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Protein—protein interactions drive various biological
processes in healthy as well as disease states. The transcription
factor c-Myc plays a crucial role in maintaining cellular
homeostasis, and its deregulated expression is linked to various
human cancers; therefore, it can be considered a viable target
for cancer therapeutics. However, the structural heterogeneity
of c-Myc due to its disordered nature poses a major challenge
to drug discovery. In the present study, we used an in silico
alanine scanning mutagenesis approach to identify “hot spot”
residues within the c-Myc/Myc-associated factor X interface,
which is highly disordered and has not yet been systematically
analyzed for potential small molecule binding sites. We then
used the information gained from this analysis to screen po-
tential inhibitors using a conformation ensemble approach.
The fluorescence-based biophysical experiments showed that
the identified hit molecules displayed noncovalent interactions
with these hot spot residues, and further cell-based experi-
ments showed substantial in vitro potency against diverse
c-Myc-expressing cancer/stem cells by deregulating c-Myc
activity. These biophysical and computational studies demon-
strated stable binding of the hit compounds with the disor-
dered c-Myc protein. Collectively, our data indicated effective
drug targeting of the disordered c-Myc protein via the deter-
mination of hot spot residues in the c-Myc/Myc-associated

factor X heterodimer.

In normal cells, protein—protein interactions (PPIs) play a
crucial role in normal cellular functioning via regulating
various biological processes; one of many is the formation of
specific and dynamic interaction in the cell signaling pathway
(1-3). On an estimate, around 130,000 to 650,000 PPIs are
present in the complex human interactome and responsible for
numerous biological functions in normal and diseased cells
(4, 5). The deregulated PPI is reported in various disease states,
including cancer (6, 7). A perturbated PPI leads to altered
behavior of a given metabolic pathway, making the PPI an
attractive target for drug discovery. The knowledge of the PPI

* For correspondence: Neha Garg, nehagarg@bhu.ac.in.

SASBMB

structural aspect indicates that the energy distribution is not
uniform in a given PP, and only a small subset of amino acids
will have the majority of contribution in binding free energy
than others (8, 9). These residues significantly contribute to
binding free energy in PPIs are called “hot spots” (10). A more
specific definition of a hot spot is an amino acid residue
when mutated with alanine results in a decrease of at least
2.0 kcal/mol in the binding free energy (11, 12). Detection of
these hot spots in deregulated PPIs has helped researchers for
structure-based drug discovery.

c-Myc/Myc-associated factor X (MAX) is a classic example of
PPI, which plays a crucial role in cellular homeostasis by regu-
lating various cellular processes, like cell cycle progression, cell
growth and division, metabolism, cell adhesion, mobility, telo-
merase activity, and apoptosis (13—15). The heterodimer con-
trols the expression of nearly 15% of the entire human genome
via binding to the palindromic enhancer box sequences or E-box
present at the promoter of the target genes (16). The expression
level and activity of c-Myc is highly controlled in the normal
cells, and its deregulation is associated with various solid and
hematological tumors showing aggressive nature and chemo-
resistance (17, 18). The involvement of c-Myc in various cancers
makes it a promising therapeutic target for developing novel
antineoplastic drugs. In the last 2 decades, researchers have
employed various strategies to inhibit the functionality of c-Myc
(19-21). These strategies include the transcriptional and post-
translational targeting of c-Myec. Till now, various small mole-
cules and peptide-based inhibitors have been reported, but they
all fail in the clinical trials due to unappropriated pharmacoki-
netic behavior and lack of in vivo potency.

Targeting c-Myc/MAX heterodimerization has always been
preferred to discover potent inhibitor that exclusively inhibits the
regulatory functionality of c-Myc. However, several challenges
are associated with therapeutic intervention against c-Myc that
restrict the development of c-Myc-targeted antineoplastic drugs.
The Myc/MAX interacting interface is relatively large
(~3200 A?), flat, and lacks appropriate and uncharacterized
binding sites for small molecule binding (22, 23). The c-Myc and
MAX belong to the basic helix-loop-helix leucine-zipper
(bHLH-LZ) protein family. The C-terminal region of c-Myc is a
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bHLH-LZ domain, which binds with the partner protein MAX to
form the oncogenic heterodimer. In isolation, the bHLH-LZ
domain of c-Myc is highly disordered (partially folded), which
undergoes ordered transformation after dimerization with MAX
via adopting a stable helical conformation (24, 25). The dynamic
nature of the bHLH-LZ domain of c-Myc provides it the binding
plasticity to interact with various other partners, like MIZ1 and
SKP2.

Intrinsically disordered proteins (IDPs) are poorly structured
proteins with a highly flexible backbone giving rise to an unde-
fined secondary or tertiary structure (26, 27). It is estimated that
more than one-third of the entire human genome and more than
50% of transcription factors are disordered (28, 29). Increasing
shreds of evidence have shown the implication of IDPs in disease,
making them the critical target for therapeutic interventions
(30-32). The traditional drug discovery approach targets the
target protein’s structured active site, leading to competitive or
noncompetitive inhibition of the target. However, the IDPs
behave as a "protein cloud" that lacks a structured active site and
presents a conformational heterogeneity, thereby posing prob-
lems in the rational drug design (33). Overcoming these chal-
lenges, various approaches have been used to target an IDP via a
small molecule (30). The first one targets different disordered
ensembles by a small molecule, and the second approach em-
ploys the targeting of the partner protein where binding of the
small molecule with the partner protein will inhibit binding with
the partner IDP target. Targeting the conformational ensembles
of IDPs has emerged as a credible strategy because the molecule
that can bind to the dynamic structure may potentially inhibit the
interaction with the partner proteins. However, this strategy is
quite challenging and complicated as the traditional drug dis-
covery approach cannot be employed because of the lack of a
well-characterized target structure.

The interacting interface of c-Myc and MAX is relatively
large, and all the residues shaping in this interface do not
contribute equally to the binding free energy of c-Myc/MAX
interaction. The critical amino acid residues, also called hot
spots, exhibiting significant contribution in c-Myc and MAX
interaction has not yet been previously characterized. Therefore,
in the present study, we first identified the hot spot residues of
this oncogenic dimer using the computational alanine scanning
mutagenesis (ASM). The ASM is a powerful in silico approach
that has been widely used to accurately identify the hot spot
residues in a PPI via sequentially mutating the interface residues
to alanine and calculating the change in binding free energy. The
identified hot spots were then used to discover new inhibitor
molecules via targeting the disordered c-Myc using the
conformation ensemble approach. The screened molecules
showed excellent binding with the disordered c-Myc, thereby
inhibiting its regulatory functionality leading to apoptotic cell
death of c-Myc expressing cancer and cancer stem cells (CSCs).

Results
Identification of hot spots in c-Myc/MAX interaction

To identify the hot spot residues in the c-Myc/MAX PPI
complex, we have carried out molecular dynamic (MD)
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simulation for 40 ns using the simulated annealing with
NMR-derived energy restraints (SANDER) and particle mesh
Ewald molecular dynamics module of Amber software suit.
The MD simulation trajectory snapshots were saved for every
200 ps and were analyzed using the CPPTRAJ module of
Amber. The protein stability was evaluated based on its root
mean square deviation (RMSD) from its initial coordinates.
The evaluated protein backbone RMSD revealed that initially it
raised to 5.5 A for a period of 20 ns due to conformational
changes in the terminal region of the c-Myc/MAX complex.
Then, the protein backbone RMSD decreased to 3.5 A and
maintained stability throughout the simulation without much
fluctuation (Fig. 1A).

After MD simulation, the final 10% of the trajectory snap-
shots (last 4 ns frames) were used to calculate the binding free
energy of the protein complex using the molecular mechanics
Poisson—Boltzmann surface area (MM-PBSA) method and was
found to be —115.85 kcal/mol (Table S3). Next, the per-residue
energy decomposition was carried out to know the residue-
wise energy contribution for the native protein—protein com-
plex formation. The results revealed that the residues Leu917,
Leu924, GIn927, Leu943, 11e950, Val953, Leu960, Leu967,
Arg971, Leu974, and Leu978 of c-Myc were contributing more
than -2.0 kcal/mol, whereas the remaining residues contrib-
uted less than -2.0 kcal/mol (Fig. 1B and Table S4). Following
the per-residue energy contribution analysis, ASM was carried
out to know the binding energy difference between the native
and mutant protein complex. For this purpose, the residues of
c-Myc in the interface region were mutated one by one to
alanine, and the change in the binding-free energy between the
native and the mutant complex was calculated (Fig. 1C and
Table S4). Next, the residues were classified as hot spots (AAG
> 4.0 kcal/mol; Leu924, GIn927, Leu943, 11e950, Glu957,
Arg971, and Leu974), warm spots (AAG = 2.0-4.0 kcal/mol;
Leu917, Phe921, Val953, GIn954, Glu956, Leu960, Glu964,
Leu967, and Leu978), and null spots (AAG < 2.0 kcal/mol;
Glu916, Ser920, Asp926, Val941, Thr947, Glu963, and
Lys977). The identified hot spot and warm spot residues of
c-Myc are shown in Figure 1D. The identified hot spot and
warm spot information was further used to screen the library
of molecules with the potential to inhibit the functionality of
c-Myc.

Structural dynamics of c-Myc through all-atom MD
simulations

Before examining the structural dynamics of c-Myc using MD
simulation, seven well-known online disorder predictors were
employed to examine the disorderness of the c-Myc’s bPHLH-LZ
region. According to our analysis, the predicted percentage of
intrinsic disorder is calculated to be 50%, where residues at both
terminals contributed equally, i.e., residues 897 to 917 at N
terminal and residues 962 to 984 at C terminal. However, pre-
dictor of natural disordered regions pool predictors have pre-
dicted high propensity while other predictors have shown
moderate disorder propensity (Fig. S1). Further, the all-atom
MD simulation was carried out to gain further insight into the
structural dynamics of a c-Myc peptide isolated from the MAX
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Figure 1. Identification of hot spot residues present on the c-Myc/MAX interface and generation of different c-Myc ensembles. A, schematic
representation of c-Myc/MAX complex root mean square deviation (RMSD) during 20 ns of molecular dynamics simulation. B, free energy contribution of
interface residues in c-Myc/MAX dimer. C, c-Myc/MAX dimer hot spot binding free energy decomposition using MM-PBSA in silico alanine scanning
mutagenesis. D, map of the energetically important hot spots and warm spots residues in c-Myc/MAX interface region. For clarity purpose only c-Myc
structure is shown. E, 412 ns extensive MD simulation showed a stable RMSD and RoG values for Ca backbone of c-Myc. F and G, 2D histogram plots of
simulation trajectories with variable RMSD versus energy (F) and RoG versus energy (G). MAX, MAX, Myc-associated factor X; MM-PBSA, molecular mechanics

Poisson-Boltzmann surface area; RoG, radius of gyration.

bound structure (PDB ID—1NKP). As observed in extensive
simulations of ~410 ns, the c-Myc structure loses helical
composition and gains random coil conformation, primarily in
its leucine-zipper motif region. Based on RMSD calculation, the
structure showed higher deviations in the initial 25 ns and
gained deviations up to 16 A from 4 A and then dropped
minimally at 12 A for the rest of the simulation period with
minor variations (Fig. 1E). Similar trends were seen in the radius
of gyration (RoG) analysis. Overall, this shows that the structure
gains a stable conformation (Fig. 1E).

Conformation ensemble of c-Myc for docking

Here, the rigorous MD simulation up to ~410 ns of c-Myc
structure yielded over 400 thousand conformations, sufficient to

SASBMB

identify stable conformations. The RMSD and RoG plots were
stable after 50 ns of simulation. These conformations were then
mapped on two 2D histogram plots by considering RMSD and
RoG concerning energy values from the simulations. As depic-
ted in Figure 1F, the simulation frames are charted as RMSD
versus energy, where the densest areas show the high population
of frames on a scale of 0 to 3.5 with distinguished colors. All
frames were found to have lied within a range of energy —79,100
to —78,600 kcal/mol and RMSD 1 to 18 A. The higher number of
frames with nearly identical parameters (encircled and arrowed
at x- and y-axes in Fig. 1F) were found with RMSD 13 A and
energy approximately -78,925 kcal/mol. A similar analysis was
performed with RoG and energy parameters, where the high
population of frames was found with RoG 15 A and energy
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approximately —-78,925 kcal/mol (Fig. 1G). Then, based on these
two sets of values, nearly 380 frames were identified, falling in
the calculated ranges. Two frames at 170.23 ns (F1; obtained
from RoG versus energy) and 326.37 ns (F2; obtained from
RMSD versus energy) were finally chosen through manual
inspection and were used for ensemble docking.

Molecular docking led to the identification of hit candidate
molecules

High-throughput virtual screening (HTVS) has proven to be
a distinctive approach in drug discovery because of certain
benefits like time saving and cost-effectiveness. Hence, here we
have screened nearly 30,000 compounds from the protein—
protein interaction-focused library from Life Chemicals Inc
against the two conformations (F1 and F2) of c-Myc. The Lig-
Prep module generated 54,413 structures, which were screened
through HTVS, standard precision (SP), and extra precision
(XP) mode of docking. First, 30% of best scoring compounds
were passed from HTVS to SP and SP to XP mode, and then
50% of compounds were passed for molecular mechanics
generalized Born surface area (MM-GBSA) calculation. With
this, nearly 12,000 binding poses of all compounds were pro-
duced for both frames. Next, all the compounds were visually
inspected for their molecular interaction with the identified hot
spot and warm spot, all together with docking score and binding
energy. Finally, seven compounds were purchased that showed
appreciable binding and interaction with the hot spot residues
against both the frames (F1 and F2) (Table S5). The ligand
interaction analysis showed that among the identified hot spot
and warm spot, the seven compounds commonly interacted
with the Gln954, Glu956, and Glu957 residues of Frame-F1
(Fig. S2) and with residues Val953, GIn954, Glu956, and
Glu957 of Frame-F2 (Fig. S3). Moreover, in both the frames, the
compounds also interacted with residues Arg970 and His976,
shaping the neighborhood of the hot spot and warm spot res-
idues. The MM-GBSA scores (binding energy) of all complexes
fall within a range of -20 to —-50 kcal/mol. Collectively, the
selected seven compounds showed substantial binding affinity
against both the frames, which was plausible due to their
interactions with the defined hot spot and warm spot residues.

The compounds showed noteworthy in vitro potency and
induced apoptosis in cell lines showing endogenous c-Myc
expression

Based on the docking score and binding energy, we pur-
chased seven compounds from Life Chemicals and studied
their in vitro anticancer potential. Three c-Myc expressing
cells were incubated with different concentrations of the
purchased compounds and incubated for 48 h. Among the
seven studied compounds, three compounds, i.e., F1288-0026,
F2018-1398, and F2504-0393, did not show appreciating
anticancer property, with an ICsy value of more than 15 pM
(Fig. 2). One of the compounds, ie, F1132-0721, showed a
higher ICso value against the two-cell line, while showed a
relatively low ICsy value against HT-29, ie, 2.48 + 041 pM
(Fig. 2). The rest of the three compounds, i.e, F0909-0073,
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F0909-0360, and F1021-0686, displayed significant anticancer
potential in a dose-dependent manner against the three
c-Myc-expressing cell lines (Fig. 2). The ICs, value for these
three compounds was in the range of 0.209 + 0.094 to 3.21 +
0.75 puM, which was comparatively lesser than the reported
¢-Myc inhibitor, 10074-G5 (from our previous work, (34)).
These three compounds were further studied on low-Myc
expressing and noncancerous transformed cell lines, ie.,
U-87 MG and HEK-293T, respectively. From Figure 34, it can
be inferred that these three compounds showed less cell-killing
potential toward the U-87 MG and HEK-293T, which is
evident from its high ICs, value (Fig. 3A). Based on appreciable
cell-killing potential, these three compounds, i.e., F0909-0073,
F0909-0360, and F1021-0686, were further studied to gain
more insight into their antioncogenic potential. Further, the
Annexin V/PI apoptosis assay showed that the three
compounds induce apoptosis in the c-Myc expressing cell,
HT-29. As depicted from Figure 3B, nearly 36%, 39%, and 43%
of the cell population was in apoptotic quadrants when treated
with 10 pM of F0909-0073, F0909-0360, and F1021-0686,
respectively, for 24 h.

The compounds efficiently inhibit the functionality of c-Myc

To understand whether the cell death induced by the three
molecules involves the inhibition of c-Myc functionality, we
studied the change in expression of c-Myc target genes (CAD,
ODC1, NOP58, and NOP56 (35, 36)) both at the transcrip-
tional and translational levels. After treating the D341 and HL-
60 cell lines with different concentrations of the three-hit
compounds, 1 pg of RNA was used for cDNA synthesis,
which was later used for qPCR. For both cell lines, the qPCR
data showed a significant decrease in the mRNA expression
level of all the c-Myc target genes with increasing concentra-
tions of all the compounds compared to untreated cells
(Fig. 4A). Further, the protein level of c-Myc target genes
(CAD, NOP58, and ODC1) was also analyzed after treating the
D341 cell with increasing concentrations of the three-hit
compounds for 36 h. Similar to the qPCR data, the Western
blot analysis showed that the treatment of these three com-
pounds leads to the translational repression of all the target
genes (Fig. 4B). After the treatment with the compounds, a
dose-dependent significant decrease in protein band intensity
was observed for all the three c-Myc target genes. Thus, the
qPCR and Western blot analysis indicated that the three
compounds could inhibit Myc’s function and therefore
repression in Myc target genes was observed both at mRNA
and protein level. Further, an array of c-Myc target genes were
studied for the change in mRNA expression after the treat-
ment with the compounds. The gene array analysis after the
treatment of the compound is summarized in Figures 5 and S4.
As seen from Fig. 54, the treatment with the compounds led to
the change in mRNA expression of c-Myc target genes. The
treatment of all three compounds showed a similar trend in
the mRNA expression of the majority of the target genes. The
heatmap shown in Figure 5A shows the expression fold change
of the target gene mRNA compared to the untreated cells.
Further, the scattered plot (Fig. 5, B—D) and the volcano plot
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Figure 2. The compounds showed appreciable anticancer activity against the three c-Myc expressing cell lines. Cytotoxicity profile of top selected
compounds against c-Myc expressing cell lines. Bars represent mean + SEM of four independent experiments (p-value versus DMSO control. *p < 0.05,
*p < 0.001, “p < 0.0001, n=nonsignificant). The ICs, value of all the compounds along with 10074-G5 is given adjacent to the respective cell lines. Values

represent mean + SEM of four independent experiments.

(Fig. 5, E-G) for normalized gene expression were shown
individually for the three compounds.

The compounds showed considerable in vitro efficacy against
cancer stem cells

The CSC, i.e., CD133+ cell population, was isolated from the
D341 cell lines using the magnetic-activated cell sorting
(MACS) methods. The isolated CD133+ (D341-CSCs) cells
were further maintained by culturing in low-attachment plates
with a serum-free medium. To characterize CD133+ cells, we
studied the expression of CSC markers (CD133, SOX2, Oct4,
Nanog, and c-Myc) using qPCR and Western blot. The tran-
scriptional and translational studies showed a significant
increase in the CSC markers compared to the D341 cells
(Fig. 6, A-C). The single-cell suspension isolated from the
D341-CSC tumorsphere was treated with various concentra-
tions of the three-hit compounds along with the reported
c-Myc inhibitor, 10074-G5. Figure 6D shows that after 48 h of
treatment, all three compounds showed appreciable cell-killing
potential against the D341-CSCs. These three compounds
showed dose-dependent response with noticeable ICs, values
in lower micromolar range viz. 6.32 + 2.82, 4.06 + 0.65, and
5.27 £ 4.26 pM for F0909-0073, F0909-0360, and F1021-0686,
respectively. On the other hand, the reported c-Myc inhibitor,

SASBMB

ie, 10074-G5, did not display cytotoxicity toward the
D341-CSCs. Similarly, the three-hit compounds, along with
10074-G5, were studied for their potential to restrict the
sphere-forming potential of the D341-CSCs. The single-cell
suspension of D341-CSCs was incubated with 10 uM con-
centration of compounds and was incubated for 7 days. From
Figure 6E, it can be seen that all the compounds showed
excellent potential in restricting the sphere formation in
D341-CSCs. The three hit compounds, ie, F0909-0073,
F0909-0360, and F1021-0686, showed a reduction of 73.5%,
98.5%, and 97%, respectively, in the tumorsphere formed from
the D341-CSCs. On the contrary, the reported c-Myc
inhibitor, 10074-G5, did not display the potential to restrict
the sphere-forming capacity of the D341-CSCs.

The binding of compounds resulted in the quenching of
intrinsic tryptophan fluorescence

Taking advantage of the incorporated tryptophan (Trp)
residue in place of tyrosine in the synthesized c-Mycgig.960
peptide, we employed fluorescence spectroscopy to investigate
any change in Trp fluorescence intensity or stokes shift in the
presence of the compounds, which will substantiate the for-
mation of Myc-compound complex. The black dotted line in
Figure 7A represents the steady-state intrinsic fluorescence of
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Figure 3. The top three compounds showed c-Myc-dependent apoptotic cell death. A, anticancer profile of the top three compounds against the
non-c-Myc expressing (U-87 MG) and noncancerous (HEK-293T) cells. Bars represent mean + SEM of four independent experiments (p-value versus DMSO
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Figure 4. Treatment of the three compounds led to the functional repression of c-Myc target gene. A, the mRNA expression level of c-Myc target
genes (CAD, ODC1, NOP58, and NOP86) after treatment with different concentrations of the compounds on 2 cell lines. Bars represent mean + SD of three
experimental replicates (p-value versus DMSO control. *p < 0.05, **p < 0.01, ***p < 0.001). B, decrease in protein level of c-Myc target genes were observed
after treating with different concentrations of the compounds. Quantified change in protein level of c-Myc target genes after treatment is shown below the
blot. Bars represent mean + SD of three experimental replicates (p-value versus DMSO control. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,

ns = nonsignificant).

Trp residue of c-Myc on excitation at 295 nm wavelength
(Amax at 350 nm). As inferred from Figure 7A, the intrinsic
fluorescence emission of c-Myc Trp decreases with increasing
concentrations of compound F0909-0360 from 0.01 pM to
1 uM. A similar trend is observed on fluorescence intensity of
c-Myc with other compounds F0909-0073 and F1021-0686.
This suggests the alterations occurring in the spatial arrange-
ment of the aromatic amino acid in the c-Myc peptide due to
the interaction with compounds. Additionally, to draw a
comparison, the effect of a well-known inhibitor compound
10074-G5 (control) on intrinsic tryptophan fluorescence
intensity of c-Myc is also studied alongside. Figure 7A depicts a
similar decrease in fluorescence intensity of c-Myc by the
reported inhibitor 10074-G5. The decreasing transitions in
fluorescence intensities of c-Myc are analogous to as produced
by the known inhibitor are indicative of the quenching of Trp
fluorescence by compounds, and consequently, the interaction
of all three compounds with c-Myc peptide. The fluorescence
emission of c-Myc Trp residue in presence of the compounds

SASBMB

was studied by Stern—Volmer plot (Fig. 7A). As seen from the
figure, a linear pattern was observed at lower concentrations,
which bends downwards reflecting the plateau phase in
quenching process.

The binding of the compounds resulted in a time-resolved
decrease in Trp fluorescence lifetime

Further, we have measured the changes occurring in the
fluorescence lifetime of Trp residue in the c-Myco10.960 peptide
on interaction with the studied compounds. The average
fluorescence lifetime of c-Myc Trp residue in the presence of
20 mM sodium phosphate buffer (pH 7.4) is documented to be
2.5 ns. The average lifetime plotted against the compound
concentrations in Figure 7B illustrates their effect on fluores-
cence decay of Trp residue. As the concentration of com-
pounds is increased, a substantial dip in fluorescence lifetime is
detected. This noticeable downward trend in fluorescence
lifetime is obs