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Estrogen receptor has 2 subtypes – ERα and ERβ and both are important in human health via 

ER-mediated actions. To correlate the structural characteristics of ER agonists and their 

exhibited estrogenic activities, validated 2D-QSAR models were developed for ERα 

(r2=0.7311, q2=0.6772, r2
(pred) = 0.7047) and ERβ (r2 = 0.7239, q2 = 0.6573, r2

(pred)= 0.6133). 

Each model is associated with ten descriptors and showed the same pair of properties with the 

highest positive (Molecular_FractionalPolarSurfaceArea) and negative (JX) effect on the 

agonistic activity for both subtypes. Using the models, predicted EC50 of three potential 

agonists corresponding with the docking analysis by Ling et al. (2017) showed a consistent 

trend for ERα but otherwise for ERβ, suggesting further investigations. 
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INTRODUCTION 

 

Estrogen receptor (ER) has two subtypes – alpha (ERα) and beta 

(ERβ) which belong to a large conserved superfamily of nuclear 

receptors. These receptors can be triggered by agonists, 

antagonists, selective estrogen receptor modulators (SERM) and 

thus, play important roles in human physiology via ER-mediated 

biological actions (Zhang et al., 2013, Niinivehmas et al., 2016). 

In relation to that, the estrogen 17β-estradiol (E2) is an 

endogenous, agonistic, steroidal hormone actively involved in the 

metabolic homeostasis of the breast, cardiovascular, immune 

systems and more (Salum et al., 2008). Estrogen deficiency is 

known to cause discomfort in menopausal women including hot 

flushes and osteoporosis (An, 2016). Hence following that, 

estrogen was incorporated in the hormone replacement therapy 

(HRT) to target the symptoms but severe side effects were 

observed instead (Su Wei Poh et al., 2015). Until today, there is 

still growing interest to develop SERMs capable to maximize the 

estrogenic benefits and simultaneously avoid the side effects.  

Quantitative structure-activity relationship (QSAR) is a 

popular ligand-based method that correlate compound structures 

and their biological activities via equations (Abbasi et al., 2017). 

This computational strategy is often acquired for the reasons of 

high throughput, low cost and animal welfare (Wang et al., 2016). 

This study uses two-dimensional QSAR (2D-QSAR) to explore 

the relationship between the structural properties and estrogenic 

activity exhibited by structurally-diverse agonists with relation to 

ERα and ERβ.  

 

METHODOLOGY 

 

This analysis was mainly performed with the BIOVIA Discovery 

Studio Client 4.0 (Accelrys Software Inc. 2016) using an Intel® 

Core™ i5-3450 CPU 3.10 GHz processor with the Windows 7 

Home Premium operating system. The two data sets used were 

downloaded separately from the BindingDB.org - containing only 

human ERα/β agonists with EC50 data obtained via the luciferase 

reporter transactivation assay. Data duplicates, compounds 

without well-defined EC50 values or/and those with EC50 < 10,000 

nM were excluded from the analysis. Subsequently, all biological 

data were converted to pEC50 values as the dependent variable for 

the experiment. The prepared set for each subtype was randomly 

divided using 80:20 ratio to obtain the training and test set. The 

independent variable here are the respective molecular descriptors 

calculated using the genetic function approximation (GFA) 

algorithm. GFA automatically selects the features most 

statistically-significant to the ER-agonistic activity and prevent 

the model from overfitting (Srivastav and Tiwari, 2017). This can  
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assist the development of products with enhanced or selective 

profiles for either or both ER.  

The training set was  used to develop 2D-QSAR models 

associated with the quality parameters such as the r2, the 

coefficient of determination; r2
(adj), the r2 adjusted for the number 

of terms in the model; r2
(pred), the prediction (PRESS) r2 which is 

equivalent to q2 from a LOO cross-validation; and S.O.R. p-value, 

the p-value for significance of regression. With reference to Arooj 

et al. (2012) and (Cramer et al., 1988), this best-fitted 2D-QSAR 

model is selected if the (1) dependent variables (pEC50) are five 

times as many as independent variables (descriptors); (2) r2
training set 

> 0.6; (3) r2
test set > 0.5; (4) r2

(adj) > 0.5; (5) q2 from LOO cross-

validation/ r2
(pred) > 0.5 and (7) the confidence interval of all 

individual regression coefficient significance ≥ 95%. Apart from 

these criteria, the developed models were justified of their 

predictive power by predicting the biological activity of the 

compounds in the external test set (Golbraikh and Tropsha, 2002).  

Lastly, the 2D-QSAR model with the best correlation 

parameters was selected for ERα and ERβ respectively. An extra 

prediction step was performed to calculate the estrogenic activity 

(EC50) of three potential agonists - Glabridin, Glycyrrhizic acid 

(GA) and Glycyrrhetinic acid (GE). The predicted data were 

compared with the average lowest binding energy obtained from a 

molecular docking study by Ling et al. (2017). The trend 

displayed by these two computational methods was used to 

elucidate the estrogen-like behavior of the three ligands as 

potential estrogen receptor agonists or SERM. 

 

 

 

 

 

 

 

 

 

 

 

Equation 1 – 2D-QSAR model for ERα 

 

pEC50 = 7.7282 + 0.0088667 (Molecular_Mass) + 0.52478 

(HBA_Count) − 0.19861(Num_AliphaticSingleBonds) − 0.44722 

(Num_ChainAssemblies) − 1.0045 (Num_H_Acceptors) + 23.59 

(Molecular_FractionalPolarSurfaceArea) − 0.021255 

(Molecular_PolarSASA) − 3.6929 (JX) + 0.55985 (Kappa_1) − 

0.67434 (PHI) 

Ntraining= 142, r2 = 0.7311, r2
(adj)= 0.7106, q2 = 0.6772, S.O.R. p-

value = 1.13 x 10-32 

Ntest = 36, r2
(pred) = 0.7047 

 

Equation 2 – 2D-QSAR model for ERβ 

 

pEC50 = 3.6956 + 0.89063 (HBA_Count) − 0.29444 

(Num_AliphaticSingleBonds) − 0.89907 (Num_H_Acceptors) + 

0.32919 (Num_RingAssemblies) + 9.691 

(Molecular_FractionalPolarSurfaceArea) − 1.5038 (CHI_3_C) − 

0.0021575 (E_DIST_equ) − 4.8345 (JX) + 0.67903 (Kappa_1) + 

0.61424 (SC_3_C) 

Ntraining =123, r2 = 0.7239, r2
(adj)= 0.6993, q2 = 0.6573, S.O.R. p-

value = 6.86 x 10-27 

Ntest = 31, r2
(pred)= 0.6133 

 

 

 

 

Figure 1 Ten molecular descriptors were calculated using the GFA algorithm for developed 2D-QSAR equation for ERα and ERβ 

agonistic activity respectively. Six molecular features (marked with “*”) were found common in both receptors. 
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RESULTS AND DISCUSSION 

 

Equation 1 and 2 present the 2D-QSAR models selected for ERα 

and ERβ. Each model is associated with ten descriptors 

(elaborations in Figure 1) and the corresponding validation 

statistics. In Equation 1, the descriptors 

Molecular_FractionalPolarSurfaceArea, Kappa_1, HBA_Count, 

Molecular_Mass have positive signs. This suggests that ligands 

with high values for these features are more likely to have a higher 

potency with ERα. On the other hand, the other descriptors have 

negative coefficients - implying a detrimental effect on the ERα 

potency. In Equation 2, Molecular_FractionalPolarSurfaceArea, 

HBA_Count, Kappa_1, SC_3_C, Num_RingAssemblies are 

positive factors to a higher ERβ potency whereas E_DIST_equ, 

Num_AliphaticSingleBonds, Num_H_Acceptors, CHI_3_C, JX 

are inversely correlated with the ERβ-estrogenic activity. 

Interestingly, six common descriptors were noted between the 

models for both ER subtypes (Figure 1). However, this result is 

expected as many literatures have stated the highly-conserved 

structure for these two receptors. Another noteworthy finding was 

that the descriptors Molecular_FractionalPolarSurfaceArea and JX 

are each the positive and negative descriptor with the largest 

coefficient values in both the model equations. This inferred them 

to be the main factors to determine the ERα- and ERβ- agonistic 

activity.  This similarity also indicated that a large fraction of 

polar surface area over the total molecular surface was favourable 

for a higher potency against both ER subtypes whereas JX implied 

the opposite.  

 

 

 

 

 

 

 

As mentioned above, the models were used to predict the 

estrogenic activity of GLA, GA and GE. Table 1 presents the 

trend comparison among the three agents to compare their binding 

potency (EC50) and affinity (average lowest binding energy) for 

ERα and ERβ. The trend is compared between the QSAR-

predicted EC50 (nm) and docking-derived average lowest binding 

energy, E (kcal/mol) among three experimental ligands - 

Glabridin, Glycyrrhizic acid (GA) and Glycyrrhetinic acid (GE). 

The result for ERα is consistent whereas the result for ERβ 

displayed some discrepancy. For both receptors, the ligand GA 

was noted to be least responsive among the three ligands tested. 

The docking study by Ling et al. (2017) suggested that Glabridin 

is most likely to bind to both the ER subtypes due to the relatively 

low average binding energy exerted, followed by GE and lastly 

GA. This is possibly due to the structural similarity and 

lipophilicity between the phytoestrogen Glabridin and the 

endogenous E2 (Simmler et al., 2013). For ERα, this trend is 

consistent with the increasing predicted-EC50 from Glabridin < 

GE < GA. This outcome is desirable and justified the robustness 

of the 2D-QSAR generated for ERα with reference to the docking 

study. However, the ERβ QSAR results showed discrepancy as 

the equation predicted GE to be most potent with the lowest EC50 

when compared to Glabridin and GA. Through this pattern, it is 

observed that GA was least effective in showing agonistic 

properties for both ER subtypes as compared to the other two 

ligands. This corresponded to past literatures that reported similar 

findings regarding GA (Ling et al., 2017). 

The 2D-QSAR here was primarily conducted over 

structurally-diverse ligands responsive to ER. As this virtual 

method depends heavily on the training set for model 

development, structural analogues of the compounds to be 

analyzed may improve the model prediction quality (Vilar and 

Costanzi, 2012). In addition, the two-dimensional approach here is 

limited to the topological properties of the data set. Thus, future 

works can be targeted on multi-dimensions of this relationship to 

extract more information regarding the structural contributions to 

the responses with ER receptors. 
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Table 1. Comparison of three agents for their binding potency (EC50) and affinity (average lowest binding energy) for 

ERα and ERβ. 
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