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ABSTRACT
Estranes are a subclass of steroid, composed of eighteen carbon atoms with a gonane core. Its derivatives exhibit 
some notable biological properties. An attempt has been made here to investigate the crystal structure of four 
estrane derivatives as accessed from CSD database for their comparative crystallographic and quantum chemical 
analysis. These structures have been geometrically optimized using the density functional theory (DFT). The 
HOMO-LUMO energy gap, molecular electrostatic potential and Mulliken atomic charges have been computed 
using the same model. The energy band gap analysis suggested that all these structures are chemically stable. 
The Mulliken atomic charges and molecular electrostatic potential maps have been analyzed for the nucleophilic 
and electrophilic regions on the molecular surface. The three-dimensional dnorm plots from the Hirshfeld surface 
highlights the presence of C-H…O hydrogen bond interaction. The fingerprint plot analysis reveals the dominance 
of H…H contacts. The critical examination of crystal voids indicates the good mechanical stability for each 
structure. The molecular docking analysis suggests that the ligands 3-Oxoestran-17-yl acetate and 17β-Acetoxy-
2β-bromo-5-methyl-5β-estran-3-one exhibit strong binding affinity towards the target protein Vitamin D3 receptor. 
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Introduction
Estrane, being one of the steroid derivatives with C18 configuration, is 
a four-ring structure of which three are six-membered cyclohexane 
rings and one is a five-membered cyclopentane ring, with the 
C13 position allocated to the methyl group. Estrane is the basic 
structure of the estrogen hormone and is found essentially in males 
and females. The best-known estrogens that play a critical role 
in various physiological processes are estrone (E1), 17β-estradiol 
(E2), and estriol (E3), respectively [1], are being the primary 
female sex hormone, they regulate the menstrual cycle, support 
reproductive health and breast development, maintain bone density 
and some related secondary sexual characteristics [2-4]. In males, 
estrogens are involved in bone maturation, sperm development, 

and libido regulation [5,6]. Beyond reproductive roles, estrogens 
contribute to cardiovascular health, skin elasticity and emotional 
well-being [7-9]. Imbalances in estrogen levels usually leads to 
significant health issues in women and the commonly manifested 
are in the form of osteoporosis, mood swings, hormonal disorders 
and cardiovascular diseases, underscoring their importance in 
maintaining overall physiological balance [10,11]. They also hold 
significant importance in medicinal chemistry and pharmacology 
with structural modifications influencing receptor binding affinity 
and selectivity [12]. These properties have led to their applications 
in hormone therapy, cancer treatment, and contraceptive 
development [13,14].

In view of the importance and diverse potential of estrane 
derivatives, we have identified four chemically-similar-looking 
estrane structures from the CSD database and are labelled as 
M-1: AXMESO (17β-Acetoxy-9-methyl-5α,9β,10α-estran-3-
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one), M-2: CIGQEQ (3-Oxoestran-17-yl acetate), M-3 GICVET 
(17β-Acetoxy-2β-bromo-5-methyl-5β-estran-3-one) and M-4 
ABAXES (2α-Bromo-17β-acetoxy-9-methyl-5α,9β,10α-estran-3-
one) [15-17]. The crystallographic structures have been compared 
and the precise crystal data are presented in Table 1. The density 
functional theory (DFT) has been employed for all the theoretical 
structure analysis. The HOMO-LUMO energy gap, molecular 
electrostatic potential (MEP) and Mulliken atomic charges were 
computed using the optimized structures. The Hirshfeld surface 
analysis has been performed to investigate the presence of 
intermolecular hydrogen bond interactions. The molecular docking 
studies have been carried out with protein Vitamin D3 receptor. 
The chemical structure of these four structures along with their 
atomic numbering scheme are given in Figure 1.

Table 1: Precise crystallographic details of CSD structures.
Molecule M-1 M-2 M-3 M-4

CCDC code AXMESO CIGQEQ GICVET ABAXES
Chemical formula C21H32O3 C20H30O3 C21H31Br1O3 C21H31Br1O3

Radiation used MoKα CuKα CuKα MoKα
Temperature (K) 295 293 295 295
Crystal system Orthorhombic Orthorhombic Orthorhombic Monoclinic
Space group P212121 P212121 P212121 P21

Cell parameters 
(Å, ⁰) 

a = 13.850(10) a = 6.777(0) a = 7.264(2) a = 13.000(10) 

b = 12.390(10) b = 14.074(0) b = 8.400(1) b = 7.380(10)

c = 11.180(10) c = 19.035(0) c = 33.217(5) c = 11.550(10) 

α, β, γ = 90⁰ α, β, γ = 90⁰ α, β, γ = 90⁰ α, γ = 90⁰, β= 
115.90

Unit cell volume 
(Å3) 1918.4 1815.64 2026.82 996.3

Z 4 4 4 2
R-factor 0.064 0.046 0.064 0.046

Figure 1: Chemical structure of estrane derivatives.

Quantum Chemical Calculations
All the quantum chemical computations were carried out using 
Gaussian 09 package [18]. The molecular geometry of each 
molecule was optimized via DFT, employing Becke’s three-
parameter functional (B3) and Lee-Yang-Parr (LYP) correlation 
functional with the standard 6-311++ G(d,p) basis set and the Gauss 

view 6 visualization software has been employed for the visual 
animation [19]. The individual ring conformation analysis for the 
estrane structure has been carried out with asymmetry parameter 
computation. These structures were theoretically explored in detail 
for the comparative investigation with the results as obtained using 
results of X-ray diffraction methods. Besides, HOMO/LUMO 
energies, molecular electrostatic potentials and Mulliken atomic 
charges were calculated from the output of B3LYP/6-311++G(d,p). 
In order to study the presence of different types of intermolecular 
interactions, the Hirshfeld molecular surfaces (dnorm, shape-index, 
curvedness) and their corresponding 2-D fingerprint plots were 
generated using CrystalExplorer 21.5 [20]. The mechanical 
stability of each molecule has been ascertained by the crystal 
void analysis. The molecular docking simulation of each estrane 
derivative has been carried out against the Vitamin D3 (PDB ID: 
1S19) receptor using AutoDock Vina [21]. The three-dimensional 
structure of the target protein in .pdb format, was obtained from 
the RCSB Protein Data Bank (www.rcsb.org). Protein and ligand 
files were prepared in .pdbqt format using AutoDock Tools. The 
docking grid box was defined with coordinates X= 14.480, Y = 
19.572 and Z = 40.776. The protein-ligand interactions were 
visualized using Discovery Studio software [22].

Results and Discussion
Crystallographic Analysis
The molecule M-4 exists in monoclinic crystal system with 
space group P21 while the molecules M-1 to M-3 crystallize in 
orthorhombic system with space group P212121. All the structures 
are reportedly well refined, with R-factor ranging from 4 – 6%. The 
average bond lengths in rings A, B, C and D of all the identified 
molecules are close to 1.54Å. In addition, the average bond angle 
for ring A (112.21⁰), B (111.69⁰) and C (111.42⁰) show significant 
deviations from the standard value, while the average bond angle 
of ring D (103.68⁰) appears significantly deviated. The ring A, B 
& C exists in chair conformations while the ring D adopts half-
chair conformation. The asymmetric parameters (ΔCs & ΔC2) 
were calculated for each structure and the results are summarized 
in Table 2. The experimental and theoretically calculated bond 
lengths and angles have been compared and the same have been 
presented in the correlation graphs (Figures 2 and 3). This shows 
a strong correlation for M-1, M-2 and M-3 while some deviation 
has been found in case of M-4, and it may be attributed to the 
suboptimal data measurements or poor quality crystallization.

Table 2: Asymmetry parameters as calculated for individual ring system. 

Ring AXMESO 
(M-1)

CIGQAM 
(M-2)

GICVET 
(M-3)

ABAXES 
(M-4)

A ΔCs = 3.95
ΔC2 = 2.78

ΔCs = 3.61
ΔC2 = 2.64

ΔCs = 1.07
ΔC2 = 1.59

ΔCs = 1.40
ΔC2 = 2.97

B ΔCs = 3.57
ΔC2 = 2.37

ΔCs = 1.34
ΔC2 = 2.78

ΔCs = 1.84
ΔC2 = 4.62

ΔCs = 0.76
ΔC2 = 6.31

C ΔCs = 2.73
ΔC2 = 4.88

ΔCs = 4.65
ΔC2 = 2.10

ΔCs = 3.18
ΔC2 = 1.82

ΔCs = 5.36
ΔC2 = 5.40

D ΔCs = 9.85
ΔC2 = 10.61

ΔCs = 6.81
ΔC2 = 14.41

ΔCs = 9.95
ΔC2 = 10.71

ΔCs = 19.10
ΔC2 = 7.20

http://www.rcsb.org
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Figure 2: Correlation graph for the calculated versus experimental bond 
lengths.

Figure 3: Correlation graph for the calculated versus experimental bond 
angles.

Frontier Molecular Orbital (FMO) Analysis
The analysis of frontier molecular orbitals (FMO) is crucial for 
assessing the chemical stability and bioactivity of a molecule 
[23,24]. The HOMO and LUMO energies, their energy band gaps, 
were calculated using B3LYP/6-311++G(d,p) level of theory. In 
each structure, the HOMO and LUMO orbitals are predominantly 
localized over the ring A and the hydroxy group (Figure 4). The 
FMO results for the energy band gap (∆Egap), which lies in the 
range of 5.95 - 6.10 eV, makes these molecules more stable and 

least reactive [25]. These energies, based on Koopman theorem 
[26], help determine some other physical parameters, viz. 
ionization potential (I), electron affinity (Υ), chemical potential (μ), 
electronegativity (χ), chemical hardness (ɳ), chemical softness (σ) 
and electrophilic index (ω) (Table 3). The stability and reactivity 
of a molecule are also characterized by its chemical potential. 
The negative value of the chemical potential (µ) indicates that 
estrane derivatives are chemically stable. The electrophilicity 
index, related to the biological activity of a molecule, categorizes 
electrophiles as strong, moderate and weak based on ω values: ω < 
0.8 (weak), 0.8 < ω < 1.5 eV(moderate) and ω > 1.5(strong) [27]. 
In the present case, all molecules fall into the category of strong 
electrophiles.  

Table 3: The band gap and other reactivity parameters.
Parameters Symbols M-1 M-2 M-3 M-4

EHOMO  EH  6.72  6.74  7.16  6.92

ELUMO  EL  0.77  0.78  1.07  1.00
Energy gap (ΔE)  (ΔE) = |EH-EL|  5.95  5.96  6.09  5.92
Ionisation potential, I=-EH -6.72 -6.74 -7.16 -6.92
Electron affinity Y=-EL -0.77 -0.78 -1.07 -1.00
Electronegativity  χ = -(EH +EL)/2  3.74  3.76  4.12  3.96
Chemical Potential  μ = -χ -3.74 -3.76 -4.12 -3.96
Chemical Hardness  ɳ = |EH – EL|/2  2.97  2.98  3.046  2.96
Chemical Softness  σ = 1/2ɳ (eV)-1  0.16  0.16  0.16  0.16
Electrophilicity   ω = μ2/2ɳ  2.35  2.37  2.78  2.64

Figure 4: HOMO – LUMO energy gap of estrane derivatives.

Molecular Electrostatic Potential (MEP) and Mulliken Charge 
Analysis
MEP is a valuable tool for analyzing and predicting the chemically 
reactive regions within a molecule. It reflects the electronic density 
distribution and serve as an important descriptor for identifying 
electrophilic and nucleophilic sites as well as regions involved in 
hydrogen bond interactions [28,29]. It is typically visualized as a 
color scale in which blue signifies electron-rich (negative) region, 
red as electron-deficient (positive) regions, and white denotes 
a neutral zone [30,31]. The electron-rich regions (red and pale-
yellow) in case of each structure are localized around the oxygen 
atoms attached at different positions, while the electron deficient 
regions (faint blue) are found distributed around the hydrogen 
atoms of the rings (Figure 5). The atomic charges for each estrane 
molecule have been derived from Mulliken population analysis, 
with optimized geometry. The magnitude of the carbon Mulliken 
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charge is was found to be either positive or negative, ranging 
from -0.901 to 0.866 (Figure 6). The highest positive and negative 
charges were observed for carbon atoms C13 = 0.866 (M-4) and C12 
= -0.901 (M-4), respectively. 

Figure 5: MEP map for estrane molecules.

Figure 6: Mulliken atomic charges for each molecule.

Hirshfeld Surface Analysis, 2D Fingerprint Plots (FP) and 
Crystal Void Analysis
Hirshfeld surface analysis, a method used for investigating the 
physical and chemical properties of a structure, helps understand 
the intermolecular interactions, their nature and distribution in the 
crystal structure. Figure 7 illustrates the Hirshfeld surfaces mapped 
over dnorm, shape index and curvedness. The red spots on the dnorm 
maps indicate close contacts formed by C-H…O intermolecular 
interactions. The intermolecular interaction of the type C-H…O 
exists in all the molecules, the number of interactions varies, 
however. Besides this, the shape index and curvedness plots 
confirm the absence of π…π stacking interactions in all four 
molecules.

The 2-D fingerprint plots provide a quantitative and visual 
summary of the interactions in a crystal structure by analyzing 
the distances di​ (from the surface to the nearest atom inside the 
molecule) and de (from the surface to the nearest atom outside the 
molecule). The Hirshfeld surface has been plotted over the 2-D 
fingerprint to find the percentage contribution of each contact type 
to the total area (Figure 8). The summary of the contribution of 
individual contacts including reciprocal contacts in each estrane 
molecule is listed in Table 4. The major contribution to the total 
HS from H…H contacts is 75.9% (M-1), 76.7% (M-2), 65.3% (M-

3) and 58.5% (M-4), respectively. The O…H/H…O contacts were 
the next major contacts which take part in the formation of C-H…O 
interactions. Besides, the contact between hydrogen and bromine 
(H…Br/Br…H) in M-3, and M-4 makes a respective contribution 
of 13.9% and 11.5% to the total HS. The minor contribution, of 
course, comes from C…H/H…C, C…O/O…C, O…Br/Br…C and 
C…Br/Br…C.

Figure 7: dnorm, shape index and curvedness maps.

Table 4: Percentage contribution of different contacts.
Short contacts M-1 M-2 M-3 M-4

H-H 75.9 76.7 65.5 58.5
O-H 21.9 21.1 18.6 20.3
C-H 2.2 1.5 1.6 6.7
C-C - 0.1 - -
C-O - 0.6 - -
H-Br - - 13.9 11.5
O-Br - - 0.4 1.8
C-Br - - - 1.2

The physical stability of each estrane molecule was assessed by 
mapping the crystal voids using a procrystal electron density 
isosurface (0.002 au) in Crystal Explorer 21.5 software. The crystal 
voids, as shown in Figure 9, reveal a void volume percentage of 
16.71% for M-1, 15.59% for M-2, 16.67% for M-3 and 15.81% for 
M-4, respectively. These relatively similar values are indicative 
of the fact that all the molecules exhibit strong physical stability. 

Molecular Docking 
The molecular docking analysis was aimed at to assess the binding 
affinity and some potential pharmacological efficacy against the 
target protein 1S19. A comparative analysis of the docking results 
for estrane structures when complexed with 1S19 are present in 
Table 5 and Figure 10. 

In M-1:1S19 complex, there exists one hydrogen bond and four 
hydrophobic interactions. The O2 atom of the ligand M-1 interacts 
with residue SER 278 at a distance of 2.98 Å, forming one 
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Figure 8: Fingerprint plots for estrane derivatives.

Figure 9: Void analysis for estrane derivatives
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Table 5: Binding score, residues, bonding interactions of estrane ligands with target protein 1S19.

Inhibitor Binding energy 
(kcal mol-1) Active site residue Distance Å Bonding Bonding Types

M-1 -8.9

SER278 2.98 HB Conventional HB
TRP286 3.48 Hydrophobic π-Sigma
VAL234 5.50 Hydrophobic Alkyl
TRP286 4.74 Hydrophobic π-Alkyl
TRP286 4.47 Hydrophobic π-Alkyl

M-2 -10.6

TYR143 3.72 Hydrophobic π -Sigma
LEU233 4.91 Hydrophobic Alkyl
ARG274 5.29 Hydrophobic Alkyl
TRP286 4.43 Hydrophobic π-Alkyl
TRP286 5.06 Hydrophobic π-Alkyl

M-3 -10.1

ARG274 2.87 HB Conventional HB
LEU233 4.60 Hydrophobic Alkyl
LEU233 5.34 Hydrophobic Alkyl
CYS288 5.31 Hydrophobic Alkyl
TRP286 4.79 Hydrophobic π-Alkyl
TYR295 5.35 Hydrophobic π-Alkyl

M-4 -9.1

SER237 3.34 HB Conventional HB
ARG274 3.31 HB Conventional HB
TRP286 3.94 Hydrophobic π-Sigma
LEU230 5.37 Hydrophobic Alkyl
LEU233 5.35 Hydrophobic Alkyl
LEU233 4.20 Hydrophobic Alkyl
CYS288 5.04 Hydrophobic Alkyl
TRP286 4.95 Hydrophobic π-Alkyl
TRP286 5.40 Hydrophobic π-Alkyl
TRP286 4.99 Hydrophobic π-Alkyl
TYR295 5.30 Hydrophobic π-Alkyl
TYR295 5.24 Hydrophobic π-Alkyl

Figure 10: The three-dimensional and two-dimensional binding poses of the estrane ligands against the target protein 1S19.
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conventional hydrogen bond. The carbon atom C18 of the ligand 
interacts with the residue TRP286 at a distance of 3.48 Å, forming 
a π-sigma hydrophobic interaction. The π-orbital of ring B of 
the ligand M-1 interacts with the residue VAL234 at a distance 
of 5.50 forming an alkyl hydrophobic interaction. Besides this, 
two hydrophobic interactions, classified as π- Alkyl, are formed 
between the ring D of ligand and the residue TRP 286 at a distance 
of 4.74 and 4.47 Å, respectively. 

For the M-2:1S19 complex, there exists five hydrophobic 
interactions. The C20 atom of the ligand interacts with the residue 
TYR143 at a distance of 3.72 Å, forming π-sigma hydrophobic 
interaction. Two hydrophobic π-alkyl interactions exist between 
ring B of the ligand and residue TRP 286 at distances of 4.42 and 
5.05 Å, respectively. Additionally, there exist two hydrophobic 
alkyl interactions between ring D of the ligand and residues LEU 
233 and ARG 274, at distances of 4.91 Å and 5.28 Å, respectively.

The M-3:1S19 complex gives rise to the existence one hydrogen 
bond and five hydrophobic interactions. The oxygen atom O1 of 
the ligand M-3 interact with residue ARG 274 at a distance of 
2.87Å, forming one conventional hydrogen bond. The π-orbital 
of ring B interact with the residue TRP 286, LEU 233 and TYR 
295 at a distance of 4.79, 5.60 and 5.35 Å, respectively forming 
one Alkyl and two π-Alkyl hydrophobic interactions, respectively. 
The π-orbitals of ring D of the ligand M-3 interacts with the 
residue LEU233 and CYS 288 at a distance of 5.35 and 5.32 Å, 
respectively, forming two alkyl hydrophobic interactions. 

There exist two hydrogen bonds and ten hydrophobic interactions 
in case of M-4:1S19 complex. The oxygen atom O2 of the ligand 
M-4 interact with two residue SER 237 and ARG 274 forming 
two conventional hydrogen bonds at distances of 3.34 and 3.31, 
respectively. The C19 atom of the the ligand interact with π-orbitals 
of residue TRP286 at a distance of 3.94 Å, forming a π-sigma 
hydrophobic interaction. The π-orbitals of ring B interacts with the 
residues LEU 230, LEU 233, TYR 295 and TRP 286 at distances 
of 5.37, 5.35, 5.30, 4.95 and 4.99 Å, respectively, forming two 
Alkyl and three π-Alkyl hydrophobic interactions. The π-orbitals 
of ring D interacts with residue LEU 233, CYS 288, TRP 286, 
TYR 295 at distances of 4.20, 5.04, 5.40 and 5.24 forming two 
alkyl and one π- alkyl hydrophobic interaction.

The comparison of binding energy scores indicates that M-2 and 
M-3 exhibit stronger binding affinities against 1S19 and therefore, 
may serve as more promising drug candidates for the Vitamin D3 
receptor.

Conclusions
This study encompasses theoretical investigations on the crystal 
structures of few estrane derivatives, including viz. DFT, Hirshfeld 
surface analysis and molecular docking studies. The correlation 
plots for bond lengths and angles in case of M-1, M-2 and M-3 
show no significant deviation while there are few deviations in 
bond distances and angles for M-4. The HOMO-LUMO analysis 
suggests that the estrane molecules are chemically stable. The MEP 

surface analysis reveals that the electrophilic attacks are likely to 
happen around the O1 and N3 atoms, while nucleophilic attacks 
occur around the hydrogen atoms. The Hirshfeld surface analysis 
confirms the presence of C-H…O intermolecular interactions in 
all structures. The 2-D fingerprint plots highlight the dominance 
of H-H interactions. The mechanical stability of these structures 
is comparable and their crystal packing is densely packed. The 
molecular docking study of all the four molecules with protein 
Vitamin D3 receptor reveals that a binding score ⁓ 10 kcal/mol for 
M-2 and M-3 may make these two molecules exhibiting strong 
affinity towards the target protein.
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