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Abstract: The c-Myc proto-oncogene, a frequently activated oncogene implicated in approximately
20% of human cancers, including incurable multiple myeloma (MM), leads to the formation of a c-
Myc-Max molecular complex. This complex recognizes and binds to DNA E-box sequences, recruiting
the necessary transcriptional machinery to activate or repress specific target genes. Consequently,
inhibiting the c-Myc-Max interaction or disrupting c-Myc stability with small molecules emerges as a
promising strategy to repress the c-Myc function. The methods used are enrichment virtual screening,
pharmacokinetics, docking, and molecular dynamic (MD) simulation. A total of 8 compounds with high
gastrointestinal absorption, resistance to P-glycoprotein (P-gp), some permeability through the blood-
brain barrier, and minimal inhibitory effects on selected cytochrome P450s were obtained. For c-Myc
and c-Myc-Max, (-)-Epigallocatechin gallate (KDH) has a binding affinity of -5.056 kcal.mol* and -
6.391 kcal.mol? respectively, while (+)-Catechin 3-Gallate (XEG) has -4.754 kcal mol* and -6.512
kcal.mol* respectively. MD simulation showed suitable protein-ligand stability, and the interactions of
c-Myc-Max with XEG were better than those of KDH. This study showed that c-Myc activity or c-
Myc/Max interaction could be modulated either by catalytic inhibition or poison by intercalation.
Further investigations are imperative to validate the efficacy of the results of this study.

Keywords: c-Myc-Max; cancer; CHEMBL1077108 (Furospongolide); CHEMBL464381 (Palinurin);
CHEMBL284377 (Dexfosfoserine); pharmacokinetics; molecular docking; molecular dynamics
simulation.
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1. Introduction

The c-Myc proto-oncogene, a member of the basic helix-loop-helix leucine zipper
(bHLH-LZ) family capable of activating or repressing gene expression, stands out as one of
the most frequently activated oncogenes, implicated in an estimated 75% of all human cancers,
including breast, cervical, colon and prostate cancers, lymphomas, neuroblastoma, myeloid
leukemia, and small-cell lung carcinomas, among others, most oftentimes, they are found
aggressive and irresponsive to the current therapies [1]. Notably, It can regulate up to 15% of
genes across species, particularly affecting specific gene classes related to metabolism, protein
biosynthesis, cell cycle regulation, cell adhesion, and the cytoskeleton [2,3].

The c-MYC protein consists of a DNA binding domain followed by a bHLH-LZ motif
at the C-terminal. This DNA binding domain serves as the site for c-MYC's heterodimerization
with its partner molecule, the transcription factor Myc-associated factor X (Max). Elevated c-
Myc protein levels result in heterodimerization with Max, forming the c-Myc/Max partnership.
This complex can then recognize and bind to DNA E-box sequences, recruiting the
transcriptional machinery necessary to activate or repress specific target genes [2, 4-6]. The c-
Myc-Max-Miz-1 complex plays a role in repressing cell cycle inhibitors such as CDK inhibitor
pl5Iink4b (CDKN2B) and is implicated in preventing cell growth inhibition [7]. c-Myc is
involved in the pathogenesis of a significant number of malignancies, approximately 60-70%
of solid and hematopoietic tumors [8] and multiple myeloma (MM), a common incurable
hematological tumor [9].

Multiple myeloma (MM) is a B-cell neoplasm resulting from the clonal proliferation of
plasma cells in the bone marrow, which produce monoclonal immunoglobulins (M-protein)
that could be trapped within some organs such as bone and kidney, thereby causing progressive
dysfunction, with symptoms which include anemia, hypercalcemia, osteolytic bone disease, or
renal failure [10-12]. In MM, c-Myc acts as a primary oncogene [13]. According to Gupta et
al. [14], MM cells binding to bone marrow cells stimulate the production of various cytokines,
including interleukin-6, interferon-gamma, vascular endothelial growth factor, tumor necrosis
factors, transforming growth factor-f, and receptor activator of nuclear factor-«B ligand. The
emerging therapies for the management of MM in both newly diagnosed and relapsed and/or
refractory patients include bortezomib, carfilzomib, pomalidomide with or without low-dose
dexamethasone, a compound targeting B-cell maturation antigen, and chimeric antigen
receptor T-cells, and others [11, 12, 15-17].

c-Myec regulates a significant portion of genes (up to 15%) through two mechanisms:
(i) activation of gene transcription by c-Myc/Max heterodimers binding to specific recognition
sites (E-box elements) within promoter regions and (ii) repression of c-Myc-regulated genes
via indirect recruitment of c-Myc/Max dimers to DNA through the zinc-finger protein Miz-1
[18]. To inhibit c-Myc functions, blocking the protein-protein interactions essential for c-Myc
and Max association, irrespective of DNA presence, is crucial [18].

Targeting oncogenic Myc for antitumor effects in cancer treatment has been
investigated by indirect approach of blockade Myc to achieve Myc destabilization, disruption
of Myc/Max complex, inhibition of MYC transcription and/or translation, and synthetic
lethality associated with Myc overexpression [19-21]. Indirect approaches aim to disrupt c-
Myec stability; compounds like oridonin induce E3 ligases FBW?7 and Skp2, promoting c-Myc
degradation [22]. Eukaryotic initiation factor-4A (elF4A) targeted by Silvestrol and Src kinase
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targeted by saracatinib also show promise in reducing c-Myc translation rates and impairing
tumor development [23,24]. Targeting c-Myc/Max interaction remains an appealing approach.

In silico enrichment, virtual screening could be used for c-Myc or c-Myc/Max
modulator discovery due to its efficiency, cost-effectiveness, target specificity, and iterative
refinement, while limitations include potential inaccuracies, simplified models, and the need
for advanced computational assessment such as pharmacokinetic and target prediction,
molecular docking, molecular dynamics simulation with binding energy calculation, and
ultimately experimental validation. Moreover, biophysical and computational approaches have
been deployed to investigate a new set of inhibitors of c-Myc [25-30]. Some promising low
molecular weight MYC inhibitors that have been discovered include MYCMI-6, PKUMDL-
YC-1205, KJ-Pyr-9, MYCi975, KSI-3716, and many others [1, 20, 27, 31]. Thus, this study
aimed to identify potential c-Myc or c-Myc/Max modulators through in silico enrichment
virtual screening, pharmacokinetics, docking, and MD simulation.

2. Materials and Methods

2.1. Protein-protein interaction analysis.

The human Myc proto-oncogene (c-Myc) protein (UniProt ID: P01106, Gene ID:
MYC) sourced from the UniProt database (www.uniprot.org) was utilized. Protein-protein
interaction (PPI) profiling was conducted using the STRING webserver v12.0 (https://string-
db.org/, [32]) using the gene ID: MYC.

2.2. Enrichment virtual screening.

The UniProt ID was employed for enrichment virtual screening on the LIGQ webserver
(ligg.gb.fcen.uba.ar) with the full pipeline setting. LIGQ generated a compound set with
binding evidence to the input protein or similar ones based on prior biological assays [33].

2.3. Clustering analysis.

Sets of ligands in SMILES format underwent scrutiny, removing non-druglike
molecules. Clustering analysis with multidimensional scaling was performed on the
ChemMiine server (http://chemmine.ucr.edu/) [34] using the ligands' SMILES.

2.4. In silico ADME prediction.

In silico ADME (absorption, distribution, metabolism, and excretion) screening for
compounds was conducted on the SwissADME server (www.swissadme.ch) at default
parameters using the SMILES format [35]. Duplicated ligands were excluded from subsequent
analyses.

2.5. Molecular docking.

The ligands' SMILES underwent 3D  structure optimization  using
ACDLab/Chemsketch software and were saved in .mol format. Subsequently, PyMol software
facilitated the conversion of ligand files from .mol to .pdb format. The c-Myc 3D structure was
obtained in AlphFold PDB format from the UniProt database (AlphaFold ID: AF-P01106), and
the 3D structure of c-Max/Max was obtained from the protein database (PDB ID: INKP). Prior
to docking, ligands and target protein structures in PDB format were formatted to PDBQT
https://nanobioletters.com/ 30f 19
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using AutoDock Tools (ADT) v1.5.6 [36]. Ligand-protein molecular blind docking, which
sampled all the binding pockets present on the protein instead of just the active site alone, was
executed using AutoDock Vinav1.2.3 [37,38], as previously reported [39,40]. Binding affinity
and close interactions between ligands and targets were analyzed and visualized using
ezLigPlot on the ezCADD webserver at http://dxulab.org/software [41].

2.6. Molecular dynamics simulation.

Molecular dynamics simulations, lasting 100 nanoseconds, were conducted using
Desmond from Schrodinger suite v2018-3 [40,42,43]. Protein and ligand complex
configurations for molecular dynamics simulation were derived from docking studies. The
complexes underwent preprocessing, including optimization and minimization, using
Maestro's protein preparation wizard. Systems were prepared using the System Builder tool,
selecting the TIP3P Solvent Model with an orthorhombic box. The simulation employed the
OPLS-2005 force field, and neutralization was achieved by adding 0.15 M NaCl counter ions
to mimic physiological conditions [44]. The NPT ensemble with a temperature of 310 K and
pressure of 1 atm was selected for the entire simulation. Models were relaxed before simulation,
and trajectories were saved every 100 ps. Post-simulation analysis included determining root-
mean-square deviation (RMSD), root-mean-square fluctuation (RMSF), and protein-ligand
interaction profiles. Additionally, prime molecular mechanics/generalized Born surface area
(MMGBSA) calculations were conducted to determine the binding free energy (AGbind)
[40,42,45] as follows:

MMGBSA AGping = AG coutomb + AGcovalent + AGHbond + AG'Lipo + AGPacking +

AGsolyge + AGyaw (1)

3. Results and Discussion

This study successfully identified several structurally diverse small-molecule inhibitors
of c-Myc through screening, with potential for disrupting c-Myc protein-protein interactions.
The enrichment virtual screening of the LIGQ web server is based on the capacity to detect
known binders and potential binders to a desired target and extend the list by selecting a small
set of commercial compounds enriched in potential binders from a large database of
commercially available compounds using a chemical similarity cutoff [33].

In this study, protein-protein interaction of human c-Myc protein was predicted, and
the results showed that its primary interacted proteins are MAX (protein max), EP300 (histone
acetyltranferase p300), BIN1 (Myc box-dependent-interacting protein 1), TRRAP
(transformation/transcription domain-associated protein), ZBTB17 (zinc finger and BTB
domain-containing protein 17), BRCAL (breast cancer type 1 susceptibility protein), FBXW7
(F-box/Wd repreat-containing protein 7), CDKN2A (cyclin-dependent kinase inhibitor 2A),
TP53 (cellular tumor antigen p53) and KAT2A (histone acetyltransferase KAT2A) as shown
in Figure 1. Some of the identified proteins that directly interact with c-Myc were predicted in
this study, which include TP53, EP300, BRCAL, Fbxw7, and TRRAP, showing the
indispensability of c-Myc in cancer diseases [31]. Notably, the transformation/transcription
domain-associated protein (TRRAP), a crucial c-Myc co-factor, forms STAGA complexes
with histone acetyltransferase (HAT) activity [46]. Additionally, transcriptional co-factors
p300 and cyclic AMP response element-binding protein (CBP) interact with c-Myc at two
distinct sites, influencing its transactivating activity and acting as an activator [47,48].
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Figure 1. Protein-protein interaction profile of MYC.

The inhibition of c-Myc in small-cell lung cancer has been linked to the inactivation of
the TP53 gene [49]. About 6-8% of cases of MM have been associated with TP53 mutation,
but mutation-targeted therapeutic intervention in MM has been unsuccessful due to intra-clonal
heterogeneity and subclonal complex structure, impacted by bone marrow, immune response,
and therapy [11].

Studies indicate that c-Myc plays a pivotal role in increasing the intracellular iron pool,
enhancing glucose uptake, glycolysis, and nucleotide synthesis, as well as regulating RNA
polymerase | and polymerase Il transcription for ribosome biogenesis and protein synthesis
[50-53]. Deregulated c-Myc expression contributes to apoptosis under nutrient or growth factor
deprivation, mediated by NRF-1 target genes [54,55]. c-Myc neoplasia often involves
cooperation with other oncogenic agents, leading to the loss of regulatory checkpoints and
feedback loops [56].

The c-Myc/Max dimers have been shown to repress transcription by disrupting the
association of Miz1 with the p300 coactivator, suggesting a role for Max in transcriptional
regulation beyond previous understanding [57-59]. The HBP1 transcriptional repressor, a
suppressor of Wnt signaling, also inhibits the expression of endogenous Wnt gene targets
Cyclin D1 and c-Myc. Notably, (-)-epigallocatechin-3-gallate (EGCG), a major green tea
phytochemical, blocks Wnt signaling through HBP1 transcriptional repression [60].

Complicating matters, c-Myc, a nuclear protein lacking enzymatic function, has a
history of poor interaction with small molecules [61]. Directly targeting c-Myc is challenging,
as it is considered undruggable due to its disordered nature and the absence of identifiable
stable druggable pockets and cavities [58,62]. The development of improved c-Myc/Max
inhibitors for assessing new clinical anti-cancer therapies has greatly benefited from detailed
structural models of c-Myc/small molecule interactions [63].

The rational enrichment virtual screening was done on the c-Myc protein to determine
a set of compounds that could modulate it. The results of the virtual screening gave a total of
15 compounds in SMILES format (Supplementary Table S1). The 15 compounds were
subjected to hierarchical clustering, which revealed their structural similarities based on their
physicochemical properties, as shown in Figure 2. Clustering results showed the structural
similarities of the identified compounds based on physicochemical properties, but it does not
guarantee similar biological effects because variation in functional groups could impact
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significant therapeutic outcomes. For instance, (+)-Catechin 3-Gallate (XEG) differs from (-)-
Epigallocatechin gallate (KDH) by a single hydroxyl group and optical configuration that alters
the function as predicted in this study.
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Figure 2. Hierarchical clustering results. Parameter options used are heatmap (distance matrix); Linkage
Method (single); physicochemical properties heatmap (chemmineR properties), and properties color and display
values (Z-scores).

Also, the 15 compounds were subjected to pharmacokinetic prediction, and the results
were manually checked of which compounds were duplicated, and those with low
gastrointestinal absorption (GIA) were removed, and a total of 8 compounds were obtained
(Table 1). These compounds were not a substrate of P-glycoprotein (P-gp), while some of the
compounds were permeant of the blood-brain barrier (BBB), had good solubility, and very few
had an inhibitory effect on the selected cytochrome P450s (Table 2). The pharmacokinetic
properties showed that CHEMBL1077108 (Furospongolide) and CHEMBL464381 (Palinurin)
have moderate solubility, high gastrointestinal absorption (GIA), cross the blood-brain barrier
(BBB) and inhibit some cytochrome P450s. These properties are good for oral drug
administration, and they are less affected by first-pass metabolism, so they could be present as
neuroactive effects.

Table 1. Identified ligand structure and name.

,\i') Ligand code Compound structure Common name PubChem CID
Ho. °H ,0
P /YL O-phospho-L-threonine, 3046323
1 TPO g © OH phosphothreonine
NH,
CHEMBL1077108 | A =
' ; - 21637526
2 ZINC49053856 7] 0 Furospongolide

https://nanobioletters.com/ 6 of 19


https://doi.org/10.33263/LIANBS120.000
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS143.143

l\?é) Ligand code Compound structure Common name PubChem CID
O~
3 CHEMBL464381 Palinurin 54726684
/
4 CHEMBL284377, “OK__\ : O-phospho-L-serine; 68841
SEP N 0—p—oH Dexfosfoserine
OH
N oS
5 OMH i \\( ° hydroxy(methoxy)phosphoryl]- 49867438
\H, L-serine
CHEMBL1235482,
6 ZINC01729593, OWO Pentanedial 3485
PTD
HO OH
p*oru
7 XEG o O (+)-Catechin 3-Gallate 5276454
H
OH
HO OH
OH
oH o:é (-)-Epigallocatechin gallate 1016
8 KDH, EGG 5 w (E0C0)
HO o "°H OH
OH
Table 2. Predicted pharmacokinetics of the compounds.
Ligands Predicted ADME Parameter from SWISSADME
SN TPSA | Log | ESOL ESOL BBB P- CYPs .
ID MW MR (A2 P | Log$S Class GIA permeant | gp | Inhibitor Lip | BS
1| TPO | 1991 | 3789 | 13089 | .| 216 | Higny 1o No |No| None 0 | 056
2.56 soluble
CYP2C19,
CHEMBL Moderately . CYP2C9,
2 1077108 328.45 | 98.34 3944 | 494 | -4.72 soluble High Yes No CYP2D6, 0 0.55
CYP3A4
CYP2C19,
3 | CHEMBL | 5o0 54 | 11866 | 59.67 | 4.86 | -a.72 | Moderately | i | ves | No| cyp2ce, | o | 055
464381 soluble
CYP2D6
CHEMBL Highly
4 284377 185.07 | 33.09 | 139.89 | -2.7 2.12 soluble Low No No None 0 0.56
5 | OMH | 1991 | 37.82 | 12889 | .o, | 2.16 Highly 1 yigh No No | None 0 | 056
2.31 soluble
CHEMBL Highly .
6 1935482 100.12 | 26.55 34.14 | 0.38 0.15 soluble High Yes No None 0 0.55
7 XEG 442,37 | 110.04 | 177.14 | 1.28 -3.7 Soluble Low No No None 1 0.55
8 KDH 458.37 | 112.06 | 197.37 | 0.95 | -3.56 Soluble Low No No None 2 0.17

Physicochemical properties: Molecular weight (MW); Molar Refractivity (MR); Total polar surface area
(TPSA);, Lipophilicity: Consensus Log P; Water Solubility: ESOL Log S, ESOL Class; Pharmacokinetics:
Gastrointestinal absorption (GIA); Blood-brain barrier (BBB); P-glycoprotein (P-gp) substrate; Inhibition of
Cytochrome P450 (CYPs) type CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4; Druglikeness: Lipinski

(Lip), Bioavailability Score (BS); Medicinal Chemistry: Synthetic accessibility (SA).

Moreover, although XEG and KDH differ by a hydroxyl group, the KDH violated two
of Lipinski’s rules, which affected their lipophilicity (Log P) and bioavailability. Ligands
violating two or more conditions may exhibit inadequate absorption and permeability. Drug
toxicity decreases with a decrease in lipophilicity (Log P value) because the higher the

lipophilicity, the lesser the solubility [64]. Less solubility in water has been observed for novel
https://nanobioletters.com/
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inhibitors of c-Myc, but compound PKUMDL-Y C-1205 has been reported to have high water
solubility [27]. Small molecule inhibitors of c-Myc, like 11A6B17, 10058-F4, 10074-G5, and
JY-3-094, suffer from low bioavailability and poor cell penetration [65].

CHEMBL1077108 (Furospongolide) antitumor effect has been linked to inhibition of
hypoxia-inducible factor-1 (HIF-1) induction in breast tumor cells [66], CHEMBL464381
(Palinurin) was found to inhibit GSK-3B in human neuroblastoma cells [67], while
CHEMBL284377 (Dexfosfoserine) is an amino acid, a phosphoric acid ester of serine, used
for nutritional supplementation therapy in over-fatigue condition, often combined with
cyanocobalamin and L-glutamine (Ref: www.drugbank.ca). Green tea polyphenols, including
EGCG and ECG, have been shown to modulate the expression of genes associated with
pulmonary hyperplasia, dysplasia, and lung cancer development [68,69]. EGCG has been
associated with mitigating metabolic changes in cancers such as prostate cancer by modulating
the PI3K/Akt/mTOR pathway [70]. Phytochemicals from medicinal plants have been exploited
for direct modulation of c-Myc activities. For example, celastrol has been shown to bind c-
Myc/Max to abrogate E-box binding [71].

The SMILES of the 8 compounds were checked on the PubChem database, and their
PubChem CIDs were obtained. The 8 compounds were subjected to molecular docking
analyses against the three-dimensional structure of c-Myc and c-Myc/Max, respectively, and
the results of binding affinity are presented in Table 3. The result showed that KDH (PubChem
CID: 1016) has a binding affinity of -5.056 kcal mol™ and -6.391 kcal mol™ for c-Myc and c-
Myc/Max respectively, while compound XEG (PubChem CID 5276454) has -4.754 kcal mol
1 and -6.512 kcal mol™ for c-Myc and c-Myc/Max respectively, which are better than that of
Doconexen which is a standard drug (Table 3). These results showed that compounds KDH,
XEG, TPO, and CHEMBL 284377 have better binding affinity for c-Myc/Max than c-Myc.

CHEMBL284377, Doconexent, TPO and KDH bind to c-Myc/Max. On the DNA, the
helix bases are not amino acids, whereas OMH and XEG bind to c-Myc/Max. It is on the amino
acids, not DNA helix bases. The binding pose of the complex with high binding affinity is
presented in Figure 3, which shows the amino acid residues or nucleotide bases involved in the
binding interaction. For c-Myc, amino acid residues CYS117, ALA140, GLU253, and
GLU388 serve as ligand hydrogen donors, while GLU255 serves as a ligand hydrogen
acceptor. For c-Myc/Max, the ligand hydrogen acceptors are amino acid residues GLN958,
HIS576, and nucleotide bases dA603, dG602, dA816 while the ligand hydrogen donors are
amino acid residues GLU957, GLU572, GLN580, and nucleotide bases dG604, and dT815.

Table 3. Docking results of the compounds against c-Myc and c-Myc/Max.

c-Myc/Max
c-Myc
S | Ligands | TUBCMEM | (alphaFold ID: AF-P01106) (PDB 1D: INKP)
No CID Binding Affinity AG
Binding Affinity AG (kcal.mol ")) (kfal - Ol_f)y
1 TPO 3246323 -3.403 -4.977
5 | CHEMBL | 51637526 -3.943 -3.196
1077108
3 CHEMBL 54726684 -4.014 -3.609
464381
4 | CHEMBL 68841 -3.095 -5.117
284377
5 OMH 49867438 -3.139 -4.626
g | CHEMBL 3485 -2.766 -3.406
1235482
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7 XEG 5276454 -4.754 -6.512

3 KDH 1016 -5.056 -6.391

g | Doconexent | 445580 -3.124 -3.391
(standard)

Docking parameter: c-Myc (UniProt ID: P01106) [spacing: 1.000, npts: 126 x 126 x 126, center: 6.333 x
1.024 x -12.133]. c-Myc/Max (PDB ID: 1nkp) [spacing: 1.000, npts: 126 x 126 x 126, center: 53.479 x 47.625
x 57.374].
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Figure 3. Interaction of the binding poses of: (A) CHEMBL284377 and c-Myc/Max; (B) Doconexent and c-
Myc/Max; (C) OMH and c-Myc/Max; (D) TPO and ¢c-Myc/Max; (E) XEG and c-Myc/Max; (F) XEG and c-
Myc; (G). KDH and c-Myc/Max; (H) KDH and c-Myc.

In this study, molecular docking results showed that epicatechin-3-gallate (XEG)
epigallocatechin gallate (KDH) and CHEMBL284377 (Dexfosfoserine) have the most
promising effects on c-Myc/Max with binding affinity less than -5.00 kcal/mol, which was
better than that of the standard compound Doconexent (-3.391 kcal/mol). A study by Yu et al.
[27] reported binding affinity in a range of -3.483 to -6.596 for a novel set of c-Myc inhibitors.
Additionally, Yao et al. [9] identified the small molecular inhibitor D347-2761 as a novel dual-
targeting c-Myc/Max heterodimerization agent, disrupting c-Myc protein stability to repress
multiple myeloma growth in vitro and in vivo by inhibiting CDK4 promoter transcriptional
activity. Additionally, Trovafloxacin, Ozanimod, and Ozenoxacin were found to significantly
decrease c-Myc mRNA levels and downregulate c-Myc expression [72]. Three compounds—
ZINC000004654958, ZINC000004654971, and ZINC000008689961—were identified as safe
drug candidates against c-Myc, showing no pi-pi interaction [29].

https://nanobioletters.com/ 10 of 19
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In this study, the results showed some interaction with amino acid residues and
nucleotide bases in the c-Myc/Max structure. CHEMBL284377, Doconexent, TPO, and KDH
bind to c-Myc/Max on the DNA helix bases, not amino acids, whereas OMH and XEG bind to
c-Myc/Max on the amino acids, not DNA helix bases. These results revealed two mechanisms
by which the inhibitors could interact with c-Myc/Max complex as catalytic inhibitors and c-
Myc/Max poisons (DNA- and non-DNA intercalating agents) in a similar manner to the
topoisomerase Il alpha inhibition mechanism [73]. The Myc-Max complex structure (PDB:
1NKP) encompasses amino acids 947-980 of Myc (chain A) and 247-280 of Max (chain B),
corresponding to the leucine zipper region [25,74]. A well-defined binding pocket, constituted
by specific residues in both c-Myc and Max (Leu917, Phe921, and Lys939 in c-Myc and
Arg212, Arg215, Asp216, 11e218, Lys219, Phe222, and Arg239 in Max), has been identified
as the binding site for c-Myc inhibitors [75]. Ligand interaction analysis of seven compounds
with c-Myc/Max highlighted key residues shaping the neighborhood of the hot spot and warm
spot residues [30]. A study has shown that compound PKUMDL-YC-1205 binds to the Holo
conformation of c-Myc by interacting with Arg372 and Ser373 [27], and compound 10074-G5
interacts with Arg366, Arg367, and Arg372 [76].
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Figure 4. Protein-ligand complex simulation results (A) RMSD of c-Myc/Max — XEG; (B) RMSF of c-
Myc/Max; (C) Interaction profile of the contact between c-Myc/Max — XEG; (D) RMSD of c-Myc/Max —
KDH; (E) RMSF of c-Myc/Max; (F) Interaction profile of the contact between c-Myc/Max — KDH.

MD simulations were employed to evaluate the structural stability of the protein and
the binding status of the ligand in a physiologically relevant environment. For ease of
comparison, the c-Myc/Max binding complexes with compounds XEG and KDH were utilized
for MDS analysis. The results, depicted in Figure 4(a-f), provide valuable insights into the
dynamic behavior and interactions of the protein-ligand complexes under realistic conditions.
The RMSD of c-Myc/Max binding with XEG showed a protein RMSD of 7.0 A and a ligand
RMSD of 4.80 A from 0 to 100 ns (Figure 4a). The RMSF of c-Myc/Max peaked at amino acid

https://nanobioletters.com/ 11 of 19


https://doi.org/10.33263/LIANBS120.000
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS143.143

residues 80-100, 165-175, and 250-260 (Figure 4b). Details about hydrophobic interactions,
hydrogen bonds, water bridges, and ionic interactions in the protein-ligand interactions are
illustrated in Figure 4c. In contrast, the RMSD of KDH binding with c-Myc/Max indicated a
protein RMSD of 7.0 A and a concerning ligand RMSD of 100 A from 0 to 100 ns (Figure 4d).
The RMSF of c-Myc/Max exhibited significant fluctuations at amino acid residues 80-100,
165-175, and 250-260 (Figure 4e). The protein-ligand interactions, including details on
hydrophobic interactions, hydrogen bonds, water bridges, and ionic interactions, are presented
in Figure 4f. The result of MD simulation showed suitable protein-ligand stability and
interactions of c-Myc/Max and XEG with GLU957, ILE961, GLU572, LYS575, GLUS597, and
TYR252 as major amino acid residues, while c-Myc/Max and KDH interaction have GLU956
and ASP965 as major amino acid residues. A schematic of detailed ligand atom interactions
with the protein residues is presented in Figure 5.
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Figure 5. A schematic of detailed ligand-protein interactions (A) c-Myc/Max with XEG; (B) c-Myc/Max with
KDH.

Hydrophobic
Water
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MD simulation was employed to assess atomic-level variations in the protein-ligand
system and evaluate the stability of the complex in a dynamic environment [39]. MD simulation
calculates the trajectory of atoms over time, enabling the study of various processes, such as
structural variation and ligand-protein contact [64]. The RMSD is usually used to assess
flexibility, compactness, and conformational divergence, with RMSD values less than 4 A
indicating relatively small conformational changes and suggesting stability during simulation
[40]. The RMSD of c-Myc of about 16 A has been reported to show that the structure gains a
stable conformation during about 410 ns simulation, with ligands interacting with residues
Val953, GIn954, Glu956, and Glu957 [30].

Table 4. Binding energy (AG"") of the interaction of c-Myc/Max with XEG and KDH, respectively, at 0 and
100 ns.
MMGBSA AG (kcal.mol?)

Complex Slr_nulatlon . . AGPind

Time (ns) Coulomb | Covalent Hbond Lipo Packing | Solv_GB vdwW (Total)
XEG - c- 0 -27.567 5.940 -2.13737 -10.795 -1.200 26.652 -34.553 -43.661
Myc/Max 100 -18.304 4.217 -2.54325 -9.613 -1.903 18.495 -38.820 -48.470
KDH - c- 0 -56.999 1.032 0 -4.979 -1.387 52.595 -20.999 -30.737
Myc/Max 100 -7.636 -1.640 0 -1.123 0 8.162 -1.741 -3.977

Legend: Total: Total binding energy (Prime energy). Lipo: Lipophilic energy. Covalent: Covalent binding

energy. Packing: Pi-pi packing correction Hbond: Hydrogen bonding energy. Coulomb: Coulomb energy. Solv
GB: Generalized Born electrostatic solvation energy. vdW: Van der Waals energy.
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The binding free energies for all complexes were computed using MMGBSA at both 0
ns and 100 ns time points, as shown in Table 4. The results indicate that the binding energy
AGbind (Total) for XEG - c-Myc/Max complex at 0 ns and 100 ns were -43.661 and -48.470
kcal/mol, respectively, while binding energy AGbind (Total) for KDH - c-Myc/Max complex
at 0 ns and 100 ns were -30.737 and -3.977 kcal/mol respectively.

The result indicates that the XEG - c-Myc/Max complex is more stable in energetics
than the KDH - c-Myc/Max complex during the 100 ns MD simulation. Prime MM-GBSA
provided various energy properties, including ligand, receptor, complex energies, and energy
differences related to strain and binding [40]. The results of MMGBSA binding energy in this
study showed that the XEG - c-Myc/Max complex possessed stabilized VVan der Waals energy,
Coulomb energy, and solvation energy, while the KDH - c-Myc/Max complex has unstable
Coulomb energy, solvation energy, and Van der Waals energy, in simulated physiological
condition. This difference may account for the mechanism of catalytic inhibition and poison
by intercalation, respectively, as hypothesized in this study. Previous studies reported MM-
GBSA binding free energies for the Myc-Max complex using distance and position restraints,
as well as MM-GBSA scores for c-Myc/Max—ligand complexes within the range of —20 to —50
kcal/mol [25,30]. These calculations provide valuable insights into the stability and energetics
of the studied biomolecular systems.

4. Conclusions

The study showed potential c-Myc or c-Myc/Max modulators for cancer therapy by
leveraging computational methods. Potential compounds that could selectively modulate c-
Myc/Max interaction were identified, offering new avenues for drug development. Further in
vivo investigations are imperative to validate the efficacy of CHEMBL1077108
(Furospongolide), CHEMBL464381 (Palinurin), TPO (Phosphothreonine), CHEMBL 284377
(Dexfosfoserine), and XEG ((+)-Catechin 3-Gallate), in addressing various c-Myc-implicated
cancer diseases, with a specific focus on multiple myeloma. This study lays the groundwork
for potential therapeutic interventions targeting c-Myc and opens avenues for future research
in cancer treatment.
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Supplementary Files

Table S1. SMILES of the ligands used in this study.

SN | Ligand Code SMILES

1 | YTH C[CH](O[P1(0)(0)=0)[CH](N)C(0)=0

2 | TPO C[C@H]([C@@H](C(=0)O)N)OP(=0)(0)O

3 D11 C[C@@H]([C@H](C(=0)O)N)OP(=0)(0)O

4 | CHEMBL1077108 | C\C(=C/CC\C(=C\CCclcoccl)\C)\CCCC2=CC(=0)0C2

5 | ZINC49053856 CI/C(=CCC/C(=C/CCclccocl)/C)/CCCC2=CC(=0)0C2

6 | CHEMBL464381 CC(CC\C=C(/C)\C[C@H]10C(=0)C(=C10O)C)\C=C\C=C(/C)\CCCc2cocc2

7 | CHEMBL284377 N[C@@H](COP(=0)(0)0O)C(=0)0

8 | SEP C([C@@H](C(=0)O)N)OP(=0)(0)O

9 | OMH CO[P@](=0O)(0)OC[C@@H](C(=0)O)N

10 | CHEMBL1235482 | O=CCCCC=0

11 | ZINC01729593 C(CC=0)CC=0

12 | PTD C(cc=0)cc=0

13 | XEG clec(c(ccl[C@@H]2[C@H](Cc3c(ce(cc302)0)0)OC(=0)c4cc(c(c(c4)0)0)0)0)0

14 | KDH clc(ce(c(cl10)O)O)[C@@H]2[C@@H](Cc3c(cc(cc302)0)O)OC(=0)cdcc(c(c(c4)O)0)0
15 | EGG clc(ce(c(cl10)O)O)[C@@H]2[C@@H](Cc3c(cc(cc302)0)O)OC(=0)cdcc(c(c(c4)0)0)O
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