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Experimental Section

Materials and Methods: Gold compounds 1-3 were prepared according to literature procedures.'* The purity
of the compounds was confirmed by elemental analysis, and all of them showed purity greater than 98%.
1,10-phenantroline and 2-mercaptoethanol were from Sigma. 'H NMR spectra were recorded on a Bruker
Avance 11400 spectrometer at room temperature (r.t.). Elemental analyses were performed on a Carlo Erba
EA 1110 CHN instrument. ESI-MS spectra were obtained in acetonitrle on a Thermo Finnigan LCQ
DecaXPPlus quadrupole ion-trap instrument operated in positive ion mode over a mass range of m/z 150—
2000. The absorption spectra of the complexes 3 and 4 in the UV-Visible region were recorded on a

Cary 5000 UV-Visible NIR spectrophotometer.

Synthesis of Au(2-(pyridin-2-yl)-1H-benzo[d]imidazole)Cl, — 3: To a solution of (2-(pyridin-2-yl)-
benzimidazole) (0.195 g, 1.00 mmol) in MeCN (2 mL) was added an aqueous solution (12 mL) of potassium
hydroxide (56 mg, 1.00 mmol). The reaction was stirred at r.t. for 15 minutes. Then, an aqueous solution of
NaAuCl, (398 mg, 1.00 mmol) (12 mL) was added. The solution was allowed to stir overnight at r.t. in the dark.
The brown solid was filtered off, washed with water, ethanol and diethyl ether and dried under vacuum. Yield:
0.419 g (91%). ESI-MS (MeCN, positive mode) exact mass for Cq;HsAuCIl:N; ([M+H]*, theoretical m/z
461.9839): found m/z 461.9832 (err. -1.5 ppm). NMR 'H (DMSO-ds, 500 MHz): 9.24 (m, 1H, H¢), 8.46 (m, 1H,
H4), 8.36 (m, 2H, H3 + H%), 7.86 (m, 1H, H®), 7.74 (m, 1H, H?), 7.27 (m, 2H, H* + H%). NMR "3C{'H} (DMSO-d,
126 MHz): 156.6 (CV), 149.1 (CV), 146.1 (CHS), 144.7 (CH*), 142.6 (CV), 140.6 (CV), 126.4 (CH?), 124.4

(CH?3), 124.3 (CH¥), 122.5 (CH?), 120.2 (CH®), 114.3 (CH?).

Synthesis of [Au(1-methyl-2-[2-pyridyl]-1H-benzo[d]imidazole)CI,][PF¢] — 4: To a solution of 1-methyl-2-
[2-pyridyl]-benzimidazole (0.134 g, 0.64 mmol) in MeCN (2.5 mL) was added an aqueous solution of NaAuCl,
(255 mg, 0.64 mmol) (15 mL) and solid KPFg (0.354 g, 1.92 mmol). The solution was stirred for 3 h at room
temperature. The solid was filtered off and washed with water, ethanol and diethyl ether. The light orange
solid was recrystallized from acetone-diethyl ether. Yield: 0.327 g (82%). Anal. Calculated for
C13H141AuClFgNsP: C 25.10; H 1.78; N 6.75 %; found: C 25.54; H 1.55; N 6.63 %). ESI-MS (MeCN, positive
mode) exact mass for Ci3H11AuCl,FgNsP ([M-PFg]*, theoretical m/z 475.9996): found m/z 475.9993 (err. -0.6
ppm). NMR 'H (DMSO-dg, 500 MHz): 8.93 (m, 1H, H?), 8.30 (m, 1H, H3), 8.22 (m, 1H, H*), 8.02 (m, 1H, H?®),
7.87 (m, 1H, H?), 7.81 (m, 1H, H®), 7.60-7.63 (m, 2H, H* + H%). NMR "*C{'H} (DMSO-ds, 126 MHz): 150.4

(CHS), 147.3 (CV), 143.6 (CV), 138.4 (CH4), 134.2 (CV), 132.0 (CV), 127.1 (CHS), 126.5 (CH®), 126.3 (CH3),



126.2 (CH#*), 115.3 (CH®), 113.3 (CH?).

Ethics Statement: Venous blood samples were obtained from healthy human volunteers following a protocol
approved by the Ethics Committee of the Faculty of Pharmacy of the University of Lisbon. Informed written

consent was obtained from all participants.

Erythrocyte sampling and preparation: Venous blood samples were collected in citrate anticoagulant (2.7
% citric acid, 4.5 % trisodium citrate and 2% glucose). Fresh blood was centrifuged at 750 xg for 5 min at 4° C
and plasma and buffy coat were discarded. Packed erythrocytes were washed three times in PBS (KCI 2.7
mM, KH2PO4 1.76 mM, Na,HPO, 10.1 mM, NaCl 137 mM, pH 7.4), diluted to 0.5 % haematocrit and
immediately used for experiments. hRBC mean volume in isotonic solution was determined using a CASY-1

Cell Counter (Scharfe System GmbH, Reutlingen, Germany) and was calculated as 82 fL.

Stopped-flow light scattering experiments: Stopped-flow experiments were performed on a HI-TECH
Scientific PQ/SF-53 apparatus, with 2 ms dead time, temperature controlled and interfaced with a
microcomputer. Experiments were performed at 23 °C for glycerol permeability (Pg,) and at 10 °C for osmotic
water permeability (Py); for activation energy measurements temperatures were ranged from 10 °C to 37 °C.
For each experimental condition, 5-7 replicates were analysed. For measuring the osmotic P, 100 uL of a
suspension of fresh erythrocytes (0.5 %) was mixed with an equal volume of PBS containing 200 mM sucrose
as a non-permeable osmolyte to produce a 100 mM inwardly directed sucrose gradient. The kinetics of cell
shrinkage was measured from the time course of 90° scattered light intensity at 400 nm until a stable light
scatter signal was attained. Pr was estimated by P = k (V,/A)(1/V,(0smyy)-), where V,, is the molar volume of
water, V/A is the initial cell volume to area ratio and (osm,)- is the final medium osmolarity after the applied
osmotic gradient and k is the single exponential time constant fitted to the light scattering signal of erythrocyte
shrinkage. For Py, 100 pL of erythrocyte was mixed with an equal volume of hyperosmotic PBS containing
200 mM glycerol creating a 100 mM inwardly directed glycerol gradient. After the first fast cell shrinkage due
to water outflow, glycerol influx in response to its chemical gradient was followed by water influx with

subsequent cell reswelling. Py, was calculated as Py, = k (V,/A), where k is the single exponential time



constant fitted to the light scattering signal of glycerol influx in erythrocytes. For inhibition experiments cells
were incubated with different concentrations of complexes, from freshly prepared stock aqueous solutions, for
various times at r.t. before stopped-flow experiments. A time dependent inhibition assay for all the tested
compounds over several hours incubation with hRBC showed no further increase of inhibition after 30 min at
r.t. Inhibition reversibility was tested by 30 min incubation of hRBCs with the compounds followed by further
incubation with 1 mM 2-mercaptoethanol (EtSH) for 30 min at r.t.. The reversibility assays were also
performed under the same conditions, using 1 mM L-cysteine. The inhibitor concentration necessary to achieve
50% inhibition (ICsp) was calculated by nonlinear regression of dose-response curves (Graph Pad Prism, Inc)
to the equation: y=ymint(Ymax-Ymin)/(1+10((LoglCso-Log[Inh]) H)), where y is the percentage inhibition obtained for
each concentration of inhibitor [Inh] and H is the Hill slope. The activation energy (E.) of water and glycerol
permeation was calculated from the slope of the Arrhenius plot (InPs or InP, as a function of 1/T) multiplied by
the gas constant R. All solution osmolarities were determined from freezing point depression on a semi-micro
osmometer (Knauer GmbH, Berlin, Germany) using standards of 100 and 400 mOsM.

Statistical analysis: Data were presented as mean + standard error of the mean (SEM) of at least four
independent experiments, and were analysed with either the paired Student’s t-test or one-way analysis of

variance (ANOVA) followed by Tukey’s test. A value of P = 0.01 was considered to be statistically significant.

Homology modelling and molecular dynamics: The 3D structure of hAQP3 was obtained by homology
modelling using the Molecular Operating Environment (MOE 2013.08).5 The choice of a template structure
was based on the sequence identity between hAQP3 and the sequence of the AQPs with available resolved
structures. The isoform showing the highest sequence similarity with hAQP3 is the bacterial isoform GIpF,
with 34.68% of sequence identity, which was then chosen as a template structure to generate a homology
model of hAQP3. The template was selected among the structures with the best resolution (2.70 A) without
any substrate (pdb 1LDI).6 The tetrameric form was assembled and the structure was prepared and
protonated at pH 7, with the Amber12EHT force field, as described in Spinello et al 7, using the Molecular
Operating Environment (MOE 2013.08).5. 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 1H6l, 3GD8, 3D9S, 1RC2, 1LD1 and 3C02). The structure

was protonated at pH 7 and an energy minimization refinement was performed, with fixed Ca atoms.



Afterwards, the effect of binding of Au(lll) complex 4 on AQP3 glycerol permeability was investigated using
classical molecular dynamics (MD). The molecular system consisted of the homology model of the hAQP3
tetramer within a double layer of 166 palmitoyl-oleyl-phosphatidyl-coline (POPC) lipid, prepared using the
charmm-gui online server 89, using Amber99SB-ILDN in combination with the Slipids (Stockholm lipids) force
field for lipids.'®"" Four glycerol molecules were placed into the system, one above each pore entrance,
approximately 30 to 35 A (to residue TRY212 at the pore entrance). The system was solvated with 35379
water molecules and used a modified amber99sb-ildn force field, with the parameters for glycerol and 1-
methyl-2-(pyridine-2-yl)-benzimidazole generated by the Automated Topology Builder and Repository (ATb,
version 2.2) website using the B3LYP/6-31G* basis set 2, using a combination of semi-empirical QM and DFT.
Complex 4 was parameterised using DFT and QM/MM in order to obtain the parameters for the Au(lll) ions in
the force field. Afterwards, the complex was bound to the thiolate of a cysteine residue, to further integrate in
the protein complex. The complex’s geometry was further optimised (Figure S2) and then incorporated into

monomer A of AQP3.

All simulations were run using the GROMACS 5.1.2 simulation software.'® Particle-mesh Ewald method was
used for calculating electrostatic interactions. The verlet cut-off scheme with a cut-off distance of 4.0 nm was
used for short-range repulsive and attractive interactions and Lincs was used to constrain all bond lengths.
Nose-hoover temperature coupling was used to maintain the temperature of the system (1 = 0.5 ps) at 310 K.
The Parrinello-Rahman algorithm was used to maintain the pressure of the system at 1 bar with a coupling

constant of T = 1.0 ps. Simulations were equilibrated for 100 ps before production.

The four individual glycerol molecules were defined in the index and coupled in the pull code (e.g. gly 1 to
chain_A). A total of 10 MD simulations (5 with the Au(lll) complex present and 5 without) were run for 0.5 ns
using the direction COM pull procedure, in each case applying a separate yet equal harmonic restraint force

to each solute molecule of 600 kJ mol-'nm? with a rate of 0.02 nm ns-! along the z-axis.

Two 4000000 step runs or 8 ns were run using the same two model systems and parameters. For these runs

the pull code was omitted, therefore removing any biasing of the system.

Pore size measurements: Each pore radius was calculated using the Hole 2.0 program™, which determines
the internal surface based on atomic van der Waals radii. A snapshot at the beginning of each simulation was

taken and coordinates for the centre of each pore (monomers A to D), at the ar/R SF, were used to generate



the pore radius along the z-axis.

In order to assess if the gold complex significantly affects the pore size by inducing protein conformational
changes, five simulations, with and without gold complex, were performed. From these, 5 snapshots were
taken (100, 300, 450, 600 and 800 frames) and the pore size was measured in each. For consistency, the
narrowest part of the pore was considered to be the distance between the side chains of Tyr212 and Arg218
and, for each frame, the distance between the closest N atom of the side chain of Arg218 and C of the
aromatic ring of Tyr212. The same methodology was used to assess the pore size of monomer A for the long

(8 ns) simulation.

DFT calculations: DFT calculations were performed on the structures of cysteine, HCI, Auphen, 2, 3, 4 and
on the adducts obtained by substituting one chlorido with a cysteinato ligand (see Figure S7), by using the
MO06-L 5 functional, the Lanl2dz ' basis set for Au, S and Cl atoms and the 6-31G(d,p) "' basis set for C, N,
O and H atoms. Solvent effects were evaluated by full geometry optimization within the implicit water solvent,
reproduced by the polarizable continuum model (PCM)."™ Vibration frequency calculations, within the
harmonic approximation, were performed to confirm that each optimized geometry corresponded to a
minimum in the potential energy surface. Moreover, vibration frequency calculations allowed us to estimate
the standard Gibbs free energy values, at 298.15 K, of each energy minimum structure, both in vacuum and in
solution. All calculations were performed by the Gaussian 09 program package.?° The energy values of
formation of the gold complex-Cys adducts, reported in Table S2, were obtained by the following hypothetical
reaction: [Au(Ligand)Cl,]"* + HCys — [Au(Ligand)CICys]™* + HCI, where n is the charge of the metal complex,
and calculated by the Eqn. 0 below, where E can be either the self-consistent field (SCF) energy or the

standard Gibbs free energy in solution:

AE = E[Au(Ligand)CICys] + E[HCI] - E[Au(Ligand)Cl,] - E[HCys] Eq. 0

Electrochemistry: Cyclic voltammograms were recorded using a PalmSens EmStat3+ potentiostat.
Compounds (~ 2 mmol) were dissolved in DMSO containing 0.1 M tetrabutylammonium perchlorate (TBAP)
as electrolyte and 1 mM ferrocene (Fc) used as internal reference. Measurements were recorded in a single
compartment electrochemical cell (0.5 mL volume) containing a glassy carbon disk electrode (3mm diameter),

a Ag/AgCI reference electrode and a platinum wire counter electrode. Prior to measurements, the glassy



carbon disc electrode was polished on a microcloth pad in 0.05 pm alumina slurry. All measurements were
carried out under nitrogen at r.t..
Initially, we examined the electrochemical response of HAuCl, in DMSO containing 0.1 M TBAP as a
supporting electrolyte. HAuCl, serves as a useful bench mark to evaluate the effect of the more strongly
coordinating N*N and C”N ligands on the redox properties of the Au(lll) complexes relative to weakly
coordinating chlorido ligands. The electrochemical properties of HAuCl, have been extensively studied in
aqueous 225 jonic liquids 26-30 and organic 3'-38 electrolytes. In agueous solution, the reduction of Au(lll) to
Au(0) takes place in a single three electron reduction process 222325 However, in aprotic organic media,
reduction of Au(lll) to Au(0) is postulated to occur in two distinct electrochemical steps 34-37:

AuCly + 2e- — AuCl,- + 2CI (Egn. 1)

AuCly + e — Au + 2CF (Eqgn. 2)
Figure S8 shows the CV of HAuCIl, in DMSO containing 0.1 TBAP as supporting electrolyte. Due to the
reactive nature of Au complexes at positive potentials (> +1.23 V vs. Ag/AgCl) %, the scan was initiated at -0.1
V (indicated by *) to ensure that the Au metal centre was in the +3 oxidation state prior to measurement.
Scanning to lower, more negative, potentials generated two successive reduction peaks centred at -0.35 V
(peak 1) and -1.26 V (peak Il) which, in accordance with analogous studies 3437, can be attributed to
Au(ll—Au(l) and Au(l)—Au(0) transitions, respectively.

The absence of defined oxidation peaks on the reverse scan, between -1.9 and 0 V vs. Fc, indicates
that both reduction processes are non-reversible. A broad oxidation peak (Peak lll) centred at +0.31 V is
evident at higher potentials. This oxidative process is consistently observed in aqueous 24, ionic liquids 27-2°
and organic media 40 although its origin is unclear and has been attributed to both oxidation of free CI- ions
36,37 and electrodeposited Au(0) 3':3240 at the electrode surface. In order to investigate this further, a scan was
performed where the switching potential was reversed at -0.9 V, thus preventing subsequent reduction to
Au(0) (Figure S8 red scan). No evidence of the corresponding Au oxidation peak was observed indicating that
the origin of the oxidation peak is dependent on the formation of Au(0) generated from the Au(l) reduction step.
Furthermore, a thin layer of deposited Au(0) was visually observed on the working electrode surface after the
two step reduction process. It is likely that this deposited Au(0) undergoes a anodic ‘stripping’ process at
sufficiently positive potentials giving rise to the observed anodic peak °.

Interestingly, the peak attributed to Au(l) reduction (Peak II') occurs at the same potential for that of HAuCl,

complex. This suggests that the products of both reactions are similar in character. Indeed, this is reasonable



as the postulated mechanism for Au(lll) reduction results in liberation the free ligand to form AuCl, (Egn 3).
Therefore, it is likely that the 1e- reduction of AuCl, to Au(0) gives rise to the reduction peak.

Au(NAN)Cl, + 2e- — AuCly + NAN (Eqgn. 3)



Tables and Figures

Table S1: IC5, (M) values for the gold complexes as human AQP3 inhibitors.

Compound [oE)]
Auphen 0.8 + 0.1Mb]
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Figure S1 - A: Time-dependence of glycerol permeability (% of control) for two concentrations of 4; B: Inhibition of
glycerol permeability (% of control) of hRBCs after treatment with 4 (30 min at r.t., 1 pM), and reversibility by incubation

with BME and L-Cys (1 mM for 30 min). The results represent the average of at least three independent experiments + SE.
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Figure S2. Geometry of modified Cys40 with complex 4 after energy minimisation.
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Figure S3. RMSD (A) of the protein backbone atoms of AQP3 (black) and AQP3-Au (red).

Extracellular

Intracellular

Figure S4 — Schematic representation of the tridimensional structure of AQP3, with helices represented by light blue
blocks and loops in black lines. Representative amino acid residues are shown in coloured circles, where ar/R SF
residues are shown in magenta and NPA motif in green. Cys40, the Au-binding site is shown in yellow while the two
Isoleucines predicted to stabilize the ligand of complex 4 are displayed in grey. Transmembrane helices are numbered
TM1-6, while loops are named from A-E. The short-helices that contain the NPA motifs are located in loops and are

named according to the respective position, HB or HE.
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Figure S5 — Pore size taken at the narrowest point of the channel (ar/R SF), from a representative simulation (0.5 ns) of
AQP3 permeation by glycerol in the absence (A) or presence (C) of the gold complex. Each monomer is represented by a
trace, and the colored markers indicate the glycerol passage from extracellular to cytoplasmic side. (B) Pockets for
glycerol passage, indicated in yellow (extracellular pocket), blue (ar/R SF), pink (NPA motif) and green (cytoplasmic
pocket). The narrowest point of the channel is indicated by a dashed line (approximate localization). In panel D the pore

sizes of each monomer are shown, with (dashed line) and without (full line) gold complex. The same color code of the
point markers was used.

11



9 Monomer A
8
[ ]
.
‘f‘rﬁ
s
4
3
2
1] 100 200 300 400 500 600 700 800
Frames
# Monomer D
a8 o o
7
$6
o«
&5
4
°o 2
3 @ o
2
[1] 100 200 300 400 500 600 700 a00

Frames

800

Size (A)
@

Monomer C

100 200 300 400 500
Frames

Monomer B

100 200 300 400 500
Frames

600 700 800 900

Figure S6 — Pore size taken at the narrowest point of the channel (ar/R SF) from 10 independent simulations (0.5 ns) of
AQP3 (5 without and 5 with gold complex) for each monomer. In black markers, the pore sizes of each monomer are show
as an average of 5 independent simulations and with a linear trend line (shown in black). In colored dashed lines with
white markers, the results for each of the 5 individual simulations of AQP3 with the gold complex are shown. In colored
markers is represented the average size for each point, for AQP3 with gold complex 4, with an added linear trend line,

shown in the respective color.
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Figure S7 - Top intra and extracellular view of AQP3 (left) and AQP3-Au bound (right) tetramers hydrophobic surfaces at
the start of the simulation. Gold complex is shown over the surface only for indication of its relative position within the
tetramer. This does not represent the compound’s location across the z-axis. Blue = hydrophobic, red = hydrophilic.
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Figure S8 — Molecular dynamics simulation of AQP3 permeation by glycerol in the presence and absence of the gold
complex without pull (8 ns). During the time of the simulation, due to the absence of pull, any of the glycerol molecules
crosses the AQP3 channels. A) RMSD of the backbone of AQP3’s simulation with (blue trace) and without (red trace) gold
complex. B) Pore size of monomer A, measured at the narrowest point of the channel. The simulation with gold complex is
shown in blue markers and line, while the simulation without the complex is shown in black. C) Structure of the ar/R SF of
AQP3 (blue) and upon binding of the gold complex (pink). The gold complex 4 is shown in black with thin sticks, gold in
yellow-gold color and chloride in green, both in ball and stick representation. H-bonds are shown in orange dashed lines,
while H-arene interactions are shown in green dashed lines. The figures in panel C were generated with MOE.?
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Figure S9. Structure of the cysteinato complexes [Au(ligand)CICys]™* obtained for Auphen, 2, 3 and 4, whose geometry
was optimized by DFT calculations; n =1, 0, 0, 1, for the adducts of Auphen, 2, 3 and 4, respectively.

Table S2. Formation energy of [Au(ligand)CICys]™ adducts in H,O solution (in kJ/mol, in terms of the SCF energy, AE,
and of standard Gibbs free energy, AG®) calculated through DFT and by Eq. 0.

Compound AE AG°

[Au(phen)CICys]*  -53.7 -45.0

2 [Au(py?)CICys]  -10.7 -0.2

3 [Au(Pblm)CICys] -27.8 -18.9
4

53.0 -46.6
[Au(PblmMe)CICys]*

14
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Figure S$10. Cyclic voltammograms of AuCl,- in DMSO containing 0.1 M TBAP electrolyte at 0.1 V s scan rate. Cathodic

sweep initiated at -0.1 V vs. Fc*/Fc. Switching potential -1.95 V vs. Fc*/Fc (black scan) and -0.9 V vs. Fc*/Fc (red scan).
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Figure S11. Cyclic voltammograms of Auphen (black) and HAuCl, (red dash) recorded in DMSO containing 0.1 M TBAP
electrolyte at 0.1 V s' scan rate.
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Table S3. List of electrochemical potentials attributed to reductive (Eeq) and oxidative (E,x) electrochemical processes.

Potentials evaluated from cyclic voltammetric scans recorded in DMSO containing 0.1 M TBAP electrolyte at 0.1 V s
scan rate. All potentials measured against ferrocene/ferrocenium redox couple.

Compound Ered Ereq Eox
(peakl) (peakll) (peaklil)

HAuUCl, -0.35 -1.26 +0.31
[Au(phen)Cl,] -0.02 -1.26 +0.49
2 [Au(pyP-H)Cl,] -0.99 -1.72 +0.38
3 [Au(Pblm)Cly] -0.30 -1.16 +0.41
4 [Au(PblmMe)Cl,]JPFs  -0.33 -1.28 +0.52
0.024

T 0.004
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Figure S12. Cyclic voltammogram of complex 2.
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Figure S$13. Cyclic voltammogram of complex 3.
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Figure S14. Cyclic voltammogram of complex 4.

Videos

AQP3_GLY.mov - MD simulation of human AQP3 glycerol permeation.

AQP3_Au_Complex.mov - MD simulation of glycerol permeation via AQP3 with Au(lll) complex 4 bound.

au_gly _2.mov and au_gly_3.mov — Additional MD simulation of glycerol permeation via AQP3 with Au(lll)

complex 4 bound.
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