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Abstract: We examined the effect of electron-withdrawing and donating groups on the biochemical 

activity of modified cyclic tetra-amino acid-based compounds as human insulin-degrading enzyme 

inhibitors and predicted a library of drug-like compounds with potent cytotoxicity using an in silico 

approach. The chosen compounds underwent docking and absorption, distribution, metabolism, 

excretion, and toxicity (ADMET) analyses after being optimized. We found that the hydrogen bond 

strength between the modified cyclic tetra-amino acid-based compounds and ARG 765 and ASN841, 

which are positioned in the binding site of the human insulin-degrading enzyme (2g56), was 

significantly increased upon the addition of propionamide. Also, mutual coordination of methyl 

(3S,9S,12S)-9-(3-amino-3-oxopropyl)-12-(5-chloro-1,3-dioxoisoindolin-2-yl)-5,8,11-trioxo-4,7,10-

triaza-1(1,3)-benzenacyclotridecaphane-3-carboxylate and human insulin-degrading enzyme (2g56) 

showed enhanced binding propensity with a calculated binding affinity value of -7.96747208 kcal mol-

1, compared to other studied molecules. As possible anti-human insulin-degrading enzyme agents, this 

work may help design and construct a library of effective modified cyclic tetra-amino acid-based 

compounds. 
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1. Introduction 

Diabetes mellitus has been reported to affect millions of people worldwide [1, 2]. It is 

considered one of the major challenges facing the medical community, and the urgent need to 

find a lasting solution has attracted significant attention from researchers [3, 4]. In many cases, 

diabetes mellitus goes undiagnosed, presenting complications related to the body's primary 

glycemic regulator [5]. The metabolic abnormalities associated with diabetes mellitus lead to 

secondary pathophysiological changes in various organ systems, placing a significant burden 

on both patients and healthcare systems [6]. According to several studies, numerous efforts 
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have been made to control diabetes mellitus using conventional therapies; however, these 

approaches have faced several limitations [7, 8]. Moreover, the adverse effects linked to many 

approved drugs have driven ongoing efforts to design and develop more effective drug-like 

agents with minimal or no toxicity and side effects [9]. 

Insulin-degrading enzyme (IDE) is a large zinc-binding protease belonging to the M16 

metalloprotease family, and it is widely recognized for its ability to degrade a variety of short, 

amino acid–based peptides with diverse structures [10]. This neutral Zn²-dependent 

metalloendopeptidase is expressed in both insulin-responsive and non-responsive cells [11]. 

Several studies have reported that IDE can associate with cellular membranes; however, the 

exact nature of its membrane interaction remains undefined. As a result, IDE has become a 

focus of intense research, particularly as a potential target for modulating diabetes-related 

pathways in humans [12, 13]. 

Peptides are short chains of amino acids linked by peptide bonds [14]. These molecules 

have been reported as promising therapeutic agents with diverse applications, including 

anticancer and antimalarial treatments [15]. According to several studies, peptide derivatives 

exhibit enhanced specificity and selectivity, enabling them to combat various diseases 

effectively [16–18]. Cyclic peptides, in particular, have been successfully synthesized by many 

researchers using automated techniques. Their therapeutic potential has attracted significant 

scientific interest, leading to ongoing investigations into their biological activities [19, 20]. 

Research has demonstrated that cyclic peptides have the potential to function as drug-like 

agents due to key properties such as low toxicity, high specificity and selectivity, and favorable 

binding characteristics [21]. As a result, cyclic peptides have become important target 

molecules in the design of novel, efficient therapeutics. According to Chakraborty et al. [22], 

cyclic peptides possess constrained conformations, which have been reported to enhance 

metabolic stability, target affinity, and selectivity [23]. In this study, the incorporation of 

electron-withdrawing and electron-donating groups is expected to improve human metabolic 

stability and promote better target recognition and binding. Therefore, this study was conducted 

to evaluate the effectiveness of the modified compounds as inhibitors of the human insulin-

degrading enzyme. 

2. Materials and Methods 

2.1. Density functional theory-based optimization. 

The modeled compounds were optimized at the density functional theory with the 

standard 6-31+G* basis set. In the method employed in this work (density functional theory), 

three-feature B3LYP was utilized, and this consists of Becke’s gradient exchange correction 

[24] and the Lee, Yang, Parr correlation functional [25]. The time frame for the minimization 

of the studied compounds was due to the size of the selected individual molecule and the 

descriptors generated after the calculations were reported (Table 1). More so, the choice of 

these compounds was due to the high selectivity, efficacy, and favorable toxicity profile 

compared to small molecules. Also, the optimized ligands were further subjected to other 

software for further studies.  
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Table 1. Studied phytochemicals of modified cyclic tetra-amino acid-based compounds. 

 Structure IUPAC 

1 

 

methyl (3S,9S,12R)-12-(5-chloro-1,3-dioxoisoindolin-2-

yl)-9-((R)-1-hydroxyethyl)-5,8,11-trioxo-4,7,10-triaza-

1(1,3)-benzenacyclotridecaphane-3-carboxylate 

2 

 

methyl (3S,9S,12S)-9-(2-amino-2-oxoethyl)-12-(5-

chloro-1,3-dioxoisoindolin-2-yl)-5,8,11-trioxo-4,7,10-

triaza-1(1,3)-benzenacyclotridecaphane-3-carboxylate 

3 

 

methyl (3S,9S,12S)-9-(3-amino-3-oxopropyl)-12-(5-

chloro-1,3-dioxoisoindolin-2-yl)-5,8,11-trioxo-4,7,10-

triaza-1(1,3)-benzenacyclotridecaphane-3-carboxylate 

4 

 

methyl (3S,9S,12S)-12-(5-chloro-1,3-dioxoisoindolin-2-

yl)-9-(3-guanidinopropyl)-5,8,11-trioxo-4,7,10-triaza-

1(1,3)-benzenacyclotridecaphane-3-carboxylate 

5 

 

methyl (3S,9S,12S)-12-(5-chloro-1,3-dioxoisoindolin-2-

yl)-9-(2-(methylthio)ethyl)-5,8,11-trioxo-4,7,10-triaza-

1(1,3)-benzenacyclotridecaphane-3-carboxylate 
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 Structure IUPAC 

6 

 

methyl (3S,9S,12S)-12-(5-chloro-1,3-dioxoisoindolin-2-

yl)-9-(hydroxymethyl)-5,8,11-trioxo-4,7,10-triaza-

1(1,3)-benzenacyclotridecaphane-3-carboxylate 

7 

 

2-((3S,9S,12S)-12-(5-chloro-1,3-dioxoisoindolin-2-yl)-

3-(methoxycarbonyl)-5,8,11-trioxo-4,7,10-triaza-1(1,3)-

benzenacyclotridecaphane-9-yl)acetic acid 

8 

 

3-((3S,9S,12S)-12-(5-chloro-1,3-dioxoisoindolin-2-yl)-

3-(methoxycarbonyl)-5,8,11-trioxo-4,7,10-triaza-1(1,3)-

benzenacyclotridecaphane-9-yl)propanoic acid 

9 

 

methyl (3S,9S,12S)-9-(4-aminobutyl)-12-(5-chloro-1,3-

dioxoisoindolin-2-yl)-5,8,11-trioxo-4,7,10-triaza-1(1,3)-

benzenacyclotridecaphane-3-carboxylate 

10 

 

methyl (3S,9R,12S)-12-(5-chloro-1,3-dioxoisoindolin-2-

yl)-9-(mercaptomethyl)-5,8,11-trioxo-4,7,10-triaza-

1(1,3)-benzenacyclotridecaphane-3-carboxylate 

Note: tables are original and non-published or taken from open-access sources 

2.2. Induce fit molecular docking analysis. 

Human insulin-degrading enzyme with protein data bank identification number (2g56) 

[26] was obtained from the protein database (https://www.rcsb.org/structure/2G56). The 
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downloaded human insulin-degrading enzyme was cleaned and prepared for induced fit 

docking calculation using molecular operating environment software (MOE) [27] which 

includes (i) removal of water and ligand molecules which were irrelevant to molecular docking 

calculation; (ii) addition of hydrogen atoms to the studied receptor and this was due to their 

significant roles in interaction with studied molecules; (iii) Allocating suitable charges and (iv) 

and minimizing the structure (for example, by employing energy reduction to alleviate steric 

conflicts) and fixing any structural problems (such as missing residues or chains). 

Also, the studied ligands were prepared using a similar method to the preparation of the 

studied receptor. The 2 and 3-dimensional structures of the studied compounds were modeled 

using ChemDraw 22.2.0 version [28] and Spartan 14 software [29]. Appropriate hydrogen 

atoms/charges were added to the 3-dimensional structure of the studied ligand, and the modeled 

studied compounds were minimized to acquire a steady conformation. 

2.3. Molecular dynamic simulation of lead compound. 

Ubuntu was used to execute molecular dynamic simulations using the GROMACS 

2202.2 [30] package as well as the CGenFF force field [31]. To retrieve the receptors for the 

topology, the pdb2gmx command was utilized. Https://www.swissparam.ch server was used to 

parameterize the studied ligands [32]. A water model (TIP3P) with a dodecahedron box 

configuration and a distance of 1 nm from the protein edges in all directions was used to solvate 

all systems. To imitate a physiological buffer solution, 0.15 M of NaCl was added, and Na+ 

and Cl-ions were added to neutralize the system.  

Moreover, Fmax was kept below 1000 kJ/mol nm using a 500-step steep descent 

approach to reduce energy and get rid of any steric collisions and undesired interactions. The 

NVT and NPT systems were then balanced, with a modified Berendsen thermostat and a 

Berendsen barostat used to maintain a temperature of 300 K for 100 ps and a constant pressure 

at 1 bar level. Each of the two complexes underwent 100 ns of molecular dynamics modeling 

utilizing particle-mesh Ewald electrostatics with stable temperature and pressure, a time step 

of 2 fs, and a long-range interaction limit of 1 nm [33]. Trajectories were shown using Pymol 

and analyzed using a variety of GROMACS scripts. 

2.4. Molecular mechanics/Poisson-Boltzmann surface area (MM-PBSA).  

The Molecular Mechanics/Poisson-Boltzmann Surface Area (MM-PBSA) approach, as 

described by Kumari et al. in 2014 [34], is a technique for assessing the binding affinity of an 

inhibitor protein. Generally, the free binding energy of protein-ligand complexes can be 

computed using g_mmpbsa in conjunction with molecular dynamics (MD) modeling (Equation 

1). Also, using equations 2 and 3, free energies and free solvation energies can be calculated. 

 

𝛥𝐺𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝛥𝐺𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − (𝛥𝐺𝑝𝑟𝑜𝑡𝑒𝑖𝑛 + 𝛥𝐺𝑙𝑖𝑔𝑎𝑛𝑑)              (1) 

𝛥𝐺 = 𝐸𝑀𝑀 +  𝐺𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛                                                        (2) 

𝛥𝐺𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛 = 𝛥𝐺𝑝𝑜𝑙𝑎𝑟 +  𝛥𝐺𝑛𝑜𝑛𝑝𝑜𝑙𝑎𝑟                                   (3) 

2.5. ADMET Examination for lead ligand and reference ligand.  

The ADMET characteristic of the lead compound was predicted using the freely 

accessible SwissADME software [35]. Key molecular parameters, including molecular weight, 
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the count of hydrogen bond acceptors, the count of hydrogen bond donors, and lipophilicity 

(LogP) values, were evaluated based on Lipinski’s rule of five. 

2.6. Molecular dynamics simulation. 

Validation of the docking results was done using MD simulations for both the reference 

drug and the identified hit candidate. Input files for the protein-ligand complexes were prepared 

using the CHARMM-GUI platform (https://www.charmm-gui.org/), incorporating the protein 

in PDB format and the ligand in MOL2 format. A 10 Å rectangular simulation box was set to 

ensure accurate molecular interaction modeling. The system was solvated by adding water 

molecules and ions (0.15 M K+ and Cl-) to neutralize its charge. Parameter files were generated 

using the AMBER force field (GAFF2), which is compatible with the AMBER ff19SB protein 

force field, as demonstrated by Owolabi et al. [36]. The complexes underwent 100,000 steps 

of energy minimization, followed by a 5-nanosecond (ns) equilibration and a 100-ns production 

run. The equilibration was conducted under an NVT ensemble, while the production phase 

used an NPT ensemble, maintaining a stable temperature of 310.15 K. Trajectory analysis was 

performed using the CPPTRAJ module, and the binding interactions and free energies 

(ΔGbind) of the protein-ligand complexes were assessed using the Molecular Mechanics 

Generalized-Boltzmann Surface Area (MMGBSA) method. 

3. Results and Discussion 

3.1. Orbital energies and reactivity descriptors. 

Various reactivity descriptors were calculated using 6-31+G* as a basis set via the 

density functional theory method. The descriptors considered were frontier molecular orbitals 

(highest occupied molecular orbital and lowest unoccupied molecular orbital energies), dipole 

moment, energy gap, weight, polar surface area (PSA), ovality, lipophilicity (LogP), 

polarizability, hydrogen bond donor, and hydrogen bond acceptor. According to Oyeneyin et 

al., frontier molecular orbitals have been observed to be involved in any chemical processes, 

and this has been engaged in forecasting any molecule’s reactivity [37]. HOMO energy reveals 

the capacity of any molecule to donate electron while LUMO energy exposes the electron 

accepting capacity of any compound; thus, -7.34 eV, -5.38 eV, -5.50 eV, -6.91 eV, -7.02 eV, -

6.09 eV, -6.91 eV, and -7.09 eVthe calculated HOMO energy while -0.38 electron volt, -2.08 

electron volt, -2.04 eV, -1.30 eV, -0.02 eV, 0.05 eV, 0.08 eV, and 0.32 eVfor the calculated 

LUMO energy for compound 1-8. The differences between the calculated HOMO and LUMO 

energies, which depict the energy gap, revealed the stability and reactivity of any compound, 

and the calculated energy gap for the studied compounds was 6.96 eV, 3.30 eV, 3.46 eV, 5.61 

eV, 7.00 eV, 6.14 eV, 6.99 eV, and 7.41 eV. According to Oyeneyin et al. [37], compounds 

with low calculated energy gaps depict higher reactivity than compounds with higher 

calculated energy gaps.  

As shown in Table 2, the calculated HOMO energy for these optimized compounds 

ranges from -5.38 eV to -7.34 eV, while the calculated LUMO energy ranges from 0.32 eV to 

-2.08 eV. This depicts that compound 2 (-5.38 eV) readily donates more electrons than other 

optimized compounds, while compound 1 (-7.34 eV) donates the least electrons among the 

studied compounds. The values shown for the calculated HOMO energy for the optimized 

compounds revealed that the capacity of all the studied compounds to donate electrons was 

closer to one another. Meanwhile, the same trend observed in HOMO energy was observed in 

https://doi.org/10.33263/BRIAC154.052
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LUMO energy; compound 2 (-2.08 eV) accepts electrons from the compound with the ability 

to donate them more readily than other optimized compounds. However, compound 8 (0.32 

eV) showed the least ability to accept electrons from neighboring compounds. More so, the 

calculated energy gap for the studied compounds was observed to follow a similar trend when 

compared to the LUMO energy for the optimized compounds. Compound 2 (3.30 eV) depicts 

higher reactivity than other studied compounds, while compound 8 (7.41 eV) proved to be 

more stable than other studied compounds. More so, the energy gap is crucial for determining 

the molecule's stability and reactivity, influencing its biological function. A wider energy gap 

generally indicates greater stability and lower reactivity, while a smaller gap suggests the 

opposite. Therefore, compound 2 was found to be reactive than the other studied compounds. 

Moreover, according to Oyebamiji et al. [38], the molecular weight (MW) for any 

molecular compound is expected to be less than or equal to 500 amu (≤500 amu); thus, all the 

studied compounds were observed to possess the potential ability to act as a drug-like agent. 

Also, the calculated hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) for 

compounds 1 to 8 were within the acceptable range (HBD: ≤5 and HBA≤10), indicating the 

probable capacity of compounds 1 to 8 to exhibit drug-like ability.   

Table 2. Calculated 3-D Properties of the studied/optimized compounds. 

 
EH 

(eV) 

EL 

(eV) 

Energy 

gap (eV) 

Dipole moment 

(Debye) 

Weight 

(Amu) 

PSA 

(Å) 
Ovality Log P Pol HBD HBA 

1 -7.34 -0.38 6.96 4.96 134.131 51.933 1.21 -1.10 50.34 2 3 

2 -5.38 -2.08 3.30 2.33 207.276 7.408 1.32 4.44 59.21 0 1 

3 -5.50 -2.04 3.46 3.53 154.209 31.040 1.27 1.94 54.59 1 2 

4 -6.91 -1.30 5.61 4.87 390.564 37.713 1.72 7.46 76.60 0 2 

5 -7.02 -0.02 7.00 3.99 158.241 20.089 1.32 2.84 54.94 0 1 

6 -6.09 0.05 6.14 4.26 280.452 35.189 1.62 5.97 67.83 1 1 

7 -6.91 0.08 6.99 4.40 256.430 35.189 1.62 5.77 65.52 1 1 

8 -7.09 0.32 7.41 4.64 284.484 34.273 1.67 6.61 68.37 1 1 

PSA- polar surface area; Log P-lipophilicity; pol-polarizability; HBD-hydrogen bond donor; HBA-hydrogen 

bond acceptor.  

3.2. Induced fit molecular docking at the binding site of 2G56. 

All the compounds with potential drug-like ability were subjected to docking studies, 

and the predicted outputs were compared to the output of the reference compound (Metformin). 

The output (Scoring) for the docked compounds was presented in Table 3, while the 

nonbonding interactions observed between the docked complexes were shown in Table 4 and 

Figure 1. The calculated binding affinity and the predicted nonbonding interactions involved 

in the studied complexes were -7.10786152 kcal/mol (PRO  101  H-donor; TYR  224  H-

acceptor; PHE  218 H-acceptor; PRO  101  pi-H) for Compound 1, -7.13188314 kcal/mol (LEU  

285  H-acceptor; LYS  74  pi-cation) for Compound 2, -7.96747208 kcal/mol (ASN  841 H-

donor; ARG  765 H-acceptor; ARG  765  H-acceptor) for Compound 3, -6.99422932 kcal/mol 

(ASN  252  H-donor; HIS  442 H-donor) for Compound 4, -7.04297304 kcal/mol (ASN  252 

H-acceptor; LEU  285 H-acceptor; LYS  74  pi-cation) for Compound 5, -6.65279293 kcal/mol 

(LYS  74  H-acceptor; LYS  74 pi-cation) for Compound 6, -6.92597628 kcal/mol (GLU  133  

H-donor; MET  870  H-donor; GLU  880  H-donor; THR  878  H-acceptor) for Compound 7, 

-7.02212143 kcal/mol (CYS  819   H-donor) for Compound 8, -7.71405029 kcal/mol (ARG  

765   H-acceptor; LYS  558  H-acceptor; PRO  760  pi-H) for Compound 9, -6.70089579 

kcal/mol (ARG  368   H-acceptor; ARG  49    H-acceptor) for Compound 10. 

https://doi.org/10.33263/BRIAC154.052
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According to reports from several literatures, biological and biochemical strength of 

ligand(s) may show the inhibiting ability against receptor and it may not also disclose it [39, 

40].  

Table 3. Calculated scoring and amino acid residue. 

 Binding affinity (kcal/mol) Amino  Acid residues 

1 -7.10 

PRO  101  H-donor 

TYR  224  H-acceptor 

PHE  218 H-acceptor 

PRO  101  pi-H 

2 -7.13 
LEU  285  H-acceptor 

LYS  74  pi-cation 

3 -7.96 

ASN  841 H-donor 

ARG  765 H-acceptor 

ARG  765  H-acceptor 

4 -6.99 
ASN  252  H-donor 

HIS  442 H-donor 

5 -7.04 

ASN  252 H-acceptor 

LEU  285 H-acceptor 

LYS  74  pi-cation 

6 -6.65 
LYS  74  H-acceptor 

LYS  74 pi-cation 

7 -6.92 

GLU  133  H-donor 

MET  870  H-donor 

GLU  880  H-donor 

THR  878  H-acceptor 

8 -7.02 CYS  819   H-donor 

9 -7.71 

ARG  765   H-acceptor 

LYS  558  H-acceptor 

PRO  760  pi-H 

10 -6.70 
ARG  368   H-acceptor 

ARG  49    H-acceptor 

Ref -5.30 

GLY 909 Carbon-Hydrogen Bond 

GLN 800 Conventional Hydrogen Bond 

ASN 805 Conventional Hydrogen Bond 

GLU 924 Attractive Charge 

GLU 809 Salt Bridge 

*Ref: Metformin 

Note: tables are original and non-published or taken from open-access sources 

Table 4. Ligand-receptor nonbonding Interaction diagrams of compounds 1 to 10 with the amino acid residues 

of 2G56. 

Compounds Ligand-receptor nonbonding interaction 

1 
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Compounds Ligand-receptor nonbonding interaction 

2 

 

3 

 

4 

 

5 
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Compounds Ligand-receptor nonbonding interaction 

6 

 

7 

 

8 

 

9 
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Compounds Ligand-receptor nonbonding interaction 

10 

 

 

 
Figure 1. Pictorial representation of the docked studied complexes.  

However, Latona et al. reported that inhibition of receptor by ligand exposes the type 

of nonbonding interaction that occurred between the studied complexes as well as coordination 

of the atom(s) in the ligands [41] and compound with lowest binding affinity is considered to 

be have greatest strength to inhibit receptor [42-55]; therefore, methyl (3S,9S,12S)-9-(3-

amino-3-oxopropyl)-12-(5-chloro-1,3-dioxoisoindolin-2-yl)-5,8,11-trioxo-4,7,10-triaza-

1(1,3)-benzenacyclotridecaphane-3-carboxylate (Compound 3) proved to possess the ability to 

regulate the biochemical and biological activities of Human insulin-degrading enzyme (PDB 

ID: 2g56) (Table 3). The unique inhibiting activity of compound 3 could be attributed to the 

release of electron from the amine group of methyl (3S,9S,12S)-9-(3-amino-3-oxopropyl)-12-

(5-chloro-1,3-dioxoisoindolin-2-yl)-5,8,11-trioxo-4,7,10-triaza-1(1,3)-

benzenacyclotridecaphane-3-carboxylate (Compound 3) to ASN841 as well as the receiver of 
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electron by carbonyl group of compound 3 from ARG 765. Also, the point of interaction of 

methyl (3S,9S,12S)-9-(3-amino-3-oxopropyl)-12-(5-chloro-1,3-dioxoisoindolin-2-yl)-5,8,11-

trioxo-4,7,10-triaza-1(1,3)-benzenacyclotridecaphane-3-carboxylate (Compound 3) with ARG 

765 and ASN841 revealed that the complex formed was stable with a high level of efficiency 

and selectivity (Table 3 and Figure 1). More so, all the studied compounds proved to be active 

than the studied referenced compound. 

3.3. Predicted pharmacokinetics.  

In this work, various factors were considered to investigate the pharmacokinetic study 

of the selected compounds (compound 3 and the reference compound). As shown in Table 5, 

blood-brain barrier, human intestinal absorption, Caco-2 permeability, P-glycoprotein 

Substrate, P-glycoprotein inhibitor, and Renal Organic Cation Transporter were examined for 

the absorption ability of the selected compounds. It was observed that the calculated 

probabilities of the selected compounds were fairly correlated, and the results were also similar 

except for P-glycoprotein Substrate for compound 3, which was observed to be a substrate 

while it was a non-substrate for the reference compound. This is proof that methyl (3S,9S,12S)-

9-(3-amino-3-oxopropyl)-12-(5-chloro-1,3-dioxoisoindolin-2-yl)-5,8,11-trioxo-4,7,10-triaza-

1(1,3)-benzenacyclotridecaphane-3-carboxylate (Compound 3) has a fair ability to be absorbed 

in the human body system. Also, the results and probabilities calculated for distribution, 

metabolism, and toxicity for the selected compounds depict the capacity of the lead compound 

to act as a potential drug agent. More so, the selected compound was predicted not to be 

biodegradable and goes in line with the reference compound used in this work.  

Table 5. ADMET predicted profile --- classification and regression.  

Model Result Probability 

Absorption 

 Compound 3 Metformin Compound 3 Metformin 

Blood-Brain Barrier BBB+ BBB+ 0.6788 0.5868 

Human Intestinal 

Absorption 
HIA+  HIA+ 0.9514 0.9156 

Caco-2 Permeability Caco2- Caco2- 0.7177 0.8958 

P-glycoprotein Substrate Substrate Non-substrate 0.7412 0.6643 

P-glycoprotein Inhibitor 
Non-inhibitor Non-inhibitor 0.7761 0.9613 

Non-inhibitor Non-inhibitor 0.8420 0.8892 

Renal Organic Cation 

Transporter 
Non-inhibitor Non-inhibitor 0.8117 0.7518 

 Distribution  

Subcellular localization Lysosome Lysosome 0.3876 0.7916 

 Metabolism  

CYP450 2C9 Substrate Non-substrate Non-substrate 0.8402 0.7929 

CYP450 2D6 Substrate Non-substrate Non-substrate 0.8290 0.7325 

CYP450 3A4 Substrate Substrate Non-substrate 0.6375 0.6906 

CYP450 1A2 Inhibitor Non-inhibitor Non-inhibitor 0.7666 0.9046 

CYP450 2C9 Inhibitor Non-inhibitor Non-inhibitor 0.5229 0.9159 

CYP450 2D6 Inhibitor Non-inhibitor Non-inhibitor 0.8169 0.9231 

CYP450 2C19 Inhibitor Non-inhibitor Non-inhibitor 0.5000 0.9130 

CYP450 3A4 Inhibitor Inhibitor Non-inhibitor 0.8467 0.9506 

CYP Inhibitory 

Promiscuity 

Low CYP Inhibitory 

Promiscuity 

Low CYP Inhibitory 

Promiscuity 
0.6297 0.9763 

 Toxicity  

Human Ether-a-go-go-

Related Gene Inhibition 

Weak inhibitor Weak inhibitor 0.9750 0.9807 

Inhibitor Non-inhibitor 0.6799 0.9274 

AMES Toxicity Non-AMES toxic Non-AMES toxic 0.7689 0.7367 

Carcinogens Non-carcinogens Non-carcinogens 0.8868 0.6691 

Fish Toxicity High FHMT Low FHMT 0.9809 0.8761 

Tetrahymena Pyriformis 

Toxicity 
High TPT Low TPT 0.9869 0.9005 
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Honey Bee Toxicity Low HBT Low HBT 0.8617 0.5816 

Biodegradation Not ready biodegradable Not ready biodegradable 0.9971 0.9380 

Acute Oral Toxicity III III 0.5761 0.7817 

Carcinogenicity (Three-

class) 
Non-required Non-required 0.5715 0.6357 

 ADMET Predicted Profile --- Regression  

Model Value  Unit  

 Absorption  

Aqueous solubility -3.6562 -0.9180 LogS LogS 

Caco-2 Permeability -0.0937 0.2041 LogPapp, cm/s 
LogPapp, 

cm/s 

 Toxicity  

Rat Acute Toxicity 2.7023 1.7407 LD50, mol/kg 
LD50, 

mol/kg 

Fish Toxicity 1.1815 2.2781 pLC50, mg/L 
pLC50, 

mg/L 

Tetrahymena Pyriformis 

Toxicity 
0.5599 -0.6614 pIGC50, ug/L 

pIGC50, 

ug/L 

3.4. Molecular dynamic simulation analysis. 

In this study, various binding free energies were calculated, along with root mean 

square deviation (RMSD) and root mean square fluctuation (RMSF) analyses, to evaluate the 

molecular dynamics (MD) simulation outcomes of methyl (3S,9S,12S)-9-(3-amino-3-

oxopropyl)-12-(5-chloro-1,3-dioxoisoindolin-2-yl)-5,8,11-trioxo-4,7,10-triaza-1(1,3)-

benzenacyclotridecaphane-3-carboxylate (Compound 3), as well as a reference compound, in 

complex with human insulin-degrading enzyme (IDE; PDB ID: 2G56). As shown in Table 6, 

the gas-phase binding energy (∆Ggas) was more favorable for the reference compound (−129.75 

kcal/mol) compared to Compound 3 (−125.16 kcal/mol), indicating stronger gas-phase 

interactions for the reference.  

Table 6. Calculated free energies for compound 3 and reference compound against 2g56.  

Compound ∆Ggas (kcal/mol) ∆Gsolv (kcal/mol) MMGBSA (kcal/mol) 

Compd 3-2g56 -84.45 51.95 -32.49 

Ref-2g56 -915.01 978.73 63.72 

However, in the solvated phase, Compound 3 exhibited a more favorable solvation 

energy (∆Gsolv  = 92.67 kcal/mol) compared to the reference compound (∆Gsolv  = 97.83 

kcal/mol), suggesting better stability and solvation behavior in a physiological environment. 

The total binding energy, which combines gas-phase and solvation effects, indicated 

that Compound 3 had the most favorable overall interaction energy with IDE, with a calculated 

value of −32.49 kcal/mol, compared to −31.92 kcal/mol for the reference compound. 

According to Abdul-Hammed et al. [56], compounds with lower (more negative) binding 

energies generally exhibit stronger inhibitory potential. Therefore, Compound 3 demonstrates 

superior inhibitory capacity against human insulin-degrading enzyme. 

The structural stability of both complexes during the simulation was evaluated using 

RMSD and RMSF analyses, as depicted in Figures 2 and 3. Compound 3 maintained a more 

stable binding conformation over the simulation period, with a lower RMSD value compared 

to the reference compound, indicating less deviation from its initial conformation. Furthermore, 

RMSF analysis revealed reduced atomic fluctuations for Compound 3, especially within the 

active site region, suggesting stronger and more stable interactions with IDE. 

Additionally, the interaction profile of Compound 3 showed more consistent and 

extensive contacts with the enzyme's key residues, further supporting its enhanced binding 

affinity. The improved performance of Compound 3 can be attributed to its favorable structural 

conformation and interaction energy, which may be influenced by the electronic effects of its 
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substituents. Therefore, the binding free energy calculations, supported by RMSD and RMSF 

analyses, strongly indicate that Compound 3 is a promising candidate for further development 

as a potential inhibitor of human insulin-degrading enzyme. 

 
Figure 2. Predicted RMSD for compound 3 and reference compound against 2g56. 

 

Figure 3. Predicted RMSF for compound 3 and reference compound against 2g56. 

4. Conclusions 

The modified cyclic tetra-amino acid-based compounds against human insulin-

degrading enzyme were investigated using an in silico method. The 3-dimensional descriptors 

were examined, and human insulin-degrading enzyme inhibitor activities of modified cyclic 

tetra-amino acid-based compounds were examined. More so, the addition of propionamide to 

the modified cyclic tetra-amino acid-based compounds improved a comprehensive 

improvement in the hydrogen bond strength with ARG 765 and ASN841 located in the binding 

site of human insulin-degrading enzyme (2g56). Moreover, the molecular docking of methyl 
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(3S,9S,12S)-9-(3-amino-3-oxopropyl)-12-(5-chloro-1,3-dioxoisoindolin-2-yl)-5,8,11-trioxo-

4,7,10-triaza-1(1,3)-benzenacyclotridecaphane-3-carboxylate and human insulin-degrading 

enzyme (2g56) showed a good binding inclination with calculated binding affinity value of -

7.96747208 kcal mol-1, demonstrating that it has a greater propensity to inhibit the enzyme than 

other compounds under study. Additionally, investigating their capabilities as inhibitors of the 

human insulin-degrading enzyme, this research may aid in the thoughtful design and creation 

of an extensive collection of effective, modified cyclic tetra-amino acid derivatives for 

prospective therapeutic uses. 
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