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KEYWORDS Abstract Cyclin D1 has been shown to play a pivotal role in the proliferation of lung cancer cells
Cyclin DI; through regulation of cell cycle progression. Therefore, targeting this protein can be used as a poten-
Calycosin; tial strategy in lung cancer treatment. Calycosin has been reported to show potential anticancer
Interaction; effects, however, its possible anticancer mechanisms remain unclear. Therefore, in this study we
Spectroscopy; aimed to explore the interaction of cyclin D1 and calycosin to determine the binding properties
Lung cancer and probable structural changes of cyclin D1. We carried out in-depth experimental and computa-

tional binding assays of calycosin with cyclin D1 under simulated physiological environment, using
intrinsic, extrinsic, synchronous fluorescence, circular dichroism, and differential scanning calorime-
try (DSC) analysis. The results showed a spontaneous static mechanism driven from hydrogen bond-
ing and van der Waals forces between hydrophilic residues of cyclin D1 with hydroxyl groups of
calycosin. We determined that calycosin led to secondary and tertiary structural changes of cyclin
D1 through exposure of hydrophobic residues. Also, it was determined that calycosin resulted in
an apparent decrease in the heat capacity changes (ACp) and midpoint of unfolding transition
(Tm) values of cyclin D1. Cellular studies also indicated that calycosin caused the inhibition of lung
cancer cell proliferation through cell cycle arrest at G1 phase, which may be due to denaturation of
cyclin D1, although it needs further investigation in the future studies. In general, this study may pro-
vide useful preliminary data about the development of calycosin-based anticancer platforms.
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1. Introduction

Cancer is one of the leading causes of death in the world. What makes
cancer a global health problem today is the growing number of people
with the disease (Sung et al., 2021). Among different types of cancers,
lung cancer is one of the most common cancers in men, accounting for
about 18% of all cancer-related deaths (Doll and Hill, 1956). Among
the possible causes of lung cancer, the most worrying factors are smok-
ing, environment pollution, and alcohol consumption (Nichols et al.,
2012). In fact, cell proliferation can be one of the chronic inflammatory
responses of carcinogens. Cell proliferation is considered to be one of
the main symptoms of cancers. Genetic aberrations in the cell regula-
tory cycle through the G1 phase of the cell cycle are often determined
in human cancers (Wikman and Kettunen, 2006). Cyclin D1 as a pro-
tein encoded in humans by the CCND1 gene located on the long arm
of chromosome 11 (band 11q13) (Wilkerson and Reis-Filho, 2013;
Ramos-Garcia et al., 2017).

In fact, overexpression of cyclin D1 as a controller of the G1 phase
of the cell cycle has been shown to have a significant portion of tumors
and human cancers, mostly due to its induction through oncogenic sig-
nals (Ramos-Garcia et al., 2019). Overexpression of this gene may act
as an oncogenic stimulus by increasing the transition from G1 to S
phase of the cell cycle and increasing the regulatory function of the cell
cycle (Montalto and De Amicis, 2020). Overexpression of cyclin D1 is
a key molecular change in different cancers and predicts prognostic
and clinicopathological significance (Ramos-Garcia et al., 2018).

Indeed, significance of cyclin D1 expression in different cancers
including renal cell carcinoma (Li et al., 2020), breast cancer (He
et al., 2017), colo-rectal cancer (Li et al., 2014), bladder cancer (Ren
et al., 2014); melanoma (Gonzalez-Ruiz et al., 2021), and lung cancer
(Li et al., 2012) has been reported as a potential marker. Cyclin as D1
is a protein that is encoded by a gene belonging to the cyclin family and
its function is in the regulation of cell cycle (Diehl, 2002). Cyclins have
two domains of an identical all-o helix located at the N- and the C-
terminus (Day et al., 2009). Cyclins act as regulators of CDKs
(cyclin-dependent kinases) and are involved in mitotic events (Day
et al., 2009). Of the three types of cyclin D that each attach to
CDK, overexpression of cyclin D1 is mainly associated with tumorige-
nesis and cell metastasis (Zhao et al., 2017). In addition to regulating
CDK in the cell cycle, cyclin D1 is also involved in the regulation of
transcription factors, cell cycle transport, tumor regeneration proteins,
and cellular metabolism (Huber et al., 2021; Tchakarska and Sola,
2020).

Therefore, any compound that can bind this protein and results in
its denaturation and subsequence deactivation can be used as a poten-
tial strategy in the development of anticancer platforms against several
cancers including lung, prostate, breast, etc.

In fact, some factors contribute to reducing the side effects of car-
cinogens, including the use of antioxidant and anti-inflammatory sup-
plements which may prevent cell cycle progression and on the other
side result in the apoptosis induction (Coccia et al., 2016; Shi et al.,
2015).

Calycosin (C¢H;,05), 7-hydroxyisoflavones, as the main metabo-
lite in the dry root extract of Radix astragali, has shown potential anti-
cancer effects (Gao et al., 2014; Deng et al., 2021). It has been also
shown that calycosin can trigger its anticancer effects through regula-
tion of different signaling pathways (Liu et al., 2021). However, the
interaction of small molecules like calycosin and cyclin D1 as one of
the main proteins in cancer progression through cell cycle regulation
has not been well explored. Indeed, if calycosin can bind this protein
and denature its structure, then one of the possible mechanisms by
which calycosin can induce its anticancer effect is mediated through
denaturation of main proteins involved in the cancer progression.
Therefore, in this study, the interaction of calycosin with cyclin D1
was explored by different experimental and theoretical analysis. Also,
cell cycle assay on lung cancer cells was performed to assess the cell
cycle arrest ability of calycosin.

2. Material and methods

2.1. Materials

Cyclin D1 (CAT Nr: SRP5178), Nile red, calycosin > 98%
(HPLC) (CAT Nr:20575-57-9), and cell culture reagents were
purchased from Sigma. Co. (Shanghai, China). All other mate-
rials were obtained from Merck Co. (Shanghai, China) and
were of analytical grade.

2.2. Preparation of protein and calycosin samples

The protein was dissolved in 50 mM Tris-Hcl buffer, pH 7.4,
150 mM Nacl, 10 mM glutathione. Calycosin was dissolved
in the minimum amount of DMSO solution and prepared to
the concentration of 2 mg/mL solution with 50 mM Tris-Hcl
buffer, pH 7.4, 150 mM Nacl.

2.3. Fluorescence study

The intrinsic fluorescence spectra of cyclin D1 (5 pM) with or
without different concentrations of calycosin in the range of 1—-
100 nM were read using a fluorescence instrument (Cary-100,
Australia). The Aex and Aem were set to 280 nm and 300—
430 nm, respectively at a slit width of 5 nm for both A. Further-
more, the synchronous fluorescence spectroscopy was carried
out to study the microenvironmental changes around trypto-
phan (Trp) and tyrosine (Tyr) residues at AA = 60 nm and
AL = 15 nm, respectively. The experimental procedure and
concentrations were similar as described above. The fluores-
cence intensity of protein was corrected against buffer, caly-
cosin and inner filter effect. Moreover, the change in the
surface hydrophobicity of protein was determined using Nile
red dye. The cyclin D1 sample (5 tM) was incubated with Nile
red (50 uM) and added by different concentrations of calycosin
in the range of 1-100 nM. The Nile fluorescence intensity was
then read between 550 and 800 nm while the samples were
excited at 550 nm.

2.4. Circular dichroism (CD) spectroscopic analysis

Far-ultraviolet (UV)-CD (195-260 nm) spectra were deter-
mined with a JASCO spectropolarimeter (J715, USA). The
cyclin D1 concentrations were 10 pM and the protein samples
were added by different concentrations of calycosin in the
range of 1-100 nM. The CD signals were corrected against
buffer and calycosin signals and the experiment was done at
room temperature. The secondary structural changes were
qualified using the DICHROWERB server with the CONTIN
algorithm.

2.5. Differential scanning calorimetry (DSC)

DSC analysis was performed using a calorimeter II (Model
6100, Calorimetry Sciences Corp.). The cyclin D1 sample
(50 uM) were firstly degassed and thermograms of calycosin
alone or with different concentrations of calycosin ranging
from 1 to 100 nM were read at a scan rate of 1 °C per min.
The data were analyzed with CpCalc data analysis software
(CpCalc 2.1) (Persikov et al., 2004) and heat capacity changes
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(ACp) and midpoint of unfolding transition (Tm) parameters
were calculated as reported previously (Jiskoot and
Crommelin, 2005).

2.6. Docking study

Molecular docking study was done employing Schrédinger
Maestro 9.2 glide module series based on a previous report
(Rahman et al., 2021). The cyclin D1 protein crystal structure
(PDB ID: 2w96) and calycosin (CID: 5280448) were imported
from the PDB (www.rcsb.org) and NCBI, respectively. Protein
refinement and optimization of hydrogen bonds was done by
the Wizard tool through the atomic force field (Rahman
etal., 2021; Prieto-Martinez et al., 2019). Restrained minimiza-
tion calculation in the optimized potentials for liquid simula-
tions (OPLS) 2005 force-field removed potential steric
structural clashes. Structural energy was reduced until the
non hydrogen atom’s root mean square deviation (RMSD)
attained a value of 0.3. The calycosin and protein were finally
prepared using optimized potentials for liquid simulations
(OPLS) 2005 force field. The optimized calycosin structures
were imported on the grid for the cyclin D1 and molecular
docking was performed. For this analysis, the XP docking sys-
tem mode was used to dock calycosin with cyclin D1 (Rahman
et al., 2021; Patel et al., 2015).

2.7. Cell culture and exposure of calycosin

The human lung adenocarcinoma [A549, National Center for
Cell Science (NCCS), India] was used to explore cytotoxicity
after incubation with calycosin. The A549 cells were cultured
in Dulbecco’s Modified Eagle’s medium (DMEM) supple-
mented with FBS (10%) and antibiotics (1%) at 5% CO, and
37 °C. After reaching confluency and cell harvesting, the cells
were used for exposure to different concentrations of calycosin
with a range of 1-200 pg/mL. Cells incubated with vehicle con-
trol were considered as control.

2.8. MTT cell proliferation assay

The MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazo
lium bromide) assay was used to assess the cytotoxicity based
on the previous report (Bendale et al., 2017). Briefly, A549 cells
(1 x 10* cells/ml) were treated with increasing concentrations
(1-200 pg/mL) of calycosin for a period of 24 h, reacted with
MTT for 4 h, added by 150 pL. DMSO, and finally absorbance
at 570 nm was measured spectrophotometrically using a micro-
plate reader.

2.9. Cell cycle analysis

Cell cycle arrest induced by ICs, concentration of calycosin
was assessed employing flow cytometry based on the previous
report (Bendale et al., 2017). Approximately 2 x 10° cells per
well were plated in six-well plates and allowed to attach.
Briefly, after treating, the cells were collected, fixed for 4 h,
resuspended, centrifuged (2000 rpm for 10 min) washed, and
resuspended in 1 ml of PI/RNase A for 30 min. Finally, cell
cycle arrest was assessed using a BD FACScan Cell flow
Cytometer (Becton Dickinson USA) and data were analyzed
with the Cell Quest Pro software.

2.10. Statistical analysis

Statistical comparisons were made using Student’s r-test. All
results were expressed as means =+ standard deviation (SD)
of at least three independent experiments. P-values of less than
0.05 were considered significant. For all assays, the back-
ground intensities (buffer, calycosin) were subtracted from
the main signal.

3. Results

3.1. Fluorescence quenching analysis

Proteins show intrinsic fluorescence intensity derived from aro-
matic residues, mainly Trp and Tyr amino acids (Esfandfar
etal., 2016; Zeinabad et al., 2016). After interaction of proteins
with ligands, the quenching fluorescence intensity occurs
through a concentration-dependent manner. Hence, fluores-
cence spectroscopy analysis can be employed as a crucial tech-
nique for revealing the mechanism of protein interaction with
different ligands (Zeinabad et al., 2016). In this assay, cyclin
D1 concentration was remained constant and was added by
different concentrations of calycosin ranging from 1 to
100 nM. Afterwards, the fluorescence intensity of protein sam-
ple either alone or with different concentrations of calycosin
was read at three temperatures of 298 K (Fig. 1A), 310 K
(Fig. 1B), and 315 K (Fig. 1C). It was shown that addition
of calycosin resulted in a fluorescence quenching of cyclin
D1 in a concentration-dependent manner (Fig. 1A-C). Also,
it was seen that the rate of fluorescence quenching was reduced
as the temperature of the system was increased (Fig. 1A-C).
Hence, we then aimed to further analyze the quenching mech-
anism as well as the calculation of the binding and thermody-
namic parameters.

3.1.1. Quenching mechanism analysis

To further analyze the quenching mechanism of cyclin DI
induced by calycosin, the Stern—Volmer equation (1) was used
as follows (Zeinabad et al., 2016).

Fo/F= 1 +k[0] = 1 +Kg[0] (1)

where Fo,F, Kgyv, kg, 10, and [Q] depict the relative fluores-
cence intensities in the absence of calycosin, relative fluores-
cence intensities in the presence of calycosin, the Stern—
Volmer dynamic quenching constant, the bimolecular quench-
ing rate constant, the average lifetime of the fluorophore in the
excited state (107%s), and the concentration of calycosin,
respectively (Zeinabad et al., 2016).

Fig. 1D exhibits the plot of Fo/F for cyclin D1 versus differ-
ent concentrations of calycosin at three different temperatures.
Linear coloration of outcomes was used for estimation
of Kgy and kg values and the resultant data were tabulated in
Table 1. It was reported that the kq at 298 K, 310 K, and
315 K were 0.43 + 0.07 x 10'7 L/mol s, 0.15 + 0.02 x 107
L/mol s, and 0.03 = 0.001 x 10'7 L/mol s, respectively, which
are much higher than 2.0 x 10'° L/mols, as the indicator of
dynamic quenching mechanism (Rahmani et al., 2018; Liu
et al., 2018). Also, based on the inverse coloration between
K,, and k, with temperature, it can be indicated the fluores-
cence quenching mechanism of cyclin D1 by calycosin was
static.
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Fig. 1  Fluorescence quenching study of cyclin D1 in the presence of increasing concentration of calycosin at (A) 29 K, (B) 310 K, (C)

315 K. (D) Stern-volmer plot of cyclin D1 in the presence of increasing concentration of calycosin. (E) Modified Hill plot of cyclin D1 in
the presence of increasing concentration of calycosin. (F) van’t Hoff plot of cyclin D1 in the presence of increasing concentration of

calycosin.

3.1.2. Determination of binding constant and binding site

The study of cyclin D1 interaction with different concentra-
tions of calycosin was further analyzed by modified Hill equa-
tion (2) to determine the binding constant (Kj) and number of
binding sites (n) as follows (Zeinabad et al., 2016):

log(F, — F)F = logK}, + nlog[Q] 2

Then, the values of K, and n at three temperatures of
298 K, 310 K, and 315 K for calycosin—cyclin D1 interaction
were calculated based on Fig. 1E and the relevant data are
gathered in Table 2.

It was seen the values of logKy, and » at three different tem-
peratures of 298 K, 310 K, and 315 K for calycosin—cyclin D1
interaction were 10.23 + 1.19,6.79 £+ 0.81, 5.07 £ 0.43 L/mol
and 1.25 £ 0.08, 0.79 £+ 0.05, and 0.69 + 0.04, respectively,
suggesting that there is a strong binding interaction and about
one binding site on cyclin D1 for calycosin, which the levels of
binding affinity and binding sites were reduced upon increase
of the solution temperature from 298 K to 315 K. This data
indicates the partial unfolding of cyclin D1 at higher tempera-
tures relative to lower ones may result in the partial unfavor-
able interaction of protein with calycosin. In other words,

Table 1 K, and k, values for the interaction of calycosin with
cyclin D1 (R is the correlation coefficient).

K, (10 °, L/mol)  k,(10"7, L/mols) R

Temperature (K)

298 0.43 + 0.07 0.43 £+ 0.07 0.92
310 0.15 £ 0.02 0.15 + 0.02 0.94
315 0.03 + 0.001 0.03 £+ 0.001 0.90

the increase of temperature to 315 K may result in partial
structural changes of protein and corresponding displacement
of some amino acid residues on the protein surface which may
influence the resultant protein-ligand interaction.

3.1.3. Thermodynamic parameters

The interaction forces between a ligand and proteins are
mostly derived from hydrophobic, hydrogen bonding, van
der Waals, and electrostatic forces. It has been shown that
the signs of the thermodynamic parameters [enthalpy changes
(AH) and entropy changes (AS)] can be used to determine the
kind of interaction between proteins and ligands (Liu et al.,
2018). That is, if both AH and AS are positive, then the main
interaction is hydrophobic forces. If both AH and AS are neg-
ative, then van der Waals and hydrogen-bonding interactions
play key roles in the ligand-protein interaction. Electrostatic
interactions are dominant when AH is negative and AS is pos-
itive (Zeinabad et al., 2016).

To determine such data, the application of the present out-
comes have been further explored through thermodynamic
characteristics calculated for cyclin D1-calycosin interaction
using the van’t Hoff equation (3) (Zeinabad et al., 2016);

Table 2 K, and n values for the interaction of calycosin with
cyclin D1 (R is the correlation coefficient).

Temperature (K) log K, (L /mol) n R

298 10.23 £+ 1.19 1.25 + 0.08 0.96
310 6.79 £+ 0.81 0.79 + 0.05 0.98
315 5.07 £ 0.43 0.69 + 0.04 0.90
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InK, = —AH/RT + AS/R (3)

Where, T and R are temperature and universal gas con-
stant, respectively. The free energy change (AG) was then
determined from the following equation (4) (Zeinabad et al.,
2016):

AG = AH— TAS (4)

According to the K, at the three different temperatures of
298 K, 310 K and 320 K, the thermodynamic parameters were
calculated based on Fig. 1F using equations (3) and (4) and
resultant data were tabulated in Table 3. According to
obtained data, it was concluded that the binding of calycosin
to cyclin DI occurs through a spontaneous process
(AG < 0), accompanied by a negative AS value. This binding
then can be suggested that it involves an exothermic interac-
tion as deduced by the negative AH that is consistent with
involvement of hydrogen bonds and van der Waals interaction
(Zeinabad et al., 2016).

3.2. Synchronous and extrinsic fluorescence spectroscopic studies

Synchronous fluorescence spectroscopy as a simple and sensi-
tive method was used to explore the structural changes around
aromatic residues through reading the probable shift in posi-
tion of Amax (Zeinabad et al., 2016; Ahmad et al., 2020).
Therefore, synchronous fluorescence spectra of cyclin D1 at
the wavelength interval (AX) of 60 nm and 15 nm were read
to monitor the structural changes around Trp and Tyr resi-
dues, respectively. Fig. 2A and Fig. 2B shows the synchronous
fluorescence spectra cyclin D1 in the presence of varying con-
centrations of calycosin at Ah of 60 nm and 15 nm, respec-
tively. It can be deduced from Fig. 2A and B, that the
emission Amax of cyclin D1 at both AL of 60 nm and 15 nm
showed an apparent red shift upon addition of varying concen-
trations of calycosin in the range of 1-100 nM. It can be indi-

cated that the polarity around both aromatic amino acid
residues increased based on the displacement of these residues
in a more hydrophilic environment. This data implies that the
interaction of calycosin with cyclin D1 may lead to a substan-
tial conformational alteration of Trp and Tyr residue
microenvironment.

Nile red fluorescence assay as a sensitive method for the
formation of hydrophobic residues was also done to further
explore the effect of calycosin on the structure of cyclin DI
(Chabok et al., 2019). It was seen that calycosin resulted in
an apparent increase in the Nile red fluorescence intensity
accompanied by a blue shift, indicating the exposure of
hydrophobic residues of cyclin D1 upon infarction with caly-
cosin (Fig. 2C). This data in good agreement with synchronous
fluorescence outcome indicated that calycosin can disrupt the
tertiary structure of cyclin DI.

3.3. Circular dichroism (CD) study

To ascertain the probable effect of calycosin interaction on the
secondary structure of cyclin D1, CD measurement was also
performed in the absence and presence of calycosin. The data
read in the range 260-190 nm depicts the presence of two min-
ima around 210 and 222 nm, indicating the presence of a-helix
in cyclin D1 structure (Fig. 3) (Zeinabad et al., 2016). Further-
more, it was shown that for the calycosin-cyclin D1 complex,
the appearance of the CD spectrum is not exactly similar to
that of cyclin D1 alone, and this difference was more signifi-
cant in the higher concentrations of calycosin than those of
lower concentrations. This data further reveals that although
the structure of cyclin D1 after addition of calycosin was also
predominantly a-helix, the presence of calycosin could increase
the distribution of random coil structure (Table 4). Therefore,
the different CD spectra of the cyclin D1 with and without
calycosin reveal that, at least in this experimental setup, there
is a detectable secondary structural change of the cyclin D1

Table 3 Thermodynamic parameters for the interaction of calycosin with cyclin D1 (R is the correlation coefficient).

Temperature (K) AH (kj/mol)

TAS (kj/mol) AG (kj/mol)

298 —536.421 + 49.37 —477.96 + 38.12 —58.4609 + 4.11
310 —536.421 + 49.37 —497.207 + 29.19 —39.2142 + 3.61
315 —536.421 + 49.37 —505.226 + 37.91 —31.1947 £ 2.91
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Fig. 2

Synchronous fluorescence study of cyclin D1 in the presence of increasing concentration of calycosin at (A) AL = 60 nm, (B)

AL = 15 nm. (C) Nile red fluorescence study of cyclin D1 in the presence of increasing concentration of calycosin.
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Table 4 Quantification of secondary structure of cyclin D1
after interaction with varying concentrations of calycosin.

[Calycosin] a-Helix (%)  p-Sheets (%) Random coil (%)
(nM)

0 57.32 £ 244 1274 £ 093 2994 + 1.97

1 56.52 £ 2.19 1229 + 0.89 31.19 £ 1.75
10 5539 + 2.13 11.88 £ 0.75 32.73 £ 2.08
20 5429 + 2.02 11.09 £ 0.63 34.62 + 2.11

50 53.51 £ 1.98 10.23 £ 0.65 36.26 + 2.24
100 52.09 £ 1.92 997 + 0.68 37.94 + 2.18

upon binding with the calycosin. Thus, calycosin can influence
the secondary structure of cyclin D1 and disrupt its structure
(Fig. 3) (Table 4).

Therefore, CD and fluorescence spectroscopy indicated that
the presence of calycosin can affect the secondary structure of
cyclin DI.

3.4. DSC analysis

To explore further detail about denaturation of cyclin DI
upon interaction with calycosin, Tm and ACp were determined
using DSC analysis. As exhibited in Fig. 4, ACp values of
cyclin D1 were plotted against temperature and the relevant
Tm and AACp were calculated as described in Material and
method section and the outcomes are summarized in Table 4.

The ACp data for the cyclin in the presence of various con-
centrations of calycosin, i.e. 0, 1, 10, 20,50, and 100 nM were
2.17 + 0.11, 1.97 £ 0.09, 1.74 + 0.09, 1.63 + 0.08,
1.26 £ 0.06, 0.82 = 0.04 kcal/Kmol, respectively (Table 5).
ACp as a thermodynamic parameter describing the involve-
ment of the hydrophobic forces in the protein structure and
corresponding stability (Precupas et al., 2021; Durowoju
et al., 2017). The ACp value of cyclin D1 was seen to be
reduced after addition of calycosin in a concentration-
dependent manner, indicating that hydrophobic forces in the
protein structure are gradually weakened upon addition of
calycosin. Furthermore, the Tm data for cyclin D1 samples
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Fig. 4 Differential scanning calorimetry (DSC) profile of cyclin
D1 in the presence of increasing concentration of calycosin.

Table 5 Tm and AC, parameters of different cyclin D1
samples as determined by DSC analysis.

[Calycosin] (nM) Tm (°C) AC, (kcal/Kmol)
0 58.21 + 1.08 2.17 £ 0.11
1 57.98 £+ 1.05 1.97 + 0.09
10 57.19 + 0.88 1.74 + 0.09
20 56.33 £ 0.73 1.63 + 0.08
50 55.92 + 0.56 1.26 + 0.06
100 55.04 £ 0.47 0.82 + 0.04

based on the above order were 58.21 + 1.08, 57.98 + 1.05,
57.19 £ 0.88, 56.33 £ 0.73, 55.92 £ 0.56, 55.04 + 0.47 °C,
respectively (Table 5). In general, ACp data in combination
with Tm results indicated that calycosin led to a significant
decrease in the contribution of hydrophobic forces and ther-
mal stability of cyclin D1.

3.5. Docking studies

Molecular docking analysis was explored to reveal how the
calycosin (Fig. 5A) binds cyclin D1. The docked calycosin-
cyclin D1 complex is shown in Fig. 5B. The binding energy
was found to be —5.93 + 0.42 kcal/mol (Table 6) which
reveals a strong binding affinity between the receptor and
ligand. Visualization of the docked site was done by using
CHIMERA (www.cgl.ucsf.edu/chimera) and PyMOL (http://
pymol.sourceforge.net/) tools (Fig. 5C). It was seen that inter-
acting residues within 4 A were Asn-198, Pro-199, Ser-201,
Glu-35, Leu-32, Lys-238, Ile-237 (Table 6). These residues
reveal the presence of hydrophobic interactions, hydrogen
bonding, and electrostatic interactions upon interaction of
cyclin D1 with calycosin. It seems that the OH groups, aro-
matic rings and oxygen moiety in the calycosin structure estab-
lish hydrogen bonding, hydrophobic interactions, and
electrostatic interaction with cyclin D1 residues, respectively.
Indeed, hydrogen bonding, hydrophobic and electrostatic
interactions can play an important role in the binding of a
small molecule with a receptor. The docking score also indi-


http://pymol.sourceforge.net/
http://pymol.sourceforge.net/

Exploring the interaction of calycosin with cyclin D1 protein as a regulator of cell cycle progression in lung cancer cells 7

Fig. 5
calycosin and cyclin D1.

Table 6 Outcomes of molecular docking with residues and
docking scores for the interaction of calycosin with cyclin D1.

Interacting residues within 4 A

Hydrophobic; Pro-199, Leu-32, Ile-237
Electrostatic; Glu 35, Lys-238,
Hydrogen bonding; Asn-198, Ser-201

Docking score (kcal/mol)

—5.93 + 0.42

cated that the calycosin attaches strongly to the cyclin DI.
Spectroscopy data indicated that the hydrogen bonding and
van der Waals interactions result in the formation of

(A) Calycosin structure, (B) Docking complex of calycosin-cyclin D1, (C) Interactive residues involved in the interaction of

calycosin-cyclin D1 complex. Docking study also indicated
that hydrogen bonding was one of the main forces involved
in the interaction observed between calyosin and cyclin D1.

3.6. Cytotoxicity and cell cycle arrest of calycosin on lung cancer
cells

Lung cancer cells were treated with increasing concentration of
calycosin for 24 h and cytotoxicity was assessed by MTT
assay. It was observed that calycosin mitigated cell growth
(Fig. 6A) in a concentration-dependent manner. In fact,
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Fig. 6
in the presence of 1Csy concentration of calycosin after 24 h.

(A) MTT assay of A549 cells in the presence of increasing concentration of calycosin after 24 h. (B) Cell cycle assay of A549 cells
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calycosin induced the highest cytotoxic effects on lung cancer

cells at 200 pg/mL. It was then determined that the ICsy con-

centration of calycosin against A549 cells was about 170.81
+ 19.54 pg/mL, which was used for the cell cycle assay.

Flow cytometry analysis was further used to explore the
effect of calycosin on the cell cycle arrest especially at Gl
phase as cyclin D1 controls the transition of cells from Gl
to S phase. A significant increase in the percentage of cells in
G1 phase was reported in A549 cells after incubation with
ICso concentration of calycosin, relative to control cells
(Fig. 6B). In fact, as shown in Fig. 6B, when cells were incu-
bated with ICsy concentration of calycosin for 24 h, the per-
centage of sub-Gl (as a marker of apoptosis) and Gl
population showed a marked increase, whereas the percentage
of S and G2/M had a significant decrease compared with those
in control group. All these data indicated that inhibition of cell
growth at G1 phase led to decreased cells entering in S and G2/
M phases, subsequently triggering cell apoptosis (Zeinabad
et al., 2016).

One of the possible reasons for the cell cycle arrest in the
G1 phase is the probable denaturation of cyclin D1 as a key
controller for S phase entry, which needs fur-
ther in vitro and in vivo experiments in the future.

4. Discussion

Cyclin D1 is a protein responsible for transition of cells from
G1 to S phase in cell cycle and can regulate the proliferation
of cancer cells. Therefore, development of some therapeutic
approaches targeting the structure cyclin D1 by some com-
pounds can be used as a therapeutic potential against different
kinds of cancers. In this study, the interaction of calycosin as a
promising anticancer bioactive small molecule with cyclin D1
was explored by different in vitro experimental and theoretical
analyses. In this experimental study, the thermodynamic
parameters and side effect of the calycosin upon interaction
with cyclin D1 was explored It was shown that the addition
of calycosin to cyclin D1 reduces the emission of intrinsic flu-
orescence of the calycosin D1 through the static mechanism
and changes in the secondary and tertiary structures of pro-
tein. Indeed, it was seen that calycosin changes the secondary
structure of the protein by reducing the regular structure of the
a-helix and B-sheets and increasing the structures of the ran-
dom coils, which indicates a decrease in the stability of the sec-
ondary structure of the protein. This data was also verified by
DSC analysis which indicated that Tm and ACp values of
cyclin D1 as the marker of stability of protein through contri-
bution of hydrophobic forces were decreased in the presence of
calycosin. The above results showed that calycosin can bind to
cyclin D1 and alter its structure.

In another study, it has been indicated that calycosin can
increase the stability of interferon gamma as an anticancer
agent (Yang et al., 2021). Also, it has been shown that caly-
cosin did not induce any effect on the stability of tau protein,
however due to its unique structure can mitigate the tau pro-
tein aggregation (Zhenxia et al., 2021). These differences
between the effect of calycosin on protein stability may be
derived from the type of protein and the contribution of differ-
ent forces (Zeinabad et al., 2016). At the time of writing this
paper, no other studies were available on the interaction of
calycosin with proteins by spectroscopic techniques. In agree-

ment with our data, it has been shown that polyphenols can
affect the protein structure based on the kind of interaction
derived from the unique structure of polyphenol (Xu et al.,
2019; Shamsi et al., 2020).

Regarding the binding parameters, it has been shown that
the n value is close to unity, revealing a 1:1 complexation with
a wide number of polyphenols and the protein (Bose, 2016).
Also, the structural alteration in the polyphenols has been real-
ized to change the K, value and the different moieties attached
to the rings of the polyphenols have been shown to play an
important role in this aspect (Bose, 2016). It has been found
that any changes in polyphenol moiety alters the binding of
these small molecules with proteins (Bose, 2016). It seems caly-
cosin due to the presence of different groups such as hydroxy,
methoxyphenyl, and chromen can establish different forces
with proteins as was investigated in this paper. Therefore, it
should be noted that calycosin can bind cyclin D1 and induce
some apparent structural changes on this protein which can be
considered as a helpful strategy for cell cycle arrest in cancer
cells.

A drug’s affinity to bind to regulatory protein in cancer
progression can provide useful information in drug develop-
ment, because drugs mainly affect protein structure and corre-
sponding activity. Cyclin D1 is a regulatory protein in the G1
phase of cell cycle which plays a key role in cancer cell prolif-
eration and calycosin as a small biomolecule with potential
therapeutic activities against human cancer can result in denat-
uration of this protein.

Therefore, this study provides new biochemical and struc-
tural detail on the calycosin’s binding to cyclin D1 that is inter-
esting in the exploration of its therapeutic effects in future
medicine through inhibiting the proliferation of lung cancer
cells.

Hence, in the future some complementary data should be
gathered in vitro and in vivo to cover some limitations of this
paper based on the expression of cyclin D1 in the presence
of calycosin in cancer cells and exploring the structural
changes of cyclin D1 in vivo.

It is hoped that the outcomes of this study will hold a great
promise for the development of some potential compounds
with fewer side effects in cancer therapy.

5. Conclusion

In the present paper, we have systematically investigated the structural
and thermodynamic basis of interactions of calycosin and cyclin D1
with multiple experimental and modeling analyses. The steady-state
fluorescence analysis revealed that the formation of cyclin Dl—caly-
cosin resulted in an apparent reduction in the fluorescence of cyclin
DI in a concentration-dependent fashion. The related Stern-Volmer
parameters indicated that the formation of stable cyclin D1-calycosin
complexes via a static mechanism.

The calculation of binding parameters for the cyclin D1-calycosin
complex formation revealed a strong association constant and one
binding site. The negative thermodynamic parameters indicated that
the overall cyclin D1-calycosin interaction was spontaneous and the
complex was formed mainly due to the presence of hydrogen binding
and van der Waals forces. To further support the formation of stable
cyclin Dl-calycosin complexes, molecular docking study was run. It
was found that calycosin showed a strong docking score after interac-
tion with cyclin D1 through different forces and Asn-198, Ser-201 con-
tributed to the formation of hydrogen binding with calycosin. The
collective experimental outcomes from synchronous/ Nile red fluores-
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cence and CD spectroscopy demonstrated that calycosin binding
induced an apparent conformational change in cyclin DI structure.
Also, DSC analysis indicated that calycosin decreased the Tm
and ACp values of cyclin D1, revealing the probable denaturation of
cyclin D1 through perturbation of hydrophobic forces. Also, cellular
studies showed that calycosin mitigated the proliferation of lung can-
cer cells through cell cycle arrest in the G1 phase regulated by cyclin
DI.
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