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Unveiling the mechanisms of aquaglyceroporin-3 water and 
glycerol permeation by metadynamics 

 Darren Wragg,[a] Andreia de Almeida[b], Angela Casini,*[a] and Stefano Leoni,*[a] 

Abstract: Water and glycerol permeation via human AQP3 are 
described exploiting advanced metadynamics approaches, which 
enabled to both explore the free energies involved in pore permeation, 
as well as to achieve a description of the mechanisms with an 
atomistic level of detail. 

Water permeation through cells’ membranes is one of the 
most basic and essential cellular processes for all organisms; yet, 
little was known about this process until the first description of 
membrane water channels, aquaporins (AQPs), by Peter Agre 
and co-workers, in 1992[1]. Since then, AQPs were found 
throughout nature and were shown to be involved in numerous 
physiological processes. Furthermore, AQPs have become 
relevant drug targets for the treatment of different diseases,[2,3] 
and new roles continue to emerge as more is known about their 
structure and selectivity towards certain substrates.  

AQPs fall into two subfamilies: the orthodox aquaporins, 
which selectively conduct water, and the aquaglyceroporins, also 
permeating glycerol efficiently[4]. The latter subfamily can also be 
permeated by other uncharged solutes including urea and 
hydrogen peroxide (H2O2)[5–7]. In humans, 13 AQP isoforms 
(AQP0-AQP12) exist, among which aquaglyceroporin-3 (AQP3) 
is known to be permeable to glycerol[8], H2O2

[5], ammonia[9] and 
urea[8,9]. AQP3 is present in various tissues, such as kidney[8], 
gut[10] the respiratory tract[11] and skin [12]. Additionally, it has been 
found to be expressed in various cancer types[11,13,14].  
 Since their discovery, many efforts have been made to 
characterize the selectivity mechanisms of the different AQP 
subfamilies and isoforms. Following the elucidation of the first 
experimental three-dimensional structures of aquaporin-1 
(AQP1)[15,16] and of the bacterial glycerol facilitator GlpF[17], 
several valuable computational studies have contributed with 
important insights into the dynamics and energetics of water and 
glycerol conduction in AQPs[18–20]. Overall, all these studies have 
confirmed and extended the early sequence-based “hourglass” 
model[21]. Accordingly, an AQP monomer features a pore formed 
by six transmembrane helices, connected by five loops. Close to 
the extracellular side, the aromatic/arginine selectivity filter (ar/R 
SF), the narrowest point of the pore, is responsible for size-
exclusion of molecules[22]. Underneath, the pore centre is defined 
by two highly conserved asparagine-proline-alanine (NPA) motifs 
contained in the B and E loops and semi-helices, which are 
responsible for exclusion of charged solutes [23][24–28]. 

Since the first crystal structure[15] and molecular dynamics 
(MD) simulations[18] were obtained, water transport through AQPs 
has been understood to occur as a single-file mechanism. MD 
studies have helped elucidating the role of the selectivity filters 
and their effects on permeation of water and other small 
uncharged solutes[18,29,30]. Size and shape of the pore constrain 
water orientation and affect internal water-water interactions[31]. 
Further work has been undertaken to understand the free 
energies involved in permeation events of a number of AQP 
isoforms[32,33], providing insight at an atomistic level of the role 
played by the selectivity filters in water transport. Recent studies 
on carbon nanotubes as bio-mimic channel systems consistently 
identified an optimal pore size threshold for single-file water 
transport of 0.8 nm, which significantly affected transport rate and 
molecular translocation direction[34]. Recent biophysical studies 
suggest that the unitary water channel conductance (pf) of AQPs 
depends exponentially on the number (NH) of available hydrogen 
bond donors and acceptors in the pore[35]. However, different 
AQPs, despite having the same NH, show markedly different pf. 
This could be explained by the dehydration penalty that water 
molecules face upon entering the single-file region[35]. Overall, pf 
and the Gibbs activation energy barrier (G‡

t) for facilitated water 
transport through AQPs are intricately linked, and factors other 
than hydrogen bonding may play a role, including positive surface 
charges at the channel mouth and the presence of a closed 
conformational state of the channel. 

Less information is available concerning glycerol 
permeation of human AQPs. An early equilibrium MD study of 
glycerol-saturated bacterial glycerol facilitator (GlpF) by Schulten 
and co-workers suggested a mechanism for glycerol 
conduction[36]. In 2002, the same authors reported steered-MD 
simulations of glycerol permeation through the same isoform[37], 
which revealed channel-glycerol hydrogen bonding interactions 
and the stereoselectivity of the channel. In 2008, Hub & de Groot 
studied the selectivity of AQP1 and GlpF for O2, CO2, NH3, 
glycerol, urea, and water permeation by classical MD[32]. The main 
focus of the study was on the description of the key role of the 
ar/R site, acting as a filter permeated only by small polar solutes[32].  

In this context, the aim of our work was to investigate the 
mechanisms of glycerol permeation by the human AQP3 isoform 
at an atomistic level, which has never been addressed so far, and 
to characterize the possible interplay between water and glycerol 
molecules during their passage through the pore. Thus, the 
homology model of tetrameric hAQP3 was built as previously 
reported[38–40], based on the crystal structure of GlpF[17] (see 
Experimental for details). 

Initially, the work by Hub & de Groot[32] was used to establish 
a baseline for our studies on AQP3, whereby we calculated the 
potential of mean force (PMF) for the uptake of glycerol by 
steered-MD and umbrella sampling (see experimental, Figures 
S1 and Table S1, SI). The results show the same trends in the 
energy profile of glycerol molecules’ conductance through the 
AQP3 pore, as already reported for GlpF glycerol conductance,[32] 
including similar free-energy G values (14 kJ/mol-1 for AQP3 and 
13.5 kJ/mol-1 for GlpF[32]).  

Whilst these classical MD calculations provided the free-
energy for glycerol permeation of AQP3 by collecting the relevant 
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equilibrium configuration probability distributions, no kinetic 
information is included therein, which would allow for an unbiased 
mechanistic analysis over a physiologically significant timeframe. 
To this end, we used metadynamics to reconstruct the free-
energy of the process of interest from independent runs, each 
allowing for manifold glycerol and water permeation events 
through the AQP3 pores. Simulation lengths in the order of 200 
ns, and the inclusion of 20 glycerol molecules in a single 
simulation run, ensured enough time for conformational changes 
to be observed within the tetramer during water and frequent 
glycerol passage through the pores. Metadynamics accelerates 
event occurrence along selected reaction coordinates, so-called 
collective variables (CV)[41], and it has been recently successfully 
applied to calculate the free-energy surface (FES) for the 
interactions of drugs with DNA secondary structures[42,43]. To 
monitor and encourage the water/glycerol molecules to explore 
the free energies involved in pore permeation, a CV was defined 
as the distance between centre-of-mass (COM) of the glycerol 
molecules and the plane defined by four significant atoms inside 
the channels (see Experimental for details). Thus, a large 
variation of the CV corresponded to successful translocation 
events, from which 2D FES could be obtained [41]. The FES 
highlights the energy expenditure during a permeation event, 
showing a highly detailed energy profile as the molecule crosses 
the pore (Figure 1), and allows matching local interactions to 
energy barriers. As there are no directional constraints on any of 
the solvent molecules and periodic boundary conditions (PBC) 
are applied in all directions, both uptake and efflux processes can 
be observed independently.  

The metadynamics trajectories confirm the flipping motif of 
water passing through the NPA region, as observed in other 
AQPs[15,38], which helped validating the CV choice. In a total of 2.4 
s of combined simulation time, 30 water and 28 glycerol 
molecules (out of possible 100 water and 140 glycerol molecules 
selected in the calculations) were observed to successfully 
permeate one of the four pores in either direction. However, in the 
absence of any osmotic gradient and without directional bias, the 
number of permeation events was imbalanced between uptake 
and efflux, and more significantly so for water: efflux events were 
80% more successful for water and 60% for glycerol molecules.  
 Free-energy profiles were calculated for water and glycerol, 
for both uptake and efflux pathways through the AQP3 pores. The 
mean free energies G for permeation were calculated for each 
molecule in each direction, for single crossing events only, to 
remove any bias from multiple permeation events by the same 
molecule, or to exclude alternative paths. Table 1 summarizes the 
overall G values obtained for water and glycerol permeation 
events of AQP3 (additionally, see Figure S4 in the SI).  
 The energy trend for molecular permeation indicates that 
water has indeed a lower free-energy profile than glycerol (Table 
1). Moreover, the free-energies of glycerol permeation in both 
directions are highly variable, especially efflux (Figure S4). This 
higher variability suggests that the water permeation mechanism 
has a better-defined pathway than glycerol and is therefore, more 
dependent on the inner-pore interactions during permeation. 
 
Table 1. Free energies G (kJ/mol-1) for water and glycerol permeation through 

the NPA filter, for both uptake and efflux, calculated by metadynamics. Data 

shown as mean  SEM. n = number of simulations. Data are calculated from 

the absolute G of each successful permeation event and averaged. 

 
 
 

 
 
 

As it can be observed in Figure 1, despite the ar/R being the 
narrowest section of the pore, our simulations show that the 
electrostatic NPA is the actual highest energy barrier for 
permeation, for both water and glycerol. Whilst the ar/R SF 
constitutes a region of steric hindrance, requiring a molecule to 
be smaller than a certain size to be able to pass through, it 
appears to be relatively low in energy demand, especially when 
compared to the NPA region (Figure 1). The latter is the area of 
the pore where the highest G values are reached for both water 
and glycerol substrates, namely GNPA-water ≈ 26 kJ/mol-1 and  
GNPA-glycerol ≈ 40 kJ/mol-1, respectively (Table 1).  

Figure 1. A - AQP3 internal pore solvent exclusion surface, indicating the 
position of the amino acid residues that constitute the ar/R SF and NPA, with 
amino acids shown in black (ar/R SF) or gray (NPA) (figure generated using 
Chimera)[44]. Extracellular (EP) and cytoplasmic (CP) pockets are also 
highlighted. Free energy of water (B) and glycerol (C) uptake (solid line) and 
efflux (dashed line). The data represents the averaged FES curve from multiple 
successful permeation events calculated by metadynamics and not the 
calculated G energy for each substrate, which are shown in Table 1. 

           G (kJ/mol-1) 

 Water Glycerol 

Uptake 26  5 (n = 7) 40  4 (n = 8) 

Efflux 21  5 (n = 14) 35  10 (n = 10) 



 

 

 

 

 

Figure 2. Water (A) and glycerol (B), permeation routes and H-bond patterns and RT (%) from metadynamics calculations. Average H-bond RT (%) of glycerol 
during uptake and efflux (on a scale of 0-0.8%) shown in a gradient purple colour, with the strongest colour indicating the highest RT. Multiple glycerol and water 
molecules’ snapshots, taken from one representative simulation, are overlaid in one structure to create one single path. Amino acids that form crucial H-bonds are 
explicitly shown. Carbons are colour-mapped (white to purple) according to their corresponding RT (short to long). Green boxes represent the positions of water 
and glycerol molecules within the crystal structures of GlpF (pdb1FX8) and PfAQP (pdb 3C02). Water and glycerol molecules are shown in ball and stick 
representation, with atoms coloured by atom type. Pore colour representation based on hydrophobicity of the pore surface, blue = hydrophilic, brown = hydrophobic. 
Figure generated with Discovery Studio Visualiser[45].

 Therefore, in order to understand these molecular paths, 
and to identify which amino acid interactions are common to both 
water and glycerol molecules, the H-bond network for successful 
permeation events calculated by metadynamics were analysed 
(Figure 2, Figure S5). The residence time (RT) of H-bonds for 
each molecule with different amino acids was evaluated (Figure 
S5), in order to map crucial or preferential sites, in either direction 
of permeation. 

RTs of water molecules of ca. 1.4 ns are observed inside 
the ar/R SF, where water molecules form H-bonds mostly with 
Tyr212, Ala219 and Arg218. Additionally, RTs within the NPA are 
on average shorter (ca. 0.9 ns). In this region, water molecules 
interact with Asn83, Val214 and Asn215. In the extracellular 
pocket (EP), water does not display any binding preference to any 
specific residues and has an RT of ca. 1.6. However, in the 
cytoplasmic pocket (CP), it binds mainly to three amino acids 
(Ala80, His81, Glu96) and the RT can increase up to ca. 2.2 ns 

(Figure 2A). Using the crystallographic structures of GlpF[17] (pdb 
1FX8), PfAQP[46] (pdb 3CO2) and AQP1[47] (pdb 1J4N) to pinpoint 
the positions of water molecules, allowed us to identify possible 
H-bonding interactions (Figure 2, green highlighted residues) and 
to match these to the corresponding amino acids in hAQP3. GlpF 
shows a H-bond with the Arg in the ar/R SF (Arg218 in AQP3), 
while PfAQP and AQP1 both show H-bonds to the highly 
conserved His located in the CP (His81 in hAQP3). Other H-
bonding interactions are more specific to each particular isoform, 
due to the variation in the amino acid composition of each pore, 
and there is no corresponding amino acid available for H-bonding 
in hAQP3.  

Concerning glycerol permeation, its size and increased 
number of available H-bonding hydroxyl groups directly affects its 
crossing time, thus, showing increased H-bonding RT when 
compared to water (Figure 2). When looking at particular residues 
inside the pore, the longest RT involving specific residues (ca. 2.3 



 

 

 

 

 

ns) is observed for Asn83 and Asn215 in the NPA region, in both 
directions (Figure 2B). A longer RT after forming H-bonds with 
these residues implies a higher free energy barrier in the NPA 
area, as shown in Figure 1. Glycerol molecules appear to spend 
less time in H-bonding with the residues in the ar/R SF (ca. 0.9-
1.5 ns), particularly during uptake. Instead, there are less 
pronounced differences between efflux and uptake regarding the 
extracellular pocket (EP) and CP H-bonding. Compared to water, 
there are less H-bond interactions for glycerol in the structures of 
GlpF and PfAQP. However, it is possible to identify H-bonds with 
the corresponding residues to Arg218, Asn215 and, only for GlpF, 
His81 in the CP, which are all also present in our simulations. 

Interestingly, the amino acids involved in both glycerol and 
water H-bonding are fairly similar, in particular residues in the ar/R 
SF (Tyr212, Ala213, Arg218) and in the NPA (Asn83, Asn215), as 
well as residues in the cytoplasmic pocket (His81, Glu191) (Figure 
2). For both molecules, the RT in each H-bond is lower for EP 
than for CP (cumulative RT for water; EP = ca.1.6 ns, CP = ca. 
2.2 and cumulative RT for glycerol; EP = ca.2.9 ns, CP = ca.4.7 
ns), as it can be observed in Figure 2. The fact that the EP is 
funnel-shaped (Figure S6) and has highly flexible loops, 
narrowing at the ar/R SF, leads the molecules to spend more time 
probing the surface, therefore, spending less time interacting with 
each amino acid residue. On the other hand, CP is more 
cylindrically shaped, with most of its length showing a diameter of 
ca. 4.5 Å, starting from the NPA region, only broadening at the 
very end (Figure S6). Confinement below the NPA will lead to 
enhanced and more specific interactions of the molecules through 
permeation causing both water and glycerol to spend a 
considerable amount of time in H-bonding with CP residues.  

As seen in the X-ray structures of GlpF and PfAQP, in our 
simulations, glycerol molecules permeate the channel as part of 
a single-file water chain, i.e. there is no direct glycerol-glycerol 
contact, which would compete against or even replace the water 
base transport mechanism. This leads to a scenario in which 
glycerol switches H-bonding between water molecules and pore 
surface residues during a permeation event. Figure S7 illustrates 
how glycerol switches H-bonding between the water chain and 
residues lining the pore surface during uptake and efflux. When 
the H-bonding evolution is compared to the FES (Figures 1 and 
S4), a clear correlation appears between RT, character of the H-
bonding and free energy barriers. The longer the glycerol spends 
in H-bonding to the protein and not interacting with water, the 
higher the free energy peak. This result highlights the 
fundamental role of a continuous flow of water molecules, on 
which glycerol is inserted as solute, in both its uptake and efflux 
processes. Therefore, the variations observed in the FES (Figure 
S4) of glycerol permeation result from the interplay between 
solvated glycerol and variable local water configurations and 
glycerol orientation. The latter comprises of molecular rotations 
and (in selected trajectories) competition among glycerol 
molecules in the vestibule regions, which are responsible for 
sensible deviations in the FE profiles. 

Further analysis of the metadynamics simulations show that, 
in the absence of osmotic pressure, water is able to cross the pore 
in both directions simultaneously, rather than in a single direction 
at a time, by ‘leap-frogging’ over each other in the wider region of 
the pore below the ar/R SF. This means that efflux or uptake 
results from small perturbations of this base mechanism, and do 

not require an overall inversion of the direction of water flux. Water 
molecules within the pore at the beginning of the simulation were 
free to move in either direction and transport, without file 
disruptions (Figures S8A, B). To this end, water implements a 
“hopping mechanism”, in which water molecule pairs are able to 
switch position in either direction along the single file chain. We 
argue that this mechanism offers, if not an active regulatory 
mechanism, at least a setup for rapidly responding to 
environmental changes, as both transport directions are 
simultaneously active.  

We also observe that the bidirectional water flux is disrupted 
as a consequence of glycerol solute molecules entering the pore, 
joining the water chain flux in the direction of permeation (Figure 
S8C,D). This glycerol insertion impedes water crossing in the 
opposite direction due to its steric hindrance. Once glycerol has 
traversed the pore, the leap-frog regime within the water chain is 
re-established by filling the pore as the glycerol passes through 
(Figure S8E), i.e. without voids or latencies in the basal water 
transport mechanism.  

As previously reported for glycerol conductance of GlpF[37], 
the small reduction in energy seen in the FES of glycerol at the 
EP and CP vestibules (Figure 1) facilitates glycerol permeation 
via AQP3, increasing the probability of glycerol to join the single 
file water transport mechanism.  

Overall, the mechanisms of water and glycerol permeation 
via human AQP3 were investigated using advanced 
metadynamics approaches, where each substrate molecule can 
explore the entirety of the simulation model of facilitated transport 
and find the appropriate conformation to pass through the pore in 
either direction. Over several independent simulations, a full 
mechanistic picture and the underlying FES could be reliably 
collected for both water and glycerol. Single-file water permeation 
through AQP3 appears to be always bi-directional at equilibrium 
conditions, while still maintaining a sustained transport rate 
compared to bulk water. Furthermore, glycerol permeation 
critically depends on this single file water flow, as transport results 
from bond switches within a dynamic hydrogen bond scaffold 
created by the interplay of glycerol, water molecules and pore 
amino acid residues. This discloses a novel scenario, in which 
solute molecules exploit an existing water conduction mechanism 
in AQP3. FES results also suggest a binding affinity between key 
residues, in the exterior pore surface and glycerol, facilitating 
solute transport. 

Understanding the underlying mechanisms of permeation of 
AQPs by water or other molecules can contribute greatly to the 
understanding of molecular mechanisms of diseases, and to the 
development of selective modulators, that can act as either 
chemical probes or as possible therapeutics. 
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