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Abstract

Aquaporins are membrane channels that facilitate the flow of water across biological membranes.

Two conserved regions are central for selective function: the dual asparagine, proline, alanine

(NPA) aquaporin signature motif and the aromatic/arginine selectivity filter (SF). Here we present

the crystal structure of a yeast aquaporin at 0.88 Å resolution. We visualize the H-bond donor

interactions of the dual NPA motif asparagine residues to passing water molecules; observe a

polarized water-water H-bond configuration within the channel; assign the tautomeric states of the

SF histidine and arginine residues; and observe four SF water positions too closely spaced to be

simultaneously occupied. Strongly correlated movements break the connectivity of SF waters to

other water molecules within the channel and prevent proton transport via a Grotthuss mechanism.

Aquaporins are water transport facilitators found in all kingdoms of life (1). They are

primarily responsible for water homeostasis within living cells, although a subset of

aquaporins also facilitate the flow of other small polar molecules such as glycerol or urea.

As with any membrane transport facilitator, aquaporins have evolved to be highly selective

for their transported substrate without binding water so strongly that transport is inhibited. In

addition to excluding hydroxide (OH−) and hydronium (H3O+) ions, aquaporins must also

prevent proton transport via a Grotthuss mechanism (2, 3) in which protons are rapidly

exchanged between hydrogen bonded water molecules.

Crystal structures of bacterial (4, 5), archael (6), yeast (7), plasmodium (8), plant (9),

mammalian (10-12) and human (13-15) aquaporins have established that these channels
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contain six transmembrane α-helices and associate as homo-tetramers. A seventh pseudo

transmembrane helix is formed by loops B and E, which fold as aligned half-helices that

insert from opposite sides of the membrane and place the conserved dual asparagine,

proline, alanine (NPA) signature motif near the center of the water pore (Fig. 1). Transport

specificity is defined by the aromatic/arginine selectivity filter (SF) (16, 17) which is located

near the extracellular pore entrance and forms the narrowest portion of the channel.

Several models accounting for the ability of aquaporins to impede the passage of protons

have emerged from structural arguments (13), molecular dynamics (MD) investigation of

water structure and dynamics (17, 18), and computational studies characterizing the

energetics associated with explicit transfer of protons across the channel (19, 20). These

studies assert different microscopic mechanisms for excluding protons including

electrostatic repulsion (19, 21-23), configurational barriers (17) and desolvation penalties

(24) and consistently report the NPA region, where the macrodipoles of the two half-helices

formed by loops B and E focus a positive electrostatic potential, as the main barrier against

proton transport (17-24). This creates an electrostatic barrier to proton transport (21) and

orients the water molecule’s dipole moment near the NPA motif such that the order of

oxygen and hydrogen atoms do not support proton exchange via a Grotthuss mechanism (17,

18). Although intuitively appealing, this picture does not explain why mutations within the

NPA motifs that diminish this positive electrostatic barrier facilitate the transport of sodium

ions but not protons (25, 26) and nor is it evident why mutations within the SF can allow the

channel to conduct protons (27, 28).

To further examine the underlying mechanism of facilitated, selective water transport we

optimized crystals of Aqy1 (7), the sole aquaporin of Pichia pastoris, and determined its

crystal structure to 0.88 Å resolution (29) recovering R-factor and Rfree values of 10.3% and

10.7% respectively (Table S1). Figure 2 illustrates the electron density associated with the

dual NPA aquaporin signature motif. At sub-Ångstrom resolution the conformations of the

two NPA asparagine residues (Asn112 and Asn224) are uniquely assigned since the 2mFobs-

DFcalc electron density is delocalized across the carbon-oxygen double bond of these side-

chains (Fig. 2A,B, blue mesh) whereas that for the side-chain nitrogen atom is more

localized. Electron density associated with Glu51 (fully delocalized) and Gln137 (partially

delocalized) highlights how delocalized density can be distinguished at this resolution (fig.

S1). Strikingly, residual mFobs-DFcalc difference electron density from a hydrogen omit map

(Fig. 2A,B, green mesh) reveals electron clouds associated with all four proton-donor

interactions of the Nδ atoms of the dual NPA asparagine residues. H-bond donor interactions

of Asn224:Nδ to Wat6 (Fig. 2A, peak maximum 0.42 e/Å3) and to the carbonyl oxygen of

Leu111; and H-bond donor interactions of Asn112:Nδ to Wat7 (Fig. 2B peak maximum

0.48 e/Å3) and to the carbonyl oxygen of Leu223, are all resolved. These observations

confirm that H-bond donor interaction from the NPA-motifs constrain the orientation of

passing water molecules (13, 17, 18). No modeled water has H-bond interactions with both

NPA asparagines, as is often depicted (13, 17, 19, 22, 23), and a water molecule at this

position cannot be the critical ingredient preventing Grotthuss proton transport.

MD simulations have predicted that water molecules adopt a bipolar orientation in the two

halves of the channel, such that proton donor interactions systematically point away from
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the NPA region thereby disfavoring Grotthuss proton exchange (13, 17, 18). In the

cytoplasmic half-channel, residual mFobs-DFcalc electron density reveals that Wat8 donates

an H-bond to Wat9 (peak maximum 0.73 e/Å3, Fig 2C); Wat9 to Wat10 (peak maximum

0.70 e/Å3); Wat10 to the hydroxyl group of Tyr31 (peak maximum 0.79 e/Å3), and weaker

residual density suggests an H-bond from Wat7 to Wat8 (peak maximum 0.30 e/Å3). A

positive peak located almost exactly between Wat6 and Wat7 (peak maximum 0.50 e/Å3)

suggests that these two waters donate an H-bond to each other with approximately equal

probability, illustrating that H-bond directionality is not imposed at the very center of the

channel where the positive electrostatic potential is at its maximum. The polarity of water-

water H-bonds in the extracellular half-channel is difficult to assign due to larger anisotropic

motions of Wat5 and Wat6 (B-factors of 15.0 and 13.9 Å2 respectively) relative to water

molecules in the cytoplasmic half-channel (B-factors of 9.7 to 12.1 Å2). Nevertheless, all

assigned interactions are consistent with the proposed bipolar distribution of water-water H-

bonds (13, 17, 18) and this polarization does not depend upon the presence of a water

molecule that simultaneously accepts H-bonds from both NPA asparagines.

Within the SF, His212 and Arg227 are conserved among water selective aquaporins. The

side-chain conformation of His212 is apparent from the stronger electron density visible for

its two nitrogen atoms (Fig. 3). Residual mFobs-DFcalc electron density from a hydrogen

omit map reveals that Nδ of His212 is protonated and donates an H-bond to the carbonyl

oxygen of Leu208 (visible at 0.42 e/Å3) whereas Nδ is not protonated (Fig. 3A), thereby

assigning its tautomeric state (fig. S2A). Similarly, the tautomeric state of Arg227 (fig. S2B)

can be assigned since the covalent bond from Cζ of Arg227 to Nη2 (the nitrogen atom

closest to the water channel) is most conjugated (Fig. 3A). Consistent with this assignment,

electron clouds associated with the three protons of Nε and Nη1 are visible (Fig. 3A, 0.48,

0.42 and 0.36 peak maxima e/Å3 respectively) but no residual density is visible for the

protons of Nη2, presumably because the associated electrons are more tightly drawn to a net

positive charge on Nη2. This concentration of positive charge on the nitrogen atom closest

to the pore maximizes Arg227’s electrostatic repulsive effect on hydronium ions and thereby

helps inhibit their passage.

When two water molecules were built into the electron density between His212 and Arg227

(fig. S3) they had significantly lower 2mFobs-DFcalc maxima (5.0 and 5.2 e/Å3) than all

other water molecules within the aquaporin pore (~7.0 to 8.0 e/Å3) and strong residual

mFobs-DFcalc electron density peaks (maxima of 1.4 and 1.9 e/Å3) arose adjacent to these

water molecules (Fig. 3B). Placement of two additional water molecules and unrestrained

refinement of their crystallographic occupancies and B-factors revealed four stable water

positions within the SF with complementary occupancies of 66% (Wat2 and Wat4, 2mFobs-

DFcalc peak maxima of 5.2 and 5.0 e/Å3 respectively, Fig. 3) and 34% (Wat1 and Wat3,

2mFobs-DFcalc peak maxima of 2.4 and 3.2 e/Å3 respectively). Given their small separation

(~1.5 Å, Fig. 3A) it is not possible for all four water positions to be occupied

simultaneously. Although MD simulations predict only one high probability water position

within the SF (between Wat2 and Wat3) when averaged over an entire trajectory (Fig. 4B),

specific snapshots capture these crystallographic water configurations (Figs. 4D,E) and

illustrate how water molecules move pair-wise through the SF while maintaining H-bond

interactions with His212 and Arg227. This picture is analogous to the structural mechanism
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of ion transport through potassium channels, for which partial crystallographic occupancy of

four K+-binding sites within the selectivity filter led to the proposal that potassium ions

progress pair-wise through a sequence of four binding sites (30, 31). As argued for

potassium channels (31), the similar crystallographic occupancy of the four aquaporin SF

water positions implies very little energy difference between binding configurations 1,3 and

2,4, which is optimal for maximizing the water conduction rate.

Both high and low occupancy SF water positions have H-bond interactions with the same

atoms: with Nη2 of Arg227 and the carbonyl oxygen of Gly220 for Wat1 and Wat2; and Nδ

of Arg227, Nε of His212 and the carbonyl oxygen of Ala221 for Wat3 and Wat4 (Fig. 3A).

MD snapshots illustrate how this geometry achieves exceptional water selectivity since all

four H-bond donor and acceptor interactions are filled as water moves through the SF (Fig.

4C). The presence of four closely spaced water selective sites optimizes the aquaporin SF’s

ability to discriminate water from other small molecules. Hydroxide ions, in particular,

suffer a geometric penalty since they cannot simultaneously donate H-bonds to the backbone

hydroxyl of Ala221 and to Nε of His212. Conversely, all H-bond interactions are distorted

from ideal water geometry (fig. S4) and this avoids binding water too tightly such that

efficient transport is compromised.

MD simulations reproduce the crystallographic positions of Waters 5 and 7 to 10 as the most

probable channel water positions at any given moment (Fig. 4A) whereas the location of

Wat6 is more diffuse, consistent with its higher anisotropic crystallographic B-factor. The

H-bond connectivity of water molecules is significantly perturbed at both the NPA and the

SF regions of the channel, preventing Grotthuss proton transport (fig. S5). Within the NPA

region this disruption is accompanied by a reduction in the correlated motion of water

molecules (Fig. 4B) since one water molecule (corresponding to Wat6) rapidly alternates its

H-bond interactions between neighboring waters on either half of the channel. This finding

is consistent with the crystal structure since residual mFobs-DFcalc electron density between

Wat6 and Wat7 is significantly weaker than that observed between Waters 8, 9 and 10, and

no residual density is visible between Wat5 and Wat6 to suggest a well defined H-bond (Fig.

2C). In contrast, water molecules move pair-wise through the SF in a highly correlated

manner (Fig. 4B) and their connectivity to water molecules outside of the SF is weak.

Correlated motions within the cytoplasmic half of the channel emerge from well defined

water-water H-bond interactions (Fig. 2C) whereas the correlations observed within the SF

appear to be dictated by protein-water H-bond interactions. In addition to electrostatic

effects, a disruption of the highly constrained SF water structure (Fig. 3) can explain why

the mechanism of proton exclusion is sensitive to mutation of the conserved selectivity filter

arginine and histidine residues (27, 28). These findings illustrate how evolution has fine

tuned the water channel geometry so as to optimize protein function, suppressing proton

transport without compromising water flux.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fold of Aqy1. A, The six transmembrane helices and the pseudo seventh transmembrane

helix formed by loops B (orange) and E (green). B, Water molecule positions within the

channel (red spheres). The dual NPA aquaporin signature motif (lower box) and the SF

(upper box) are highlighted.
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Figure 2.
Electron density within the NPA and cytoplasmic regions of the Aqy1. A, 2mFobs-DFcalc

(blue, contoured at 4.3 e/Å3) and mFobs-DFcalc (green, contoured at 0.33 e/Å3) electron

density associated with Asn224. B, 2mFobs-DFcalc (blue, contoured at 4.3 e/Å3) and mFobs-

DFcalc (green, contoured at 0.33 e/Å3, yellow-green at 0.26 e/Å3) electron density associated

with Asn112. Delocalized 2mFobs-DFcalc density connects the dual NPA asparagine Cγ and

Oδ atoms whereas that associated with Nδ is more localized. Residual mFobs-DFcalc electron

density indicates H-bond donor interactions to passing water molecules. C, 2mFobs-DFcalc

electron density (blue, contoured at 4.3 e/Å3) illustrating the position of water molecules,

and mFobs-DFcalc residual electron density (brown-green contoured at 0.59 e/Å3; dark green

at 0.39 e/Å3; yellow-green 0.26-0.33 e/Å3; light green contoured at 0.15 e/Å3) indicating

water H-bond interactions within the aquaporin channel.
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Figure 3.
Electron density within the Aqy1 SF. A, 2mFobs-DFcalc (dark blue, contoured at 4.3 e/Å3;

light blue at 1.9 e/Å3) and residual mFobs-DFcalc (dark green, contoured at 0.42 e/Å3; light

green contoured at 0.33 e/Å3) electron density associated with His212, Arg227 and water

molecules within the SF. Atomic separations (Å) are indicated. Residual mFobs-DFcalc

electron density reveals that Nδ of His212 is protonated whereas Nε is not. Connected

2mFobs-DFcalc electron density suggests that the Arg227 covalent bond from Cζ to Nη2 is

preferentially conjugated. Four closely spaced water molecules are modeled within the SF
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with complementary occupancy (66% occupancy, positions 2 and 4; 34% occupancy,

positions 1 and 3). B, mFobs-DFcalc omit electron density map calculated when Waters 1 and

3 are removed from the structural model (dark green, contoured at 0.65 e/Å3). Positive

electron density features associated with these waters are the strongest within the channel.
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Figure 4.
Molecular dynamics simulations of water movements in Aqy1. A, Plot illustrating the

correlation of movements of adjacent water molecules. Strongly correlated movements arise

in the SF and in the cytoplasmic half of the channel. The position of oxygen atoms of

crystallographic waters are indicated as red lines. B, Surface representation (blue) of the

most probable positions of water molecules (averaged over the final 15 ns of a 20 ns

trajectory) superimposed upon the crystallographic water positions (red spheres). C,

Snapshot of a water molecule within the SF with all four H-bond interactions occupied. D
and E, Snapshots corresponding to 1,3 and 2,4 water occupancy of the SF indicating the

pair-wise movement of water molecules in this region. All four closely spaced SF

crystallographic water positions are indicated as white spheres.
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