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Abstract

Due to their persistence and toxicity, perfluoroalkyl and polyfluoroalkyl substances (PFASs) 

constitute significant hazards to human health and the environment. Their effects include 

immune suppression, altered hormone levels, and osteoporosis. Recently, the most studied PFAS, 

perfluorooctanoic acid (PFOA), was shown to competitively binding to the Vitamin D receptor 

(VDR). VDR plays a crucial role in regulating genes involved in maintaining immune, endocrine, 

and calcium homeostasis, suggesting it may be a target for at least some of the health effects of 

PFAS. Hence, in this study, the potential binding of 5,206 PFASs to VDR was examined using 

molecular docking, molecular dynamics, and free energy binding calculations. We identified 14 

PFAS that are predicted to interact strongly with VDR, similar to the natural ligands. We further 

investigated the interactions of VDR with 256 PFASs of established commercial importance. 

Eighty-three (32%) of these 256 commercially important PFAS were predicted to be stronger 

binders to VDR than PFOA. At least 16 PFASs of regulatory importance, because they have 

been identified in water supplies and human blood samples, were also more potent binders to 

VDR than PFOA. Further, PFASs are usually found together in contaminated drinking water and 

human blood samples, which raises the concern that multiple PFASs may act together as a mixture 

on VDR function, potentially producing harmful effects on the immune, endocrine, and bone 

homeostasis.
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1. Introduction

PFASs are synthetic chemicals used in consumer products such as clothing, furniture, etc. 

(Guelfo et al., 2021; Marchiandi et al., 2020). PFASs have been detected in groundwater 

(Sunderland et al., 2019), dust (Hall et al., 2020), and edible fish (Fair et al., 2019). The 

persistence of PFASs in the environment leads to exposure and accumulation in the human 

body over time (Ao et al., 2019; Brendel et al., 2018; Pelch et al., 2019; Seo et al., 2018; 

Sunderland et al., 2019). Previous studies have shown that PFASs cause a variety of harmful 

effects, including immunosuppression (Corsini et al., 2012; Lau et al., 2007; Shane et al., 

2020), lowered bone mineral density (Khalil et al., 2016) and endocrine disruption of several 

systems including altered thyroid hormone and androgen levels (Ballesteros et al., 2017; 

Chambers et al., 2021) The mechanisms by which they produce these adverse effects remain 

unclear, however.

The most widely studied PFAS is PFOA. PFOA is immunotoxic (Liang et al., 2022) and 

may impair bone accrual and strength (Buckley et al., 2021). Recent evidence from in silico 

and in vitro studies showed that PFOA binds to the vitamin D receptor (VDR) and changes 

the activity of vitamin D-responsive genes (Di Nisio et al., 2020). VDR is a nuclear receptor 

family member. It mediates pleiotropic biological actions that include humoral and cellular 

immunity, bone formation and homeostasis, dietary calcium absorption, and androgen 

synthesis, wherein the VDR transcriptionally regulates the expression of genes involved in 

these complex processes. The natural ligand is 1,25-dihydroxy vitamin D3 (calcitriol), which 

binds to VDR and regulates gene expression related to calcium metabolism and homeostasis 

(Veldurthy et al., 2016) as well as other metabolic pathways. The circulating form of vitamin 
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D3 is 25-dihydroxy vitamin D3, also known as calcifediol. Disrupted Vitamin D synthesis or 

action has been shown to lead to adverse outcomes such as osteoporosis, Rickett’s disease, 

and immune disorders (DeLuca, 2016; Mungai et al., 2021).

Given the importance of VDR in maintaining health, it is a potential target for PFAS 

binding, which may produce harmful effects. There is evidence that at least one legacy 

PFAS, namely PFOA, can interact with VDR. Here, we utilized in silico molecular docking, 

molecular dynamics, and free energy simulation to identify the subset of PFASs from the 

5,206 PFASs listed on the Environmental Protection Agencies CompTox Dashboard in 2019 

that potentially have a high affinity to bind to and impact VDR function. We compare their 

potential potency to that of PFOA.

2. Materials and methods

2.1. Receptor Preparation and Molecular Docking of Known Ligands

Molecular docking helps explore the nature of the interactions between a protein and 

a ligand. To validate a molecular docking protocol for human VDR, we docked 13 

known ligands: the endogenous ligand 1,25-dihydroxy vitamin D3 (calcitriol) and its 

known synthetic and natural analogs (alfacalcidol, calcipotriol, eldecalcitol, inecalcitol, 

tacalcitol, calcidiol, ergocalciferol, paricalcitol, calciferol, doxercalciferol, falecalcitriol, and 

seocalcitol) using the Glide docking program (Maestro et al., 2019) to an ensemble of 

different VDR conformations of the ligand binding domain (LBD). Molecular docking 

considers the protein a rigid entity, while ligands can move flexibly relative to the receptor's 

binding site. However, since different ligands can induce different receptor conformations 

in vivo, it is difficult for docking methods to predict the binding poses of different ligands 

when using only a single conformation of the receptor. Ensemble docking helps tackle 

this problem by screening a ligand library against an array of multiple rigid receptor 

conformations. Hence, in this study, three individual representative structures of the LBD 

of wild-type VDR were obtained from the Protein Data Bank (PDB ID: 2HAM, 1DB1, 

and 3AUR) and were prepared using the protein preparation wizard protocol in the Maestro 

software suite (Schrödinger; 2018–4). This process adds hydrogen atoms, assigns partial 

atomic charges to the protein, and minimizes the overall energy using an OPLS3e force 

field (Harder et al., 2016) with default parameters. Then, using Glide, a docking grid for 

each of the ensemble VDR LBD conformations was created by selecting the centroid of the 

co-crystalized ligand.

2.2 Ligand Preparation and Molecular Docking of PFAS to VDR

Chemicals structures of PFASs were downloaded on 15th October 2019 at 12:58 PM 

from the EPA (Environmental Protection Agency, USA) CompTox Chemicals Dashboard 

(https://comptox.epa.gov/dashboard). The date of download is noted because the Dashboard 

is regularly updated. Those PFAS chemicals without SMILES codes were removed 

from the downloaded dataset. The 5,206 PFASs remaining were then prepared using 

Schrodinger’s (Release, 2019) LigPrep module by generating ionization, tautomeric states, 

and stereoisomers at pH 7.4, with a maximum of 32 states for each PFAS chemical. Each 

PFAS tautomer, ionization variant, and stereoisomer state was treated as a unique structure 
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which was then energy minimized using the optimized potentials for liquid simulations 

(OPLS3e) force field with default parameters. A total of 9129 PFAS states were minimized 

and then docked to the wild-type VDR ensemble conformations using the Glide XP 

algorithm (Friesner et al., 2006, 2004; Halgren et al., 2004). We combined the docking 

results from the multiple VDR conformations and ligand charge states by keeping the 

top-ranking PFAS chemicals based on their docking scores. Those PFASs with a docking 

score ≤ −12 were shortlisted for further investigation by molecular dynamics simulation. 

This cutoff was based on the previously calculated docking scores of the known ligands.

2.3 Molecular Dynamics (MD) Simulation

MD simulations were performed using Desmond 3.2 with the OPLS3e force field. These 

simulations were done for each of the VDR + known ligand complexes and VDR + PFAS 

complexes, which had been shortlisted from the docking simulation. Each of the complexes 

was solvated using a TIP3P water model in an orthorhombic box with dimensions of 10 

Å × 10 Å × 10 Å as buffer distances around the VDR + ligand complex with periodic 

boundary conditions. The total charge of the system was neutralized by adding counterions, 

and the solvent was set to a salt concentration of 0.15 M NaCl. After solvation, minimization 

and relaxation steps on the solvated complex were performed using Desmond with default 

parameters. Data production runs were performed on each VDR + ligand complex (for 

known ligands and shortlisted PFASs) for 50 nanoseconds using a two femtosecond 

time step to integrate the equations of motion in the NPT ensemble at 300 K and one 

atmospheric pressure, controlled by Nose-Hoover thermostat algorithm and Martyna-Tobias-

Klein Barostat algorithm. The trajectories were saved every 50 ps for 1000 frames for each 

simulation.

2.4 Alchemical Free Energy Calculations using YANK

Absolute alchemical free energies were calculated for the shortlisted PFASs complexed with 

wild-type VDRs and known ligands with wild-type VDR using the YANK GPU-accelerated 

free energy calculation package (https://github.com/choderalab/yank).(Chodera and Shirts, 

2011; Eastman et al., 2013; Eastman and Pande, 2015, 2010a, 2010b; Friedrichs et al., 2009; 

Shirts et al., 2007; Shirts and Chodera, 2008) The YANK protocol consisted of several steps: 

1) The molecules (both protein and ligand) were each processed through LEaP (Case et al., 

2021) to add appropriate hydrogen settings for the force field. 2) The shortlisted PFASs were 

parameterized using Antechamber (Wang et al., 2006) using the GAFF force field (Wang et 

al., 2004), and the partial atomic charges for each shortlisted PFAS were calculated using 

the AM1-BCC method(Jakalian et al., 2000). The AMBER FF14SB force field (Tian et al., 

2020) was used for the VDRs. Each VDR + ligand complex was automatically solvated 

using the TIP3P water model in LEaP, and counter ions were added to neutralize the overall 

charge of the systems. The ligands were harmonically restrained with an automatically 

determined force constant to keep the ligand from diffusing away from the protein while 

in a weakly coupled state. Specifically, the restraint was applied so that the ligand was 

centered on the active site residues (residues F422, V418, Y401, L404, H305, L227, A303, 

L230, A231, L309, V300, L233, V234, Y295, W286, C288, F150, S237, Y143, Y147, 

S278, S275, R274, M272, I271, L313, I268, H397, L414, V418). The particle mesh Ewald 

(PME) summation with default parameters and a cutoff value of 9 Å was used to calculate 
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the full-system periodic electrostatic interactions. The entire system was minimized using 

the L-BFGS algorithm implemented in OpenMM (Eastman et al., 2017). The production 

alchemical Hamiltonian exchange free energy calculations were carried out at 300 K and 1 

atm using a Langevin integrator with a 2 fs timestep, 5.0 ps-1 collision rate, and a molecular-

scaling Monte Carlo barostat. YANK with OpenMMTools was used to run the simulations 

and each production simulation was carried out for 10000 iterations with 500 timesteps 

per iteration. The YANK auto protocol trailblazing feature was used for determining the 

alchemical pathway for each VDR + ligand complex. Using the Gibbs sampling scheme, a 

Hamiltonian replica exchange simulation was performed for each iteration to mix replicas. 

This process was repeated for each solvent simulation. Finally, absolute binding free energy 

(ΔG) of binding was estimated for each VDR + ligand complex using multistate Bennet 

acceptance ratio (MBAR) to get the minimally biased free energy estimate across the two 

phases. Extending the simulation to 20000 steps did not change the ΔG of binding and thus 

we judged these as equilibrated. The input script and other code for the alchemical free 

energy calculation analysis are given in the Supporting Information.

2.5 Single point MM-GBSA Free energy Calculation

We also calculated the MM-GBSA (Kollman et al., 2000; Srinivasan et al., 1998) single 

point free energy of binding using the AMBER 18 (Case et al., 2021) package for each 

of the shortlisted docked VDR + PFAS complexes. Partial atomic charges for the ligands 

were calculated utilizing Antechamber employing the AM1-BCC method (Jakalian et al., 

2000), whereas the AMBER FF14SB force field was used for the protein. Each VDR + 

PFAS complex was solvated using a TIP3P water box. The solvated complexes were energy 

minimized in four steps: 1) Minimization relaxing the solute with a restraint weight of 500 

kcal/mol/Å2 for 1000 steps, 2) Minimization relaxing the solute with a restraint weight of 

100 kcal/mol/Å2 for 1000 steps, 3) Minimization relaxing the solute with a restraint weight 

of 1 kcal/mol/Å2 for 1000 steps, and 4) 2500 steps of steepest descent without any positional 

restraint. The MM-GBSA binding free energy (ΔGbind) of the minimized complex structure 

was then calculated using an infinite cutoff (999 Å) and a protein’s dielectric constant of 4.

3. Results and Discussion

3.1. Docking of Known Ligands

Before screening the PFAS library of 5,206 compounds, we first validated the molecular 

docking protocol by docking a series of known ligands to LBD of human wild-type 

VDR. The binding pose of the calcipotriol and seocalcitol from the docking protocol 

was compared with that of co-crystalized calcipotriol (PDB ID: 1S19, resolution 2.10 

Å) and seocalcitol (PDB ID: 1S0Z, resolution 2.40 Å). The superimposed binding poses 

obtained from docking versus the co-crystalized poses for calcipotriol and seocalcitol are 

given in Figure 1. For calcipotriol, the docking pose was similar to the X-ray crystal 

structure with a root mean square deviation (RMSD) of 0.47 Å. The RMSD between the 

docked pose of seocalcitol and the X-ray crystal structure was 1.78 Å which is within 

expected variation for a flexible molecule with common X-ray structure resolution. The 

docking protocol placed these known ligands within the binding pocket with a correct 

global orientation and thus confirmed that the parameters for docking small molecules to 
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VDR are suitable for reproducing the known experimental binding poses. We also docked 

other known ligands: alfacalcidol, eldecalcitol, inecalcitol, tacalcitol, calcidiol, calcitriol, 

ergocalciferol, paricalcitol, calciferol, doxercalciferol, and falecalcitriol, using the same 

docking parameters. The 2D ligand interaction diagrams for these ligands with their docking 

scores (Table 1) are given in Figure 2. All known ligands were bound in the ligand-binding 

pocket formed by residues: F422, V418, Y401, L404, H305, L227, A303, L230, A231, 

L309, V300, L233, V234, Y295, W286, C288, F150, S237, Y143, Y147, S278, S275, R274, 

M272, I271, L313, I268, H397, L414, V418. The known ligands form hydrogen bonds with 

Y143, H305, H397, R274, and S237. The docking scores for the known ligands docked 

to VDR ranged from −11.81 to −16.13 (Table 1), indicating strong binding. Molecular 

dynamics (MD) simulations were performed for 50 ns to analyze the stability of each of 

these VDR + known ligand complexes. RMSD plots of all the complexes are given in 

Supporting Information Figure S1. The figure shows that the RMSD values of alpha-carbons 

for different VDR + known ligand complexes fluctuate as expected around their average 

during the MD simulation. The interaction fraction of VDR + known ligand contact is given 

in Figure 3. The hydrogen bonds between the known ligands and VDR (Y143, H305, H397, 

R274, and S237) have the highest time occupancy, and this result is in agreement with the 

previous literature (Tocchini-Valentini et al., 2004). The calculated alchemical binding free 

energies (ΔGbind) computed using YANK, for all the known ligands are given in Table 1. 

Calcidiol has the least negative predicted binding affinity with the calculated free energy of 

binding of −19.404±0.43 kcal/mol, whereas calcipotriol (is calculated to) bind to VDR with 

the highest affinity (ΔGbind = −33.171±0.2).

3.2 Virtual Screening of over 5,000 PFASs against VDR

The virtual screening of PFASs against VDR was performed using molecular docking and 

molecular dynamics simulation techniques. The docking scores for all 5,206 PFASs with 

VDR are given in Supporting Information Table S2. Different PFAS classes (Su and Rajan, 

2021) of the screened library is given in Supporting information Figure S2 and S3. Initially, 

we shortlisted the PFAS chemicals with a docking score <= −12 since the minimum docking 

score for a known ligand is −11.81. Fourteen PFASs had docking scores more negative 

than any known ligands, showing a high potential for interaction with VDR (Table 2). 

The 2D interaction diagram of the top-scoring PFASs with VDR is shown in Figure 4. 

The interaction fraction of contact from our MD simulations shows that the hydrophobic 

interaction between the PFASs and VDR is similar to that of known ligands (Figure 5). The 

top PFASs also formed hydrogen bonds with Y143, R274, and S237. The root-mean-square 

fluctuation (RMSF) of the Cα atom was calculated for each residue of the complexes of 

VDR + known ligands or VDR + PFASs, to understand how the different ligands induce 

flexibility in the VDR (Figure 6). Similar RMSFs was observed for all VDR complexes, 

with both the known ligands and the PFASs. Interestingly, a recent study showed that PFOA 

induces a similar change in the RMSF in the ligand-binding domain of VDR (Di Nisio et al., 

2020). Due to the computational cost, the Alchemical binding free energies for only 11 of 

the shortlisted PFAS were calculated. The calculated ΔGbind data are summarized in Table 2. 

The ΔGbind values for 6 PFAS (DTXSID20897499, DTXSID30896731, DTXSID40896227, 

DTXSID40897496, DTXSID60895974, and DTXSID70895980) were more negative than 

−20 kcal/mol suggesting that these chemicals strongly bind to VDR, and thus we classified 
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these as strong binders. DTXSID10896537, DTXSID40881032, DTXSID50858139 showed 

weaker binding to VDR with a ΔGbind more positive (in the range of −3 to −10 kcal/mol). 

DTXSID80827555 and DTXSID90785778 had the ΔGbind of −16.122±0.437 kcal/mol and 

−17.701±0.198 kcal/mol, respectively, and these chemicals were classified as moderate 

binders. The primary class of shortlisted PFAS belongs to chemicals containing side-chain 

aromatics, with steriod-backbone and extended aliphatic fluorocarbon sidechains being other 

common features.

3.3 Virtual screening results for commercially relevant PFASs

Recently, Buck and co-workers suggested that there are only 256 chemicals in the PFAS 

class that are highly commercially relevant globally (Buck et al., 2021). Further, recent 

studies showed that one of the commercially important chemicals, PFOA, competitively 

binds to VDR and inhibits the expression of vitamin D responsive genes (Di Nisio et al., 

2020). Di Nisio et al showed that the docking free energy for the PFOA using Autodock 

Vina was −9 kcal/mol, which is relatively weak compared to that of native ligand (1,25-

dihydroxyvitamin D). The docking score and the single-point MM-GBSA free energy for 

PFOA and other commercially important PFASs, as calculated using our protocol. The 

docking score for PFOA using Glide is −8.07 and we found that 82 chemicals out of the 

256 commercially important PFASs had docking scores more negative than −8.07. The MM-

GBSA score for PFOA is −34.01 kcal/mol. Eighty-three of the PFASs that were shortlisted 

in Table 3 had docking scores more negative than −8.07 and MM-GBSA (ΔGbind) scores 

more negative than −34.01 kcal/mol. So they are also likely to interact with VDR. Indeed, 

these 83 commercially important PFASs are likely stronger or equal to PFOA in binding 

interactions with VDR.

Table 3 also shows that 16 PFASs of regulatory concern, because they have been 

detected in the environment and/or human blood, have docking scores suggesting stronger 

interactions with VDR than PFOA. For two of these 16 chemicals of regulatory 

concern, perfluorododecanoic acid (DTXSID8031861) and perfluorotridecanoic acid 

(DTXSID90868151), we also calculated the alchemical free energy. The mode of binding 

along with alchemical binding free energy (ΔGbind) for these compounds are shown in 

Figure 7. These results show that Perfluorotridecanoic acid likely binds more strongly than 

Perfluorododecanoic acid. However, both of these chemicals have binding interactions with 

VDR that are similar to known ligands. These results suggest that commercially important 

PFASs of regulatory concern can impact VDR function.

Due to the wide use of PFASs in consumer and industrial applications, and their observed 

persistence in the human body and the environment, these chemicals pose a human health 

concern. Here we have examined the potential of 5,206 PFASs to interact with and affect the 

function of VDR, a nuclear receptor that regulates the effects of vitamin D3 on the body, 

which includes the maintenance of bone strength and immune function. We found that 14 

PFASs interact with VDR with equal or greater potency, and in a similar manner, to the 

natural ligand calcitriol and its analogs that are commonly found in vitamin D supplements. 

This was confirmed by molecular docking, molecular dynamics, and free energy calculations 

using MM-GBSA and alchemical approaches. These in silico results suggest that these 
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14 PFASs are likely to affect VDR function, which could cause osteoporosis or immune 

deficiency. The methodology used here does not predict agonism or antagonism but 

producing either high or low VDR activity may result in adverse outcomes. Confirmation of 

these data is needed in biological systems and should be a high priority.

We further examined the interactions of VDR with the 256 PFASs that were recently 

identified as being of significant commercial importance and compared them to the 

predicted interaction of PFOA with VDR since PFOA was recently shown to interact with 

VDR in experimental systems. We found that 82 (32%) of these 256 commercially important 

PFASs had docking and MM-GBSA scores that showed they were likely to be stronger or 

equal to PFOA in binding to VDR. We further showed that 16 of these PFASs were of high 

regulatory concern in addition to PFOA. These findings suggest that a third of commercially 

important PFASs plausibly affect VDR function as discussed and warrant further biological 

investigation. We also note that multiple PFASs are often found together in contaminated 

drinking water and human blood samples which raises the concern that multiple PFASs may 

act together as a mixture on VDR function, possibly amplifying their harmful effects.

3.4 The potential limitations of the study

The strengths of this study include a large number of PFASs (over 5,000) investigated 

and a focus on PFASs of commercial and regulatory importance. Further, the in-silico 

approach was calibrated and validated using known ligands of VDR and included molecular 

docking, molecular dynamics and free energy binding calculations using MM-GBSA and 

the computationally intensive alchemical approach. Although the current results show that 

our approach can be used to identify the potential binders of VDR successfully, a limitation 

is that we cannot evaluate the false-positive rate. Also, our binding results in VDR do 

not distinguish by agonism or antagonism activity, but we plan to explore this further as 

more experimental data become available. While these findings need to be experimentally 

validated in biological systems, they strongly suggest that many PFASs plausibly interact 

with VDR and may produce negative impacts on human health and the environment.

Conclusion

Computational modeling predicts that many PFASs of commercial and regulatory 

importance may impact the function of the vitamin D receptor and interfere with the 

beneficial effects of vitamin D3. This may lead to increased osteoporosis and impaired 

immune function, two adverse effects that have been observed in epidemiological studies 

of humans exposed to PFASs. Biological validation of these in silico findings should be a 

high priority. These experimental approaches could include competition studies with native 

ligands and should include decoys and controls to provide data for an accurate estimate of 

the false positive rate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• 5,206 PFASs were evaluated by in silico methods for their potential to bind to 

Vitamin D receptor (VDR).

• 14 PFAS are predicted to strongly interact with VDR with a potency similar 

to the natural ligands.

• Eighty-three (32%) of 256 commercially important PFAS were predicted to 

be stronger binders than PFOA.
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Figure 1. 
A) Superimposed co-crystalized structures (red) (PDB: 1S19, 1S0Z) and docked binding 

pose (blue) of a) calcipotriol and b) seocalcitol. Hydrogen atoms are not shown for clarity.
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Figure 2. 
2D interaction diagrams of calcitriol (1,25-dihydroxy vitamin D3) and known analogs with 

wild type VDR. Docking scores (kcal/mol) are in brackets.

Singam et al. Page 14

Environ Res. Author manuscript; available in PMC 2024 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Interaction fraction of VDR + known ligand contacts during 50ns MD simulation.
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Figure 4. 
2D interaction diagrams of VDR with 14 shortlisted PFASs a) DTXSID10896537, b) 

TXSID20897499, c) DTXSID30309992, d) DTXSID30896731, e) DTXSID40881032, f) 

DTXSID40896227, g) DTXSID40897496, h) DTXSID50379718, i) DTXSID50858139, j) 

DTXSID60895974, k) DTXSID70895980, l) DTXSID80827555, m) DTXSID90785778, 

and n) DTXSID90896292.
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Figure 5: 
Interaction fraction of VDR + PFASs contacts during MD simulation a) DTXSID10896537, 

b) DTXSID20897499, c) DTXSID30309992, d) DTXSID30896731, e) DTXSID40881032, 

f) DTXSID40896227, g) DTXSID40897496, h) DTXSID50379718, i) DTXSID50858139, 

j) DTXSID60895974, k) DTXSID70895980, l) DTXSID80827555, m) DTXSID90785778, 

and n) DTXSID90896292.
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Figure 6. 
RMSF (Å) of residues of VDR + known ligands and top ranking VDR+ PFAS 

complexes. A) Alfacalcidol B) Calcidol, C) Calcitriol, D) Eldecalcitol, E) Calciferol, 

F) Calcipotriol, G) Doxercalciferol, H) Ergocalciferol, I) Falecalcitriol, J) Inecalcitol, K) 

Paricalcitol L) Secalcitol, M) Tacalcitol, N) DTXSID40897496, O) DTXSID30309992, P) 

DTXSID40881032, Q) DTXSID20897499, R) DTXSID60895974, S) DTXSID70895980 T) 

DTXSID80827555, U) DTXSID90896292, V) DTXSID40896227, W) DTXSID50379718, 

X) DTXSID50858139 Y) DTXSID10896537, Z) DTXSID90785778 and AA) 

DTXSID30896731 Green lines shows the residues where the ligand interacts with VDR. 

(Residues numbers are reset to starting at zero. See Supporting Information Table S1 for 

residue mapping details.)
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Figure 7. 
2D diagrams of VDR interactions with two commercially important PFASs. Alchemical free 

energies of binding are also shown.
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Table 1,

Docking scores and alchemical free energies of binding for known VDR ligands.

Name Docking score
MM-GBSA
ΔGbind (kcal/mol)

Alchemical
ΔGbind(kcal/mol)

Alfacalcidol −13.09 −74.38 −33.038±0.382

Calcidiol −13.13 −72.90 −19.404±0.43

Calciferol −12.44 −74.10 −27.046±0.266

Calcipotriol −14.97 −75.05 −33.171±0.2

Calcitriol* −14.76 −75.67 −22.204±0.161

Doxercalciferol −12.99 −75.07 −21.042±0.257

Eldecalcitol −13.34 −85.44 −20.188±0.544

Ergocalciferol −11.86 −71.99 −22.282±0.412

Falecalcitriol −16.13 −77.66 −23.458±0.506

Inecalcitol −12.72 −67.55 −27.071±0.188

Paricalcitol −14.43 −77.62 −19.527±0.398

Seocalcitol −11.81 −80.99 −30.107±0.561

Tacalcitol −15.11 −75.58 −26.386±0.329

*
1,25-dihydroxy vitamin D3, the natural ligand of VDR.
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Table 3.

Docking scores for commercially important PFASs with docking scores better than PFOA.

DTXSID Preferred Name CASRN
Docking
score

MM-
GBSA
(ΔGbind
(kcal/mol))

DTXSID8031861* Perfluorododecanoic acid (PFDoA) 307-55-1 −11.32 −46.24

DTXSID60880406
2H-Tricosafluoro-5,8,11,14-tetrakis(trifluoromethyl)-3,6,9,12,15-
pentaoxaoctadecane 37486-69-4 −10.42 −63.59

DTXSID3068170 2-(Perfluorododecyl)ethanol 39239-77-5 −10.36 −48.69

DTXSID6070221 1,1,2,2-Tetrahydroperfluoro-1-octadecanol 65104-67-8 −10.31 −58.08

DTXSID8059922 2-(N-Ethylperfluorooctanesulfonamido)ethyl methacrylate 376-14-7 −10.15 −60.63

DTXSID5059878 Perfluorohexadecyl iodide 355-50-0 −10.051 −59.46

DTXSID7062295 N-Butylheptadecafluoro-N-(2-hydroxyethyl)octanesulphonamide 2263-09-4 −10.03 −54.82

DTXSID6027426* 2-Perfluorooctylsulfonyl-N-ethylaminoethyl alcohol 1691-99-2 −10.02 −50.77

DTXSID6067836 1,1,2,2-Tetrahydroperfluorohexadecyl acrylate 34362-49-7 −9.93 −62.39

DTXSID40861915 2-(N-Butylperfluorooctanesulfonamido)ethyl acrylate 383-07-3 −9.86 −63.06

DTXSID4069422 2-(Perfluorotetradecyl)ethan-1-ol 60699-51-6 −9.83 −51.61

DTXSID3031860* Perfluorodecanoic acid (PFDA) 335-76-2 −9.75 −40.40

DTXSID3071727 (Perfluorododecyl)ethylsulfonyl chloride 68758-57-6 −9.72 −56.33

DTXSID0059798 1H,1H,11H-Eicosafluoro-1-undecanol 307-70-0 −9.70 −40.13

DTXSID5059797 Nonacosafluoro-1-iodotetradecane 307-63-1 −9.69 −51.51

DTXSID4041284 6:2 Fluorotelomer sulfonamide betaine 34455-29-3 −9.68 −61.29

DTXSID3059921* Perfluorotetradecanoic acid (PFTA) 376-06-7 −9.67 −50.92

DTXSID1070800 Perfluorohexadecanoic acid (PFHxDA) 67905-19-5 −9.65 −56.01

DTXSID30889183 3-Methyl-3-[[(3,3,4,4,5,5,6,6,6-nonafluorohexyl)oxy]methyl]-oxetane 475678-78-5 −9.59 −39.87

DTXSID00880243 Fluoroether E4 26738-51-2 −9.57 −50.69

DTXSID2029905 10:2 Fluorotelomer alcohol 865-86-1 −9.57 −42.29

DTXSID9067514 Perfluorooctadecyl iodide 29809-35-6 −9.52 −64.08

DTXSID7027831* N-Methyl-N-(2-hydroxyethyl)perfluorooctanesulfonamide 24448-09-7 −9.50 −48.85

DTXSID90868151* Perfluorotridecanoic acid (PFTRDA) 72629-94-8 −9.50 −47.87

DTXSID6062204 10:2 Fluorotelomer methacrylate 2144-54-9 −9.42 −50.04

DTXSID40892507* Perfluoro(2-((8-chlorohexyl)oxy)ethanesulfonic acid) (6:2 Cl-PFAES) 763051-92-9 −9.38 −51.38

DTXSID1064083
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,13,13,14,14,14-
Pentacosafluorotetradecyl methacrylate 6014-75-1 −9.31 −58.03

DTXSID1066071 Perfluorooctadecanoic acid 16517-11-6 −9.30 −61.35

DTXSID9037743 10:2 Fluorotelomer acrylate 17741-60-5 −9.28 −51.81

DTXSID4069501 N-((Perfluorooctyl)-1-ethyl)pyridinium 4-methylbenzenesulfonate 61798-68-3 −9.26 −44.08

DTXSID8031863* Perfluorononanoic acid (PFNA) 375-95-1 −9.25 −37.04

DTXSID1037303* Perfluoroheptanoic acid (PFHpA) 375-85-9 −9.24 −31.38
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DTXSID Preferred Name CASRN
Docking
score

MM-
GBSA
(ΔGbind
(kcal/mol))

DTXSID5067841 1,1,2,2-Tetrahydroperfluorotetradecyl acrylate 34395-24-9 −9.22 −59.05

DTXSID1067330
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-
Henicosafluorododecane-1-sulphonyl chloride 27619-91-6 −9.19 −50.86

DTXSID5062760* 2-(N-Ethylperfluorooctanesulfonamido)acetic acid (Et-PFOSA-AcOH) 2991-50-6 −9.16 −53.93

DTXSID10897307 Europium tri[3-(heptafluoropropylhydroxymethylene)]-(+)-camphorate 34788-82-4 −9.15 −42.29

DTXSID6071665 Pentadecafluoro-N-(2-hydroxyethyl)-N-methyl-1-heptanesulfonamide 68555-76-0 −9.12 −44.86

DTXSID2067535 1-Iodo-1H,1H,2H,2H-perfluorotetradecane 30046-31-2 −9.09 −50.97

DTXSID5067348 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluordecylacrylate 27905-45-9 −9.06 −42.41

DTXSID7029904 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluoro-1-decanol 678-39-7 −9.06 −35.48

DTXSID60881337 Perfluoro(4a-(cyclohexylmethyl)decahydronaphthalene) 125061-94-1 −9.04 −46.08

DTXSID8047553* Perfluoroundecanoic acid (PFUA) 2058-94-8 −8.99 −43.56

DTXSID7070925
N-ethyl-N-[2-(phosphonooxy)ethyl]perfluorooctanesulfonamide 
diammonium salt 67969-69-1 −8.98 −61.55

DTXSID60880486 Potassium N-((heptadecafluorooctyl)sulphonyl)-N-propylglycinate 55910-10-6 −8.97 −52.92

DTXSID8062101 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluorodecyl methacrylate 1996-88-9 −8.91 −42.39

DTXSID80892506* Perfluoro(2-((6-chlorohexyl)oxy)ethanesulfonic acid) (9CL-PF3ONS) 756426-58-1 −8.86 −46.54

DTXSID1071664 Tridecafluoro-N-(2-hydroxyethyl)-N-methyl-1-hexanesulfonamide 68555-75-9 −8.83 −42.34

DTXSID1047029 Perfluorotetradecahydrophenanthrene 306-91-2 −8.80 −39.35

DTXSID8059974 Perfluorodecyl iodide 423-62-1 −8.79 −40.81

DTXSID3040148 Perfluorodecanesulfonic acid 335-77-3 −8.78 −46.09

DTXSID5044572 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctanol 647-42-7 −8.77 −31.01

DTXSID0059796 Pentacosafluoro-1-iodododecane 307-60-8 −8.75 −43.67

DTXSID5059793 7:1 Fluorotelomer alcohol 307-30-2 −8.73 −30.35

DTXSID00192353* 8:2 Fluorotelomer sulfonic acid (8:2 FTS) 39108-34-4 −8.72 −47.42

DTXSID6070510 2-(N-Methylperfluorobutanesulfonamido)ethyl methacrylate 67584-59-2 −8.72 −46.66

DTXSID3069306 2-((Ethyl(pentadecafluoroheptyl)sulfonyl)amino)ethyl acrylate 59071-10-2 −8.69 −53.62

DTXSID1070513 Potassium N-ethyl-N-((pentadecafluoroheptyl)sulphonyl)glycinate 67584-62-7 −8.67 −48.74

DTXSID1062124 10:2 Fluorotelomer iodide 2043-54-1 −8.66 −41.50

DTXSID30880413 3-(Perfluorohexyl)-1,2-epoxypropane 38565-52-5 −8.63 −30.07

DTXSID1071080 2-(Methyl((pentadecafluoroheptyl)sulfonyl)amino)ethyl acrylate 68084-62-8 −8.58 −56.19

DTXSID7070505 Potassium N-ethyl-N-((tridecafluorohexyl)sulphonyl)glycinate 67584-53-6 −8.58 −46.06

DTXSID10624392* 2-(N-Methylperfluorooctanesulfonamido)acetic acid 2355-31-9 −8.57 −50.30

DTXSID6071663 Undecafluoro-N-(2-hydroxyethyl)-N-methyl-1-pentanesulfonamide 68555-74-8 −8.56 −39.98

DTXSID2067329
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluorodecanesulphonyl 
chloride 27619-90-5 −8.55 −42.24

DTXSID3059975 2-(N-Ethyl-N-(perfluorooctylsulfonyl)amino)ethyl acrylate 423-82-5 −8.55 −56.54

DTXSID7070509 [N-Methylperfluorohexane-1-sulfonamide]ethyl acrylate 67584-57-0 −8.54 −51.12

DTXSID4070322 2-(Perfluorotetradecyl)-1-iodoethane 65510-55-6 −8.54 −57.78
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DTXSID Preferred Name CASRN
Docking
score

MM-
GBSA
(ΔGbind
(kcal/mol))

DTXSID80865199 N-Methylperfluorooctanesulfonamidoethyl acrylate 25268-77-3 −8.53 −57.98

DTXSID9038840 Perfluorohexylethyl acrylate 17527-29-6 −8.50 −34.48

DTXSID3047558 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl methacrylate 2144-53-8 −8.44 −39.62

DTXSID90881345
3-[(Perfluorooctane-1-sulfonyl)amino]-N,N-dimethylpropan-1-amine N-
oxide potassium 178094-69-4 −8.44 −53.31

DTXSID6062123 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluoro-1-iododecane 2043-53-0 −8.36 −39.55

DTXSID80889133 Dimethyl 2-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-1,3-propanedioate 220075-01-4 −8.36 −44.37

DTXSID5063235 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluorooctyl methacrylate 3934-23-4 −8.35 −42.29

DTXSID50880410 (3-(Perfluorooctyl)sulphonylaminopropyl)trimethylammonium chloride 38006-74-5 −9.122 −60.1345

DTXSID1032646* N-Ethylperfluorooctanesulfonamide 4151-50-2 −8.18 −49.73

DTXSID0060147 Perfluorooctyl iodide 507-63-1 −8.18 −37.33

DTXSID2070504 Potassium N-ethyl-N-((undecafluoropentyl)sulphonyl)glycinate 67584-52-5 −8.16 −41.97

DTXSID0067848 2-(N-(Perfluorobutylsulfonyl)-N-methylamino)ethanol 34454-97-2 −8.16 −35.23

DTXSID9066174 Ammonium perfluorononanesulfonate 17202-41-4 −8.13 −41.71

DTXSID1068772 2-(Perfluorobutyl)ethyl acrylate 52591-27-2 −8.11 −31.01

DTXSID6067331* 6:2 Fluorotelomer sulfonic acid 27619-97-2 −8.11 −40.25

DTXSID8031865* PFOA 335-67-1 −8.07 −34.01

*
PFAS of regulatory importance that have been detected in humans
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