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Onur Serçinoğlu a, Ceyhun Bereketoglu b, Per-Erik Olsson c, Ajay Pradhan c,* 
a Department of Bioengineering, Faculty of Engineering, Gebze Technical University, 41400, Gebze, Kocaeli, Turkey 
b Iskenderun Technical University, Faculty of Engineering and Natural Sciences, Department of Biomedical Engineering, Hatay, Turkey 
c Biology, The Life Science Center, School of Science and Technology, Örebro University, SE-701 82, Örebro, Sweden   
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A B S T R A C T   

There is a growing concern for male reproductive health as studies suggest that there is a sharp increase in 
prostate cancer and other fertility related problems. Apart from lifestyle, pollutants are also known to negatively 
affect the reproductive system. In addition to many other compounds that have been shown to alter androgen 
signaling, several environmental pollutants are known to disrupt androgen signaling via binding to androgen 
receptor (AR) or indirectly affecting the androgen synthesis. We analyzed here the molecular mechanism of the 
interaction between the human AR Ligand Binding Domain (hAR-LBD) and two environmental pollutants, 
linuron (a herbicide) and procymidone (a pesticide), and compared with the steroid agonist dihydrotestosterone 
(DHT) and well-known hAR antagonists bicalutamide and enzalutamide. Using molecular docking and dynamics 
simulations, we showed that the co-activator interaction site of the hAR-LBD is disrupted in different ways by 
different ligands. Binding free energies of the ligands were also ordered in increasing order as follows: linuron, 
procymidone, DHT, bicalutamide, and enzalutamide. These data were confirmed by in vitro assays. Reporter 
assay with MDA-kb2 cells showed that linuron, procymidone, bicalutamide and enzalutamide can inhibit 
androgen mediated activation of luciferase activity. Gene expression analysis further showed that these com-
pounds can inhibit the expression of prostate specific antigen (PSA) and microseminoprotein beta (MSMB) in prostate 
cell line LNCaP. Comparative analysis showed that procymidone is more potent than linuron in inhibiting AR 
activity. Furthermore, procymidone at 10 μM dose showed equivalent and higher activity to AR inhibitor 
enzalutamide and bicalutamide respectively.   

1. Introduction 

Androgens are the key regulators of male sexual differentiation, such 
as proper growth, development and prostate function (Kortenkamp and 
Faust, 2010; Marker et al., 2003; Wang et al., 2007). Suppression of 
androgen functions either through inhibition of androgen synthesis or 
by antagonism of androgen receptor (AR) may result in serious health 
problems (Kortenkamp and Faust, 2010). The decline in sperm number 
and viability, hypospadias, cryptorchidism as well as testicular cancer 
are the common problems observed following AR modulation (Earl Gray 
et al., 2006; Foster, 2006; Wilson et al., 2008). There is an apparent 
increase in male reproductive health problems (Wilson et al., 2008) and 
consequently, concerns have been raised on environmental pollutants 
that can disrupt the androgen activity. It has been indicated that around 
8% of all known chemicals show anti-androgenic activity and several 
chemicals including plasticizers, flame retardants and pesticides have 
been determined as anti-androgens (Kharlyngdoh et al., 2015; 

Kortenkamp and Faust, 2010; Vinggaard et al., 2008). Most of these 
chemicals are widely used in different products and as a result, they are 
released and accumulate into the environment. Hence, determining 
molecular mechanisms underlying the modes of action of such chemicals 
could be helpful to regulate their use and take preventive actions against 
their adverse effects. 

The human AR (hAR) consists of three structural domains: a N-ter-
minal transcriptional regulation domain, a DNA-binding domain (DBD), 
and a ligand Binding Domain (LBD) (Davey and Grossmann, 2016). The 
LBD is the region of hAR that is involved in ligand binding and includes 
well-characterized binding sites where an agonist or antagonist may 
bind and alter AR functions. The LBD consists of ligand binding pocket 
(LBP), C-terminal activation function 2 (AF2) site, and the binding 
function 3 (BF3) site (Davey and Grossmann, 2016; Tan et al., 2015). 
Androgens perform their function on hAR by binding to the LBP and 
thereby inducing subsequent structural rearrangements in the LBD that 
allow interaction with the co-activators via the AF2 site. On the other 
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hand, antagonists including environmental pollutants may exert their 
effect in different ways. First, an antagonist may compete with an 
agonist in binding to the LBP. In this case, the effect on the AF2 occurs in 
a way to prevent co-activator binding. Alternatively, an antagonist may 
directly bind to the AF2 site, and inhibit co-activator interaction. 
Finally, an antagonist may also bind to the BF3 site, and induce an 
allosteric effect propagating through the structure to the AF2 site (Tan 
et al., 2015). 

Linuron is a phenyl-urea herbicide that is commonly used to suppress 
a number of broadleaf and grass weeds in various crops including soy-
bean, cotton, corn, wheat, sugar cane, and potato, as well as many other 
fruits and vegetables (Bai et al., 2017; Spirhanzlova et al., 2017). It 
shows its herbicidal activity through inhibition of photosynthesis by 
targeting photosystem II reaction center and blocking electron transport 
that leads to the generation of oxidants (Jurado et al., 2011; Quintaneiro 
et al., 2017; Uren Webster et al., 2015). Concentrations up to 1.05 μg/L 
in a Canadian river (Woudneh et al., 2009) and 4.42 μg/L in a Florida 
stream (Schuler and Rand, 2008) have been detected in surface waters 
receiving agricultural runoff. In addition, linuron has been detected in 
drinking water and food residues (EPA, U., 2015; Spirhanzlova et al., 
2017). Several studies have demonstrated that linuron may have an 
anti-androgenic activity. It has been shown that linuron competitively 
inhibits the binding of androgen to the AR in vitro (Freyberger et al., 
2010; Kojima et al., 2004; Lambright et al., 2000; Orton et al., 2009; 
Wilson et al., 2007). Other studies have shown the anti-androgenic ac-
tivity of linuron in vivo (Freyberger and Schladt, 2009; Kang et al., 2004; 
Lambright et al., 2000). In addition, linuron has adverse effects on the 
reproductive health of male rats, as it has been shown to reduce fetal 
testosterone levels in vitro and in vivo, and alter sexual differentiation in 
utero (Hotchkiss et al., 2004; Wilson et al., 2009). 

Procymidone is an amide-type fungicide with both protective and 
curative properties used to control plant diseases such as gray mold on 
top of fruits, grapes and vegetables, and Sclerotinia rot of beans, vege-
table crops and stone fruit (Hosokawa et al., 1993; Tomigahara et al., 
2014; Wu et al., 2018). Procymidone is persistent in soil for several 
weeks since it is stable to light and temperature as well as moisture (Wu 
et al., 2018). Reported concentrations of procymidone ranged between 
0.02 and 0.41 μg/L in drained water samples from a cherry orchard in 
the Mt. Lofty Ranges, South Australia, and 0.05 and 9.06 μg/L in a river 
near an agricultural region in South Africa (Dabrowski et al., 2002; 
Oliver et al., 2012). Moreover, procymidone has been detected with a 
concentration of 3.9 μg/L in water from the Jiulong River, China (Zheng 
et al., 2016). Some in vitro and in vivo studies have showed an AR 
antagonist activity of procymidone (Hosokawa et al., 1993; Kang et al., 
2004; Nellemann et al., 2003; Vinggaard et al., 1999). Procymidone has 
also been demonstrated to have anti-androgenic activity in vitro and to 
alter reproductive development in male offspring (Ostby et al., 1999). 
However, in another study, procymidone was shown to have weak 
anti-androgenic activity in HeLa cells transiently transfected with an 
AREx3-luciferase reporter and full-length human or rat AR expression 
vectors (Tomigahara et al., 2014). In addition, an estrogenic activity of 
procymidone has also been demonstrated in vitro (Radice et al., 2006, 
2004). 

Although both in vivo and in vitro assays have indicated that linuron 
and procymidone have anti-androgenic activity, the underlying molec-
ular mechanisms behind this antagonism is still unclear. Understanding 
how a ligand/compound binds to its macromolecular counterpart in full 
atomic detail could help to predict their mode of action and molecular 
mechanisms of toxicity. Recently, in silico approaches, particularly mo-
lecular docking and molecular dynamics simulations have emerged as 
key techniques in understanding and deciphering macromolecular 
structure-to-function relationships (Hollingsworth and Dror, 2018; 
Hospital et al., 2015). Furthermore, in silico approaches prior in vitro 
and/or in vivo analysis may reduce cost and animal use in scientific 
experimentations (Freires et al., 2017; Galli et al., 2014). In a previous 
study, the affinity of procymidone has been computed following a 

computational approach based on molecular modeling and docking. It 
has been suggested that the applied approach could be useful as a first 
step of chemical safety assessment and further in vitro and/or in vivo tests 
should be carried out (Galli et al., 2014). In the current study, we 
determined the antagonistic activities of linuron and procymidone with 
respect to dihydrotestosterone (DHT; a steroid hAR agonist) and 
well-characterized hAR antagonists bicalutamide and enzalutamide 
using both in silico and in vitro experimental methods. We first employed 
molecular docking to probe the interaction mechanism between the 
compounds and human AR Ligand Binding Domain (hAR-LBD). We then 
conducted molecular dynamics (MD) simulations to assess structural 
changes induced by antagonist or agonist binding to the hAR-LBD. Then, 
we determined the anti-androgenic activity of the compounds using 
reporter assay and gene expression study. 

2. Materials and methods 

2.1. Chemical 

Procymidone (purity ≥98 %), linuron (purity ≥98 %), enzalutamide 
(purity ≥98 %), bicalutamide (purity ≥98 %) and dihydrotestosterone 
(DHT) (Supplementary Fig. 1) were purchased from Sigma and dissolved 
in dimethylsulfoxide (DMSO). 

2.2. Molecular docking and dynamics simulations 

Molecular (re-)docking simulations were conducted using LeDock 
(Liu and Xu, 2021), Autodock Vina (Trott and Olson, 2010), and Gal-
axyDock 3 (Yang et al., 2019). For Autodock Vina and LeDock, the size 
of the docking area ranged between 15 and 30 Å, depending on the size 
of each ligand. An exhaustiveness value of 25 was used for Autodock 
Vina simulations. A total of 20 and 50 binding poses were generated for 
each ligand by Autodock and LeDock, respectively. For GalaxyDock 3 
simulations, docking grids with grid_n_elem of 61 in each direction and 
grid_width of 0.375 was used with appropriately defined center co-
ordinates for each ligand binding site. 

Molecular dynamics simulations were performed using gromacs 
version 2018.1 with GROMOS54A7 force-field. Since the force-fields 
used for biomolecular simulation in general does not include parame-
ters for small molecules, parametrization of ligands was necessary. For 
this purpose, Automated Topology Builder (ATB) server (Malde et al., 
2011) was used, which generates ligand parameters compatible with the 
used force-field using a pre-defined QM/MM calculation workflow. For 
each simulation, the system was first minimized for a maximum of 50, 
000 steps until the maximum force reached a level lower than 10 
kJ/mol. Here, cutoff values of 1.2, 1.4 and 1.4 nm were used for 
neighbor lists, and as Coulomb and van-der Waals interactions, respec-
tively. Particle Mesh Ewald (PME) method was used for treatment of 
long-range electrostatic interactions. Following energy minimization, 
the systems were subjected to NVT and NPT equilibration for 50,000 
steps each at 310 K using the same cutoff values and settings as in 
minimization. Finally, NPT simulations were conducted for 500 ns as 
production simulations (for bicalutamide-hAR-LBD, the simulation las-
ted for 750 ns), and these were used in all analyses. 

2.3. Analysis of MD simulations 

Root Mean Square Distance (RMSD) and Fluctuation (RMSF) calcu-
lations were performed using biotite (Kunzmann and Hamacher, 2018) 
and ProDy (Bakan et al., 2011) based on alpha carbon coordinates from 
each simulation trajectory. To analyze how the ligands contacted the 
hAR-LBD throughout simulations, gRINN (Sercinoglu and Ozbek, 2018), 
was used to compute average non-bonded interaction energies between 
ligands and individual amino acids of hAR-LBD in simulation trajec-
tories. The source code of gRINN was modified to support small mole-
cules. Binding free energies of ligands were computed using 
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PRODIGY-LIG on 1500 snapshots from equilibrated portions of simula-
tion trajectories (Kurkcuoglu et al., 2018). 

2.4. Cell culture and exposure 

MDA-kb2 cells (ATCC) were cultured in Leibovitz’s L15 medium 
(Invitrogen) supplemented with 10 % fetal bovine serum (FBS, 
Hyclone), and antibiotic and antimycotic solution (Hyclone). Cells were 
maintained in a humidified incubator at 37 ⁰C. LNCaP cells (ATCC) were 
cultured in RPMI media (Invitrogen) supplemented with 10 % FBS and 
antibiotic and antimycotic solution. Cells were incubated in a humidi-
fied incubator at 37 ⁰C and 5 % CO2. For exposure, cells were trypsinized 
and the cells were counted and plated. MDAkb2 cells were plated on 24 
well plates (Sarstedt) at 1 × 10e5 cells per well and 500 μL media. 
LNCaP cells were plated on 12 well plates at 1 × 10e5 cells per well and 
1 mL media. Cells were incubated for 16− 18 hours prior to exposure. 
For exposure, procymidone, linuron and DHT were prepared in 
respective media for the two cell lines and the exposure media was 
added with a volume of 1 mL for each well. Cells were exposed for 24 h 
at 37 ⁰C. The final DMSO was 0.01 % in control and treated cells. All the 
treatment and control samples were analyzed in quadruplicate. 

2.5. Luciferase assay 

Following exposure, MDA-kb2 cells were washed with phosphate 
buffered saline (PBS) and cells were then lysed with lysis buffer 
(Promega). Luciferase level was then analyzed by taking 20 μL of the cell 
lysate and 50 μL of luciferase reagent (Promega) in 500 μL tube and the 
sample was read in luminometer (Turner). The expression level of the 
treated samples was compared to the control samples. 

2.6. RNA extraction and qPCR 

Cells were lyzed in 350 μL Trizol Reagent (Sigma) and RNA extrac-
tion was performed using Direct-zol RNA miniprep kit (Zymogen) ac-
cording to manufacturer’s instructions. The quantity and quality of the 
RNA samples were analyzed with a DS-11 spectrophotometer (Denovix). 
cDNA synthesis was performed using qScript cDNA synthesis kit (Quanta 
Biosciences) with 500 μg of total RNA for each sample. Quantitative 
real-time PCR (qPCR) was carried out on a CFX96 Real-Time PCR 
Detection System (BioRad) using SsoAdvanced SYBR Green (BioRad) 
according to the manufacturer’s instructions. Thermocycling conditions 
comprised a denaturation step at 95 ⁰C for 5 min, followed by 40 cycles 
at 95 ⁰C for 2 s and 60 ⁰C for 30 s. Gene expression levels were 
normalized using elongation factor (E2F1) and fold changes were 
calculated according to the ΔΔCt method (Schmittgen and Livak, 2008). 
The specific primers were obtained from previous study (Kharlyngdoh 
et al., 2018). 

2.7. Statistical analysis 

Statistical difference between treated and control groups was 
determined using One-way ANOVA followed by Dunnett’s multiple 
comparisons test. Statistical analysis was performed using GraphPad 
Prism 8 software (GraphPad). Statistically significant differences were 
considered if the p values were < 0.05 (* p < 0.05, ** p < 0.01 and *** p 
< 0.001). 

3. Results 

3.1. Molecular modeling of hAR-ligand interactions 

More than 90 crystal structures of the hAR-LBD with different ligands 
in all three binding sites have been previously reported (Sakkiah et al., 
2016). However, no structure of the wild-type hAR-LBD with an 
antagonist in the LBP could be identified, presumably due to the 

experimental difficulties associated with the purification of these com-
plexes (Bohl et al., 2005). For these types of antagonists as well as other 
molecules with no known binding poses, molecular modeling ap-
proaches involving molecular docking and dynamics simulations are 
frequently used (Duan et al., 2016; Jin et al., 2019; Liu et al., 2018; 
Prekovic et al., 2016; Sakkiah et al., 2018; Wahl and Smieško, 2018; 
Zhou et al., 2018). Here, we followed a similar procedure, and began 
with molecular docking simulations to generate hAR-LBD structures 
with bicalutamide, enzalutamide, linuron and procymidone (the struc-
ture of the hAR-LBD with dihydrotestosterone was already available 
from the Protein Data Bank, PDB code: 3L3X). Bicalutamide and enza-
lutamide are known to bind to the LBP of hAR, yet no prior information 
was available for procymidone and linuron. 

Molecular docking simulations can be performed using a variety of 
programs. However, each program employs a specific search procedure 
and different scoring functions for pose generation and ranking. More-
over, they are validated using different sets of experimentally deter-
mined ligand-protein complexes. Here, we first performed a re-docking 
study to select a suitable molecular docking program for hAR-LBD li-
gands. For this purpose, we re-docked ligands into their respective 
binding sites (LBP, AF2, or BF3) in 19 experimental hAR-LBD structures 
(see Supplementary Table 1) using three academic molecular docking 
programs, LeDock (Liu and Xu, 2021), Autodock Vina (Trott and Olson, 
2010), and GalaxyDock 3 (Yang et al., 2019). 

According to our results, none of the molecular docking programs 
were able to successfully re-dock ligands onto AF2 and BF3 binding sites, 
as evidenced by Root Mean Square Distances (RMSD) to the experi-
mental poses higher than 2 Å (Supplementary Fig. 2). For the LBP 
however, GalaxyDock 3 showed the best performance, as experimental 
poses of all ligands were correctly predicted by this program with high 
accuracy (at least one pose below 2 Å similarity was ranked among the 
top poses for each ligand) (Fig. 1). Based on these results, we excluded 
AF2 and BF3 sites from our analysis, and docked enzalutamide, bica-
lutamide, procymidone and linuron into hAR-LBD LBP (template 
structure taken from wt hAR – DHT complex, PDB code 3L3X) using 
GalaxyDock 3. Docking score was highest for DHT, followed by bicalu-
tamide, enzalutamide, procymidone and linuron (Table 1). 

3.2. Molecular dynamics (MD) simulations 

Next, we conducted MD simulations using the complexes obtained 
from molecular docking simulations as starting conformations in order 
to assess structural changes in the hAR-LBD structure upon binding of 
different ligands. For bicalutamide-hAR-LBD, the simulation was further 
extended to 750 ns as equilibration was deemed incomplete after 500 ns. 
A ligand-free reference simulation was also conducted (after removing 
dihydrotestosterone). Since we used an agonist-bound hAR-LBD as re-
ceptor in docking simulations, we expected structural transitions in 
antagonist-bound complexes during MD simulations. Table 2 lists sim-
ulations conducted along with expected structural transitions. 

RMSD time profiles of our simulations indeed indicate that DHT- 
hAR-LBD reached equilibrium earlier than all other complexes. This is 
expected, considering the direct use of the DHT-bound crystal structure 
in this simulation. For all other antagonists, we observed conformational 
changes until conformational equilibrium was reached at later time 
points. (Supplementary Fig. 3). Finally, we have also observed a highly 
fluctuating RMSD-time profile for ligand-free hAR-LBD, indicating the 
expected stabilization effect of ligand binding on hAR-LBD. 

3.3. Contact patterns of ligands with hAR LBD in MD simulations 

The difference between the docking scores of procymidone, linuron, 
DHT, bicalutamide and enzalutamide indicate different contact patterns 
with the hAR-LBD, which may determine whether a given ligand acts as 
an agonist or an antagonist. Thus, we next assessed the strength of 
interaction between each ligand with individual amino acid residues of 
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the hAR-LBD-LBP over the course of simulation trajectories. For this 
purpose, we used gRINN, which computes pairwise non-bonded force- 
field interaction energies between two pre-determined sets of residues. 
The results are plotted in the form of a heatmap in Fig. 2A. 

Accordingly, the steroid DHT showed the highest interaction 
strength with N705, M787 and T877, in addition to several other resi-
dues including W741 and M895 of helix 12 (H12). Androgenic activity 
of the steroid scaffold is attributed to contacts with four critical hAR- 
LBD residues, namely N705, T877, Q711 and R752 (Tan et al., 2015). 
DHT maintained contact with two of these four amino acids (N705 and 
T877) in our MD simulations. Contact patterns of antagonists procymi-
done, linuron, bicalutamide and enzalutamide also indicated similar 
contacts with the hAR-LBD, with the exception of N705 contacts, which 
was only contacted by linuron. On the other hand, each antagonist made 
varying additional contacts with a stretch of LBP residues including 
M745, V746, M749, R752, F764, M780, N783 and C784, which did not 
interact with DHT. These residues are remarkably located away from the 
co-activator interaction site formed by H12 and portions of H3 and H4. 
Hence, contact made with these residues by hAR antagonist ligands may 
contribute to the overall antagonistic effect (Fig. 2B). 

3.4. Per-residue mobilities in MD simulations 

In order to assess the possible influence of the contact pattern dif-
ferences given in the previous section on residue mobility, we next 
computed per-residue Root Mean Square Fluctuations (RMSF) profiles of 
hAR-LBD residues over the course of the simulation trajectory. The re-
sults are given in Fig. 3A. As expected, we observed the highest mobil-
ities for the loop residues connecting the helices of the hAR LBD. The 
overall mobility profiles of different complexes were, however, mostly 
similar to each other. Here, two helices were affected by the ligand 
identity: H1 and H12. H12 apparently has a higher RMSF level with DHT 
than other ligands, expect for linuron. At other sites there are no clear 
differences between DHT and other ligands (except for H1 and loops). 
The bicalutamide RMSF profile was rather distinct from all other ligands 
in a few regions, as evidenced by clearly lower RMSF of H4 and the loop 
between H8 and H9. Also, the RMSF of H12 was lower than all other 
ligands as well. 

3.5. Relative orientations of activation function 2 (AF2) helices 

The AF2 co-activator binding site is formed by H12 and portions of 
H3 and H4. We thus inspected the relative orientations of these helices 
within simulation trajectories. For this purpose, we generated overlays 
of the AF2 site from a top-down angle using snapshots from each MD 
simulation trajectory (Fig. 3B). The orientations of AF2 helices with 
respect to each other were found to be different for each ligand/hAR- 
LBD pair, indicating that the AF2 site gets affected in different ways 
by each ligand. In order to quantify this effect, we computed pairwise 
distances over the course of simulations between the center-of-mass of 
each helix forming the AF2 site (Fig. 4). Here, DHT appeared to stabilize 
the interface as less fluctuation was observed in all the helices, expect for 
H4. Enzalutamide displaced H4, and also affected H12 slightly. Procy-
midone and linuron clearly caused rearrangement within H12. Procy-
midone also affected the orientation of H4 with respect to the other two 
helices. Moreover, procymidone decreased and increased H12-H3 and 
H12-H4 distances, respectively. Finally, bicalutamide surprisingly yiel-
ded a very stable binding interface, even rigidified all the helices. 
Nevertheless, this rigidification also caused a distinct increase in H3-H4 
distance, indicating a clear disruption of the AF2 site upon bicalutamide 
binding. 

Fig. 1. Re-docking of hAR ligands into the hAR LBP using GalaxyDock 3. Each ligand listed in Supplementary Table 1 was re-docked into the hAR LBP using 
GalaxyDock 3. Different colors denote different ligands. Vertical dashed lines are drawn at 2 Å RMSD. 

Table 1 
GalaxyDock 3 docking scores for ligands included in this study.  

Ligand Score (kcal/mol) 

Dihydrotestosterone − 92.50 
Enzalutamide − 74.78 
Bicalutamide − 85.20 
Procymidone − 62.92 
Linuron − 54.18  

Table 2 
Free energies of binding for ligands included in this study as 
predicted by PRODIGY-LIG.  

Ligand FEB (kcal/mol) 

Dihydrotestosterone − 9.41 ± 0.16 
Enzalutamide − 12.75 ± 0.25 
Bicalutamide − 12.55 ± 0.37 
Procymidone − 8.69 ± 0.13 
Linuron − 7.53 ± 0.15  
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3.6. Binding free energy (BFE) calculations 

In addition to the effects on the hAR-LBD structure, binding free 
energies of different ligands also determine the affinity of each ligand to 
the hAR-LBD, and thereby the overall magnitude of their agonistic/ 
antagonistic action. Here, we computed binding free energies of each 
ligand using PRODIGY-LIG method (Kurkcuoglu et al., 2018) on snap-
shots obtained from simulation trajectories. The results are given in 
Table 2. Accordingly, the highest average binding free energy was ob-
tained for enzalutamide, followed by bicalutamide, DHT, procymidone, 
and linuron. 

3.7. Procymidone and linuron show antiandrogenic activity in vitro 

MDA-kb2 cell line stably expresses MMTV:luciferase which has 
androgen and glucocorticoid response element. Induction of this cell 
with androgens or glucocorticoids can result in increased luciferase 
activity. In order to determine EC50 of DHT, MDA-kb2 cells were 
exposed to different doses of DHT from 0.001–100 nM. EC50 was 
determined to be 0.18 nM (Fig. 5A) and from this EC85 (1 nM) was 
determined using GraphPad software. To analyze antiandrogenic 

activity, cells were exposed to procymidone and linuron in combination 
and alone with 1 nM of DHT. Exposure of cells only with procymidone 
and linuron did not show any luciferase activity which indicates that 
they do not have androgenic property (data not shown). However, both 
procymidone and linuron inhibited DHT mediated androgen activity 
(Fig. 5B). Linuron and procymidone were analyzed at 1 and 10 μM dose 
and their activity was compared to common AR inhibitors enzalutamide 
and bicalutamide. Linuron at 1 μM showed no activity while 10 μM dose 
resulted in 1.4-fold reduction of DHT mediated luciferase activation. On 
the other hand, procymidone at 1 μM and 10 μM showed 1.13- and 3.5- 
fold reduction respectively. The inhibition by procymidone at 10 μM 
was higher than inhibition observed by 1 and 10 μM of bicalutamide 
(2.5- and 2.8-fold reduction respectively) (Fig. 5B). The procymidone 
(10 μM) and enzalutamide (1 μM) mediated inhibition was equivalent. 

Gene expression analysis following exposure of LNCaP cells showed 
that both procymidone and linuron downregulates androgen response 
genes including prostate specific membrane antigen (PSA) and Micro-
seminoprotein beta (MSMB). As observed in luciferase assay, the 1 μM of 
linuron was not effective as it did not alter the expression of PSA and 
MSMB (Fig. 6A and B). 

Fig. 2. hAR-LBD-ligand interaction energies. (A) Non-bonded interaction energies between each ligand and hAR-LBD-LBP residues are plotted in the form of a 
heatmap (units: kcal/mol) (A). Amino acid residues showing significant interaction with ligands (colored red) as determined from IE heatmap in (A) are distributed 
across AR-LBD helices. Residue groups forming the AF2 site are colored in magenta. Residue 669-722 and 840-890 are not shown for visual clarity in left and right 
views respectively (B). 
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Fig. 3. Molecular flexibility and residue mobilities from molecular dynamics simulations. Per-residue Root mean square fluctuations (RMSF) indicate the overall 
mobility of individual amino acid residues during the molecular dynamics simulations (A). Overlay of snapshots from MD simulations. Ligands are omitted for visual 
clarity (B). 

Fig. 4. Distributions of distances between helices forming the AF2 site (H12, H3 and H4) in MD simulations. Distances were calculated between the center of mass of 
each helix over the course of simulation trajectories. 
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4. Discussion 

Several studies have provided mechanistic insight into the agonist/ 
antagonist action of hAR ligands using molecular modeling and MD 
simulations. Sakkiah et al. (Sakkiah et al., 2018) performed MD simu-
lations to simulate structural changes upon the binding of bicalutamide 
to the hAR-LBD. They reported that some residues in the AF2 site are 
disrupted upon bicalutamide binding, and thereby caused a difference in 
electrostatic profiles. However, this disruption was not reflected in the 
overall per-residue mobility data reported in this study. In contrast, we 
observed an overall rigidification effect of bicalutamide on the AF2 site 
of hAR-LBD. In another study, Liu et al. (Liu et al., 2018) used MD 
simulations to probe allosteric communication between ligand binding 
pocket and AF2 site. They observed that DHT maintained native contacts 
(no structural changes) in contrast to antagonists. They also mapped 
connections between H4, H3, H12 and ligands, and demonstrated that 
co-activator binding is enhanced with agonists and weakens with an-
tagonists. Jin et al. (Jin et al., 2019) focused on the same phenomenon, 
but with a different agonist/antagonist set. They reported conserved 
hydrogen bonds between DHT and N705 and T877. In this study, we also 
observed that these residues are critical for ligand-protein interaction. 
Apart from these two residues, A705, T741, M742, M745, M787 and 
F876 are also important. In our previous study using docking software 
Molecular Operating Environment, we showed that T877, N705, Q711 
and R752 are important for ligand-AR interaction (Kharlyngdoh et al., 
2015). The difference in residues involved in interaction could be due to 
the introduction of longer molecular dynamics in the present study. 

The study by Singam et al., (Azhagiya Singam et al., 2019) compared 
structural dynamics of AR-LBD bound to several agonists and antago-
nists. Agonists included DHT, testosterone, R1881, and 17-beta-trenbo-
lone, whereas antagonists were vinclozolin, neburon, bicalutamide, and 
hydroxyflutamide. They reported hydrogen bonds between bicaluta-
mide and N705 and R752. In our simulations, we observed that bica-
lutamide interacted with L704, whereas the strongest interaction was 
with M780. These authors also found that only agonists formed 

hydrogen bonds with N705 and T877. Liu et al. (Liu et al., 2017) 
investigated the molecular mechanism behind mutation-induced resis-
tance of hAR-LBD to enzalutamide using MD simulations. Duan et al. 
(Duan et al., 2016) investigated structural differences between agonist- 
and antagonist-bound hAR-LBD in extensive MD simulations. Wu et al. 
(Wu et al., 2016) developed a classification methodology for discrimi-
nating antagonists from agonists from MD simulations. Finally, Galli 
et al. used molecular docking and low-mode MD simulations to inves-
tigate the androgenic affinity of several compounds with known endo-
crine activity including procymidone (Galli et al., 2014). A common 
finding in all these studies was the disruption of the H12 upon antagonist 
binding. In line with these observations, we also detected the highest 
effect of antagonist binding on H12. However, there was no clear pattern 
in terms of per-residue mobilities between the agonist DHT and antag-
onists linuron, procymidone, bicalutamide, and enzalutamide. Instead, 
we found differences between the contact patterns of DHT and antago-
nists linuron, procymidone, enzalutamide, and bicalutamide in MD 
simulations, which affected the relative orientations of helices that 
constitute the AF2 site. Another interesting finding from this study was 
the ranking of the hAR-LBD binding affinities of antagonists with respect 
to DHT in terms of binding free energies computed from MD simulations. 
Accordingly, enzalutamide showed the strongest affinity to hAR-LBD, 
followed by bicalutamide, DHT, procymidone and linuron in 

Fig. 5. AR antagonists inhibit luciferase activity. MDA-kb2 cells were treated 
with different concentrations of DHT to determine EC50 (A). MDA-kb2 cells 
were co-exposed with DHT and 1 and 10 μM of enzalutamide, bicalutamide, 
linuron and procymidone and luciferase levels were analyzed (B). One-way 
ANOVA followed by Dunnett’s multiple comparisons test was performed. n =
4, (* p < 0.05, ** p < 0.01 and *** p < 0.001). 

Fig. 6. AR antagonists downregulate AR response genes. LNCaP cells were 
exposed to 10 nM DHT, 10 μM of enzalutamide, 10 μM of bicalutamide and 1 
and 10 yM of procymidone and linuron for 24 h and qRT-PCR was performed to 
determine the expression of PSA (A) and MSMB (B). One-way ANOVA followed 
by Dunnett’s multiple comparisons test was performed. n = 4, (* p < 0.05, ** p 
< 0.01 and *** p < 0.001). 
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decreasing order. Procymidone showed higher affinity to hAR compared 
to linuron and this could be attributed to the involvement of different 
residues in the AR-LBD. Procymidone and linuron showed a distinct 
interaction heat map. Interestingly, some of the interacting residues 
between procymidone and enzalutamide were the same. 

To validate these findings, we performed in vitro studies on MDA-kb2 
and LNCaP cells. Our results confirmed that procymidone and linuron 
have antagonistic activity to human AR. A comparison of potency and 
efficacy suggests that procymidone is a stronger antagonist than linuron. 
The study by Nellemann et al. (Nellemann et al., 2003) showed that 
procymidone can inhibit androgen mediated upregulation of lumines-
cence in vitro. In the same study (Nellemann et al., 2003), CHO cells were 
co-exposed with procymidone and 0.01 nM of R1881 (an androgenic 
compound) and the IC50 for procymidone was determined to be 0.6 μM. 
In our study we have used 1 nM of DHT as EC85 concentration and we 
observed that procymidone at 10 μM shows similar inhibitory activity 
like enzalutamide at 1 μM. Our study and previous study confirm that 
procymidone has antagonistic activity. Procymidone is shown to 
decrease prostate weight in rats (Nellemann et al., 2003). Our study with 
prostate cell line LNCaP further shows that procymidone is detrimental 
to male reproductive health as it downregulated the PSA and MSMB 
genes which are important for the proper functioning of the prostate and 
commonly used as biomarkers for understanding prostate malfunction. 

Linuron is a urea-based herbicide and it has been shown to have AR 
antagonistic activity. Using COS cell line, the binding activity of linuron 
against R1881 was found to be 20 μM and in reporter assay with 0.1 nM 
DHT, the IC50 was determined to be 10 μM (Lambright et al., 2000). In 
our study we observed that linuron at 1 μM does not have any effect in 
both reporter and gene expression analysis. Antagonistic effects were 
observed only at 10 μM dose. This further supports our claim that 
linuron is a weaker AR antagonist than procymidone. In vivo studies 
have also shown that procymidone is a stronger AR antagonist. Studies 
using castrated male rats showed that linuron significantly resulted in 
38.4 % (Kang et al., 2004) and 33.0 % (Lambright et al., 2000), inhi-
bition of testosterone propionate induced growth of the ventral prostate 
at 100 mg/kg per day, while procymidone at same dose showed 72.5 % 
(Kang et al., 2004) and 65.9 % (Nellemann et al., 2003) reduction in 
ventral prostate. 

Taken together, our in silico and in vitro analysis is in line with the in 
vivo data. The results of our comparative in vitro analysis of inhibition 
strengths of procymidone and linuron with respect to well-known an-
tagonists enzalutamide, bicalutamide also aligned well with our in silico 
binding affinity results. Furthermore, our in silico data provides valuable 
mechanistic insight into the differences between the inhibitory effects of 
these ligands at the molecular level. 

5. Conclusion 

In this study, we show that procymidone and linuron show distinct 
binding affinity to human AR and using in vitro analysis we further show 
that these compounds are AR antagonists. Many environmental pollut-
ants that are released into the environment have been shown to modu-
late AR function. These pollutants can lead to reproductive and other 
physiological problems in animals and humans. Hence, it is important to 
analyze the chemicals for their endocrine disrupting effects. In the 
present study we have utilized both in silico and in vitro tools to show the 
molecular mechanisms of toxicity. Using this approach different endo-
crine disrupting chemicals should be screened which will help to reduce 
their use as well as introduce strict regulations on their production and 
usage. 
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