-directed 

mutagenesis experiment of L186F proves that Leu186 plays a crucial role in the receptor 

activation. In addition, most of the conformation of the important residues in the allosteric binding 

pocket shifted mildly along with the movement of helixes where they were located, while the side 

chain of Leu190 rotated to accommodate the binding of the PAM.  
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3.3 Stable Conformations and Interaction of the Enzymes-Orthosteric Ligand by AMs 

There were 11 pairs of enzymes collected in the present study, and the receptors included 

3-phosphoinositide-dependent protein kinase-1 (PDK1), dual specificity mitogen-activated protein 

kinase 1 (MEK1), Tyrosine-protein kinase ABL1, Glucokinase (GK), K-Ras GTPase, 

Acetylcholinesterase, Amine oxidase [flavin-containing] B (MAO-B), and mitochondrial 

glutamate dehydrogenase 1 (GDH 1). The results of 11 pairs of enzymes were similar in terms of 

the number of binding residues with significant conformational change (Table 1 and Table 2). 

For PDK1, PDB 3HRF is the complex of the kinase-PAM PS48-ATP, while PDB 3HRC 

is the complex of the kinase and ATP. After comparing the computing results of 3HRF and 3HRC, 

we found that two important residues, Ser92 and Ser94, were significantly different between the 

two structures. The binding of the PAM led to the rise of total free energy and repulsion 

contributions of both two residues and the increase of hydrogen bonding strength between Ser92 

and the ligand. In addition, the total free energy of another two residues, Glu166 and Lys111, 

decreased mildly after the binding of PAM, but the constitution of the energy types changed 

significantly. The strength of the hydrogen bond raised in Glu166 and declined in Lys111. The 

steric force grew in Lys111 and fell off in Glu166. Aligning the two structures showed that PDK1s 

in both structures were nearly overlapped, except for the slight movement of β-sheets and the 

glycine-rich loop which were located at the upper part of the orthosteric binding pocket and moved 

inward in the complex with PAM. Moreover, the ribose and triphosphate group in the ATP in the 

3HRF structure rotated slightly away from the glycine-rich loop when the PAM bound. Ser92 and 

Ser94 were on the glycine-rich loop, and the rotation of the oxygen side chain on Ser92 changed, 

which was consistent with our computing results. Previous studies have proved that the glycine-

rich loop plays a key role in the activation of the protein, and Lys111 and Glu166 are well-known 
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key residues in ATP binding sites.[155-158] In addition, most of the important residues in the 

allosteric binding pocket did not undergo huge conformational change, except for Phe157 which 

rotated from vertical to horizontal pose when the PAM came to the pocket.  

Another set of complexes for PDK1 showed similar results. PDB 4AW1 is the complex of 

the kinase-PAM PS210-ATP. PS210 is more potent than PS48 (IC50 value: PS210 with 39000 

nM and PS48 with 97000 nM).[159] Compared to PDB 3HRC, the total free energies of Ser94, 

Lys111, Glu166, Glu209, and Asn210 in PDB 4AW1 were significantly different, and that of 

Ser92 increased moderately but the composition of energy types changed largely. Glu209 has been 

reported as an important residue for the binding of ATP via carbonyl oxygen.[158] The computing 

results were consistent with the observation of 3D structures. Aligning the two complexes, the 

conformation of β-sheets, αB-helix, αC-helix, and the glycine-rich loop moved inward when the 

PAM bound to the kinase. Notably, ATP in PDB 4AW1 rotated and moved downward along with 

the pushing down of the glycine-rich loop which converted PDK1 from an open-active state to a 

close-active conformation. Most of the residues in the orthosteric pocket did not endure significant 

conformational change, only the residues on the β-sheets and glycine-rich loop shifted along with 

the inward movement of the main structures. The reposition of those residues did not lead to 

significant change regarding the interaction with ATP since the position of ATP also shift along 

with the inward movement of β-sheets and glycine-rich loop. In addition, the important residues 

in the allosteric pocket only shifted along with β-sheets and α-helix, except for Phe157 which 

occurred the same conformational change as that in 3HRC. 

For MEK1, there were two pairs of collected complexes. The first pair is PDB 3EQC and 

PDB 3EQD, the second one is PDB 3EQI and PDB 3EQH. PDB 3EQC is the complex of MEK1-

ATP-γS-NAM Compound 1. PDB 3EQD is the complex of MEK1 and ATP-γS. PDB 3EQI is the 
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complex of MEK1 and ADP. PDB 3EQH is the complex of MEK1- ADP- NAM U0126. Based 

on the literature, MEK1 in these four complexes was in an inactive state,[155, 160-162] and the 

mechanisms of the two NAMs on the inactivation of MEK1 were different. 

By comparing the binding characterization of the orthosteric binding site in PDB 3EQC 

with PDB 3EQD and in 3EQH with 3EQI, only one important residue-Lys97-underwent 

significantly change concerning the total free energy contribution (Figure 6a). In the first pair, 

when the NAM bound to the complex of MEK1- ATP-γS, the total free energy and the repulsion 

contribution of Lys97 sharply decreased. In the second pair, the total free energy, the repulsion, 

and the strength of the hydrogen bond of Lys97 declined significantly. According to literature, 

Lys97 plays an important role in the binding of ATP and inhibitors and is also a key residue in 

distinguishing the active and inactive state of MEK1.[155, 162-169] Aligning PDB 3EQC and 

PDB 3EQD, we found that the important residues in the orthosteric binding pocket in the two 

proteins are nearly overlapped (Figure 6b). The ribose and triphosphate group in the ATP-γS 

rotated slightly. Lys97 on the β sheets near the triphosphate group of ATP-γS was slightly rotating 

and shifting (about 0.3 Å with Cα as reference) along with the movement of β sheets. The result 

of aligning PDB 3EQH and PDB 3EQI is similar to that of the first pair. Similarly, we also found 

that the binding residues involved in the allosteric active site kept stable in the structure, as shown 

in Figure 6b; only a few residues, such as Leu215, Met219, and Val211, shifted along with the 

movement of the activation loop. 
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Figure 5. The comparison of the complex of MEK1-ATP-γS(agonist) with/without the binding of the negative 

allosteric modulator (NAM)-Compound-1. 

(a) The comparison of the binding residues involved in the orthosteric binding pocket between MEK1-ATP-

γS (PDB: 3EQD, green bars) and MEK1-ATP-γS-Compound-1 (PDB: 3EQC, magenta bars). (b) The 
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alignment MEK1-ATP-γS (green cartoon-blue stick) and MEK1-ATP-γS-Compound-1 (magenta cartoon-

yellow stick-orange stick). The residues involved in the binding pockets are shown as thin element-colored 

lines. 

For Tyrosine-protein kinase ABL1, there were also two pairs of complexes. The first pair 

was PDB 1OPK and PDB 2G2H. PDB 1OPK is the complex of the protein-inhibitor PD166326-

NAM myristic acid. PDB 2G2H is the complex of the protein and PD166326. Comparing the 

computing results of PDB 1OPK with PDB 2G2H, only one important residue, Ala399, underwent 

a significant alteration of energy contribution after the binding of NAM. To be more specific, the 

total free energy of Ala399 declined, and the steric force of it increased. The second pair consisted 

of PDB 3PYY and PDB 2HYY, in which 3PYY is the complex of the protein-inhibitor imatinib-

PAM DPH, and 2HYY is the complex of the protein-inhibitor imatinib. Comparing the computing 

results of PDB 3PYY with PDB 2HYY, we found that the total free energy of two important 

residues including His361 and Asp381 endured significant change. The total free energy of both 

residues declined and the steric force of them increased. The result of aligning the two structures 

showed that the protein structures around the orthosteric binding pocket and imatinib both had 

slight movement, and the rotation of carboxylate on Asp381 altered. In addition, the important 

residues in the allosteric binding pocket in the two pairs of complexes did not endure significant 

conformational change. Specifically, in the first pair of complexes, only a few residues shifted 

along with the outward movement of αE helix when the NAM inserted to the pocket, while in the 

second pair, some of the important residues only slightly shifted along with the slightly outward 

movement of the helixes around the binding site when the PAM inserted into the pocket. 

For GK, PDB 3F9M is the complex of GK, substrate α-D-glucopyranose, and PAM-

TAFMT, while PDB 3IDH is the complex of GK and α-D-glucopyranose. As shown in Figure 5a, 

the computed results of the orthosteric binding pocket in the two structures were almost identical, 
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and no residues underwent conformational change after the PAM bound (Figure 5b). In addition, 

the residues involved in the allosteric pocket of PAM also did not endure significant conformation 

change, except for Tyr215 rotating toward the pocket center, and Thr65, as well as Pro66, moving 

along with the loop when the PAM bound to the pocket (Figure 5b). Moreover, studies for site-

directed mutagenesis of Tyr215 to Ala and a natural variant of Thr65 to Ile support that both 

residues play important roles in the interaction between GK and PAM. To be more specific, Y215A 

and T65I both raised the affinity of the glucose binding and the glucokinase activity which was 

measured by the catalytic efficiency.[170-172] 
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Figure 6. The comparison of the complex of GK-α-D-glucopyranose(agonist) with/without the binding of the 

positive allosteric modulator (PAM)-TAFMT. 

(a) The comparison of the binding residues involved in the orthosteric binding pocket between GK-α-D-

glucopyranose (PDB: 3IDH, green bars) and GK-α-D-glucopyranose(agonist)-TAFMT (PDB: 3F9M, magenta 
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bars). (b) The alignment of GK-α-D-glucopyranose (green cartoon-blue stick) and GK-α-D-

glucopyranose(agonist)-TAFMT (magenta cartoon-yellow stick-salmon stick). The residues involved in the 

binding pockets are shown as thin element-colored lines. 

For K-Ras GTPase, PDB 4M22 is the complex of the K-Ras G12C-inhibitor GDP- NAM 

acrylamide16, and PDB 4LDJ is the complex of the K-Ras G12C -GDP. K-Ras G12C is K-Ras 

GTPase with common oncogenic mutant G12C. Acrylamide 16 covalently binds to G12C and 

therefore does not have an impact on the normal protein. The total free energy contribution of 

residues in the orthosteric pocket of PDB 4M22 was similar to that of PDB 4LDJ, except for 

Asp30. When the NAM bound to the structure, the total free energy of Asp30 decreased and the 

steric force of it raised. Our result was consistent with the alignment of these two 3D structures 

that the rotation and the position of Asp30 altered along with the conformational change of the 

loop where Asp30 was located. Moreover, previous studies supported that the residues 29-35 were 

important nucleotide-binding region for GTP.[173, 174] Additionally, the allosteric binding 

pocket did not endure significant conformational change, except for the loop connecting α2 helix 

and β3 sheet where Gln61 and Arg68 were located. There were four important residues rotated 

after the NAM bound to the pocket. Specifically, Tyr96 rotated from the vertical pose into the pose 

that was parallel with the benzene ring of acrylamide16, Arg68 rotated towards the NAM, and 

Gln61, as well as Gln99, rotated away from the pocket. 

For Acetylcholinesterase, PDB 5HF9 is the complex of the enzyme, inhibitor paraoxon 

which can covalently bond to the active site, and PAM HI-6 which is an oxime reactivator that can 

restore the enzyme activity. PDB 5HF5 is the complex of the enzyme and paraoxon. Comparing 

the computing results of two structures, only one residue, Phe295, underwent a significant change 

of the total free energy contribution when the PAM bound. To be more specific, the total free 

energy of Phe295 increased from -0.34 to 0.34 kcal/mol due to the sharply climbing of the 
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repulsion force. The result was consistent with the alignment of the two 3D structures. When the 

PAM bound to the protein, Phe295 approached to paraoxon along with the significant 

conformational change of the loop where Phe295 was located. In addition, in the allosteric binding 

site, the main structure and residues around the pocket did not endure significant change when the 

PAM bound to the pocket, except for Trp286 which rotated towards HI-6 and the indole on Trp286 

became parallel to the pyridine on HI-6. 

For MAO-B, PDB 2XFQ is the complex of MAO-B, inhibitor 2-(2-benzofuranyl)- 2-

imidazoline (2-BFI), and NAM rasagiline which covalently connects with MAO-B. PDB 2XFN is 

the complex of MAO-B and 2-BFI. The total free energy of the important residues in the 

orthosteric binding pocket in the two structures were very similar, except for Leu167. The total 

free energy of Leu167 declined due to the raising of the steric force, which was consistent with the 

observation of the 3D structures. The results of aligning two structures showed that Leu167 rotated 

away from the pocket after the NAM was bound to the complex. In addition, the conformation 

around the allosteric pocket did not undergo significant change when the NAM bound to the 

protein. 

For GDH 1, PDB 3ETG is the complex of GDH 1, glutamic acid, NADPH, GTP, and 

GW5074, among which GTP and NADPH are endogenous NAM, glutamic acid is the substrate, 

and GW5074 is NAM. PDB 6DHQ is the complex of GDH 1, glutamic acid, NADPH, and GTP. 

Comparing the computing results of the glutamic acid binding pocket of two complexes showed 

that most of the important residues had similar total free energy, except for four residues (Val378, 

Lys114, Lys90, and Met111), undergoing significant change when GW5074 bound. To be more 

specific, the total free energy of the four residues raised, the steric force of the four residues 

dropped, and the repulsion of Lys114, Lys90, and Met111 climbed greatly. The result of aligning 
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the two 3D structures showed that the four residues and glutamic acid rotated slightly. 

Furthermore, Li et al.[175] reported the binding affinity of glutamate with/without the GW5074. 

The Km value and Ki value of glutamate were all similar when the concentration of GW5074 

raising from 0 μM to 8 μM. Additionally, most of the important residues in the allosteric binding 

site did not endure significant conformational change when the NAM bound, except for Lys143 

which rotated away from the pocket. 

3.4 Stability in Ion Channels and Transcription Factor 

Five pairs of complexes belonged to ligand-gated ion channels in the present study, 

including a pair of AMPA receptor 2 (GluR-2), a pair of AMPA receptor 3 (GluR-3), two pairs of 

NMDA receptors (NMDARs), and a pair of Glutamate receptor, ionotropic, kainate 1 (GluK1). 

The results of five pairs of ion channels were similar, in which there were only zero to two binding 

residues in the orthosteric and allosteric sites undergoing significantly conformational change 

when an AM bound to the receptors (Table 1 and Table 2). 

AMPA receptors have two variants, flip and flop forms. Two complexes of GluR-2 are in 

the flip forms, while the structures of GluR-3 are both in flop form. For GluR-2, PDB 1LBC is the 

complex of GluR-2, substrate glutamate, and PAM cyclothiazide (CTZ). PDB 1FTJ is the complex 

of GluR-2 and glutamate. By comparing the important residues in glutamate binding pockets in 

the two structures, the energy contribution of them was similar, which was consistent with the 

alignment of the two 3D structures that the residues in the orthosteric binding site only shifted 

slightly along with the slight movement of the helixes and loops. Moreover, the important residues 
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in the allosteric binding site also did not endure significant change when the PAM came to the 

pocket. 

For GluR-3, PDB 3M3F is the complex of GluR-3, flop-selective PAM 4-[2-

(phenylsulfonylamino)ethylthio]-2,6- difluorophenoxyacetamide (PEPA), and substrate 

glutamate. PDB 3M3K is the complex of GluR-3 and glutamate. By comparing the two structures 

in terms of the glutamate binding pockets, the energy contribution of the important residues was 

similar, except for Arg509 and Glu731. Specifically, when the PAM bound to the receptor, the 

total free energy as well as the repulsion of the two residues declined, and the strength of hydrogen 

bonds in Arg509 reduced. Aligning the two 3D structures showed that both residues underwent 

mildly conformational change along with the mild movement of helixes around the binding site 

after the PAM existed. In addition, the important residues in the allosteric binding site also did not 

endure significant conformational change when the PAM was bound. 

For NMDARs, we utilized two pairs of NMDARs in this study, including PDB 5H8H-

5H8F and PDB 5H8N-5H8F. NMDARs are the complex of heterotetramers consisting of two 

NMDA 1 (GluN1) and typically two NMDR 2 (GluN2) subunits.[176] Activation of NMDARs 

requires glycine/D-serine, glutamate, and membrane depolarization.[177, 178] PDB 5H8F is the 

complex of GluN1-GluN2A-glycine- glutamate. PDB 5H8N is the complex of GluN1-GluN2A-

glycine-glutamate- NAM compound 6. PDB 5H8H is the complex of GluN1-GluN2A-glycine-

glutamate-PAM GNE3419. GNE3419 has been reported to have an impact on the interactions 

between glutamate and NMDARs.[179] By comparing the glutamate binding sites within each 

pair, the conformational change and energy contribution of the key binding residues in the 

orthosteric pockets were similar to each other (Figure 7a and 7b), indicating that the binding of 

PAM and NAM can stabilize the conformations of both ion channels and the orthosteric ligands. 
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Only a few residues underwent significant change in the allosteric binding pocket when an AM 

bound. Specifically, when the NAM bound to the pocket, Glu530 (GluN2A) rotated away from 

and Arg639 (GluN1) approached towards the NAM; while when the PAM bound to the pocket, 

Glu530 (GluN2A) and Tyr535 (GluN1) rotated away from the PAM to accommodate the binding 

of the compound. 
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Figure 7. The comparison of the complex of NMDARs-glycine/glutamate with/without the binding of PAM-

GNE3419. 

(a) The energy contributions of the binding residues in the orthosteric binding pocket of NMDARs-

glycine/glutamate (PDB:5H8F) are highlighted in green bars, while those of NMDARs-

glycine/glutamate-GNE3419 (PAM, PDB:5H8H) are highlighted in magenta bars. (b) The alignment 
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of NMDARs-glycine/glutamate (green cartoon-blue stick) and NMDARs-glycine/glutamate-(PAM) 

GNE3419 (magenta cartoon-yellow stick-salmon stick). The residues involved in the binding pockets 

are shown as thin element-colored lines. 

 

Figure 8. The comparison of the complex of NMDARs-glycine/glutamate with/without the binding of NAM-

compound 6. 
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(a) The energy contributions of the binding residues in the orthosteric binding pocket of NMDARs-

glycine/glutamate (PDB:5H8F) are highlighted in green bars, while those of NMDARs-glycine/glutamate-

compounds 6 (NAM, PDB:5H8N) are highlighted in magenta bars. (b) The alignment of NMDARs-

glycine/glutamate (green cartoon-blue stick) and NMDARs-glycine/glutamate- (NAM) compound 6 (magenta 

cartoon-yellow stick-orange stick). The residues involved in the binding pockets are shown as thin element-

colored lines. 

For GluK1, PDB 5MFQ is the complex of GluK1-PAM BPAM-344- kainite, and PDB 

4E0X is a complex of GluK1-kainate. By comparing the energy contribution of important residues 

in the orthosteric binding site, the energy binding pattern was similar in the two structures, which 

was consistent with the aligning result of the two complexes. Moreover, the important residues in 

the allosteric site also did not undergo significant conformational change when the PAM was 

bound. 

Androgen receptor (AR) is the only transcription factor collected in this study. PDB 2YHD 

is the complex of AR, agonist testosterone (TES), NAM 4-(2,3-dihydro-1H-perimidin-2-yl) 

benzene-1,2-diol, while PDB 2AM9 is the complex of AR and TES. By comparing the TES 

binding pocket in the two complexes, we found that the total free energy contribution of each 

important residue was similar (Figure 9a), yet the energy composition of Arg752 changed (Figure 

10). When the NAM bound, the repulsion force dropped and the strength of hydrogen bonds in 

Arg752 declined. The result was consistent with the observation of aligning the two 3D structures 

as shown in Figure 9b. The binding of NAM only caused slight conformational change except for 

the outward movement of helix-10 to approach helix 9. The side chain of Arg752 twisted about 20 

degrees when the NAM bound to AR. In addition, the allosteric binding residues did not endure 

huge conformational changes except for Met734 rotating away from the pocket center when the 

NAM came to the pocket. 
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Figure 9. The comparison of the complex of AR-testosterone (TES) with/without the binding of negative 

allosteric modulator (NAM)- 4-(2,3-dihydro-1H-perimidin-2-yl) benzene-1,2-diol.  

(a) The energy contributions of the binding residues of AR-testosterone (TES) (PDB:2AM9) are highlighted 

in green bars, while the energy contributions of the binding residues of AR-testosterone (TES)-NAM 

(PDB:2YHD) are highlighted in magenta bars. (b) The alignment AR-testosterone (TES) (green cartoon-blue 

stick) and AR-testosterone (TES)-NAM (magenta cartoon-yellow stick-orange stick). The residues involved in 

the binding pockets are shown as thin element-colored lines. 
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Figure 10. The detailed energy contributions of important binding residues in the orthosteric pocket of AR. 

Blue bars are steric force, yellow bars are hydrophobic interaction, and green bars represent hydrogen 

bonding strength. PDB 2AM9 is the complex of AR-TES. PDB 2YHD is the complex of AR-TES-NAM. 
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3.5 Comparison of Orthosteric and Allosteric Binding Sites Between the 21 Pairs X-Ray 

Crystal or Cryo-EM Complexes 

According to the pharmacological features of the ligands in complexes, 21 pairs could be 

divided into 2 groups that were (1) agonist with PAM and antagonist with NAM (Table 1), and 

(2) agonist with NAM and antagonist with PAM (Table 2). In the first group with sixteen pairs of 

structures, AMs have little impact on the conformation of the orthosteric binding pocket. To be 

more specific, most of them only have one or two binding residues undergoing significant 

conformational change after an AM bound to the receptors. On the other hand, in the second group 

with five pairs of complexes, we also found the binding of AM did not lead to a significant change 

in the interaction between orthosteric compounds and the protein. Specifically, four of them with 

no more than two important residues and one pair with four residues underwent significant change. 

Moreover, aligning the complexes within each pair showed that the structure around the 

allosteric binding sites did not endure significant conformational change when an AM was bound 

to the pocket: most of the important residues only shifted mildly when the α-helixes or β-sheets 

that were around the allosteric pocket moved slightly. However, in some of the allosteric binding 

sites, a few residues which possessed a large side chain may have either rotated away from or 

approached the allosteric binding pocket to accommodate the binding of AMs. Based on the 

findings above, we observed that the binding of AM had little impact on the conformation of both 

the orthosteric- and allosteric-binding pockets. 

To further validate our results, we calculated the RMSD value within each pair of 

complexes to compare the whole protein structures, orthosteric binding sites, and allosteric binding 

pockets. As shown in Table 2 and Table 3, all the RMSD values are smaller than 1 Å, indicating 
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that the conformation of the protein structures and their pockets did not undergo significantly 

conformational change when an AM bound to a specific protein. 

In addition, most of the rotated residues in allosteric pockets play important roles in the 

binding of AM. Take the M2 receptor as an example, with in-silico site-mutagenesis of W422A, 

the normalized total binding free energy between the residues and LY2119620 dropped from -

7.484 kcal/mol to -6.161 kcal/mol. However, the residues in the AM pocket which did not undergo 

significant conformational change did not mean they are not important for the AM binding. The 

calculation with MCCS can identify the important residues in AM pockets. Take Y177 in M2 

receptor as another example for residues without undergoing significant rotation during the 

binding of AM, the in-silico results showed that Y177 in PDB 4MQT structure contributed binding 

free energy of -1.555 kcal/mol for the interaction with LY2119620, while Y177A mutant 

contributed free energy with -0.637 kcal/mol and lead to the reduction of total binding free energy 

from -7.484 kcal/mol to -6.774 kcal/mol. Our predictions were consistent with recent studies: e.g., 

Valant C et. al[180] reported the binding affinity of NAM gallamine for Y177A mutant drop with 

an 18.621-fold change of Ki value, and Gregory KJ et. al[181] published the Ki value for the 

binding of PAM 77-LH-28-1 for Y177A mutant increase with a 3.165 foldchange. 
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Table 2. Sixteen pairs of complexes consisted of either agonist with PAM or antagonist with NAM. 

Receptor PDB Compounds in 
PDB 

Residues 
with a 
significant 
change in 
the 
orthosteric 
pocket 

Residues 
rotate in the 
allosteric 
pocket when 
AM bound 

RMSD 
of the 
whole 
protein 
(Å) 

RMSD 
of the 
orthost
eric 
binding 
sites 
(Å) 

RMSD of 
the 
allosteric 
binding 
pockets 
(Å) 

M2 
muscarinic 
acetylcholi
ne receptor 

4MQT PAM: 
LY2119620, 
agonist: iperoxo 

NA Trp422, 
Phe181 

0.195 0.158 0.249 

4MQS agonist: iperoxo 

β2 
adrenocept
or 

5X7D NAM: Cmpd-15, 
antagonist: 
carazolol 

Asn293 Arg63, 
Asp331, 
Lys267, 
Phe332 
 

0.355 0.291 0.312 

2RH1 antagonist: 
carazolol 

6N48 PAM: 
compound-6FA,  
agonist: BI-
167107 

NA PHE133, 
TYR141, 
LEU144, 
LYS149 

0.303 0.224 0.373 

4LDE agonist: BI-
167107 

FFA1 
(GPR40) 

5TZY PAM: AP8, 
agonist: MK-
8666 

Trp174, 
Leu186 

LEU190 0.990 0.656 0.631 

5TZR agonist: MK-
8666 

PDK1 3HRC ATP Ser92, 
Ser94 

Phe157 0.183 0.163 0.271 

3HRF PAM:PS48, ATP 

3HRC ATP Ser94, 
Lys111, 
Glu166, 
Glu209, 
Asn210 

Phe157 0.297 0.536 0.626 

4AW1 PAM: PS210, 
ATP 

MEK1 
(nonphosp
horylated 
MEK1) 

3EQC NAM: 
Compound 1, 
ATP-γS 

Lys97 NA 0.210 0.184 0.286 

3EQD ATP-γS 

3EQH NAM: U0126, 
ADP 

Lys97 NA 0.203 0.187 0.284 

3EQI ADP 

Tyrosine-
protein 
kinase 
ABL1 

1OPK NAM: myristic 
acid, inhibitor: 
PD166326 

Ala399 NA 0.452 0.000 0.363 

2G2H Inhibitor: 
PD166326 

GK 3F9M PAM: TAFMT, 
agonist: α-D-
glucopyranose 

NA Tyr215, 
Thr65, Pro66  
 

0.291 0.132 0.286 

3IDH agonist: α-D-
glucopyranose 
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K-ras-
gtpase 

4M22 NAM: 
acrylamide 16, 
GDP 

Asp30 Tyr96, Arg68, 
Gln61, Gln99 

0.332 0.218 0.279 

4LDJ GDP 

Amine 
oxidase 

2XFQ NAM: rasagiline, 
2-BFI, FAD 

Leu167 NA 0.150 0.183 0.152 

2XFN 2-BFI, FAD 

AMPA 
GluR2 

1LBC PAM: 
cyclothiazide 
(CTZ), 
glutamate 

NA NA 0.423 0.233 0.348 

1FTJ glutamate 

AMPA 
GluR3 

3M3F PAM: PEPA, 
glutamate 

Arg515 
Glu612 

NA 0.522 0.343 0.369 

3M3K glutamate 

NMDAR 5H8H PAM: GNE3419, 
glutamate, 
glycine 

NA Glu530 
(GluN2A), 
Tyr535 
(GluN1) 

0.637 0.148 0.337 

5H8F glutamate, 
glycine 

GluK1 5mfq PAM: BPAM-
344, Kainate 
 

NA NA 0.443 0.233 0.221 

4e0x Kainate 
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Table 3. Five pairs of complexes comprised of either agonist with NAM or antagonist with PAM. 

3.6 Molecular Dynamics Simulation Studies 

Molecular dynamic simulation studies were conducted to investigate the stability and 

dynamics of the PDB structures collected in this study. Here we selected two pairs of complexes: 

one is PDB 4MQS-4MQT consisting of M2 receptor, agonist iperoxo, and PAM LY2119620; 

another is PDB 2RH1-5X7D comprised of β2 adrenoceptor, antagonist carazolol, and NAM 

Cmpd-15. 

Receptor PDB Compounds in 
PDB 

Residues 
with a 
significant 
change in 
the 
orthosteric 
pocket 

Residues 
rotate in the 
allosteric 
pocket when 
AM bound 

RMSD 
values 
for 
protein 
structu
res 

RMSD 
values 
for 
orthoste
ric 
binding 
sites 

RMSD 
values for 
allosteric 
binding 
pockets 

Tyrosine-
protein 
kinase 
ABL1 

3PYY PAM: DPH, 
inhibitor: 
imatinib 

His361 
Asp381 

NA 0.340 0.287 0.363 

2HYY inhibitor: 
imatinib 

Acetylcholi
nesterase 

5HF9 PAM: HI-6, 
inhibitor: DEP 

Phe295 Trp286 0.277 0.132 0.188 

5HF5 inhibitor: DEP 

GDH 1 3ETG NAM: GW5074, 
glutamic acid, 
GTP, NADPH 

Val378 
Lys114 
Lys90 
Met111 

Lys143 0.291 0.214 0.188 

6DHQ glutamic acid, 
GTP, NADPH 

NMDAR 5H8N NAM: 
compound 6, 
glutamate, 
glycine 

NA Glu530 
(GluN2A), 
Arg639 
(GluN1) 
 

0.260 0.163 0.338 

5H8F glutamate, 
glycine 

AR 2YHD NAM: 4-(2,3-
dihydro-1H-
perimidin-2-yl) 
benzene-1,2-
diol, TES 

NA Met734 0.253 0.207 0.232 

2AM9 TES 
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As shown in Figure 11, the complex of PDB 4MQS and PDB 4MQT were stable during 

the simulation with the RMSD values of the receptor, the agonist, and the PAM in each complex 

were all under 5 Å. Specifically, the M2 receptor without the PAM was stable in the active state 

with the RMSD value around 2 Å, while the M2 receptor with the binding of PAM was more stable 

with the RMSD value around 1.5 Å, indicating that the binding of PAM stabilized the M2 receptor 

in an active state. Figures 12a and 12b show the overlay of the first and the last frames of the 

simulation, portraying the dynamic conformational variation of the receptors and ligands during 

the simulation time. To evaluate that the binding of PAM does not lead to a significant 

conformational change of the orthosteric binding pocket, we aligned the last frames of the 

simulation of PDB 4MQS and 4MQT (Figure 12c). The residues in the orthosteric site moved 

along with the helixes where they were located but did not undergo a significant conformational 

change. Figure 12c also shows the G protein binding site of the M2 receptor with the alignment 

of the last frames of the simulation for the receptor w/o PAM as well as the cryo-EM structure of 

M2 receptor complexed with the same agonist, PAM and plus, the G protein subunits (PDB:6OIK). 

The intracellular portion of TMs 3,5,6,7 and helix 8 in both complex w/o PAM moved outward 

during the simulation, leaving a larger space for the insertion of the G protein α subunit. 

Specifically, the intracellular part of TMs 5,6,7 and helix 8 in the complex with PAM rotated and 

twisted much away from the center of the G protein binding site than that of the complex without 

PAM during the simulation course. PDB 6OIK showed that after coupling with G protein, TMs 

5,6,7, and helix 8 moved inward to accommodate the α5 helix of G protein. The alignment of the 

three structures indicates that the binding of PAM allows the M2 receptor to couple with G protein 

more easily with a larger space at the G protein binding pocket, while the binding of G protein 

may lead to the reduction of the binding site volume for tighter interaction. 
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Figure 11. RMSD of PDB 4MQT-4MQS structures during MD simulation course. 

The time course of RMSD of mainchain atoms of the M2 receptor (black), heavy atoms of agonist-iperoxo 

(red), and PAM LY2119620 (blue). (a) PDB 4MQS, (b) PDB 4MQT. 
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Figure 12. MD simulation studies of PDB 4MQT-4MQS structures. 

(a), (b) The overlay of the first and last frames of each of the two MD simulations. (a) the first frame of the 

receptor (green cartoon) and the agonist (cyan stick) and the last frame of the receptor (red cartoon) and the 

agonist (pink stick) in PDB 4MQS. (b) the first frame of the receptor (magenta cartoon), the agonist (yellow 

stick) and the PAM (salmon stick), and the last frame of the receptor (pale-cyan cartoon), the agonist (teal 

stick) and the PAM (teal stick) in PDB 4MQT. (c) the overlay of the last frames of the two MD simulations 

and the intracellular part of the overlay of the last frames of the two MD simulations as well as the PDB 

6OIK structure. The color of the receptor and the ligands are the same as those in (a) and (b). The receptor in 

PDB 6OIK is shown as yellow-orange cartoon, and the Gα protein is shown as orange cartoon. Important 

residues in the orthosteric pocket are shown as lines. 

For PDB 2RH1-5X7D, the NAM stabilized the receptor at the inactive state, which was 

delineated by Figure 13. During the simulation, the receptor in PDB 2RH1 kept stable with RMSD 

value oscillated around 2 to 3 Å, while the protein in PDB 5X7D was more stable than that in PDB 

2RH1, with RMSD value fluctuating around 1.5 to 2.5 Å in the first 40 nanoseconds and around 

1.5 to 2 Å for the last 60 nanoseconds. The alignment of the first and the last frames of the 

simulation of the two complexes in Figures 14a and 14b delineate the geometrical variation of the 

β2 adrenoceptor, antagonist, and NAM during the simulation course. Figure 14c shows the 

alignment of the last frame of the simulation of the receptor w/o NAM, which demonstrated that 

the binding of NAM did not result in a significant conformational change in the orthosteric binding 

site. 
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Figure 13. RMSD of PDB 5X7D-2RH1 structures during MD simulation course. 

The time course of RMSD of mainchain atoms of the β2 adrenoceptor (blue), heavy atoms of antagonist 

carazolol (red), and NAM Cmpd-15 (green). (a) PDB 2RH1, (b) PDB 5X7D. 
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Figure 14. MD simulation studies of PDB 5X7D-2RH1 structures. 

(a), (b) The overlay of the first and last frames of each of the two MD simulations. (a) the first frame of the 

receptor (green cartoon) and the agonist (cyan stick) and the last frame of the receptor (red cartoon) and the 

agonist (pink stick) in PDB 2RH1. (b) the first frame of the receptor (magenta cartoon the antagonist (yellow 

stick) and the NAM (salmon stick), and the last frame of the receptor (pale-cyan cartoon), the antagonist (teal 

stick) and the NAM (teal stick) in PDB 5X7D. (c) the overlay of the last frames of the two MD simulations. 

The color of the receptor and the ligands are the same as those in (a) and (b). Important residues in the 

orthosteric pocket are shown as lines. 
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4.0 CONCLUSION 

When an AM bound to a target protein complexed with orthosteric ligand, it stabilizes the 

complex of protein-ligand into an active, inactive, or intermediate state, and may lead to a mild 

conformational change of the whole protein structure. However, there was no evidence regarding 

the influences of the binding of AMs on the orthosteric binding pocket and the allosteric ones. In 

the present study, we exploited an innovative technique, MCCS, which was developed by our lab 

and can characterize the interactions between compounds and protein to analyze 21 pairs of 3D 

crystal or cryo-EM complexes of protein-ligand-AM, including 4 pairs of GPCRs, 5 pairs of ion 

channels, 11 pairs of enzymes, and 1 pair of transcription factors. The results demonstrated that 

the binding of AM has few impacts on either conformation or energy contribution of the residues 

involved in the interactions between protein and the orthosteric ligand. Moreover, the binding of 

AMs did not cause a significant conformational change of allosteric binding pocket(s), and only a 

few residues with a large side chain may rotate away or approach towards the AMs. MD simulation 

studies supported that the structure of the protein and ligands are stable under dynamic 

circumstances.  

Based on the results of this study, if the allosteric binding pocket(s) was predicted 

accurately, we can confidently conduct virtual screening as well as lead compound-based 

optimization for the AMs. Especially, our lab is dedicated to designing AMs for CB2 receptor 

which has neither X-ray crystal nor cryo-EM structures of CB2-orthosteric ligand-AM complex. 

We can first predict potential allosteric binding sites, and then conduct virtual screening and lead 

optimization for the development of CB2 AM drugs. Similarly, many target proteins do not have 

X-ray crystal and cryo-EM structures with AM. We can design the potential allosteric modulator 
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hits for them by virtual screening and lead optimization using the structure of protein-orthosteric 

ligand complexes. In summary, our study can facilitate the rational design and development of 

allosteric drug candidates.  

Nonetheless, there are some limitations in this study. First, X-ray crystal and cryo-EM 

structures for many receptors are limited or unavailable, which restrains the diversity and the 

volume of the dataset. In addition, MCCS, the method used in the present work still has some 

limitations. For example, only the static structures/conformations that captured by X-ray crystal 

and cryo-EM methods, have been analyzed by MCCS. The MD simulation studies are to 

supplement the results under dynamic circumstances. Moreover, we will keep optimizing the 

MCCS to minimize the protein in the preparation steps and be able to conduct flexible docking.   
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