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Abstract
Mercurial compounds are known to inhibit water permeation through aquaporins (AQPs).
Although in the last years some hypotheses were proposed, the exact mechanism of inhibition
is still an open question and even less is known about the inhibition of the glycerol permeation
through aquaglyceroporins. Molecular dynamics (MD) simulations of human aquaporin-3 (AQP3)
have been performed up to 200 ns in the presence of Hg2+ ions. For the first time, we have observed
the unbiased passage of a glycerol molecule from the extracellular to cytosolic side. Moreover,
the presence of Hg2+ ions covalently bound to Cys40 leads to a collapse of the aromatic/arginine
selectivity filter (ar/R SF), blocking the passage of both glycerol and water. Interestingly, the local
conformational changes of the protein follow mercury coordination by water and by aminoacidic
donor atoms. Overall, the obtained results are important to improve the design of selective AQP
inhibitors for future therapeutic and imaging applications.

Aquaporins (AQPs) are trans-membrane proteins that permeate water and other small
molecules through biological membranes [1] and [2]. Thirteen AQP isoforms have been identified
in humans (AQP0–12), which can be divided into two groups, according to their permeated
substrates: selective for water, named orthodox aquaporins (AQP0, AQP1, AQP2, AQP4, AQP5),
while aquaglyceroporins can permeate water and small uncharged solutes such as glycerol (AQP3,
AQP7, AQP9, AQP10 and AQP11) [3]. A few special cases have been reported: AQP8 is permeable
to water, but also to ammonia [4] and can be expressed in intracellular vesicles, mitochondria or cell
membrane, while AQP6 is an anion channel with low water permeability and is exclusively expressed
in intracellular vesicles [5]. Two other aquaporin isoforms are exclusively intracellular, AQP11 and
AQP12, and even though AQP11 was described as a glycerol channel [6], the permeated solutes
of AQP12 are still unknown. AQPs are organized as tetramers on membranes and there is some
information about the AQP structure from electron and X-ray crystallography [7] showing AQP
monomers (~ 30 kDa) containing six membrane-spanning helical domains surrounding a narrow
aqueous pore. The most remarkable feature of the aquaporin channels is their high selectivity and
efficiency on water or glycerol permeation. It was found that AQPs have two selectivity filters that
constitute the main solute barriers: the first one, named aromatic/arginine selectivity filter (ar/R
SF), is responsible for size selectivity, and it is formed by three (in aquaglyceroporins) or four (in
orthodox aquaporins) residues near the periplasmic/extracellular entrance. A second selectivity
filter, composed of two conserved asparagine–proline–alanine (NPA SF) sequence motifs, generates
an electrostatic barrier, fundamental for the exclusion of charged ions from the channel, and it is
located at the N-terminal ends of two half-helices, at the centre of the channel. In this context,
computational methods, in particular classic molecular dynamics (MD) showed to be a useful tool
to investigate, with an atomistic detail, the machinery of these macromolecular systems. In fact,
several MD simulations were performed on aquaporins in the past years in order to obtain a deep
understanding of AQP permeation [8]. For example, some of these studies revealed a pronounced
water dipole orientation pattern across the channel, with the NPA region as its symmetry centre
[9]. Interestingly, water molecules were found to rotate by 180° on their pathway through the pore.
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Moreover, it was demonstrated that the electric field, which prevents the passage of protons, is
generated by the half helices B and E, containing the NPA motifs [10].
It is well known that mercurial compounds, such as HgCl2, are able to inhibit water permeation
in AQPs [11] and [12]. Mercury(II), due to its high affinity towards sulphur atoms, usually binds
to accessible cysteine and methionine residues. Indeed, when Xenopus oocytes were transfected
with Cys-mutated AQP1 isoforms and the effects of mercury inhibition were evaluated, only one
Cys residue, among the mutated ones, was shown to confer sensitivity to the mercurial salt HgCl2,
namely Cys189 [13] and [14]. Moreover, cells expressing the Cys189Ser mutant lost sensitivity to
HgCl2, and did not show significant inhibition by HgCl2 up to a concentration of 3 mM. Later on,
as the atomic-resolution structure of human AQP1 was solved, Cys189 resulted to be positioned
inside the channel, just above the ar/R SF [15]. Therefore, it was hypothesised that Hg2+ binding to
this site was likely to prevent passage of water molecules via steric effects.
Several attempts to investigate the mechanism of AQP inhibition by mercury at a molecular
level were performed in the last years. As an example, Savage et al. have reported the crystal
structures of two AQPZ mutants, the bacterial homologue of AQP1, in the presence of Hg2+ ions,
namely Thr183Cys and Leu170Cys [16]. These mutants were introduced to mimic the positions of
the two cysteines present in the channel of AQP1. According to the obtained structural information,
one Hg2+ ion appears to be positioned inside the channel, just below the ar/R SF, suggesting a steric
blockage of the channel upon metal binding, while no conformational changes upon metal binding
could be observed. However, it should be noted that the bond distance between the Hg2+ atom and
Thr183Cys in the reported structure is not ideal to demonstrate binding to the thiol residue (ca. 5.6
Å). In the same structure, another Hg2+ ion is outside the pore, pointing towards Cys183 (distance
of ca. 4.0 Å) and residing in a hydrophilic pocket formed by conserved Glu138 and Ser177, where it
makes favourable electrostatic interactions at 2.6 Å and 3.1 Å distances, respectively. Interestingly,
Glu138 appears to be important for maintaining the orientation of the backbone carbonyl oxygen
of Gly190, Cys191, and Gly192. This may imply that a conformational change can also occur in
Thr183Cys-AQPZ bound to mercury, although this mechanism has still to be confirmed.
On the other hand, Hirano et al., using MD simulations, showed that binding of mercury
may lead to conformational changes in the ar/R region of bovine AQP1, with a consequential
collapse of the selectivity filter, leading to channel blockage [17]. Moreover, another MD study of
the Leu170Cys AQPZ mutant [18] showed a shell of five to six water molecules strongly attracted
by the mercury atoms, and authors postulated that such cluster of water molecules might cause
steric occlusion of the channel. However, this conclusion is questionable due to the labile bonds of
metal coordinated water molecules in physiological environment.
Overall, the current literature provides support to two main mechanisms of inhibition of
AQPs by mercury: i) the simple occlusion of the water pore by the mercury atoms/ions found in the
proximity of the cysteine residues lining the water channel wall and ii) the conformational change
(collapse of the water pore) at the ar/R SF region, induced by mercury bound to a neighbouring
cysteine residue. Within this frame, several open questions remain to be addressed concerning
binding of mercury to AQPs, in particular those regarding the coordination chemistry of Hg2+and
how this affects the inhibition of water permeation.
In the present study, we have performed MD simulations on the human aquaglyceroporin-3
(hAQP3) in the presence of Hg2+ ions covalently bound to a selected cysteinato residue. Our
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3.2. Results and Discussion
In the following sections, we have evaluated by MD the glycerol permeation of hAQP3 and
the effect of Hg2+ on both water and glycerol transport in this isoform.

3.2.1. AQP3 permeation by water and glycerol
The quaternary structure of AQP3 was prepared via homology modelling as described
above. Thus, 200 ns MD simulations were performed on hAQP3, with and without Hg2+, in the
presence of explicit water molecules and of 110 molecules of glycerol, randomly added inside the
box (see Figure S1) to mimic its physiological concentration of ca. 0.1–0.2 mM [41]. During the
MD simulation we were able to observe the crossing of a glycerol molecule (see Figure 1 and the
video file M1.mpg in the supplementary material). In detail, after the passage through the first
selectivity filter (at about 40 ns), the glycerol molecule stays nearby the NPA filters until the end
of the simulation. This is due to the occurrence of several hydrogen bonds between the glycerol
hydroxyl groups and the asparagine residue of the NPA filter. Interestingly, the orientation of the
glycerol molecule is retained during the passage. This is not surprising since the channel is for
half hydrophilic and half hydrophobic. In detail, the glycerol molecule tries to adopt different
molecular geometries to cross the ar/R SF, but the spontaneous passage can only occur when the
molecule is oriented with the hydroxyl groups pointing towards Arg218 and the backbone oxygen
atoms of Tyr212 (Figure 1), as previously observed in steered molecular dynamics simulation of
the Escherichia coli glycerol facilitator (Glpf) channel [20]. During the downhill pathway, glycerol
is guided by a series of hydrogen bonds with the oxygen backbone atoms of Gly211, Tyr212 and
Ala213 until it reaches the NPA SF. Notably, concerning the water transport, the water flipping in
the proximity of the NPA filter is correctly reproduced, as it can be seen in Figure 1c, as well as the
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simulations, due to availability of Graphics Processing Unit (GPU) computing, were significantly
longer than the reported ones and allowed us to obtain new insights on the mechanism of AQP
inhibition by Hg2+. Several MD studies were performed in the past years, to clarify the energetics
and the orientation of glycerol permeation, in particular in AQPZ and glycerol facilitator (GlpF)
[15]. However, some bias (usually by using steered molecular dynamics, SMD, or interactive
molecular dynamics, IMD) was always included to accelerate a process that was otherwise too slow
to be seen within the timescale accessible to classical MD simulations [19], [20], [21] and [22].
Notably, in the present study, for the first time, we also observed the unbiased passage of a glycerol
molecule through the channel of hAQP3.
It is worth mentioning that the AQP3 isoform has been selected among others since it is
expressed in a wide variety of organs such as the kidney and urinary tract. Interestingly, AQP3 is
also highly expressed in skin tumours and AQP3 deficiency or blockage inhibits cell proliferation
and reduces tumour growth in mice [23]. Moreover, the involvement of AQP3 expression and
functional activity in cell proliferation was further demonstrated using a human epidermoid
carcinoma cell line [24], suggesting that the modulation of AQP3 expression or function could
be explored for cancer therapeutics. Thus, elucidation of the mechanisms of AQP3 inhibition by
mercury could lead to new ideas for the development of selective inhibitors to be used as therapeutic
agents and as chemical probes to study AQP3 function in health and disease.
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hydrogen bond line connecting the water molecules.
hAQP3 is a passive water and glycerol channel, therefore, under equilibrium conditions,
the inward and outward transport rates should be the same. Although we have observed several
attempts of glycerol molecules to cross the channel in the opposite direction, none of them was able
to pass the ar/R SF within the chosen simulation time.

Figure 1. The passage of a glycerol molecule through hAQP3. Glycerol and water are shown in a ball representation. Glycerol is
in the proximity of the ar/R filter (a,c) and of the NPA filter (b,d). In c and d the water line is also shown.

3.2.2. AQP3–Hg interaction
Afterwards, the interaction of mercury with hAQP3 was also investigated by MD. Thus, Hg2+
ions were bound to deprotonated Cys40 in each AQP monomer. Cys40 is an accessible cysteine
residue near the extracellular entrance of the channel in a position close to Cys189 in hAQP1 [26].
The overall conformation of the protein is conserved upon Hg2+ binding, as shown by the root
mean square displacement (RMSD) plots reported in Figure 2; however several local conformational
changes have been observed. Figure 3 shows that, on average, three channels (2, 3 and 4) are closed
during the MD simulation of hAQP3, while
in one channel (1) water flux is only partly
reduced (Figure 3). Glycerol molecule is
considerably larger in comparison to water
and, due to the reduced dimension of the
AQP3 channels upon metal binding, its
permeation is practically impossible. In all
the channels, Hg2+ ions adopt an octahedral
geometry and the coordination sphere
Figure 2. RMSD (Å) of the protein backbone atoms of AQP3 (red) involves the sulphur atom of Cys40 and a
and of the Hg–AQP3 adduct (black).
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Figure 3. Representative snapshots of the four channels (labelled 1–4) in AQP3–Hg along the MD simulation. From left to
right: the Hg coordination (distances in Å) (a), a picture of the AQP monomer with Cys40 and the channel highlighted (b) and
a closer view of the ar/R filter (c). Red colour indicates a pore radius smaller than the size of a water molecule; green colour
indicates a pore size enough to allow the entrance of a single water molecule. Blue colour indicates a pore radius double than
the green pore.
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variable number of carbonyl oxygen atoms and of “labile” water molecules. As an example, such
distorted octahedral coordination of mercury has been confirmed by X-ray crystallography
investigations on Hg[Cu(C17H16N2O2)SCN]2 and Hg[Cu(C18H18N2O2)SCN]2 compounds [42].
Other previous examples of this metal coordination can be found in the literature [43-46].
Interestingly, the mechanism of channel closure is different for each channel. After a closer
inspection of the structure, this behaviour could be correlated to the different coordination
environments for mercury (Figure 3, panel a). In all cases, the Hg2+ ion adopts an octahedral
geometry, but the ligands vary depending on the monomer channel. In the case of the channel
labelled 1, the coordination sphere of mercury is constituted by the sulphur atom of Cys40, four
water molecules and the carbonyl oxygen of Leu146. Interestingly, channel 1 remains always open
during the MD simulations, although it undergoes size reduction due to the presence of Arg218
(Figure 3-1c). In the case of channels 2 and 3, mercury binding induces complete blockage of the
pore due to protein conformational changes. The mercury coordination is similar in these two
cases, with Cys40, three water molecules and the backbone carbonyl oxygen of Leu146 and Phe147.
Specifically, closure of the channels is due to the steric hindrance of Phe63 in channel 2 and of
Arg218 in channel 3. In fact, in normal conditions, Phe63 is located near the channel wall, but,
upon binding of Hg2+ (Figure 3-2c), a rotation of the phenyl ring of about 90° is clearly visible,
leading to the pore closure (see also Figure S2c). Concerning channel 3, its radius along the Z axis
is plotted in Figure 4. This picture clearly shows that the pore radius reaches a minimum of ca. 1.5
Å in AQP3-wt (red line), and of less than 0.5 Å in AQP3–Hg (black line). The channel is closed in
the region of the ar/R filter, while other parts of the channel seem to be only slightly affected by the
presence of the Cys-Hg+ residues.
Finally, channel 4 is completely closed, due to the participation of both Arg218 and Phe63,
as observed in the case of channels 2 and 3. Interestingly, in this case (Figure 3-4a) only two water
molecules are involved in mercury coordination plus the carbonyl oxygen atom of Cys40, Val43
and Ile146. In general, it was observed that
the increase in the number of coordinated
amino acids to Hg2+ dramatically increases the
distortion of AQP3 conformation, leading to a
collapse of the ar/R filter and to pore closure, as
previously observed also in the case of bovine
AQP1 [17].
Concerning the closure of channel 3, it is
interesting to notice the displacement of Arg218
due to the presence of the Hg2+ ion from the
very first steps of the simulation (see Figure 5).
For example, in AQP3-wt, Arg218 is anchored
in its position by hydrogen bonds established
with its backbone and with Phe147 (Fig. 6b).
This keeps this residue near the channel wall
under physiological conditions. After a few
Figure 4. Channel 3 pore radius, comparison between AQP3-Hg
MD steps we observed the coordination of
(black) and AQP3-wt (red). The AQP3-Hg channel 3 is shown
Hg2+ by Phe147 (see both channels 2 and 3,
on the top.
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Figures 3-2 and 3-3). When the hydrogen bond between Ar218 and Phe63 is lost, Arg218 moves
towards the channel establishing new hydrogen bonds with other residues, such as Tyr212, leading
to a complete occlusion of the pore (Figures 3-3c and 5c).
Finally, we have also observed a movement of a flexible loop near the extracellular entrance
that partially closes channel 1 (Figure 6). Although in this case water flux in channel is only partially
reduced, it is impossible for glycerol to pass through the membrane when the channel adopts this
conformation. A similar closure was recently reported in the case of spinach plasma membrane
aquaporin SoPIP2 [47]. This may be correlated with the presence of the mercury since no such loop
movement was observed in the Hg-free AQP3 trajectory.
As an example, in channel 1 two glycerol molecules remain trapped between the ar/R filter
and the closed loop for more than 150 ns (not shown). This is another proof that, although water is
still flowing, glycerol permeation is completely inhibited
by the presence of the mercury.
Interestingly, AQP3’s water and glycerol permeation
has been reported to be inhibited by endogenous metals,
such as copper and nickel [48] and [49]. Notably, two of
the three Cu2+ and Ni2+-sensitive residues are located in
extracellular loops, which gives further indication that
protein conformational changes may be crucial for the
mechanism of AQP3 inhibition.

3.3. Conclusions
In the present paper we report on the mechanism
of inhibition by mercury of hAQP3, studied by MD.
Our in silico approach suggests that the coordination

Figure 6. Snapshot of AQP3-Hg tetramer (Top
view), with extracellular flexible loops highlighted
in red and channels labelled 1-4.
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Figure 5. Mechanism of Arg218 displacement in channel 3. Hydrogen bonds between Arg218, Tyr212, Phe147 are shown and
highlighted by circles. (a,b) Top view of the starting structure of the open channel (extracellular opening). (c) Representative
snapshot at the equilibrium, showing the occlusion of the channel by the displacement of Arg218.
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environment of Hg2+ ions is determinant for the inhibition of AQP3 water/glycerol flux, since it
may induce major conformational changes in the protein structure leading to pore closure. The
multiplicity of structures observed in the four channels of hAQP3–Hg is essentially related to two
different mechanisms of pore closure: one involving the rotation of the aromatic ring of Phe63 (see
Figure 3-2c); and the other concerning the displacement of Arg218 (see Figures 3-3c and 5c). These
two mechanisms correspond to a specific octahedral coordination environment of Hg2+, involving
the sulphur of Cys40, the carbonyl oxygen atoms of Leu146 and Phe147, and three water molecules
(Figures 3-2a and 3-3a). It is interesting to notice that the different Hg2+ coordination observed
in channel 1, involving the Cys40 sulphur, the carbonyl oxygen atom of Leu146 and four water
molecules, leaves channel 1 open to water permeation. The closure of channel 4 to both glycerol
and water is the result of the coexistence of the two mechanisms described above, while flexible
loops near the extracellular entrance may also hinder glycerol permeation (Figure 6).
An example of the biological effect of Hg2+ coordination is water flux reduction related to the
displacement of Arg218 after the breaking of the important hydrogen bond with Phe147. On the
other hand, with the same mechanism, glycerol permeation in AQP3–Hg is completely inhibited
by the presence of Hg2+ ions coordinated by cysteine residues.
Interestingly, the degree of pore closure follows the decrease of the number of labile water
molecules coordinated to the Hg2+ ion, substituted by carbonyl ligands: four water molecules for a
partial pore closure (Figure 3-1); three for an intermediate closure (Figures 3-2 and 3-3); and two
for a complete pore closure to both glycerol and water (Figure 3-4).
Overall, due to the broad range of functions of AQPs in physiology and in disease states, the
necessity of selective modulators (inhibitors) of AQP channels that could be used as either chemical
probes to detect AQP function in biological systems, or as innovative therapeutic agents in a variety
of disease states, is impellent. In this context, the understanding of the mechanisms of inhibition
by mercury may open the way to new strategies to selectively target different AQPs and to achieve
optimization of other metal-based inhibitors, such as the recently reported gold(III) compounds,
and selective inhibitors of aquaglyceroporin isoforms [26, 50, 51]. In fact, gold compounds have
also been hypothesised to bind to Cys40 in AQP3, which may also cause protein distortion towards
a closed channel state, more than direct steric blockage by the gold(III) ions.

3.4. Experimental section
Homology modelling: The 3D structure of hAQP3 was obtained by homology modelling using the Molecular
Operating Environment (MOE 2012.10) (CCG 2012) [25]. The choice of a template structure was based on the sequence
identity between hAQP3 and the sequence of the AQPs with available resolved structures from human, bacteria and
Plasmodium falciparum. The isoform showing the highest sequence similarity with hAQP3 is the bacterial isoform
GlpF, which was then chosen as a template structure to generate a homology model of hAQP3, following the same
approach as previously reported [26]. Three resolved structures for bGlpF, crystallized either with or without glycerol
and solved by X-ray diffraction, were retrieved from the Protein Data Bank. Among them, the template was selected
that had the best resolution (2.70 Å) without any substrate (pdb 1LDI) [27]. The tetrameric form was assembled and
the structure was prepared and protonated at pH 7 by using the Amber12EHT force field. 50 intermediate models
of AQP3 were generated and averaged to obtain the final homology model. The model obtained was checked for
reliable rotamers involving the side chains in the regions of ar/R SF and NPA, by comparison with the available crystal
structures of all the other human and microbial AQP isoforms (pdb codes 1H6I, 3GD8, 3D9S, 1RC2, 1LD1 and 3C02).
The structure was protonated at pH 7 and an energy minimization refinement was performed, with fixed Cα atoms.
Molecular dynamics: The mechanism of water and glycerol flux inhibition in AQP3 by mercury was investigated by
MD simulations, following a recently reported procedure [28], [29] and [30]. MD simulations were carried out through
the GROMACS 5.0.4 software package [31], using the Amber ff99SB-ILDN force field [32]. The parameters for the

108

The Inhibition of Glycerol Permeation Through Aquaglyceroporin-3 Induced by Mercury(II)
Cys-Hg+ adduct were taken from a previous study [17]. AQP models were embedded into a membrane formed by 166
POPC lipid using the charmm-gui online server [33] and [34].
Glycerol molecules were randomly inserted inside the water layers using the PACKMOL software [35]. The charge of the
protein was neutralized with 8 Cl− in the case of AQP1 and with 4 Na+ in the case of AQP3. Explicit solvent simulations
were performed in the isothermal-isobaric NPT ensemble, at the temperature of 300 K. Explicit solvent simulations
were performed in the NPT ensemble, at a temperature of 300 K, under control of a Nosé–Hoover thermostat [36].
Pressure was maintained at 1 atm using a Parrinello–Rahman barostat [37] and semiisotropic pressure coupling. The
particle mesh Ewald method was used to describe long-range electrostatic interactions [38]. The timestep for integration
was 2 fs and all covalent bonds constrained with the LINCS algorithm. Preliminary energy minimizations were run for
5000 steps with the steepest descend algorithm. During a 10 ns equilibration AQP atoms were harmonically restrained
with a force constant of 1000 kJ mol−1 nm−2. For each system a 200 ns molecular dynamics simulation was performed.
The MD trajectories were analysed using the VMD software [39]. The radii of the cylindrical channels of AQPs were
determined using the HOLE2 software [40].
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