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Materials and Methods 
 
Protein Production and Purification  
Nontagged Aqy1 was overproduced recombinantly in P. pastoris and purified as 
described in (7). Cells were grown in bioreactors and broken using Xpress equipment. 
Cell debris was removed by differential centrifugation (15000g, 20 min, 4˚C), the 
membrane fraction was washed in 20 mM NaOH and pelleted at 150000g, 2 hours, 4˚C. 
A membrane pellet (~1 g) was solubilized using 5% (w/v) n-octyl-β-D-glucopyranoside 
(β-OG) (Anatrace), which was also present in all subsequent purification buffers at 1% 
(w/v) concentration. The protein was then purified using ion-exchange chromatography 
(ResourceQ, GE Healthcare) and size-exclusion chromatography (Superdex200 16/60, 
GE Healthcare) and concentrated using a 50-kD molecular weight cutoff (MWCO) 
Vivaspin concentrator tube. 
 
Crystallization and Data Collection 
Crystals were grown at 20˚C in 26% PEG600, 100 mM Tris (pH = 8.0), 200 mM CaCl2. 
Sitting drops were set up at ESRF, France, at a concentration of 4 mg/mL by mixing  
20 µl of protein solution with 5 µl of precipitant solution. Crystals grew within 5 weeks. 
 
Crystals were frozen directly in the cryo-stream at the beamline at 100 K and screened 
for diffraction and twinning. Data were collected from a cube-shaped crystal measuring 
0.4 by 0.4 by 0.4 mm3 at a wavelength of 0.65 Å (19.1 keV) with a spherical beam 
aperture of 75 µm in diameter at ID29, ESRF, France using a Q315R CCD-detector. The 
large discrepancy between crystal and beam size required the use of helical data 
collection to exploit the entire crystal volume, whereby the crystal was translated across 
the X-ray beam during collection. Data sets (Table S1) were collected with the detector 
edge at 2.9 Å, 1.3 Å, and 0.85 Å resolution. Each run consisted of a separate helical 
collection on the same crystal, where the starting value of phi was rotated by 30˚ between 
each dataset. Crystals belonged to the tetragonal space group I4 (a = 90.76 Å, b =  
90.76 Å, c = 80.31 Å) containing one subunit in the asymmetric unit. 
 
Data Processing 
Data were processed with XDS (33) and scaled with SCALA (34) using the autoPROC 
(35) pipeline (GlobalPhasing). In total, two low-, two medium-, and three high-resolution 
data sets were merged and scaled together. The Rfree-test set consists of 2383 reflection, 
which amounts to 0.95 % of the total number of reflections.  
 
Model Building and Refinement 
The previously solved 1.15Å crystal structure of Aqy1 (PDB code 2W2E) (1) was used 
as starting model for refinement. At subatomic resolution, iterative cycles of model 
building and refinement were performed using COOT (36) and Refmac5 (37). The final 
model contains residues 11-273, 212 water molecules, and 3 β-OG molecules. Riding 
hydrogens were added during refinement to all protein residues and β-OG molecules. 
Three Cl– ions are suspected to be present in the structures but do not appear to play any 
functional role. A significant amount of density on the surface of the protein could not be 
accurately modeled and presumably represents surfactant, buffer molecules, and (native) 
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lipid molecules carried along through purification. The residues Asn112, Asn221, and 
Asn224 from the NPA motif are found as the only Ramachandran outliers, which is in 
agreement with previous aquaporin structures. Statistics for data reduction and model 
refinement are presented in Table S2. An independent structural refinement was also 
carried out with SHELXH (38) but was not pursued further due to limitations in modeling 
the low-resolution data (bulk solvent correction). This refinement was used as an 
independent confirmation for observed difference density and occupancy refinement (see 
below). 
 
In addition to structure factors, map coefficients FWT/DELFWT have been deposited in 
the structure factor CIF-file of Protein Data Bank entry 3ZOJ. 
 
Omit Maps and Crystallography Figures 
Figures 1, 2, 3, S1, S3, and S4 were prepared in PYMOL (39). Hydrogen-omit maps used 
for data analysis and presented figures were created by removing hydrogen atoms for 
Asn112, Asn224, His212, and Arg227 from the otherwise fully hydrogenated structure after 
refinement had reached convergence. To avoid potential bias, the B-factors of these 
residues were inflated to 20, and additional 10 iterative manual/Refmac5-refinement 
cycles were carried out. Hydrogens were never added to water molecules. Difference 
density was confirmed through comparison to maps obtained from independent 
refinement in SHELXH. 
 
Modeling of Water Molecules Within the Selectivity Filter (SF) 
Continuous mFobs – DFcalc electron density was observed within the SF prior to modeling 
water molecules (Fig. S3). Two water molecules (modeled with full occupancy) were 
initially built within the SF at positions 2 and 4. Their 2mFobs – DFcalc electron density 
maxima were ~60% of the maxima of other well-ordered water molecules within the pore 
and strong residual positive mFobs – DFcalc electron density peaks (positions 1 and 3, Fig. 
S3) emerged adjacent to these water molecules. These residual mFobs – DFcalc electron 
density features were too strong (1.4 e/Å3 and 1.9 e/Å3) to be described by hydrogen 
atoms. The residual mFobs – DFcalc electron density was eliminated (Fig. 3A) by modeling 
four closely spaced water molecules with complementary occupancy. In order to quantify 
these water occupancies, free occupancy refinement was carried out in ShelXH, which 
showed that the occupancies were approximately complimentary (Wat1: 0.32, Wat2: 
0.66, Wat3: 0.36, Wat4: 0.64). The occupancies were finally set to 0.66 for positions 2/4 
and 0.34 for positions 1/3 for refinement in Refmac5.  
 
Molecular Dynamics Simulations 
System setup and equilibrium simulations. The tetramer of wild-type AQY1 was 
constructed by superimposing the Cα of the monomer onto the Cα of individual subunits 
of 2w2e structure (7) obtained from the OPM database (40). Each monomer was chosen 
to have a different combination of alternative conformations for the side chains present in 
the crystal structure, in order to assess the potential effect of these on the conclusions. 
The protonation states of side chains were determined with MolProbity (41). After 
removing all the detergent molecules, CHARMM-GUI (42) was used to embed the 
tetramer into a POPE bilayer (~100 by 100 Å2), generate pore water, and solvate and 



 
 

3 
 

ionize the system with 100 mM NaCl, resulting in system of ~100 by 100 by 100 Å3 
dimension and 97,791 atoms (wild-type AQY1).  
 
The system was then energy minimized for 5000 steps and simulated for 3 ns under 
constant 1 atm pressure and 300 K temperature (NPT), while all heavy atoms were 
harmonically restrained (k = 5 kcal/mol/Å2) to allow relaxation and packing of the lipids 
against the protein. After removing all the restraints, the system was further energy 
minimized for 5000 steps and simulated for 20 ns. All analyses were performed on the 
last 15 ns of the production simulation using VMD (43).  
 
Simulation protocols. All simulations were performed using NAMD 2.8b3 (44) with 
CHARMM27 force field with Φ/ψ cross term map (CMAP) corrections for the protein 
(45) and CHARMM36 all-atom additive parameters for lipids (46). Water was modeled 
as TIP3P (47). All simulations were maintained at 1.0 atm using the Nosé-Hoover 
Langevin piston method (48, 49) and at 300 K using Langevin dynamics with a damping 
coefficient of 0.5 ps–1 applied to all non-hydrogen atoms. Short-range interactions were 
cut off at 12 Å with a smoothing function applied after 10 Å, and long-range electrostatic 
forces were calculated using the particle mesh Ewald (PME) method (50) at a grid 
density of >1 Å–3. Bonded, non-bonded, and PME calculations were performed at 2-, 2-, 
and 4-fs intervals, respectively. 
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Fig. S1. 
 

 

Fig. S1. 2mFobs – DFcalc electron density (blue mesh, contoured at 4.3 e/Å3) illustrating 
the side chains of Glu51 and Gln137. At 0.88 Å resolution, the different conjugation states 
of these head groups is clearly resolved from the electron density.  
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Fig. S2 

 

 

 
Fig. S2. Chemical schema. Chemical drawing representing the possible tautomeric states 
of (A) histidine (both neutral and protonated forms shown) and (B) arginine side-chains.  
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Fig. S3 

 

 

Fig. S3. Electron density in the Aqy1 SF. (A) 2mFobs – DFcalc (dark blue contoured at 
4.3 e/Å3; light blue contoured at 1.9 e/Å3) and mFobs – DFcalc (green, contoured at 0.65 
e/Å3) electron density maps prior to water molecules being modeled within the SF. (B) 
2mFobs – DFcalc and mFobs – DFcalc electron density maps when water molecules are built 
at positions 2 and 4. (C) 2mFobs – DFcalc and mFobs – DFcalc electron density maps when 
water molecules are built at positions 1 and 3.  
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Fig. S4 

 

 

 

 

Fig. S4. Stereo view of the structure of the Aqy1 SF. Plausible H-bond interactions are 
shown for all four closely spaced water molecules (1 to 4) observed with complementary 
occupancy in the SF.  
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Fig. S5 
 

 

Fig. S5. Molecular dynamics snapshots illustrating transient water conformations 
that stretch through the Aqy1 pore. (A–C) Since Nε of His212 is not protonated (Fig. 
3), the H-bond donor interactions of passing water molecules mean that the geometry is 
seldom ideal for the exchange of protons within the SF.  
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Table S1.  Crystallographic data collection. 
 

 Low 
resolution 

Medium 
resolution 

High 
resolution 

Detector edge (Å) 2.91 1.3 0.85 
No. frames 2 × 90 2 × 150 3 × 450 
Oscillation angle (˚) 1 0.6 0.2 
X-ray transmission (%) 5.5 100 100 
Exposure time per frame (s) 0.2 0.25 1.5 
Exposure time per degree (s) 0.2 0.42 7.5 
Total exposure time 
normalized to 100% 
transmission (s) 

2 75 2025 
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Table S2.  Data collection and refinement statistics. Values in parentheses are for 
highest-resolution shell. 
 

Data collection  
Space group I4 
Cell dimensions    
    a, b, c (Å) 90.76, 90.76, 80.31 
    α, β, γ  (°)  90, 90, 90 
Wavelength (Å) 0.6500 
Resolution (Å) 64-0.88 (0.93-0.88)* 
Rsym or Rmerge 0.058 (0.870) 
Rpim 0.017 (0.285) 
I/σI 26.2 (2.8) 
Completeness (%) 100 (100) 
Multiplicity 13.8 (11.0) 
  
Refinement  
Resolution (Å) 60-0.88 
No. reflections total/free 252 059/2383 
Rwork / Rfree 10.3/10.7 
No. atoms  
(incl. riding hydrogens) 

4461 

    Protein 4202 
    Cl– 3 
    BOG 144 
    Water 212 
B-factors  
    Protein 10.0 
    Cl– 12.6 
    BOG 21.7 
    Water 22.2 
Root mean square deviations  
    Bond lengths (Å) 0.019 
    Bond angles (°) 1.74 

 
*These data were collected from one crystal.  
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