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Abstract 
Methylmercury (MeHg) is a persistent environmental pollutant whose adverse effects 
on the human health manifest as impairments to the nervous system. The molecular 
basis of the damage caused is not yet understood but preliminary experimental data 
from rat neural stem cells studies suggest that some toxic effects arise through the 
interference of MeHg with the activity of the ligand-dependent glucocorticoid 
receptor (GR) protein. Molecular dynamics studies were carried out to investigate 
MeHg interactions with the GR. A target Cys736 residue was chosen for mercuration 
based on its proximal location to the ligand-binding site and potential for the 
interference with the workings of the receptor. The apo and holo systems of two 
forms, agonist- and antagonist-bound structures, were used for the simulation and, 
additionally, the MeHg-modifed variants. Parameters for MeHg moiety were derived 
from quantum mechanical calculations at B3LYP and MP2 levels of theory and the 
simulation conducted in GROMACS. The simulation data suggest that GR can 
recognise MeHg at Cys736 and respond to it as to a potential ligand, which translates 
to noticeable changes in the structural conformation and dynamic stability of the 
protein. The simulation time is insufficient to comment on the nature of that 
interaction. Currently, the results are inconclusive as to whether MeHg might have 
agonist or antagonist-like properties, and so are the preliminary experimental data. 
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1. Introduction 
Mercury has long been implicated as one of the causal agents of developmental defects 
and malfunctioning of the nervous system [3]. Mercury is an environmental pollutant 
released in the course of human industrial activities. Once it has been discharged into 
the ecosystem, it is taken up by microbial communities and transformed into an 
organometallic compound, dimethymercury [4]. This compound is sufficiently 
lipophilic that it can migrate from the aqueous environment to penetrate through 
cellular membranes into the cytosol of marine fauna [5]. Fish and seafood are the 
most notorious point of entry of the methylated mercury into the food web, which puts 
littoral communities, dependent on coastal and riverine food sources at a heightened 
risk of prolonged exposure to the toxicant. Once in the body, the monovalent 
methylmercury (hereafter, MeHg) binds to sulfur atoms of intracellular thiols, e.g. 
glutathione, homocysteine, and cysteine [5-7]. In particular, in complex with cysteine 
as Cys-S-HgMe, it is presumed to behave as a structural mimic of methionine and 
utilise neutral amino acid transporters, through which methionine also passes, to 
permeate cellular membranes or cross the blood-brain barrier [5].  

1.1 Toxicity of methylated mercury 
Exposure to environmental mercury has been indicated as one cause of impairments 
in the functioning of hormone-activated receptors and, as such, MeHg has been 
highlighted as a potential endocrine disruptor [3]. The developing nervous system, in 
particular, has been demonstrated to be susceptible to MeHg-induced toxicity. A 
number of in vitro studies conducted on rat (Rattus norvegicus) embryonic NSC have 
revealed that low-dosage exposure to MeHg leads to cellular senescence with long-
lasting and heritable consequences [8] as well as arrest in NSC proliferation and 
differentiation [9,10]. Based on the research by Bose et al. [8,11] it can be speculated 
that MeHg-induced toxicity arises as a result of the interference with the functioning 
of hormone-regulated GR. GR is a ligand-dependent transcription factor, a member of 
the nuclear receptor superfamily, which is endogenously activated by the hormone 
cortisol. It regulates systemic response to stress, initiates inflammatory reactions, and 
maintains electrolyte homeostasis [12] through activation or repression of gene 
expression. It also plays a pivotal role in the normal development of the nervous 
system [13].  
Experimental data [9] have shown an increase in the expression of cellular growth 
arrester genes, p16 and p21, following the exposure of rat NSC to MeHg, resulting in a 
decrease of the proliferation rate. Similar effects were observed when rat NSC were 
exposed to synthetic GR agonist, Dexamethasone (Dex), which induced a long-lasting 
decrease in the proliferation rate through upregulation of p16 and p21 genes. Altered 
gene expression was neutralised through knock-down experiments targeting GR 
expression which implies that the effect of Dex is GR-mediated [8]. Additionally, 
inhibition of differentiation was observed following rat NSC exposure to MeHg, as 
indicated by downregulation of two major neuronal and glial markers, Tuj1 [13] and 
GFAP (S. Ceccatelli, personal communication). The altered gene expression was 
normalised upon exposure to Mifepristone (Mife) further suggesting that GR may play 
a crucial role in MeHg neurotoxicity (S. Ceccatelli, personal communication). 
According to the experimental evidence, it is reasonable to hypothesise that MeHg can 
mimic the action of GR agonist ligands and elicit effects in the developing nervous 
system. 

1.2 Structure and function of the glucocorticoid receptor protein 
GR is a multidomain ligand-activated nuclear receptor comprised of a distorted 
activation function-1 domain at the N-terminus, followed by the evolutionarily highly 
conserved DNA-binding and ligand-binding domains, and terminating with the 
activation function-2 (AF-2) at the carboxylic end [14,15]. The intracellular 
localisation of GR depends on its activation status. The inactive GR is located in the 
cytosol and bound to a complex of heat-shock proteins which act as chaperones to 
stabilise the LBD in a conformation that is presumed to facilitate ligand binding. Once 
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the GR has been activated by a steroid agonist, the chaperones are released and the 
GR-agonist complex translocates into the nucleus where it homodimerises. The 
subsequent employment of an NCoA protein into AF-2 enables the GR to directly bind 
to the GRE within the promoter gene and initiate gene transcription [17-19]. Aside 
from acting directly as a nuclear transcription factor, GR can also indirectly regulate 
gene expression. This can either be mediated through the interaction with DNA-
bound proteins via a tethering mechanism (transactivation) or by sequestering other 
transcription factors to inhibit their ability to activate the genes, the latter leading to 
suppression of transcriptional activity, transrepression [8]. Which genes are being 
transactivated and which ones transrepressed is highly tissue and cell specific as it 
depends on the type of a target protein with which GR will interact. 
It is postulated that the position of terminal α helix 12 (H12) has functional 
consequences for GR activity. In the agonist-bound conformation, it occults the 
ligand-binding pocket securing the ligand in the bound position [15]. Other studies 
have proposed that to maintain the functionality, it is neither sufficient nor necessary 
for H12 alone to assume this orientation and that the structural stability of the 
neighbouring α helix 11 (H11) might be of a greater significance [19]. X-ray 
crystallographic structures of the agonist- and anatagonist-bound GR indicate a 
significant relative displacement in both regions (Figure 1) and support the notion 
that they are the crucial structural elements impacting the functionality of GR.  
 

 

 

Figure 1. Superimposed are two X-ray structures of the active (PDB code 1M2Z[20]) and 
inactive (composite model based on PDB structures 1NHZ[21]/3H52[17]; see Section 3.2) 
conformations of GR, with Dex (green) and Mife (red) as the corresponding ligands. In the 
active agonist-bound conformation, the N-terminal helices 11 and 12 (light green) are 
positioned such that the ligand is secured in the binding site, while this same region (light red) 
in the inactive antagonist-conformation has been displaced by the bulky dimethyaniline moiety 
in Mife due to steric clashes with helix 12.   
 
Although synthetic antagonists of the canonical GR protein exist, there are no known 
endogenous ligands that would deactivate the GR. It has been reported [22-25] that a 
GR isoform β	 present in the nucleus, is an inhibitor of the canonical GR-mediated 
activity. However, since no endogenous ligand has been identified to activate the β 
isoform, it is believed that the inhibitory effect arises as a consequence of the β 
isoform successfully competing for the binding to GRE sequences [26]. Both isoforms 
are encoded by a single gene and have an identical amino acid sequence until the 
residue 728 on H11, after which the canonical form continues with 50 amino acids 
folding into H12 while the β isoform has 15 non-homologous residues that form a 
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disordered region [19]. This points towards H11 and H12 carrying a functional 
significance and when distorted the canonical agonist activity is lost.  

1.3 The concept of molecular dynamics simulation 
A molecular dynamics (MD) simulation can be regarded as an in-silico equivalence of 
a real-life experiment. As such, it is bound by similar errors, and mistakes as any 
bench-top laboratory investigation. Sample preparation, measurement time and 
conditions as well as choice of the measured property – all need to be considered for 
the results to be valid and trustworthy. For instance, the preparation of the starting 
structure and system equilibration would serve as a sample preparation step. 
Similarly, as studied properties of the macroscopic systems must be related to physical 
properties that can be measured by analytical instruments, so must any 
thermodynamic properties of the simulated system be expressible as functions of 
atomic positions and momenta, e.g. temperature or pressure, if they are to be 
quantified by classical MD. Classical MD makes the assumption that the motion of 
each atom obeys the laws of classical mechanics. Given initial velocities and atomic 
coordinates of all particles in the system, it then applies Newton’s second law of 
motion to solve time evolution of the future atomic positions with a finite time step, 
called an integration step, based on the forces acting on atom i, Fi, determined at a 
given atomic position position, ri, and the present velocity, vi, [27], as shown in 
Equation 1: 
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where mi, and ai are atomic mass and acceleration, respectively. 
The microscopic system in a simulation is described by a collection of parameters 
consisting of the values for atomic masses, radii, and pairwise interactions. These are 
used by the potential energy function to model the dynamic behaviour of all particles 
in the system. Equation 2 shows a general form of the additive potential energy 
function used to describe the molecular structure [28] 
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where the bonds, angles, and improper torsions are treated with a harmonic term, 
while the dihedral angles are represented by a sinusoidal term. The repulsion-
dispersion interactions and electrostatics are described by the Lennard-Jones 12-6 
and Coulomb potentials, respectively. The functional form for the potential energy 
function and parameters are collectively called a force field. 
 

1.3 Aim of the diploma work 
The presented work is an outcome of a hypothesis-driven proposal that MeHg is able 
to approach the ligand-binding pocket of GR and modify the Cys736 residue by 
binding to the thiol group. The proximity of this residue to the receptor’s active site, 
H11, and H12—all bearing functional significance—and mercury’s affinity towards 
sulfur suggest that should MeHg interfere with GR activity, Cys736 would be the most 
sensitive target. The hereby-presented work aims to use computational approach to 
predict the structural and dynamic consequences of MeHg-S-Cys736 modification to 
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the conformation of the GR LBD. The results might perhaps serve as a suggestion for 
future experimental work in trying to understand the mechanism by which MeHg 
exerts its toxicity on the developing nervous system. 
 
2. Popular scientific summary including social and 
ethical aspects 
2.1 Popular scientific summary 
Mercury is a heavy metal element whose notorious toxicity earned it an entry in the 
collection of metaphors of the English language: ‘mad as a hatter’‡, was a phrase 
popularised in the 1800s to refer to a person of eccentric predisposition. The workers 
who made felt hats were routinely exposed to mercury (II) nitrate whose poisonous 
influence produced tremulous manifestations, depression, and slurred speech, among 
other things. The hatters are now a thing of the past, but mercury still circulates as a 
persistent pollutant and more of it is pumped into the environment by the global 
industry, so it continues to pose danger to the health of people and animals. The 
neurological impairments caused by chronic exposure to mercury are now a subject of 
research rather than ridicule and scientists struggle to understand the damage that 
mercury causes to the body on a cellular level.  
Recent experiments conducted on rat neural stem cells (NSC) indicate that one 
particular biological macromolecule, a glucocorticoid receptor (GR) protein, may be 
targeted by mercury. It has been shown that exposure to mercury limits the growth 
and development of NSC and that it results from compromised GR activity. This is 
most likely caused by mercury attaching itself to GR in some crucial parts of the 
protein confusing the molecular mechanisms to believe the receptor is expected to 
take action. A potentially prime location for mercury to bind was selected—a cysteine 
residue near the receptor’s active site—and a computer model of the complex created 
to see what may happen to the structure and stability of GR’s framework in the 
presence of the intruding mercury. To investigate those aspects we looked at 100 ns of 
GR’s life and studied the behaviour of our cyber-mercurated GR protein using a 
molecular dynamics approach. In that, to computationally handle the complexity of 
life at the atomic level, gross simplifications have to be made. They boil down to one 
ground rule: when following trajectories of particles in a system numbering in kilo-
atoms, forget Einstein and stick with Newton. This is sufficient to compute accurate 
motions of large molecular segments and comment on the protein dynamics. From the 
calculations, we could see that mercury attached at the hypothetically most likely 
residue, does indeed disturb the structural organisation of its immediate 
neighbourhood. This was compared with the shape of the corresponding area in the 
structure of GR when it is bound to an activator ligand. The similarities suggested that 
mercury might mistakenly activate GR as it stabilises the active site in a similar 
manner to an activator molecule. But, cross-referencing the structure and dynamics of 
the mercurated protein against the profile of GR when it is bound to a deactivator 
suggests that mercury may as well act to switch off the action of GR by distorting other 
functionally significant areas.  
At this point in time, the preliminary results from both experiments and theory 
certainly point at mercury being potentially able to interfere with the workings of the 
GR protein by mimicking the way its activator and deactivator work under different 
context.  

2.2 Social and ethical aspects 
In accordance with the code of conduct of chemical professionals [1,2], chemists have 
a responsibility to the public, profession, and fellow colleagues to share, present and 

                                                        
‡ Evans, Ivor H. (red.) Brewer's dictionary of phrase and fable., 14. ed., Cassell, London, 1991, 
p. 689. 
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conduct research with the aim of serving the public interest, advancing the knowledge 
by accurate presentation of results, and crediting the work of their collaborators.  
The hereby-presented work strives to adhere to those standards by contributing to the 
understanding of the hazards of living in an environment contaminated with mercury 
in the hope that further research will draw attention and prompt strong political will 
to take action to curb the emissions. Care was taken to outline complete results 
highlighting potential biases in acquisition and interpretation of the data. As the 
project is founded on the observations from an ongoing research, all effort was made 
to disclose the necessary information without breaching the confidentiality of original 
data. 
 
3. Experimental  
3.1 Parameterisation of the methylmercury moiety  
A CH3-CH2-S-Hg-CH3 molecule served as a small molecule model for the development 
of force field parameters for the MeHg moiety ultimately to be covalently bonded to 
the sulfur atom of the C736 residue in the GR protein. Geometry optimisation as well 
as subsequent density functional theory (DFT) [29,30] and ab initio quantum 
mechanical calculations were performed in Gaussian 09 [31] package at the B3LYP 
[32,33] and MP2 levels of theory. All-electron basis set 6-31+G(d) was used for the 
carbon, sulfur, and hydrogen atoms. A pseudo-potential basis set LANL2DZ [34] was 
employed to describe the mercury atom, whereby the inner core electrons were 
represented by ECP and the relativistic effects affecting the energies of the valence 
electrons considered.  
To calculate the force field parameters for the bonds and valence angles of the MeHg 
moiety, a relaxed PES scan was performed based on the geometry determined at the 
B2LYP level of theory as the starting point. During each step of the relaxed PES scan, 
the value of the investigated parameter was changed by an infinitesimal amount and 
held constant while the rest of the molecule was being geometry-optimised to yield the 
corresponding potential energies. In a similar fashion, torsion angle relaxed PES scans 
were carried out at the B3LYP and, additionally, at the MP2 [35] levels of theory. The 
computed energy profiles subsequently served as reference for the dihedral curve 
fitting procedure aimed to reproduce a similar pattern with the calculations at the MM 
level of theory carried out in CHARMM [36]. Atomic partial charges were estimated 
by fitting of the quantum mechanically computed MEP to atom-centred point charges 
determined by the RESP [37] algorithm available in the Antechamber [38] program. 

3.2 Input structures for molecular dynamics simulations 
For the MD simulations, two systems each for agonist- and antagonist-bound GR LBD 
conformations in the apo and holo forms, were prepared, resulting in the total of four 
systems. As there is a 100% sequence identity over GR LBD between the R. norvegicus 
and H. sapiens, the GR isolated from the latter was used for simulations. A model of 
the Dex-bound conformation was based on a 2.5 Å resolution X-ray crystal structure 
of the GR-Dex complex (PDB entry 1M2Z [20]). Two X-ray crystal structures of the 
GR-Mife complex (PDB entries 1NHZ [21] and 3H52 [22]) were used to build a 
composite model of Mife-bound conformation. Atomic coordinates from 1NHZ, 
resolved at 2.3 Å, served as a template for the model. Due to poor structural quality of 
the terminal α helix in 1NHZ additionally aggravated by the missing coordinates for 
the residues 760 to 767, possibly owing to the high mobility of the region, the 
coordinates from 3H52–obtained at a lower resolution of 2.8 Å–were used to 
substitute one section of residues 730 to 762, and another including residues 767 to 
776. The four-residue gap (763 to 766) was modelled in using Prime [39] from the 
known primary amino acid sequence. The resulting model was used as the Mife-bound 
conformation in the study. All mutations introduced into the GR protein for the 
purpose of crystallisation were reverted to the wild type. 
Both, the GR-Dex and GR-Mife models, were prepared on the basis of the chain A 
monomer of their corresponding X-ray structures. The models were subsequently pre-
processed in Maestro [40] using OPLS_2005 force field [41,42] with the protonation 
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states assigned by PropKa [43] at pH 7.5. The histidines in both models were assigned 
to a neutral residue with the protonation of the imidazole ring at nitrogen-δ in GR-
Mife H645 and H654, and in GR-Dex H654, while nitrogen-ε was protonated in H588, 
H726, H775, for both models. 
CHARMM-GUI [36,44,45] was employed for the initial structure minimisation, 
solvation, and generation of the MD input files. GR-Dex and GR-Mife models were 
solvated with TIP3P {12} explicit water model in a 82.0 Å × 82.0 Å × 82.0 Å and a 
81.0 Å × 81.0 Å × 81.0 Å cubic water box, respectively, adding 0.15 M NaCl to each in 
order to neutralise the systems. Each Na+ and Cl- ions were placed randomly within 
the water box using the Monte Carlo method. The periodic boundary conditions were 
applied. The protein was described by the all-atom additive CHARMM36 [46] force 
field with the Dex and Mife ligands parameterised by CGenFF [47]. CMAP [48] 
correction was applied to the ϕ and ψ angles in the protein backbone to improve the 
dynamic and structural properties, particularly, of the loop regions in the protein. 
In addition, four more systems with the MeHg modification at Cys736 were prepared 
by following the procedure as described above. Two mercurated systems based on the 
GR-Dex model, with and without the bound Dex, and two based on the GR-Mife 
model, with and without the bound Mife. 

3.3 Molecular dynamics simulations 
A total of eight 100 ns MD simulations were carried out using the GROMACS 5.0.4 
[49] program, each for the GR-LBD in the agonist and antagonist conformations with 
and without bound ligands, and also with and without MeHg modification. In order to 
produce a starting configuration for the simulations and remove bad interactions 
between atoms, (steepest descent) gradient optimisations were performed with the 
convergence criterion for the maximum force acting on each atom of 1000 kJ mol-1 
nm-1. During the minimisation, the positions of all heavy protein atoms were 
restrained and the bonds to hydrogen atoms constrained with the LINCS algorithm 
[50]. To avoid large structural distortion of the minimised protein during the 
equilibration, position restraints were maintained in the following two-step 
equilibration procedure. Firstly, under the NVT conditions, the systems were heated 
up to the target temperature of 298.15 K, controlled by the extended temperature 
Nosé-Hoover thermostat [51,52], and let equilibrated over a 25 ns time period  to 
allow each the solvent molecule to properly orient itself about the solute. In the 
subsequent 1 ns pressure equilibration step, under NPT conditions, density was 
equilibrated around the target value of 1 bar, in which the Berendsen barostat [53] was 
used to control the pressure. During the production MD run, temperature and 
pressure were maintained at 289.15 K and 1 bar by applying the Nosé-Hoover 
thermostat and the Parrinello-Rahman barostat [54], respectively. The simulations 
were carried out with a 2 fs integration time step.  
At every step during the MD calculations, long-range electrostatic interactions were 
computed in the reciprocal space using the PME summation method [55] whereas the 
non-bonded interactions were evaluated by Lennart-Jones and Coulomb potentials in 
the real space using the Verlet list scheme and the 11 Å cut-off distance. The Lennart-
Jones interactions were evaluated with the switching function applied between 9.5 Å 
and he cut-off distance to smoothly turn off the interaction energies to zero at the cut-
off distance. 
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4. Results and Discussion  
The ligand-binding pocket of GR is lined with both hydrophobic residues (Met601, 
Met646, Gly567, and Leu563) and polar ones (Asn564, Gln570, Gln642, Arg611), the 
latter participating in hydrogen bond formation to steroid-based ligands, i.e. Dex and 
cortisol [20,56]; hydrophobic interactions are mostly utilized to stabilise the 
antagonist, Mife [21]. As outlined in Section 1.1, experimental evidence points to 
MeHg interfering with GR-mediated gene expression. Since the activity of the receptor 
is ligand-dependent, this warrants an assumption that for MeHg to be able to 
modulate GR functionality it will most likely need to penetrate into the ligand-
bonding pocket and signal the protein that it is now in a bound state. An appropriate 
response will ensue. The experimental data are yet inconclusive as to the exact 
mechanism how the response may be elicited as both upregulation and 
downregulation of GR target genes have been observed. Given that MeHg is 
considered to readily associate with the sulfhydryl group in cysteines, of which there 
are five in the GR LBD (Figure 2A), the one at a position 736 was chosen as a potential 
target for the binding of MeHg. The choice is justified by Cys736 being positioned in 
the prime location – the immediate vicinity of the ligand-binding pocket, H11, and 
H12, as well as close to the other residues which directly participate in ligand docking 
(Figure 2B). Conformational impact on the GR LBD stability and dynamics upon 
Cys736 mercuration has been studied and assessed based on structural similarities to 
the agonist- and antagonist-bound GR forms. 
 
 

A  B 
 
Figure 2. (A) The LBD of the GR protein with marked positions of all cysteine residues; 
Cys736 targeted for mercuration is represented by van der Waals surfaces (vdW). The initial 
orientation of MeHg where it points towards the bottom of the cavity is a snapshot 
representation at 16 ns into the simulation. (B) A close-up view of the residues lining the 
ligand-binding site and the MeHg-S-Cys736 complex (vdW) pointing up towards the opening 
of the binding site, taken at 90 ns. 
 

4.1 Parameters for the small molecule cases 
All the parameters that had been developed to describe the methylmercurated cysteine 
are collected in Table A1 and Figure A1 (Appendix A). The Hg–S–Cβ–Hβ dihedral 
curve profile from the calculations at the MM level to fit the profiles computed at 
DFT/B3LYP and MP2 levels of theory is presented in Figure A2 (Appendix A). The van 
der Waals radii for the mercury (σHg = 1.0 Å) and sulfur (σS = 2.0 Å) atoms and the 
corresponding Lennard-Jones well depths (εHg = -1.0 kcal/mol; εS = -0.45 kcal/mol) 
were obtained from literature [57] without further optimization. 



8 
 

Charge parameterization of the Dex and Mife ligands carried relatively high penalty 
values as did the topology parameters derived by analogy to the available atom types 
in the CHARMM36 force field. Extensive validation of ligand parameters is 
recommended for future simulations. 

4.2 Structural integrity of the modelled systems 
In order to identify and isolate the contribution from MeHg to possible structural 
changes imposed onto the LBD of GR, MD simulations of three systems, Dex-bound, 
Dex-free, and Dex-free MeHg-bound, were compared. A Mife-bound system was 
added as another holo form for the completeness of data. The initial position of MeHg 
inserted into the Dex-free system was such that it pointed towards the bottom of the 
pocket (Figure 2A). However, during the second half of the simulation (50-100 ns), 
MeHg re-arranged itself to point the methyl group towards the opening instead 
(Figure 2B), thus pushing the surrounding helices apart which led to a noticeable 
widening of the entrance to the cavity (Figure 3). Similarly, visual inspection of the 
trajectory for the Dex-bound system suggests that helices 3 (H3) and 7 (H7) are 
further apart from each other than it is the case in the Dex-free system. This indicates 
that the presence of a ligand inside the pocket disturbs the relative position of those 
segments. However, as MeHg is much smaller a molecule than Dex, its orientation 
towards or away from the opening of the pocket may accordingly affect the 
arrangement of the surrounding helices that could either resemble the configuration 
of the apo or holo form.  

  
 
Figure 3.  Superimposed are representative structures of the Dex-based systems in the holo 
(green), apo (copper), and apo-mercurated (red) forms as seen from top (left) and facing H12 
(right). The H3 and H7 in the apo form collapse when unsupported by a bound ligand, an 
opposite trend to the holo and MeHg cases. Structural disruption to the top of H7 in the MeHg 
system is noticeable, possibly caused by the proximity of MeHg-S-Cys736 (vdW) on the 
adjacent H11 (transparent). 
 
To quantify the degree to which a bound ligand may impact the nearby geometry, 
distances between the alpha carbon atoms of asparagine 564, on H3, and glutamine 
642, on H7, were measured over the course of the simulation in the three systems 
(Figure 4). Since both Asn564 and Gln642 act as hydrogen acceptors in the 
electrostatic interactions stabilizing Dex and cortisol in the binding pocket, their 
relative separation can serve as a good proxy for the assessment of a ligand’s role in 
the shaping of the binding site cavity.  
As expected, in the Dex-bound system, the distances between Asn564 to Gln642 are 
larger, due to presence of Dex, and maintained at a stable 14 Å; in the apo form the 
region collapses and the two residues are brought closer together to a distance 
fluctuating over 10-12 Å. If MeHg at Cys736 is to elicit the action of Dex, a similar 
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degree of dislocation between H3 and H7, to that in the holo system, should be visible. 
According to the simulation data, the two helices in the Dex-free-MeHg-bound system 
are being pushed apart to the separation of circa 15 Å. However, the magnitude of 
instability is comparable to that seen in the apo system (Figure 4). This suggests that, 
around this region, MeHg can introduce structural re-organization analogous to that 
seen in the holo system albeit less stable. Incidentally, the orientation of MeHg in the 
ligand-binding pocket appears to be a decisive factor in connection with its structural 
integrity. In the first 50 ns of the simulation, which should be considered as an 
equilibration period, the Dex-free-MeHg-bound complex closely follows the trend 
observed in the apo protein. Only at around 43 ns, when MeHg switches its position to 
point towards the opening of the cavity, do the H 3 and H7 move apart as in the holo 
forms of both Dex and Mife (not shown). 
The length of the current simulation is possibly insufficient to establish a timescale of 
the latter orientation or if a possibility exists for a ping-pong effect whereby the MeHg 
moiety flips back and forth inside the pocket. 
 

 
  

 

 

 

 
Figure 4. Distance fluctuations (left) of Met752 to Asn564 (upper panel), and Gln642 to 
Asn564 (lower panel) over the simulation time of Dex-based and Mife-bound systems. The 
positions of residues in GR (right) are marked on the X-ray structure of the receptor bound to 
Dex (pink) with the co-activator peptide (NCoA) (green) docked at the AF-2 site.  
PDB code: 1M2Z. The location of Cys736 has been marked for reference.   

 
Apart from the shape of the cavity that distinguishes the apo and holo GR 
conformations, there appears to be a functional significance in the placing of a 
methionine residue at the position 752. Met752 allosterically connects the ligand-
binding pocket with the neighbouring helices forming a site for the recruitment of a 
co-regulator peptide. According to single-point mutation studies conducted by Pfaff 
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and colleagues [16], the replacement of Met752, at the beginning of H12, with 
isoleucine resulted in an increased affinity of the GR towards co-regulator peptides 
while simultaneously decreased its ability to bind ligands. The authors suggest that 
the more rigid side chain of isoleucine has a stabilizing effect that disables dynamic 
communication between the ligand-binding site and the AF-2 domain, with the former 
incorrectly signalling a bound state thus prompting the recruitment of NCoA to AF-2. 
Pfaff et al. [ibid.] have also observed that the M752I mutation relieved GR dependence 
on the chaperone proteins to maintain structural stability of unliganded GR, further 
suggesting that the type of a residue at the strategic position 752 is significant for the 
activity of the GR protein. 
To evaluate the influence of MeHg on this functional interplay between ligand-binding 
pocket and the AF-2 region, a dynamic evolution of positions between alpha carbon of 
Met752 and Asn564 was monitored. Assuming that the Dex-bound complex serves as 
a good point of reference in which the pair is presumed to adopt the most favourable 
separation, a comparison of the distance between Met752 and Asn564 in the Dex-free 
and Dex-free-MeHg-bound complexes could point to MeHg ability to persuade 
Met752 to signal the AF-2 that the ligand-binding pocket is occupied. As shown in 
Figure 4, both the separation distance as well as its magnitude of fluctuations in the 
Dex-free-MeHg-bound system follows closely the pattern observed in the Dex-bound 
complex. Conversely, the corresponding residues are much closer together in the 
Mife-bound form. A possible explanation for this observation is that dimethylaniline 
of Mife directs H12 upwards and H12 can easily insert into the pocket already widened 
by H3 and H7 (cf. Figures 1 and 4).  
In the light of this discussion, it can be tentatively asserted that the presence of MeHg 
at the binding site is recognised by the GR LBD, and further experiments such as a 
single point mutation and mass spectroscopy studies would help to validate the 
conclusions drawn in connection to the impact it may have on the receptor’s 
functional activity. 

4.3  Dynamic stability of the modelled systems 
As outlined above, the shift of segments H3 and H7 can be linked to the events at the 
ligand-binding site; their outward displacement may introduce conformational change 
that is tolerated and sustained when the pocket is occupied. In the apo form, where 
the pocket is empty, the helices lining the binding site fold inwards. To evaluate if this 
trend can be additionally correlated with structural flexibility, an RMSF calculation of 
dynamic displacement of alpha carbon atoms in the individual amino acid residues 
was carried out (Figure 5). The data suggest that the order of increasing structural 
flexibility in the agonist-based systems is from Dex-free to Dex-bound to Dex-free-
MeHg-bound, with the last two being close contenders.  
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Figure 5. An RMSF plot for the alpha carbon atoms in residues 531 to 766 in the GR LBD as 
measured over 50-100 ns of the simulation. Regions of structural and functional significance 
are marked (see text for discussion). A large flexibility of D-loop residues 540 to 555 in the 
mercurated system is a simulation artifact and a consequence of initial orientation of the 
region.  

However, when agonist-based systems are compared to the Mife-bound form, it 
becomes apparent that two regions of functional significance show a distinct pattern 
in the degree of flexibility of the backbone carbons. Firstly, the residues 616 to 631—
forming a beta sheet that connects H5 and H7—the point of GR homodimerisation, 
show an increase in flexibility in both Dex-bound and Dex-free-MeHg-bound cases. 
Conversely, the Mife-bound and Dex-free conformations are relatively stable. This 
region has been highlighted in Figure 6 and in both instances the low degree of 
flexibility appears to disturb the lateral connection between the strands. On the other 
hand, in the active Dex-bound form as well in the mercurated system, the sheet is 
clearly maintained. This perhaps serves as a cautious indication of some significance 
for the flexibility of this region to be preserved in order for GR to successfully form a 
homodimer in the nucleus, a necessary step prior to binding at the GRE on the 
promoter gene. Secondly, the H12 region spanning residues 751 to 766 implies that 
internal stability of the helix is more favourable, but possibly does not depend entirely 
on the presence of the ligand or lack thereof, but also on the the guest-host 
relationship. The RMSF plot indicates a dynamic stability over the H12 region in both 
Dex-apo and holo forms, but a degree of disturbance from MeHg and severe 
disruption in the Mife-bound conformation are observed (Figure 6). This perhaps 
suggests that the ligand’s compatibility with the binding pocket, a ‘goodness-of-fit’ 
scenario, may be meaningful to H12 conformation. And the H12 conformation is 
crucial for GR functionality as it is this region that is truncated and disordered in the 
endogenous GR β isoform that exhibits dominantly negative activity [19]. 
A degree of uncertainty is warranted in presuming correlations between the holo and 
apo forms. As remarked above, the simulation time may have been insufficient and the 
holo-derived ligand-free systems have not yet reached the true apo conformation 
(Figures B1 and B2; Appendix B) Furthermore, the apo conformations as presented 
herein are themselves artificial entities as in nature the unliganded receptor is 
accompanied by chaperone heat shock proteins (Section 1.2). Therefore, any dynamic 
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behaviour of the apo forms about which inference is made form the simulation data is 
a theoretical concept.  
 
 

  
 

  
 
Figure 6. Representative structures of the Dex-based systems in the holo (green) and apo-
mercurated (red) forms in comparison with the Dex-free (copper, top panel) and Mife-
bound conformation (blue, bottom panel) with areas of functional significance highlighted 
by darker shade colours. The region of GR homodimerisation (left) in the apo-mercurated 
form appears to be well defined just as that seen in the Dex-bound agonist form, while 
presumed lost of integrity is noticeable in the antagonist-bound and Dex-free forms. The 
conformations of H11 and H12 regions (right) are relatively stable in the Dex-based systems 
with a small degree of distortion in the MeHg-bound form, while the secondary structure of 
H12 in the Mife-bound conformation is severely altered and disordered towards the C-
terminus. 
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The overall stability of the discussed systems during the simulation is expressed in an 
RMSD value, which quantifies the relative deviation of aligned atomic positions (here: 
within the backbone chain) over time. The RMSDs for each system were computed 
against the input coordinates for the production MD as a reference and plotted in 
Figure 7. On a large scale, it would transpire that MeHg plays havoc with the GR 
structure; periods of relative stability seem to be punctuated twice by a sudden surge 
in the RMSD by ~0.5 Å, which then plateaus at a new value. The first rise, at about 43 
ns, is most likely due MeHg re-orienting itself in the ligand-binding pocket, as 
discussed above and shown in Figure 2B, and also reflected in a sharp increase of the 
distances between Gln642 to Asn654 (Figure 4). The origin of the second one, at 
around 80 ns, is unknown but it also appears to occur in the Mife-bound system, the 
latter showing an abrupt increase in RMSD of ~0.5 Å, at that same time during the 
simulation. Extending the length of the simulation may shed more light on the trend 
of the MeHg-bound system’s RMSD profile, i.e. if it stabilizes around the current value 
of 2Å or if it keeps rising to match the magnitude of instability as observed in the 
Mife-bound complex. 
 

 
 

Figure 7. RMSD of backbone atomic positions of Dex-based and Mife-bound systems as 
computed against the starting coordinates for the production MD.  
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5. Conclusions  
Considering that the preliminary results, which inspired the MD studies of MeHg 
interactions with the GR protein, are ambivalent and still part of an ongoing research, 
the nature of these interactions is yet inconclusive. Additionally, potential errors may 
exist in all simulations due to poor ligand parameterisation and the lack of trajectory 
replicates to separate and discount simulation artefacts from the real effects. The 
starting structures for the simulations already impart bias to the project due to the 
presence of co-factor peptides in the X-ray crystal structures, which necessarily 
introduce prejudice into the starting conformation of a system that presumes to adopt 
geometry prior to the recruitment of co-factors. This is further aggravated by 
seemingly inadequate simulation time spanning 100 ns that offers no conclusive 
interpretation of the results. The project itself is based on a hypothesis as to the 
location of the spot within the GR LBD that is to be modified with MeHg. Although 
Cys736 was chosen as the most likely target for mercurisation, no other options had 
been explored nor had cases of multiple simultaneous mercuration events on the GR 
considered. 
However, despite the limitation and uncertainty surrounding the results, it can be 
concluded that mercury does indeed appear to interact with the GR protein. When 
bound at Cys736, it appears to be recognised as a ligand by the ligand-binding pocket 
with a potential impact on the structure and dynamics of GR. Therefore, the present 
results can serve as a basis for future experiments to identify true target sites for 
MeHg binding and the subsequent influence on GR activity.   
 
6. Outlook  
On the basis of the presented results it seems possible that Cys736 can be the correct 
target site for MeHg modification. In order to test this tentative conclusion, single-
point mutation experiments targeting this residue might be the next step in which to 
proceed. If Cys736 is eliminated and replaced with a different residue and the GR 
protein no longer responds to MeHg exposure (or there is a change in the magnitude 
of the response), this may serve as a confirmation of the theoretical prediction. 
However, multiple mercuration sites can also be considered and modelled to explore 
how this may affect the structure and stability of the GR LBD. More consideration 
should be offered to the parameterisation of the Mife and Dex ligands to enhance the 
reliability of the simulation prediction, particularly should the simulation time be 
extended beyond 100 ns.  
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Appendix A 

 
Figure A1. The MeHg moiety attached to the sulfur of a cysteine’s thiol group. Partial charges 
obtained from RESP fitting are indicated as well as atom types.  

 
Table A1 Force fields parameters for bond lengths, bending, and torsions describing the 
MeHg moiety. 

Bond:  
Distance (Å) 

Force constant 
(kcal/mol/Å) 

length  SM2—CT2 1.816 214.0 
SM2—HG 2.510 94.6* 
HG—CT3 2.230* 109.2* 

bending   
Angle (°) 

Force constant 
(kcal/mol/Å) 

 SM2–CT2–CT1 108.500 58.0 
SM2–CT2–CT3 108.500 140.0* 
SM2–CT2–HA2 111.000 38.0 
HG–SM2–CT2 98.000* 64.3* 
SM2–HG–CT3 177.800* 137.1* 
HG–CT3–HA3 108.800* 60.0* 

torsion  Force constant 
(kcal/mol) 

Multiplicity, 
n 

Phase, δ 
(°) 

 HG–SM2–CT2–CT3** 0.200 3 0.00 
HG–SM2–CT2–HA2** 0.100 3 0.00 

* parameters derived from quantum mechanical calculations 
** parameter derived by fitting into the MM profile (see Figure B2) 
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Figure A2. Energy of the MeHg as a function of the Hg-S-Cβ-Hβ torsion angle as obtained 
during the curve fitting procedure (green) at the MM level to the energy profiles computed at 
DFT/B3LYP (grey) and MP2 (red) levels of theory. 
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Appendix B  
 

 
 

Figure B1. RMSD plot of the Dex-apo (black) and Mife-apo (red) forms with the final 
coordinates from the production MD used as reference for structure alignment. The general 
trend suggests that both forms converge to a stable structure, but the simulation time is 
insufficient to reach a true apo conformation. The images of the final geometries are shown in 
Figure B2.  

 
Figure B2. A snapshot of the final coordinates of Mife-apo (magenta) and Dex-apo (gold) 
conformation to indicate the final geometries of a tentative apo-conformation of the GR LBD. 
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