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Gold Compounds as Aquaglyceroporin-7 Inhibitors

Abstract
Aquaporins (AQPs) are membrane water/glycerol channels that are involved in many
physiological functions. Aquaporin-based modulators are predicted to have potential utility in the
treatment of several diseases, as well as chemical tools to assess AQPs function in biological systems.
We recently reported gold(III) compounds as human AQP3 inhibitors, with Auphen as the most
potent of the series. In this work, we assessed the modulation of aquaporin-7 (AQP7) expressed
in an adipocyte cell model and show that Auphen significantly inhibits mouse and human AQP7.
By homology modeling and molecular docking it was possible to identify the thioether groups of
methionine residues, in particular Met47, as likely candidates for binding to the gold(III) complex.
Our data point to Auphen as a useful chemical tool to detect AQP7 function. It might constitute
a basis to develop inhibitors with improved affinity towards different aquaglyceroporin isoforms.

Aquaporins (AQPs) belong to a highly conserved group of membrane proteins that are
involved in the transport of water and small solutes and that play a variety of important physiological
roles. The 13 human AQP isoforms (AQP0–12) are differentially expressed in many types of cells
and tissues in the body and can be divided into two major groups: those strictly selective for water
(orthodox aquaporins), and those that are also permeable to other small solutes including glycerol
(aquaglyceroporins), namely isoforms AQP3, AQP7, AQP9, and AQP10 [1].
At the cellular level, aquaporin-mediated osmotic water transport across cell plasma
membranes facilitates transepithelial fluid transport, cell migration, and neuroexcitation; aquaporinmediated glycerol transport regulates cell proliferation, adipocyte metabolism, and epidermal
water retention [2]. Much of our understanding of AQP functions in mammalian physiology has
come from relatively recent phenotype analysis of mice lacking one of the AQPs. These studies have
confirmed the involvement of AQPs in the urinary-concentrating mechanism and glandular fluid
secretion, and led to the discovery of unanticipated roles of AQPs in various processes, including
cell migration (angiogenesis, tumour metastasis, wound healing), cell proliferation, neural function,
epidermal hydration and ocular function. Specifically, the aquaglyceroporins, regulate glycerol
content in epidermal, fat and other tissues, and are involved in skin hydration, cell proliferation,
carcinogenesis and fat metabolism [3].
In spite of the numerous studies on AQPs, the lack of small-molecule compounds with
potent and selective aquaporin inhibiting activity (for use as chemical probes) is a major issue in
this field. Such inhibitors are necessary to gain new insights into aquaporin activity and function.
With this aim, we recently reported the potent inhibition of glycerol transport through human
aquaglyceroporin-3 (hAQP3) by a water-soluble gold(III) coordination compound [Au(phen)
Cl2]Cl (phen = 1,10-phenantroline; Auphen) (Figure 1), and by other gold(III) complexes bearing
N-donor ligands [4]. Notably, Auphen was shown to inhibit glycerol transport in human red blood
cells while exhibiting no effect on water permeability mediated by AQP1 [5]. Importantly, no cell
toxicity was observed upon incubation with the compound, thus pointing to a nontoxic inhibitory
effect.
In order to investigate the inhibition of other aquaglyceroporin isoforms by gold(III)
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coordination complexes, we studied Auphen modulation of the plasma membrane protein
aquaporin-7 (AQP7) expressed in adipocytes. Inhibition of the AQP7 channel was evaluated by
assessing both glycerol and water permeability in the stable murine adipocyte cell line, 3T3-L1. As it
was previously demonstrated that AQP7 is a functional water and glycerol channel when expressed
in these cells [6, 7], this cell model can be considered valuable in screening for modulators of
AQP7 function. Our approach included characterization of the effect of Auphen on the transport
properties of the murine isoform, mAQP7. Moreover, by overexpressing human AQP7 in 3T3-L1
adipocytes (and, therefore, assembling a gain-of-function model), we aimed at determining the
effect of Auphen on the human isoform (hAQP7). Interestingly, the gold compound proved to be
a good inhibitor of glycerol permeability in this model. Thus, a homology model of human AQP7
was built and compared to one we previously created for human AQP3 [8], in order to highlight
possible differences in the mechanisms of inhibition of glycerol permeation. Our molecular
modelling also allowed identification of putative reactive sites for gold ions (thus, also crucial to
glycerol transport), and molecular docking studies predicted plausible Auphen binding modes.

Chart 1. Formula of the gold(III) coordination compound Auphen.

2.2. Results and Discussion
2.2.1. Inhibition of mouse AQP7 water and glycerol permeability by Auphen
We recently reported the potent and selective inhibition of AQP3 by a water-soluble gold(III)
coordination compound, Auphen [5]. To test the effect of this metallodrug on AQP7 activity,
water and glycerol permeability of 3T3-L1 adipocytes expressing mouse AQP7 (control) and
with overexpression of hAQP7 were evaluated. For this purpose, calcein-loaded adipocytes were
incubated for 20 min with Auphen immediately before the permeability assays and challenged with
hypertonic mannitol (nondiffusible solute) or glycerol (diffusible solute) solutions. Representative
time-course traces of the change in cell volume (V/Vo) for control adipocytes subjected to an
osmotic shock with mannitol are shown in Figure 1A (inducing water outflow and cell shrinkage).
In the presence of 15 µM Auphen, cells presented a slower volume change.
In order to assess glycerol permeability (Pgly), cell volume changes following glycerol
osmotic shock were monitored (Figure 1B). This methodology was validated in our previous work
assessing AQP7 as a functional water and glycerol channel when expressed in 3T3-L1 cells [7].
In this experimental setup, after the perturbation was applied, water and glycerol fluxes occured
concomitantly. Figure 1B shows the cell volume change for control cells when subjected to a glycerol
challenge, either in the presence or absence of Auphen.
Following these promising results we investigated the effect of Auphen on glycerol transport
through mouse AQP7 by performing a dose-response assay (Figure 1C). Control cells were
incubated with increasing Auphen concentration (0 to 50 µM) until maximum inhibition was
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reached. The half-maximal effective concentration (EC50) was (6.5 ± 3.7) µM.
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Figure 1. Effect of Auphen on water and glycerol permeation through mouse AQP7. Representative time course of the relative
cell volume change (V/Vo) for control adipocytes (basal mouse AQP7) after (A) a mannitol or (B) a glycerol osmotic shock, in
presence or absence of Auphen. (C) Dose-response curve of Auphen in control adipocytes; EC50 = (6.5 ± 3.7) µM.

2.2.2. Effect of Auphen on human AQP7
To further investigate the effect of Auphen on human AQP7 we used a 3T3-L1 cell
line overexpressing the human AQP7 isoform (described in ref. [7]). We selected an Auphen
concentration (15 µM) of approximately twice the EC50 value obtained for control cells (basal
expression of mAQP7), to ensure inhibition of both AQP7 isoforms.
The enhancement of permeability conferred by hAQP7 overexpression was characterized in
detail in a previous work [7]: hAQP7 cells showed a two-fold increase in permeability compared to
control cells (Figure 2A). Upon treatment with 15 µM Auphen, a reduction of water permeability (Pf)
in both control (37% inhibition, P<0.05) and hAQP7-overexpressing adipocytes (63% inhibition,
P<0.01) was observed. The smaller effect in water permeability in control cells can be explained by
the relatively high contribution of the lipid bilayer to water permeation (diffusion permeability),
which masks the effect of Auphen. However, by increasing the number of active channels through
overexpression of hAQP7, the inhibitory effect was more pronounced. The calculated Pf values for
control and hAQP7-overexpressing adipocytes in the absence and presence of Auphen are given in
Table 1.
In glycerol permeability assays, 15 µM Auphen drastically reduced Pgly in both control and
hAQP7-overexpressing adipocytes, (~74 and 79%, respectively; P<0.001; Figure 2B). Given that in
adipocytes overexpressing hAQP7, both mouse and human isoforms are present and contribute
simultaneously to water and glycerol permeation, we calculated the effect of Auphen on hAQP7
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by subtracting the contribution of the mouse isoform: 82% inhibition for hAQP7 was obtained,
independently from the water or glycerol experiments. Altogether, these data clearly indicate that
Auphen inhibits human AQP7 channel activity.
Table 1. Water and glycerol permeability of control and human AQP7-overexpressing (hAQP7) adipocytes

Compound

Pf x 10-3 (cm.s-1)

Pgly x 10-6 (cm.s-1)

Cell line

[a]

+ Auphen [b]

[a]

+ Auphen [b]

Control

0.76 ± 0.06

0.48 ± 0.04

3.98 ± 0.04

0.36 ± 0.11

hAQP7

1.80 ± 0.01

0.67 ± 0.08

10.28 ± 1.35

2.16 ± 0.05

Each value represents the mean ± SEM derived from 30-50 cells analyzed. [a] Data from ref. [7]. [b] 15 µM, data from this work.
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Figure 2. Effect of Auphen on AQP7 water (Pf) and glycerol permeability (Pgly) in control adipocytes (basal mouse AQP7) and
hAQP7 adipocytes (with hAQP7 overexpression). (A) Water and (B) glycerol permeability of control and hAQP7 after treatment
with 15 μM Auphen. Permeability values are normalized to control cells without Auphen. Bars show mean ± SEM from 30-50
cells. * P < 0.05, *** P < 0.001.

2.2.3. Mechanisms of AQP7 inhibition by Auphen
To investigate the mechanisms of AQP7 inhibition by Auphen at the molecular level we
performed protein homology modelling and molecular docking studies. Three computational
steps were used: homology model preparation, binding site identification, and molecular docking
studies. The homology model of hAQP7 (see the Experimental Section) was constructed by using
the Escherichia coli glycerol facilitator (bGlpF) structure as the template, previously solved by X-ray
crystallography [9]. In the obtained hAQP7 model (Figure 3A) the main distinctive features of
aquaglyceroporins can be seen, specifically the hydrophilic and hydrophobic residues typical of the
glycerol channel lining (Figure S1 in the Supporting Information), as well as two constriction sites.
The aquaporin family and the aquaglyceroporin subfamily share a common protein fold
comprising six transmembrane helices and two half-helices located inside the channel. These
helices surround the amphipathic AQP channel (~ 20 Å long and 3-4 Å wide). AQPs have two
constriction sites (the “selectivity filters”, SFs) [10]. The first, a constricted region, is formed by a few
residues near the extracellular entrance, and provides distinguishing features of the subfamilies.
It is an aromatic/Arg (ar/R) constriction site (ar/R SF), the diameter of which determines which
solutes (e.g. glycerol, methylamine), in addition to water, can pass through the AQP [10-12].
This region is the narrowest point in the channel; in water selective AQPs it is polar, whereas in
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Gold Compounds as Aquaglyceroporin-7 Inhibitors
aquaglyceroporins it is slightly wider and more hydrophobic, with two conserved aromatic residues
(Phe74 and Tyr223 in hAQP7; Figure 3B) [10].
The second constriction site is characterized by asparagine-proline-alanine (NPA) motifs at
the ends of the two semi-helices; this motif is highly conserved in AQPs [13], although in hAQP7
the first sequence is NAA and the second is NPS (Figure 3B). The helix dipole moments have one
net positive charge, and the resulting electrostatic field poses another energy barrier for cations
[14].
Sequence alignment of human AQP7 and AQP3 with bacterial bGlpF (Figure S2) shows
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Figure 3. Top pannel: Homology model of hAQP7 in (A) cartoon representation of tertiary structure and (B) surface
representation of residues lining the channel (purple mesh). The main protein regions are identified as extracellular pocket
(EP), aromatic/arginine selectivity filter (Ar/R SF), NPA motif and intracellular pocket (IP), respectively. Ar/R SF residues are
coloured in purple, while NPA residues (NAA and NPS) are coloured in green. The identified methionines are represented in
black with the sulphur atom in yellow. Lower pannel: Cartoon representation of the homology models of hAQP7 (purple) and
hAQP3 (green) with surface representation of the residues lining the channel (grey mesh). The different panels show lateral (C),
extracellular (D) and intracellular (E) views of the channels. Figures generated with MOE [15].

91

Part A: Aquaporins as Drug Targets
that, although the ar/R SF of the two human glycerol channels have the same composition, the
one of bGlpF differs by one residue (Tyr223 in hAQP7, Trp48 bGlpF), while retaining the two
hydrophobic residues and the conserved arginine (Arg229 in hAQP7), which is present in all
isoforms. Concerning the balance of hydrophobic/hydrophilic residues, the two human isoforms
share the same composition in residues lining the channel, whereas bGlpF is almost 15% richer
in hydrophobic residues. A detailed comparison was performed between the obtained homology
model of hAQP7, the previously obtained hAQP3 model [8], and the X-ray structure of bGlpF
(PDB ID: 1FX8). Of note, in the case of hAQP7 and hAQP3, although the overall structures of the
proteins are similar (Figure 3C-E), ar/R SF is 1 Å broader in hAQP7. Moreover, both the cytosolic
and extracellular entrances of the pore show considerable differences in size and shape: in hAQP3
both entrances are round (extracellular entrance 50% larger), whereas in hAQP7 they are elliptical
and have the same area (Figure 3C-E). The bGlpF channel has elliptical entrances (as hAQP7) but
with different areas (as for hAQP3, although smaller; Table S1).
Our analysis also highlighted key differences between human AQP7 and AQP3 isoforms.
In detail, the channel composition is slightly different in the two human isoforms: in hAQP7
four methionines (Met219, Met47, Met48, and Met93) are located throughout the channel (in
the extracellular pocket (EP), ar/R SF and NPA pockets; Figure 3A-B), whereas in hAQP3 these
residues are leucines.
The importance of these methionine residues was revealed when identification of the main
amino acidic residues involved in glycerol binding was attempted, by superposing the hAQP7 and
hAQP3 homology models with the structures of bGlpF and the Plasmodium falciparum glycerol
facilitator (pfAQP, PDB ID: 3C02; both crystal structures contain glycerol molecules inside the
channel) [16, 17].
Based on the positions of the glycerol molecules in the aquaglyceroporins channels, four
possible binding pockets were identified: in the EP and in the ar/R SF and NPA regions for
AQP7 and CP (cytoplasmic pocket) region for AQP3 (Figure 5). According to our analysis, the
hydrophobic/hydrophilic composition and surface of the channel are maintained between the
two human isoforms, as well as in GlpF (sequence alignment Figure S2). Interestingly, the four
methionine residues in the lining of the hAQP7 channel are located in three of the glycerol binding
pockets, EP, ar/R SF and NPA (Figure 4).
Glycerol transport requires specific H-bonds and hydrophobic interactions with side-chains
located along the channel, in the various pockets. From our hAQP7 model we predicted crucial
H-bond interactions that are evident in the bGlpF structure (e.g. Arg229 in the hAQP7 ar/R SF
region), but also different H-bond acceptors, such as methionine residues. For example, given the
position of the glycerol molecules in the hAQP7 model, interactions between the sulphur atoms of
Met47 and Met93 (Figure S1) and the glycerol molecule located in the NPA binding pocket were
predicted to be involved in the transport of glycerol.
The hydrogen bonding capability of Met residues in proteins were re-evaluated in recent
studies. For example, detailed investigations of small, isolated, intermolecular complexes have
suggested that H-bonds to sulphur can be as strong as their oxygen counterparts [18, 19]. Most
importantly an investigation into the strength of the H-bond in Met-containing peptides [20]
concluded that these interactions can be crucial as the classical intra-backbone NH…O=C H-Bonds
to stabilize the protein structure.
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CP

Figure 4. Glycerol molecules from the structures of bGlpF (PDB ID: 1FX8, black) and pfAQP (PDB ID: 3C02, green) superposed
inside the channels of hAQP7 and hAQP3 models. The glycerol molecules (GOL): b (bacterial) or pf (P. falciparum), with original
PDB numbering. The four identified glycerol pockets are extracellular pocket (EP), aromatic/arginine selectivity filter (ar/R SF),
NPA motif (NPA) and cytoplasmic pocket (CP), respectively. The figures were generated with MOE [15].
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Interestingly, these Met residues are not present in hAQP3 (Figure 4). In hAQP3 a methionine
residue is only present in the CP region (Met90), and it is not predicted to be involved in the
interactions with glycerol. Overall, these differences between isoforms could lead to different
mechanisms of action by inhibitor molecules.
The mechanism of gold inhibition in hAQP3 is possibly attributable to the ability of AuIII
to interact with sulphur donor groups of proteins, such as the thiolate of cysteine or the thioether
methionine. In fact, we previously reported a model for the selective inhibition of AQP3 by gold(III)
channel blockers, including Auphen. In this model, the metal coordinates to a specific nucleophilic
site side chain of Cys40) at the extracellular side of AQP3, thereby inducing blockage of the channel
upon binding [5]. Thus, to explain the mechanism of inhibition of hAQP7 by Auphen, we analysed
in detail the positions and the chemical environment of the most likely gold-ion binding sites,
such as cysteine and methionine side chains, in our homology model. Interestingly, although no
cysteine residues are found in the hAQP7 channel, Met47 and Met93 have the side chains pointing
towards the inside of the channel and could thus be accessible for gold binding. According to our
model, if gold(III) binding occurs at these sites, efficient inhibition of glycerol transport could
occur, as these two residues are involved in substrate binding. To confirm our hypothesis, docking
calculations were carried out to evaluate the accessibility of the proposed Met binding sites to
Auphen. Specifically, we evaluated non-covalent binding poses and possible steric clashes of the
compound approaching the Met residues. As these residues are below the first constriction site,
their side chains are inaccessible for gold binding from the extracellular pocket, as the Ar/R SF
is very narrow. Thus, we docked the compound from the cytosolic side of the channel, as close as
possible to the constriction pore of the protein below the SF domain (Figure S3).
Automated docking studies suggest that Auphen binds close to the constriction pore and
interacts with the sulphur atom of Met47 via its AuIII centre (Figure 5). Along with the possible
formation of a coordination bond between AuIII-S(Met47) upon release of a chloride, the gold(III)
complex is also predicted to interact through further hydrophobic contacts with residues in the
channel. For example, the phenantroline ligand of Auphen could interact with Val78 and the
backbone of Asn94. These results show how the placement of a metal complex in the hAQP7
intracellular pocket is potentially controlled
by both covalent anchoring to Met47 and by
non-covalent interactions.
It must be noted that gold(III)
coordination compounds with N-donor
ligands have been reported to undergo
reduction to gold(I) with concomitant ligand
loss upon protein binding [21-23]. Thus, we
cannot exclude the possibility that reduction
of the gold(III) ion in the Auphen complex
might also occur. Nevertheless, other studies
investigating the reactivity of gold(III)
Figure 5. Molecular docking of the gold(III) complex Auphen complexes, including Auphen, with models
(green) inside the NPA pocket of hAQP7 (grey) Location of the NPA
of zinc-finger (ZF) domains showed that gold
pocket is shown on Figure 5. Side chains of Met47, Met48, Val78,
+
Met93, and Asn94 are depicted in sticks. Generated with MOE [15]. remains in oxidation state 3 when binding
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to four residues in a ZF peptide [24]. Thus, stabilization of AuIII ions might occur if the compound
has the possibility of fulfilling the tetracoordinate geometry ideal to maintain the 3+ oxidation state
upon ligand substitution reactions with various residues in the protein channel.
Finally, it was shown experimentally (Figures 1B, C and 2B) that Auphen also inhibits glycerol
transport in 3T3-L1 adipocytes with basal expression of mAQP7. Thus, to investigate if inhibition
of glycerol transport by gold ions in mAQP7 could be possible through the same mechanism as
that discussed for hAQP7, we performed a full sequence alignment between the two isoforms
by using UniProt database (Figure S4). The two proteins have 67% sequence identity and 93% of
similarity for residues lining the binding pockets, with the identified methionine residues in the
same positions. This additional information leads us to conclude that hAQP7 and mAQP7 may
share the same inhibition mechanism by Auphen.

Our broader goal has been to find selective agents capable of blocking glycerol and water
transport through aquaglyceroporins. Following previous results on the inhibition of human AQP3
by gold(III) coordination compounds, herein investigated the ability of one of our most potent
inhibitors, Auphen, to exert its effects on another important glycerol channel, AQP7.
AQP7 has been shown to be a functional water and glycerol channel in 3T3-L1 adipocytes
[7]. In the present work, we showed that Auphen significantly inhibits glycerol and water transport
by both mouse and human AQP7. By homology modelling and molecular docking studies, it was
possible to identify the side chains of sulphur-donor methionine residues (Met47 and Met93)
as crucial interacting sites for gold in hAQP7. Non-covalent docking studies supported the
hypothesis of AQP7 channel blockage by Auphen through direct binding to Met47. Interestingly,
in our previous work, molecular modelling suggested binding of Auphen to Cys40 in the AQP3
extracellular pocket. In contrast, in hAQP7 the most favourable binding residue is located in the
channel entrance facing the cytoplasm, thus implying that the gold compound has to enter the
cell before reaching its putative binding site. Similar binding to the internal pore, with consequent
reduction of AQP permeability, was proposed for small-molecule blockers of AQP1 and AQP4 [25,
26], but mechanisms of inhibition were not fully determined.
Notably, our modelling approach has so far proven to be predictive of the Auphen inhibition
mechanism of human AQP3. As our recently published site-directed mutagenesis studies [27]
showed that point mutation of the Cys40 residue (hypothesized by us to be the most favourable
binding site in AQP3 for Auphen) [5] resulted in almost complete loss of the inhibitory effects of
this compound.
Several studies have described the importance of AQP7 in adipose tissue, pancreatic insulin
secretion, as well as in energy production in skeletal muscle and heart [28-31], therefore, further
work is necessary to validate AQP7 as a potential drug target. Interestingly, an improved insulinsecretion profile with reduced pancreatic cell mass in AQP7-deficient mice [32] suggests promising
applications for in vivo AQP7 inhibitors.
The use in research of tools like these potent AQP7 inhibitors could also contribute to
broadening our understanding of AQP7 and other glycerol channels in the onset of human diseases.
In this context, our results on the inhibitory effect of the gold compound, Auphen, on AQP7 and

95

A2

2.3. Conclusions

Part A: Aquaporins as Drug Targets
AQP3 – but with different predicted mechanisms - constitute a basis to develop inhibitors with
improved affinity towards different aquaglyceroporin isoforms.

2.4. Experimental Section
Cell culture: 3T3-L1 fibroblasts (CCL 92.1; American Type Culture Collection, Manassas, VA) were grown to confluence
and induced to differentiate into adipocytes essentially as described [33]. Fully mature adipocytes were used 10-15 days
after initiation of differentiation. The 3T3-L1 stable cell line overexpressing human AQP7 was obtained by lentiviral
infection of 3T3-L1 preadipocytes, as previously detailed [7].
Permeability assays: Water (Pf) and glycerol (Pgly) permeabilities were measured in individual adherent cells on a
coverslip as previously described [7]. Briefly, 3T3-L1 adipocytes were loaded with 5 μM calcein acetoxymethyl ester
(calcein-AM) (Sigma® Aldrich, Saint Louis, MO) (a volume sensitive fluorescence probe) for 90 min at 37°C in 5%
CO2/95% air. The coverslips with the adhered cells were mounted in a closed perfusion chamber (Warner Instruments,
Hamden, USA) on the stage of a Zeiss Axiovert 200 inverted microscope (Carl Zeiss, Thornwood, NY). Fluorescence
was excited at wavelength 495/10 nm and the emission fluorescence was collected with a 535/25nm bandpass filter
coupled with a 515 nm dichroic beam splitter. Images were captured using a ×40/1.6 epifluorescence oil immersion
objective and a digital camera (CoolSNAP EZ, Photometrics, Tucson, AZ) and were recorded by the Metafluor Software
(Molecular Devices, Downingtown, PA). Cells were perfused with HEPES (135 mM NaCl, 5 mM KCl, 2.5 mM CaCl2,
1.2 mM MgCl2, 10 mM Glucose, 5 mM Hepes, pH 7.4, (osmout)o = 300 mosM) for 60 s. The osmotic challenges were
performed by adding mannitol or glycerol to the HEPES solution achieving an external osmolarity of (osmout)∞ = 600
mosM and thus a tonicity of the osmotic shock of Λ=2 (defined as the ratio between final and initial media osmolarities,
Λ =(osmout)∞/(osmout)o). For the inhibition studies, cells were incubated with 5 µM Auphen for 20 minutes at 37°C in
5% CO2/95% air, prior to the permeability assays.
Osmotic and Glycerol Permeability coefficients: Permeability coefficients Pf and Pgly were evaluated from the
measured time dependent volume changes, vrel=V/Vo, obtained by adding mannitol (Pf) or glycerol (Pgly) to the external
media achieving an osmotic challenge of Λ=2. For these calculations the values for the solute reflection coefficient
were considered constant and equal to one (σS=1) [7]. The relative non-osmotic volume β=VNosm/Vo was considered
in all calculations. For each cell population the values of Pf and β were obtained from the mannitol osmotic shocks
and these values were used for evaluating Pgly in the glycerol experiments. Parameters (Pf, Pgly and β) were evaluated
by numerically integrating and curve fitting the time dependent vrel data, using the model equations detailed in the
Supplementary Information and the Berkeley Madonna software (http://www.berkeleymadonna.com/).
Cell volumes and fluorescence output: A linear relationship between relative changes in cell osmotic volume (V-β)/
(Vo-β) (thus of V/Vo) and calcein fluorescence intensity (F/Fo) was previously validated [34].Taking this into account,
and following the strategy detailed in [7], for the mannitol experiments the cell fluorescence traces F/Fo were converted
into (V/Vo) after subtracting the bleaching given by the initial fluorescence decay before the mannitol osmotic shock.
Fo was calculated in each signal as the averaged initial values of fluorescence prior to the osmotic challenge. For the
glycerol experiments and as previously discussed in [7], the measured cell volumes were used to calculate V/Vo.
Cell volume V was measured at selected time points from 2D images obtained during the permeability assay protocols
(Vo is the initial volume prior to the osmotic challenge). For each coverslip with adhered cells, 6 or 18 pictures with
10-13 cells each were analyzed for selected time points for the water and the glycerol permeability studies, respectively.
For each experimental condition four coverslips from two different cell platings were assayed, making an average of
40-50 cells analyzed per condition. The cross sectional area of calcein-AM loaded cells was measured using the Image
J software and cells were assumed to have a spherical shape for volume calculations.
Statistical Analysis: The results were expressed as mean ± SEM of n individual experiments. Statistical analysis
between groups was performed by unpaired t-test. P values < 0.05 were considered statistical significant. Statistical
analyses were performed using the Prism software (GraphPad Software Inc., San Diego, CA).
Molecular Modeling: The 3D structure of hAQP7 was obtained by homology modeling using Molecular Operating
Environment (MOE 2012.10) (CCG 2012) [15]. The choice of a template structure was based on the sequence
identity between hAQP7 and the sequence of the AQPs with available resolved structures from human, bacteria and
Plasmodium falciparum (UniProt 2013 codes O14520, C8TK05 and Q8WPZ6, respectively). The isoform that shows
to have the highest sequence similarity with hAQP7 is the bacterial isoform Glycerol Facilitator (GlpF), which was
then chosen as a template structure. Three resolved structures for bGlpF, crystalized either with or without glycerol
and solved by X-Ray diffraction, were retrieved from the Protein Data Bank [9]. Among them, the template was chosen
according to the best available resolution (2.70 Å) without any substrate (pdb 1LDI) and the structure was prepared
and protonated at pH 7 under forcefield Amber12EHT. Thus, the human AQP7 model was built under the same force
field: 50 intermediate models were generated and merged into one final homology model.
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The obtained model was checked for rotamers of side chains in the regions of Ar/R SF and NPA, by comparison
with the available crystal structures of all the other AQP isoforms (pdb codes 1H6I, 36D8, 3D9S, 1RC2, 1LD1 and
3C02). The structure was protonated at pH 7 and an energy minimization refinement was performed, also under
Amber12EHT force field, fixing the Cα.
Measurements of the size of the channels were performed using MOE 2012.10 (CCG 2012) [15]. For the intra and
extracellular entrances the measurements were done transversally in the channel, fixing as entrance the point where the
channel starts narrowing. A second measurement was performed in the same plane rotating 90º. The selected points for
measurement were approximately the same in all the structures. The longitudinal measurement was performed using
residues located in the planes defined as intra and extracellular entrances.

A2

Non-covalent Docking: Non–covalent docking was performed on the hAQP7 homology model described before using
MOE [15]. 50 poses were generated using the virtual screening method and scored by the London dG scoring function
using placement triangle matcher. The binding pocket was defined as the sulphur atom of Met47 generating 50 possible
docking positions. All other default MOE docking settings were used. Plausible docking poses were selected according
to docking score, the position of the Auphen gold atom with respect to methionine side-chains, favourable interactions
with the residues lining the pocket. After careful analysis, one pose was chosen according to the orientation of the
compound inside the pocket and of the gold atom in order to avoid possible steric hindrance with other atoms from
the protein, and to favour possible stabilization of the compound’s position by side chain/backbone interactions with
Auphen. The compound’s orientation was later optimized by energy minimization of side-chains of residues forming
clashes in the NPA pocket with Auphen, also using Amber12EHT forcefield. For this energy minimization all the
atoms were fixed, except for the side-chains of Asn94 and Met93.
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