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The present study accounts for cholest-5-en-7-one (steroid) synthesis using selenium dioxide and silica
as well as its identification using high-resolution mass spectrometry (HRMS), FT-IR, NMR, and elemental
analysis. Density functional theory (DFT) calculations were used to optimize the steroid’s geometry,
which was then compared to single-crystal X-ray diffraction data, indicating that the computational
and experimental results were in good agreement. UV–vis absorption titration, fluorescence spectral
methods, circular dichroism (CD), and dynamic light scattering (DLS) were used to investigate the
well-identified steroid’s in vitro molecular interaction with human serum albumin (HSA). The results
and binding parameter indicate that the steroid has significant binding affinity for HSA. Molecular dock-
ing was performed and found that the steroid can interact with the hydrophobic cavity of HSA through
hydrogen and hydrophobic contacts. Molecular dynamics simulation was used to confirm the stability of
the HSA-steroid complex. Combined quantum mechanics-molecular mechanics (QM-MM) methods were
applied to know binding energy of system and individual components for atomic level interactions indi-
cating a significant interaction between the steroid and the biomacromolecules. The findings presented
here contribute to a better understanding of steroid pharmacodynamics.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The synthetic modification of steroids derived from various nat-
ural sources has resulted in the preparation and development of
several diverse pharmacologically active, efficient, and highly
specific commercially important therapeutic medicines (Li et al.,
2020, Serrano-Vázquez et al., 2020, Borioni et al., 2021, Boutin
et al., 2021, Kuzminac et al., 2021). Synthetic steroid aromatase
inhibitors have been studied and reported in the literature in
recent years, assisting medicinal chemists in the development
and synthesis of new powerful aromatase inhibitors for the treat-
ment of breast cancer (Varela et al., 2012). The structural diversity
of steroidal substances is thought to be responsible for their phar-
macological characteristics, according to research (Saikia et al.,
2015, Zhao et al., 2021). As previously described, the structural
diversity of steroidal substances is assumed to be responsible for
their pharmacological properties. HSA is the most common nega-
tively charged and highly soluble protein found in vertebrate blood
plasma and accounts for 60% of the total protein in plasma.
Recently, one of the most widely used methods for determining
preferential binding sites and binding orientation of small mole-
cules in target proteins such as HSA has been computational
approaches (Meng et al., 2011, Ryde and Soderhjelm 2016). In
the present study, the binding mechanism of cholest-5-en-7-one
(steroid or steroidal ketone) with HSA was explored by various
spectroscopic techniques followed by molecular docking, and the
structural alterations of HSA derived from docking studies when
ligand is linked to HSA binding sites were explored using a
100 ns molecular dynamics (MD) simulation. In addition, the bind-
ing energy of the HSA-steroid interaction at the atomic level was
determined using a combined method QM/MM approach. In silico
analysis which could provide supportive and comprehensive infor-
mation about the steroid binding mechanism with HSA.
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2. Experimental section

2.1. Preparation of steroidal ketone (2)

To a solution of cholest-5-ene (1) (1 mmol), SeO2 (0.5 mmol)
and ButOOH (3 mmol) in dichloromethane (20 ml) were taken in
round bottom flask equipped with condenser. After that, 1 g of sil-
ica was added, and the resulting mixture was stirred for 1 h under
reflux. TLC was used to check the progress and purity. The reaction
mixtures were cooled and filtered under suction to remove silica
and selenium, then washed with dichloromethane after the reac-
tion was completed as revealed by TLC. After removal of solvents
and water is added to the residual mass. The organic layer was sep-
arated with ether, then washed thoroughly with water, followed
by a 5% aqueous sodium bicarbonate solution, water, and finally
anhydrous Na2SO4 before drying. The oil was obtained by evapo-
rating the solvent under reduced pressure and chromatographing
it over silica gel with light petroleum (60–80 �C). Elution and evap-
oration produced a solid that was recrystallized from methanol to
produce crystals with a 75% yield. m.p.: 130 �C (2, Scheme 1) (pub-
lished m.p. 125–129 �C, (Dauben and Takemura 1953, Khan et al.,
2010, Mushfiq et al., 2010, Sarkar et al., 2017); Anal. calc. for
C27H44O: C, 84.31; H, 11.53%. Found: C, 84.71; H, 11.51%; IR (KBr,
cm-1): 1685 and 1621 cm-1 (a,b-unsaturated ketone); UV kmax(-
methanol) 239 nm; HRMS (ESI): calcd. for C27H44O [M + H]+:
384.3393; Found: 384.3399. Materials and Methods including
Chemical shift of compound and its UV–Vis (Fig S1) are given in
supplementary information.

2.2. HSA sample preparation

HSA was prepared as a stock solution in 20 mM phosphate buf-
fer (PB) with a pH of 7.4, and its concentration was determined
spectrophotometrically with a Perkin–Elmer–Lambda double
beam UV–vis spectrophotometer using e1cm% of 5.30 at 280 nm,
and its purity was certified on SDS–PAGE with a single band. A
2 mM stock solution of cholest-5-en-7-one was prepared in small
amount of Dimethyl Sulfoxide (in 5% DMSO) and the dilution
was made in PB to obtain different concentration of compound.
Blanks were 20 mM phosphate buffer (pH 7.4) at 298 K for each
experiment. All of the pH readings were taken with an Orion-
401-plus pH meter supported with an Orion glass electrode.

2.3. Procedures

UV–Vis absorption, fluorescence, circular dichroism spec-
trophotometric and Dynamic light scattering (DLS) techniques
were applied to study HSA interactions with cholest-5-en-7-one.
As interaction parameters, binding constants, binding stoichiome-
try, and binding modes were all investigated. The Supporting Infor-
mation contains a detailed procedure.

2.4. Molecular docking

The approach of molecular docking is useful for simulating
interactions between molecules and bio-macromolecules. The
Scheme 1. Synthesis of cholest-5-ene-7-one (2) from cholest-5-ene (1) using SeO₂.
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Lamarckian Genetic Algorithm (LGA) was exercised to undertake
an in-silico study on the binding patterns of cholest-5-ene-7-one
with HSA utilizing the AutoDock 4.2 program under AutoDock-
Tools (ADT) (Morris et al., 1998, Morris et al., 2009). (Details can
be found in the supplementary information).
2.5. Molecular dynamics simulation

Desmond (Schrödinger, LLC, New York, NY, USA) was used to
simulate molecular dynamics for 100 ns at 300 K and 1 atm, as pre-
viously explained (Rehman et al., 2019). The best docked posed of
the HSA-steroid complex with the lowest binding energy was
opted as the complex’s initial conformation for simulation. (See
supplementary information for details)
2.6. Computational details

The density functional quantum chemical calculations on the
molecular structure provided in asymmetric unit of crystal struc-
ture of cholet-5-ene-7-one (Scheme 1) in vacuuo and solvent phase
were carried out by Gaussian 09 program using B3LYP and basis set
6-311G(d,p) (Frisch and Clemente 2009, Alam and Ahmad 2014).
(See supplementary information for details)
3. Results and discussion

3.1. Chemistry and molecular geometry of the synthesized cholest-5-
ene-7-one

Several methods have been documented for isolating pure ster-
oidal ketone (2) using hazardous chemicals, including lachryma-
tory procedure, to synthesize steroidal ketone. In this study,
steroidal ketone from cholest-5-ene (1) was synthesized using
selenium dioxide, small amount of ButOOH, and silica gel to obtain
a single product with minimal hazard chemicals, as opposed to the
previously published technique (Khan et al., 2010, Mushfiq et al.,
2010), which used maximum hazard chemicals and required a
lengthy workup for isolation. The reported technique for synthesis
of steroidal ketone utilizing tert-butyl alcohol, CrO3, acetic acid,
and acetic anhydride is still useful in producing large quantities
of the chemical (Dauben and Takemura 1953). The synthesized
compound was identified using spectral techniques as given in
the experimental section. The IR spectrum of steroidal ketone
revealed characterized peaks at 1685 and 1621 cm�1 correspond-
ing to alpha–beta-unsaturated ketone molecule, indicating that
the product was successfully formed. Moreover, the melting point
of the compound was 130 �C, which is nearly identical to what has
been described in the literature (Dauben and Takemura 1953, Khan
et al., 2010, Mushfiq et al., 2010, Sarkar et al., 2017). For a single
crystal X-ray investigation, the synthesized ketone was effectively
crystallized to produce good crystal quality; but, a single crystal X-
ray study of steroidal ketone was found to be published in the lit-
erature (Khan et al., 2010).

Cholest-5-ene-7-one (2) crystallizes in the monoclinic system
that has the space group P21 and 7 stereocenters. The asymmetric
unit includes one molecule, whereas the unit cell contains two
molecules that are bound together by non-bonding forces and ori-
ented tail-to-tail as noted elsewhere (Khan et al., 2010). The
Gaussian-09 software package was used to do DFT calculations to
investigate the nature of the molecule via the electronic structure
of steroidal ketone (2). Crystallographic Information File (CIF) was
retrieved from CC Data Center (CCDC No# 1433642) and used as
initial coordinates of the molecular structure for theoretical
calculations.
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The optimized structure for cholest-5-ene-7-one was computed
at the level of DFT/B3LYP/6–311G(d,p) basis det and is given in
Fig. 1(a) with the numbering scheme used. The XRD (Fig. 1(b)
and DFT molecular structures of the compound were superim-
posed atom by atom (Fig. 1c; green-experiment; white-
calculated), and the root mean square error (RMSE) for the
B3LYP/6-311G(d,p) method was noticed to be 0.182. In the isolated
gas phase geometry that contributes to the magnitude of the RMSE,
intermolecular Coulomb interactions with adjacent molecules are
not considered, so the side chain of the compound contributes
most of the error. In contrast, the experimental result in the crystal
lattice is correlated with interacting molecule (2) (See the Supple-
mentary Table S1 for Comparison of selected optimized structural
parameters with corresponding XRD data).
3.2. Frontier molecular orbital and molecular electrostatic potential
(MEP)Analysis

The properties of molecules generally determined by molecular
orbitals (MOs) are known as Frontier Molecular Orbitals. A mole-
cule with a higher HOMO value is more likely to donate electrons
to a suitable acceptor molecule with a low energy of the vacant
molecular orbitals (Zarrouk et al., 2014). Molecular reactivity
decreases as the energy gap between HOMO and LUMO widens,
resulting in increased molecular stability and a sign of chemical
hardness (Gil et al., 2016). The arrangement of HOMO and LUMO
is crucial in determining which portion of the ligand is most suit-
able for receptor engagement. In Fig. 2a, HOMO and LUMO are pre-
dominantly delocalized over carbonyl system and a few steroid
rings of compound (2).

Fig. 2a depicts HOMO and LUMO plots, with positive and nega-
tive phases indicated by red and blue colors, respectively. The
energies of EHOMO and ELUMO appear to be �6.80 and
�0.86 eV, respectively, and the gap between HOMO and LUMO of
2 is 5.94 eV, which explains the strength and stability of cholest-
5-ene-7-one (2) as well as the nature of the skeleton. According
Fig. 1. (a) Geometry optimization at B3LYP/6-311G(d,p) level, (b) XRD and (b) (
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to surface inspection of HOMO and LUMO, AOs of the oxygen
atoms of the carbonyl group at the 7-position of the steroid skele-
ton (C27-O1 in Fig. 1) lead to the creation of p – type HOMO and p⁄
- LUMO. Steroid appears to be a thermodynamically stable species
with little chemical activity due to the significant magnitude of
FMOs with energy difference (5.94 eV). The ability of molecule
electron donation can be assessed by referring to HOMO energy
values, as increasing HOMO energy facilitates the oxidation pro-
cess. The energies of the Frontier molecular orbital (FMO) and its
band gap determines not only the conventional chemical reactions
of certain types, but also the thermodynamic and chemical kinetic
properties of the system under consideration. Thus, a variety of
quantum mechanical reactivity descriptors given in Table S2 such
as chemical hardness (g), chemical softness (S), electronegativity
(v), electronic chemical potential (l), and global electrophilicity
index (x) can be calculated using HOMO energy, LUMO and their
energy gap for a steroid (2) using the following equations (1–5)
(Masroor et al., 2017, Garg et al., 2021).

Chemical hardness, g =� (ELUMO-EHOMO) ð1Þ

Chemical softness, S = 1/2g ð2Þ

Electronegativity, v = -� (ELUMO-EHOMO) ð3Þ
� �1/2(I + A), where I represent -EHOMO and A for -ELUMO com-

pared to ionization potential and electron affinity, respectively

Electronic chemical potential, l = � (ELUMO-EHOMO) = -v ð4Þ

Global electrophilicity index, x = l2/2g ð5Þ
According to the ionization potential of steroid in Table S2, an

energy value of 6.80 eV is required to remove an electron from
the HOMO. The lower Electron Affinity (0.86 eV) value shows that
the compound (2) easily takes electrons to form bonds, indicating a
higher molecular reactivity with nucleophilies. The higher hard-
ness (2.97 eV) and lower softness (0.33 eV) data support the higher
C) Overlay of crystal structure and DFT calculated structure; RMSE 0.182 Å.



Fig. 2. (a) Spatial plots of HOMO and LUMO and (b) MEP and contour plots for cholest-5-ene-7-one.

Fig. 3. UV absorption spectra of HSA and HSA-steroid (2) complex, fixed
[HSA] = 5 mM, increasing concentration of [steroid] = 5, 10, 15, 20, 25, 30 and 50 mM.
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molecular hardness of molecule and imply low chemical reactivity
with a potential net electrophilicity of 2.46 eV. Because the lower
chemical potential values and higher Electrophilicity index are
comparable to those of biologically active chemicals, therefore,
naturally occurring steroid compounds or synthetic steroidal com-
pounds are physiologically active in the therapeutic sector. The
molecular electrostatic potential (MEP) (Fig. 2b) potentials formed
in the space around a molecule by its nuclei and electrons were
used to determine the behavior and reactivity of the molecules.
In order to save space/pages, the MEP is explained in the support-
ing information, as directed by journal guidelines.

3.3. Molecular Hirshfeld surfaces analysis

The 3D Hirshfeld surface analysis of compound 2 (Fig. S2) is a
useful way of evaluating the intermolecular and intramolecular
interactions that occur in crystal packing. CrystalExplorer 21.5
was used to construct two-dimensional fingerprint plots based
on a Hirshfeld surface study as explained in supporting data.

3.4. HSA binding properties

To the best of our knowledge, studies on steroid chemicals and
HSA have rarely been published, and structural interactions have
never been rigorously analyzed. The binding interactions of steroid
and HSA must be studied in order to evaluate their biological activ-
ities at the molecular biological level.

3.5. UV–vis absorption studies

UV–Vis absorption is sensitive and has been used to monitor
and examine protein–ligand complex formation as well as to inves-
tigate structural changes inside proteins as a result of complex for-
mation (Zhang et al., 2008, Guo et al., 2009). The approach is based
mostly on the extension of UV–vis light absorption by the sample
and the protein molecule. Light is absorbed by the presence of aro-
matic moieties largely in tryptophan, tyrosine and phenylalanine.
HSA is recorded at a maximum of 280 nm, which is normal for
the three aromatic residues. Tryptophan, in particular, is extremely
sensitive to changes in the microenvironment and is absorbed
4

mostly at 280 nm. In general, ligand binding is followed by changes
in the microenvironment to aromatic residues, which offer infor-
mation on the phenomena of binding. Fig. 3 shows the absorption
spectra of HSA in the absence and presence of cholest-5-ene-7-one.
The microenvironment around tyrosine and tryptophan residues of
HSA is the focus of the absorbance peak at 278 nm. As the varied
steroid concentrations were added to the fixed amount of HSA,
the intensity of the peaks decreased. Overall, the peak of intensity
indicates that when HSA interacts with steroids, the skeleton loos-
ens and opens up significantly, confirming structural alterations of
HSA.
3.6. Fluorescence studies

Protein-drug interaction, mechanism of quenching as well as
conformational change can be examined with in protein interac-
tion of drugs by fluorescence spectroscopy (Gowda and
Nandibewoor 2014). Tryptophan, tyrosine, and phenylalanine are
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three main fluorophores that regulate protein fluorescence. The
tryptophan residue in subdomain IIA having active cavity con-
tributes significantly to the fluorescence of HSA with a maximum
fluorescence intensity at 340 nm, whereas the other fluorophores
do not participate notably. The negligible contribution of pheny-
lalanine is due to its poor quantum yield, whereas tyrosine is com-
pletely quenched if ionized or next to an amino group, a carboxyl
group, or a tryptophan (Yue et al., 2012, Shinde et al., 2021). HSA
was titrated against cholest-5-ene-7-one in order to investigate
the binding mechanism and complex formation in this work. HSA
concentrations were fixed while cholest-5-ene-7-one concentra-
tions were changed. HSA spectra were obtained in the presence
and absence of cholest-5-ene-7-one, as shown in the Fig. 4a. The
results show that HSA has a fluorescence emission maximum
around 338 nm, with quenching as the steroid concentration rises,
implying the formation of a complex and binding with HAS(Kabir
et al., 2016). Cholest-5-ene-7-one (steroids) triggered progressive
fluorescence quenching in HSA without affecting the wavelength
(kem) or peak morphology. At the maximum dose of steroid (mM),
the fluorescence intensity of HSA decreased by around 43%. This
shows that the steroid has a concentration-dependent interaction
with HSA, quenching its intrinsic fluorescence. Fluorescence
quenching was found to be more prominent in 50 mM based on
the calculation of fluorescence intensity as a wide gap can be seen
between 30 mM and 50 mM in Fig. 4a. Mechanistic approach for the
fluorescence quenching of HSA in presence of drug can occur
through either a static or dynamic fluorescence. Static fluorescence
quenching is primarily caused by the formation of a stably bound
protein–quencher association. As a result, the quenching constant
(Kq) increases with decreasing diffusion frequency, indicating an
inverse relationship with temperature. Dynamic fluorescence
quenching, on the other hand, is largely caused by transitory inter-
molecular collisions between the protein and the quencher. As a
result, as collision frequency increases, the rate constant for
quenching (Kq) increases in a temperature-dependent manner.
Furthermore, dynamic fluorescence quenching does not need
actual ligand interaction, therefore conformational shape or func-
tion of HSA are unaffected. Furthermore, dynamic fluorescence
quenching does not necessitate actual ligand binding, resulting in
no alteration in the conformational shape or function of HAS
(Gowda and Nandibewoor 2014). The Stern-Volmer equation was
utilized to establish the mechanism of fluorescence quenching by
using the mathematical relationship between protein fluorescence
quenching and quencher concentration. The Stern-Volmer plot of
HSA in the presence of steroid (2) is presented in Fig. 4b. The
quenching constant (Ksv) and bimolecular quenching constant
(Kq) for the binding of HSA are important factors in knowing the
interaction of HSA with drugs. KSV followed by Kq values derived
for steroid (2) interaction with HSA at ambient temperature by lin-
ear regression plotting F0/F against [Q] and found to be in order 104

showed that quenching mechanism between HSA and cholest-5-
ene-7-one was most likely begun by static quenching mechanism
(Li et al., 2010). The bimolecular quenching rate constant (Kq) for
the binding of HSA with steroid (2) was estimated through Stern
Volmer equation and found to be approximately 3.12 � 1012 M�1

s�1. The obtained value of Kq is two orders of magnitude greater
than the maximum collision quenching constant 1010 (2 � 7.4 � 1
010 L∙mol�1∙s�1 at 298 K) confirming a static quenching mecha-
nism that supports the design of an equilibrium ground state ster-
oid–HSA complex. Furthermore, the binding constant (Kb) and
binding sites (n) on HSA can be estimated using a modified
Stern-Volmer equation based on a double logarithmic plot of log
(F0-F)/F vs log[Q] (or log (F0-F)/F vs log[steroid]) where the
obtained slope is the number of binding sites (n) and the intercept
(ordinate at the origin, in Fig. 4c) is the logarithm value of Kb (log
Kb). In general, a drug with a higher binding constant binds to the
5

receptor more strongly than a drug with a lower binding constant.
The slope of the regression equation is close to one, indicating that
under defined conditions there is only one binding site with high
affinity for steroid to HSA molecule. The binding constant of com-
pound was determined to be 4.5 � 105 M�1. The results clearly
show that cholest-5-ene-7-one binds to HSA well. The value of
Gibbs free energy (DGo) for HSA-steroid binding was determined
to be �7.70 Kcal/mol, indicating that the binding occurs sponta-
neously in nature.

3.7. Synchronous fluorescence spectroscopy

Synchronous fluorescence spectroscopy is a sensitive biophysi-
cal technique for examining changes in the conformation and
polarity of a binding pocket following ligand attachment to a pro-
tein. It frequently demonstrates that ligand-induced protein con-
formational changes result in binding pocket realignment, which
might influence the microenvironment or polarity of neighboring
fluorophores in a macromolecule upon ligand or drug engagement.
In this study, the excitation and emission monochromators are
simultaneously set for synchronous scans at specified wavelength
differences (Dk) between the excitation wavelengths (kex) and
the observed emission wavelengths (kem) for the steroid-HSA
complex. The wavelength difference (Dk) between excitation and
emission is unique to each fluorophore. After cholest-5-one-7-
one binding, the emission and excitation wavelengths are set at
15 nm and 60 nm, after cholest-5-one-7-one binding, referring to
alternation between tyrosine (Tyr) and tryptophan (Trp), respec-
tively. The change in emission maxima, i.e. blue shift or red shift,
can be used to interpret any change in polarity in adjacent Tyr &
Trp residues as shown in Fig. 5 (a-b). The synchronous fluorescence
spectra of HSA are shown in Fig. 6 related to the absence and pres-
ence of steroid (2). As seen in Fig. 5a, intensity of HSA synchronous
fluorescence spectra decreases as increasing steroid concentration,
as opposed to when the steroid is absent. This confirms the binding
of the steroid to HSA and backs up the fluorescence quenching
results (He et al., 2008). Moreover, it was revealed that there is a
slight blue shift when subjected to Dk = 60 nm, implying that
Tyr has been exposed to a hydrophobic environment. As a result,
the interaction changes the hydrophobic environment, increasing
the fluorophore environment’s hydrophobicity. However, there is
no discernible change in blue shift or redshift in the emission max-
ima when Dk was at 15 nm, despite the fact that the fluorescence
intensity of HSA dropped with increasing steroid concentration.
This observation indicates that steroid binding mostly alters the
conformation of the nearby binding pocket to Trp-214 in site I
(Fig. 5b) and hence polarity of its microenvironment, with very
minor impacts on conformation near the Tyr residues (411, 452)
in site II.

3.8. Circular dichroism measurements

Circular dichroism spectroscopy is a useful and efficient tool for
studying changes in the secondary structure of proteins and
nucleic acids caused by drug interactions. Thus, CD measurements
were performed to track whether cholest-5-ene-7-one binding to
HSA caused any secondary structural changes in HAS (Hamed-
Akbari Tousi et al., 2010). Due to the involvement of n ? p * and
p ? p * transfer of the peptide bonds of a–helix, the far–UV CD
spectra of HSA show two negative bands at 209 and 222 nm, which
are diagnostic of the typical a–helical structure of protein. The far–
UV CD spectra of HSA were recorded in the absence and presence
of steroid to gain a better understanding of the changes in the sec-
ondary structure of HSA when it interacts with steroid. The Fig. 6
shows the CD spectra of HSA with and without the addition of ster-
oid, and it exhibits two negative absorption bands at 208 and



Fig. 4. (a) Fluorescence spectra of HSA and HSA-steroid 2 complex in the range of 300–400 nm; fixed concentration of HSA and increasing concentration of steroid 2 (b) Stern-
Volmer plot for steroid and (c) modified Stern-Volmer equation based on a double logarithmic plot.

Fig. 5. Synchronous fluorescence spectra of human serum albumin and cholest-5-ene-7-one (2) - human serum albumin complex (a) shows synchronous spectra (a) for
tyrosine residues, (b) for tryptophan residues of steroid (2).
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Fig. 6. Circular dichroism spectra of HSA in absence and presence of steroid.

M. Alam Journal of King Saud University – Science 33 (2021) 101661
222 nm, which are indicative of the protein’s a-helical shape.
Moreover, in the presence of cholest-5-ene-7-one, the negative
peak faded at 208 nm somewhat, while the negative peak at
222 nm shifted somewhat to the short wavelength. The detailed
and reduced value of typical a–helical contents of HSA upon inter-
action with steroid is calculated using the stated equation and
determined to be 56.5 from 58.9%. The CD spectrum of HSA after
drug exposure demonstrates that the steroid alters the protein
conformation, suggesting that the steroid can penetrate into the
serum albumin rather than bind to the surface of the protein, dis-
rupting the a-helix conformation of the protein. The general over-
view shows changes in the secondary structure of HSA,
nevertheless, the a-helical content and protein stability are closely
linked to its biological roles.
Fig. 7. Molecular docking analysis, (a) HSA receptor with different active binding site
interaction (steroid) in the cavity of HSA at binding site I surrounding various hydropho
showing various interaction and its 2-dimensional interactions generated by LIGPLOT +

7

3.9. Dynamic light scattering (DLS) measurements

The size of the proteins and drug-protein complexes was eval-
uated using the differential light scattering (DLS), which is a very
sensitive technology for monitoring changes in protein molecule
size by estimating the hydrodynamic radii (Rh) of the complex
formed upon ligand or drug engagement. DLS measurements were
carried out to obtain DLS parameters named as hydrodynamic radii
(Rh) and polydispersity (Pd) and shown in Fig. S3 to determine the
hydrodynamic radii of HSA in the presence of cholest-5-ene-7-one
in a ratio of 1:10 and compared with hydrodynamic radii of HSA
reported in the literature (Alam et al., 2016, Ali et al., 2017,
Siddiqi et al., 2018). The Rh and Pd of native HSA have been
reported to be 3.6 and 3.4 nm and 11.0 and 13.5% in literature
(Alam et al., 2016, Ali et al., 2017), which decreases upon interac-
tion with steroid, Rh was found to be 2.8 ± 0.02 and polydispersity
(Pd) was found to be 7.5 %. As interpreted in the literature, this may
be due to ligand interaction with albumins disrupting the solvent
shell enclosing the protein, causing the molecule to collapse,
resulting in a decrease in hydrodynamic radii. The shape and size
of the displayed Fig. S3 follow the same pattern as suggested pre-
viously in keto-cholestane as well as the explored steroid (2).
3.10. Molecular docking analysis

Molecular docking is a handy computational approach for
Molecular modeling in order to investigate the manner of interac-
tion between macromolecules and small molecule/ligand/drug uti-
lizing the Autodock 4.2 application to determine the involvement
of HSA amino acids residues. As illustrated in Fig. 7, the cordated
molecule HSA has 585 amino acid residues that are split into three
structurally similar domains: domain I (residues 1–195), domain II
(residues 196–383), and domain III (residues 385–585) (Fig. 7a).
The steroidal molecule (Fig. 7b) was docked with the I, II, and III
active pockets of HSA individually to study the preference of bind-
ing sites of cholest-5-ene-7-one on HSA (Fig. 7c). The lowest-
energy docked pose of HSA with steroid in site I, was displayed
s, (b) docking ligand (steroid), (c) steroid docked in the binding sites I (e) ligand
bic amino acids and, (f) steroid docked into the cavity of an HSA at binding site 1
.
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in Fig. 7d-I (Site II and site III were shown in supplemental material
for clarification in the docking structure). The lowest binding ener-
gies of cholest-5-ene-7-one were �11.72 kcal mol�1 at site I, �10.
44 kcal mol�1 at site II, and �8.34 kcal mol�1 at site III in the cor-
responding docked pose of steroid into cavities of HSA. The docked
pose with the lowest energy as well as presence of hydrophobic
cavity at site I was chosen out of three for interpreting the non-
bond interaction of steroid to active amino acid residues involved
in the formation of the active pocket of HSA. The carbonyl group
of cholest-5-ene-7-one formed a hydrogen bond with LYS190 of
HSA and occupied the hydrophobic cavity surrounding by
ALA191, ALA194, LYS432, VAL433, VAL455 and VAL456 as well as
amphipathic amino acids such as TYR452 and hydrophilic amino
acids; ASP187, ARG197, ASN429, GLN459 and Glu425 via alky,
pi-alkyl, and van der walls interactions to stabilize molecule inside
of cavity (8d, f). The pose obtained for ligand interaction is showing
one conventional hydrogen bond with Lysine that also takes part in
formation alkyl bond formation. The hydrophobic amino acids sur-
rounded ligand and participate in the establishment of non-
bonding interactions that lead to the strength of the docked mole-
cule in proper orientation (Fig. 7e). HSA-steroid interactions were
also compared to a previously published HAS-ligand interaction
profile at site 1 that included amino acids like Asp, Leu, Val, Lys
Phe, Tyr Ser, Asn Ala, Glu, Gln, Val, Leu, Lys, Leu, Glu, Arg and
Gly, some of which were also found in HSA-steroid interactions
(Poór et al., 2015, Shen et al., 2017, Veeralakshmi et al., 2017). Most
Fig. 8. (a) Time dependent RMSD values for HSA and steroid-HSA complex over a 100 n
interaction of steroid with amino acid residues of HSA.
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of the amino acid residues around the reported molecules in liter-
ature were hydrophobic in nature, suggesting that hydrophobic
effects may also play a role in drug-HSA system stabilization. The
majority of the amino acid residues around the steroid were obvi-
ously hydrophobic, implying that hydrophobic effects may also
contribute to the stability of the steroid–HSA system. The interac-
tion patterns of cholest-5-ene-7-one to HSA at sites II and III are
also shown in supplementary Figure S4 (d, e, f & g), which depicts
numerous interactions between steroid and active amino acids in
the cavity of HSA. Finally, molecular docking analyzes provide a
valuable framework for visualizing individual ligand–protein inter-
actions at the atomic level, as well as quantitative analysis of the
binding affinity score, which is similar to that of the ligand–protein
interactions. correlated well with the previously reported marker
competition results(Shen et al., 2017, Veeralakshmi et al., 2017).

3.11. Analysis of molecular dynamics simulation

The stability of the HSA-steroid complex derived from the best-
docked pose was analyzed using a 100 ns molecular dynamics sim-
ulation at 300 K and atmospheric pressure (Fig. 8). Root Mean
Square Deviation (RMSD) provides information about the struc-
tural composition of the protein and indicates whether the simula-
tion is equilibrated. The complex is stable, with minimal RMSD
deviation, and the ligand was able to form an H bond with the pro-
tein, according to post-simulation analysis of the trajectory
s MD simulation and (b & c) protein-Ligand contact for to show different types of



Fig. 9. Over the course of the simulation, the ligand torsion profile of cholest-5-en-7-one that represent the distribution of scaffold dihedrals. The graphs summarize the
conformational changes during the course of the simulation (0.00–100.00 ns). On 2D structures, the color-coded scaffold dihedrals are highlighted. A dial plot and bar plots of
the same color accompany each dihedral. Dial plots depict the torsion’s conformation during the course of the simulation. The simulation begins at the center of each dial plot,
and time evolution is depicted radially outwards. The frequency distribution of dihedral angle values is represented by the bar charts.
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(Fig. 8a). However, RMSD plot changes from 0 to 20 ns of MD sim-
ulation at the start of the calculation (Fig. 8a), the change is mini-
mal, and no major structural changes in the protein were identified
during 20 to 100 ns of MD simulation. It is also found in this study
that the RMSD value of HSA converges to a fixed value (�2.0 Å)
towards the end of the simulation, indicating a stable conformation
of the protein (Fig. 8a). Furthermore, the ligand RMSD (fit to pro-
tein) analysis demonstrates how stable the ligand is in relation
to the protein and its binding pocket. In Fig. 8a, it was observed
that the RMSD value of the steroid stabilized after the initial fluc-
tuations for 30 ns and was within the upper limit of 2.5 Å. Fig. 8a
also revealed that the steroid detached from the protein for a short
period of time (20 to 30 ns), after which both the protein and the
steroid interacted and stabilized the complex during the course
of simulation (9a).

The bar diagram in Fig. 8b clearly shows that steroid interac-
tions with amino acid residues present in close proximity to the
active site of HAS (Fig. 8c) during the 100 ns trajectory include
hydrogen bonding, hydrophobic, ionic, and water bridging. During
the MD simulation, it is discovered that Lys exhibits both hydrogen
bonding and water bridging interaction. Other amino acid residues
appeared to be involved only in hydrophobic interactions.

Torsional angle profiles obtained from MD studies over the
course of 100 ns MD simulations analyze the difference in confor-
mational flexibility of each rotatable bond in the steroid structure
throughout simulation in terms of specific scaffold dihedrals, i.e.
frequency histograms of scaffold dihedral angles for the MD
geometries (Fig. 9).

The side chain of the steroidal skeleton is flexible and con-
tributes to the creation of the profile of torsion angles in MD sim-
ulation (Fig. 9). The radial plot’s center corresponds to the
beginning of the simulation, and the simulation’s evolution records
various conformations of each rotatable bond radially outwards.
The probability density of each torsional rotation is represented
by the bar charts. When a steroid interacts with a receptor, it occu-
pies a rigid structure that can keep the same binding orientation
throughout the simulation, resulting in a narrower band with less
variance. The steroid torsion profile analysis gives information for
deriving the pharmacophore characteristics essential for interac-
tion with key residues in proteins. The ligand torsion profile in
steroids displayed significant conformational flexibility as indi-
cated by five rotatable bonds (RB) such as C17-C20, C20-C22,
C22-C23, C23-C24, and C24-C25, which are illustrated in Fig. 9
9

by blue, pink, green, yellow, and purple, respectively. At the start
of the simulation (0�), the ratable bonds (RB) impacted by rigid
steroidal rings and methyls (C210 & C26-C27) such C17-C20,
C20-C22, and C24-C25 have high potential energies of 7.64, 5.17,
and 5.17 kcal/mol, respectively. In addition, the core of the steroid
is rigid, and its oxygen atom is involved in a non-binding interac-
tion, it remained stable in complexes during the MD simulation,
demonstrating that the oxygen atom of steroidal ring was able to
attach HSA tightly. Ligand properties related to Radius of Gyration
(rGyr), Intramolecular Hydrogen Bonds (intraHB), Molecular Sur-
face Area (MolSA), Solvent Accessible Surface Area (SASA), and
Polar Surface Area (PSA) contributed only by oxygen atom are dis-
played in graph form in Figure S5. The lowest-energy docked pose
of HSA with steroid was also selected for optimization using the
hybrid QM/MM approach to calculate the important interaction
energy of steroid–HSA system, as given in additional information
(Fig S6) under QM/MM approach.
4. Conclusions

DFT analysis was performed on easily synthesized cholest-5-
ene-7-one to examine geometry, FMOs, MEP, and chemical reactiv-
ity descriptors of steroid using FMOs. Hirshfeld surface analysis
and accompanying 2D finger print plots revealed that the predom-
inant interactions controlling solid state packing are H. . .H, C. . .H,
and O. . .H interactions. Based on the HSA results, the binding con-
stant for the HSA-steroid complex was calculated to be 4.5 � 105

M�1. The values of DGo for the binding of HSA with steroidal
ketone was determined to be �7.70 Kcal/mol, indicating that the
binding occurs spontaneously in receptor-ligand complex. The
interaction of non-bonding and participating hydrophobic amino
acids, which are largely involved in the formation of active sites
in HSA, was revealed by molecular docking on HSA-steroid. To
identify stability of complex and interactions between the synthe-
sized compound and HSA, 100-ns Molecular dynamic (MD) simula-
tion were performed. The binding energy (BE) of �111.0 Kcal/mol
calcualted by QM/MM method indicates that HSA accepts the ster-
oid in its cavity by forming an HSA-ligand complex with natural
stabilization via multiple non-binding interactions. The features
of the HSA-steroid complex derived in this work, although prema-
ture, could have a substantial impact on future studies and
applications.
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