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Abstract

Aquaporin 0 (AQPO) is essential for eye lens homeostasis as is regulation of its water permeability
by Ca2*, which occurs through interactions with Calmodulin (CaM), but the underlying molecular
mechanisms are not well understood. Here, we use molecular dynamics (MD) simulations on the
microsecond time scale under an osmotic gradient to explicitly model water permeation through
the AQPO channel. To identify any structural features that are specific to water permeation through
AQPO, we also performed simulations of aquaporin 1 (AQP1) and a pure mixed lipid bilayer under
the same conditions. The relative single-channel water osmotic permeability coefficients (pf)
calculated from all of our simulations are in reasonable agreement with experiment. Our
simulations allowed us to characterize the dynamics of the key structural elements that modulate
the diffusion of water single-files through the AQP0 and AQP1 pores. We find that CaM binding
influences the collective dynamics of the whole AQPO tetramer, promoting the closing of both the
extracellular and intracellular gates by inducing cooperativity between neighboring subunits.
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1. Introduction

The aquaporins (AQPs) are a ubiquitous transmembrane protein family that selectively
transport water across membranes. AQPs assemble in tetramers with each monomer forming
an independent water pore (see Fig. 1). Water selectivity is provided by a narrow
constriction site (CS-1), located on the extracellular side of the protein formed by conserved
Arg, His, and Phe side chains that allows single-file water molecules through the pore and
provides a steric barrier to larger molecules, as well as an exclusion site for metal ions [1].
Roughly at the center of the channel, two highly conserved Asn-Pro-Ala (NPA) motifs form
a proton-exclusion site [1, 2]. Water molecules also interact with pore-lining backbone
carbonyls on either side of the NPA motifs. The pore opens to a vestibule on the cytoplasmic
side.

AQPO is expressed almost exclusively in the eye lens where it plays a key role in lens
homeostasis. AQPO transports water at a rate at least 10-fold lower than the prototypical
AQP1 [3, 4]. Two Tyr side chains, Y23 and Y149, have been proposed to play a role in the
AQPO slow water conduction rate (see Fig. 1) [5-8]. Y23 is located between CS-I and the
NPA motif. Y149 forms a second constriction site (CS-I1), with H66 and F75, on the
intracellular end of the channel [5, 6].

AQPO water permeability is modulated by calmodulin (CaM) in a Ca%*-dependent manner
[9, 10]. A CaM molecule interacts simultaneously with two AQPO subunits through binding
to their C-terminal helices (calmodulin binding domains, or CBDs), giving rise to a 2:1
CaM:AQPO tetramer complex [11, 12]. MD simulations suggest that the binding of CaM
allosterically affects the dynamics of CS-I1, via Y149, leading to the closure of the channel
on the intracellular side [11, 13]. Results from Xenogpus oocyte swelling assays show that
Ca?* sensitivity is lost in AQPO variants lacking Y149 [11], and modulation of water
permeability in AQPO by an increase in Ca2* is cooperative [14]. However, the underlying
molecular mechanisms associated with AQPO regulation by Ca2*-CaM remain poorly
understood.

Here we report MD simulations of the AQP0-CaM complex, AQPO, and AQP1 under an
osmotic gradient on the microsecond time scale. Our simulations allow for the sampling of
extended permeation regimes and the direct characterization of the dynamics of the single-
file water chains. Relative water permeability coefficients computed directly from the net
number of waters translocated across the membrane are in good agreement with
experimental values. We find that the differences in water permeation rates between the
systems can be accounted for by changes in the exchange rates between closed and open
state configurations. Notably, we find that the CaM allosteric effect appears to propagate
throughout the whole channel in a manner that favors the closing of both CS-1 and CS-II.
The results strongly indicate that CaM complexation with AQPO may promote cooperativity
between neighboring protein subunits, thereby constraining the overall protein
conformational dynamics.

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Freites et al.

Page 3

2. Methods

2.1. Simulation Systems

The simulation systems consisted of a single aquaporin tetramer embedded in a mixed
POPC:PSM:cholesterol bilayer (0.45:0.35:0.20 molar fractions) separating two aqueous
media regions (pure water on the extracellular side and ~1.7 M NaCl on the intracellular
side). The separation was accomplished under three-dimensional periodic boundary
conditions by the introduction of a fixed barrier parallel to the membrane surface located at
the end of the simulation cell and composed of dummy atoms interacting weakly with water
molecules and ions via a Lennard-Jones potential (see Fig. 2). A similar simulation set up
was recently reported by Wambo et al. [15]. The crystal structures of AQPO [5] and AQP1
[16] (PDB IDs 1YMG and 1J4N, respectively) were used as initial configurations for the
aquaporin-only systems. The model of the AQP0-CaM complex reported by Reichow et al.
[11] (PDB ID 3J41) was used for the AQP0-CaM system. An additional
POPC:PSM:cholesterol bilayer-only system was generated with the same setup.

2.2. MD Simulations

The ps-timescale simulations were performed on Anton 2, a special-purpose computer for
MD simulations of biomolecules [17]. The simulations were first run on a conventional high
performance cluster using NAMD 2.11 [18]. In the first portion of the equilibration process,
the systems were submitted to 1000 steps of conjugate gradient energy minimization
followed by at least 10 ns of MD run at constant pressure (1 bar) and constant temperature
(310 K) without an osmotic gradient or a fixed wall. The dummy-atom partition was then
introduced and salt ions were added to the intracellular bulk solutions, after which the
system was run for at least 2 ns before being transferred to Anton. The CHARMM36m force
fields was used for proteins [19], the CHARMM3G6 force field was used for the lipids [20],
and the TIP3P model was used for water [21]. The Anton trajectories were computed using a
reversible multiple-timestep algorithm (RESPA) [22] to integrate the equations of motion
with a time step of 7.5 fs for the long-range non-bonded forces, and 2.5 fs for short-range
non-bonded and bonded forces. All bond lengths involving hydrogen atoms were held fixed
using the SHAKE algorithm. The Gaussian-based u-series decomposition method was used
to compute long-range electrostatic interactions with a 64 x 64 x 64 grid [17]. Distance
cutoffs of 9 A and 8 A were used for the Lennard-Jones and short-range electrostatic
interactions, respectively.

The simulations were performed at constant temperature (310 K) and constant volume using
a Nosé-Hoover chain thermostat [23]. The RESPA algorithm and temperature were
implemented using the Multigrator scheme [24]. Analyses and visualizations were
performed with VMD 1.9.3 [25] and R [26]. Network representations and analyses were
performed with the SNA R package [27], and the principal component analyses were
performed with the bio3d R package [28].

Single-channel water permeabilities, p5 in AQP systems were calculated as
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where Nis the net number of waters translocated during the trajectory, 7 is the trajectory
length, Ny and 7, are the corresponding values for a pure bilayer simulation run under the
same conditions, AC is the ion bulk concentration difference (estimated from the system
density profiles), dis the number of protein subunits, and V, is the water molar volume.

2.3. Graph representations

We used a graph representation to monitor the connectivity of water single files within the
AQP subunit pores. A graph is an ordered pair, G = (V/E), comprised of a set of vertices V
and a set of edges £. We constructed individual graphs for each protein subunit in every
simulation trajectory configuration of each system. The set of vertices included all the water
oxygen atoms within a cylindrical region of 12 A in radius with axis along the
transmembrane direction centered between the nitrogen atoms of the two NPA motifs and
extended to both membrane surfaces, plus the following pore-lining amino residue atoms in
AQPO, all which are within the cylindrical region of interest: polar nitrogen atoms in the
R187, H172, and H66 side chains, all heavy atoms in the phenol rings of Y23 and Y149 and
in the benzene ring of F75, backbone carboxyl oxygen atoms from G64, A65, H66, G180,
A181, and G182, and nitrogen atoms in N68 and N184 (from NPA motifs). A similar set was
constructed in AQP1 using the same criteria for corresponding residues. Edges were defined
using an interatomic distance cutoff of 3.5 A between two water oxygens or between water
oxygens and protein atoms, which is an estimate of the closest approach. This value was
obtained from the average of all the first minimum positions in the corresponding radial
distribution functions in each system (3.6 £ 0.1 A in AQP0 and AQP1, and 3.5+ 0.1 Ain
AQP0-CaM). We reasoned that a single conservative estimate for all three systems would
reduce the possibility of generating artifacts when analyzing graph connectivity. Edges
between atoms of the same amino acid residue side chain, either bonded or in close
proximity, were also added to the graph representation.

2.4. Xenopus oocyte permeability assays

Wild type AQPO was cloned into a transcription vector (pXbG) containing Bglll cloning site
flanked by 5’ and 3’ untranslated regions (UTRs) of the Xenogpus laevis aeglobin gene
driven by the T3 transcription promoter. Oocytes from Xenogpus laevis were obtained from
Ecocyte (Austin, TX) and injected typically with 10 ng of RNA encoding wild type or R33L
AQPO generated using the mMessage mMachine T3 kit (Ambion/Life Technologies) as
described previously [10]. The oocytes were incubated in 100% ND96 (96 mM NaCl 96, 2
mM KCI, 5 mM HEPES, 1.8 mM CaCl,, 1 mM MgCl,, pH 7.5) with the desired test Ca2*
concentration for 5 minutes before the swelling assay. Swelling assays were performed at
room temperature (20-21°C) by transferring oocytes from a 200 mOsm to a 70 mOsm (30%
(v/v) ND96) solution adjusted to the desired calcium concentration. Water permeability, /~;,
was calculated from optical measurements of the increase in cross-sectional area of the
oocyte with time in response to diluted ND96 using:
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pf = [d(V/VO)/dt](VO/SO)/(AosmVW)

where Vs the volume as a function of time, V4 is the initial volume, & is the geometric
surface area at time 0, Aosm is the osmotic gradient, and V, is the molar volume of water.

3. Results

We performed multi-us atomistic MD simulations of AQPO, the AQP0-CaM complex, and
AQP1 embedded in a lipid bilayer under an osmotic gradient (hypotonic on the outside, see
Fig. 2). The lipid bilayer composition (35% POPC 25% PSM 20% cholesterol) resembles
the major components of the cocyte membrane used in the swelling assays [29]. All three
AQP systems, as well as a similar pure bilayer system, exhibited net water flow to the
hypertonic solution with non-stationary rates (see Fig. S1A). Average permeation rates and
total trajectory lengths are reported in Table 1. Analyses were performed over a portion of
the trajectory displaying a steady water flow regime for 1 ys in the case of AQPO and AQP1
and 2 ps in the case of AQP0-CaM, as indicated in Fig. S1B. The single-channel water
permeability (pf) values obtained are within the same order of magnitude as reported
experimental values [3, 4] (see Table 2), and the corresponding ratios are in good agreement
with oocyte swelling assays results (see Fig. 3).

Single-file water transport through protein pores is modulated by the polar interactions
between the confined water molecules and pore-lining residues [30]. Thus, in order to reveal
key mechanistic differences of the water transport through AQP1, AQPO, and the AQPO-
CaM complex, we analyzed the dynamics of the networks formed inside the individual
channels by water molecules and pore-lining residues. We describe these networks using a
graph representation comprising water oxygen atoms, heavy atoms from flexible side chains
involved in permeation regulation, and exposed backbone heavy atoms as vertices. Graph
edges are defined by a proximity criterion between water-water and water-protein atom
pairs, as well as protein-protein atom pairs within a single amino acid residue side chain (see
Methods section for details). In selecting amino acid residues for the vertices sets, we took
into account the available structural information from simulations and experiments regarding
the water-protein interactions. In AQPO and AQP0-CaM, we included atoms from the side
chains of the CS-I and CS-I1 residues, the Y23 side chain, as well as the backbone carbonyl
oxygens exposed to the pore and the Asp nitrogen atoms in the NPA motifs. A similar set
was constructed for AQP1, including atoms from the side chains of T159, H76, and L85,
which are the positions equivalent to the AQPO CS-I1 residues, and the F24 side chain,
which is the equivalent position to Y23 in AQPO. Additional details of the graph
construction used to model these networks can be found in the Methods section.

We constructed a graph for each configuration stored in the trajectory (every 240 ps) and
determined all the shortest paths between two arbitrary water molecules in the aqueous
solutions on either side of the membrane that pass through a single aquaporin pore (see Fig.
4). Configurations exhibiting paths that include only water oxygen atoms or exposed
backbone heavy atoms yield uninterrupted water distributions that are associated with fast
water translocation and, therefore, can be readily described as open states of the pore (Fig.
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5A). Similarly, paths involving heavy atoms from any of the flexible side chains indicated
above yield water distributions that are interrupted by these residues (see Figs. 5B-5D).

Most configurations in the AQPO trajectories included at least one connected path extending
from one aqueous medium to the other (see Table 3); a small percentage of configurations
without connected paths is to be expected since the diffusive nature of the permeation
process through the irregular pore geometry may not always produce instantaneous local
configurations that agree with our proximity criterion for the definition of graph edges. In
the AQP1 trajectory approximately half of the configurations do not exhibit a fully
connected path from one aqueous medium to the other. Visual inspection revealed that the
connecting loop between helices H2 and HB (G74-L77) intrudes into the pathway of two
subunits blocking the water single-file. This single-channel conformation is not captured by
our graph representation since it involves several inter-residue contacts. To our knowledge,
this connecting loop has no regulatory role in AQP1. Nevertheless, we find a close
correlation between the occurrence of open state configurations, as defined by our graph
representation, and the evolution of water translocation in all three systems (see Fig. S1).

Because there are six different amino acid side chains included in our graph representation,
the paths can be classified in 64 major categories, or “connected states”, by identifying
whether or not they include atoms from any of the residues in the set formed in AQPO by
R187 (CS-1), H172 (CS-I), Y23, F75 (CS-I1), H66 (CS-11), and Y149 (CS-I1), or the
equivalent positions in AQP1. The states observed in each simulation system and their
corresponding frequencies expressed as a proportion of the analyzed trajectory, on a per
channel basis, are shown in Tables S1 through S3 and are summarized in Fig. 6. Only those
connected states with trajectory proportions whose relative errors were less than 0.5 are
included. We analyzed all three systems on a per channel basis even though the original
structural model of the AQP0-CaM complex is not strictly a homotetramer. As illustrated in
Fig. S2, the connected state frequencies of individual subunits of AQPO are not statistically
equivalent in the microsecond timescale of our simulation trajectories. Therefore, when
comparing to similar results in the AQP0-CaM system, we cannot assert whether the two
different structural environments of the AQPO subunits induced by CaM result in two
distinct functional entities.

The most frequent connected states observed in the AQPO systems can be parsed into four
different classes (see Figs. 5 and 6): open states, CS-I closed, CS-I closed plus Y23 block,
and fully closed (closed at both CS-1 and CS-11), which may include blocking by Y23. In
AQP1, the dominant classes are open states and CS-1 closed, both of which occur in similar
proportions (see Fig. 6). States involving closing at CS-I1 only in AQPO, or blocking by F24
in AQP1 were observed but with trajectory proportions similar in magnitude to the
corresponding error estimates.

We find consistency between the permeability differences between AQP1 and AQPO (Fig. 3)
and our open state trajectory proportion estimates (13.5% for AQP1 and less than 1% in
AQPO systems, see Fig. 6). According to our analysis, the reduction in open state
configurations in AQPO relative to AQP1 can be directly attributed to the interactions with
Y23 and CS-I11 residues, since both AQP1 and AQPO have similar trajectory proportion
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estimates for closed states involving only the conserved CS-1. Upon complexation with
CaM, there is an increase in the proportion of configurations involving interactions with both
CS-1 and CS-I1. However, the most striking outcome of this analysis is a larger increase in
the proportion of configurations involving interactions between the water single-file and CS-
I residues over interactions involving CS-I11 residues. Thus, the presence of CaM affects the
dynamics of both CS-I1 and CS-I, a result consistent with the observed reduction in
permeability upon complexation with CaM. In a previous study [11], we identified the effect
of CaM binding on CS-II; the effect on CS-I is a novel finding of the present study.

How does CaM affect both gates? We can address this question by contrasting the dynamics
of these connected states in the three simulation systems. We consider all the transitions
between connected states with a lag of 10 ns, which in most cases is the order of magnitude
exhibiting a steady number of transitions (as a function of lag time). These transitions are
represented in Fig. 7 as directed graphs and in Figs. S2 through S4 as matrix plots. The
corresponding marginal frequencies for the transition end states are also shown in Figs. S2
through S4. Given a single pore in a connected state, this analysis can be used to estimate
the likelihood of observing a specific connected state after 10 ns. We consider first the case
of AQP1. Fig. 7A (see also Fig. S2A) indicates that the open state is the most likely state to
follow any connected state, with approximately 56% of the observed transitions leading to it
(Fig. S2B). The AQP1 CS-I closed states, involving R197, H172, or both, can all be reached
from the open state. Given that both open and closed states occur with similar proportions
along the analyzed simulation trajectory (Fig. 6 and Table S1) we can conclude that the
AQP1 channel is mostly open during the simulation trajectory. Connected states involving
F24, T159, or H76 cannot be reached from any other state, which is consistent with the fact
that these amino acid residue side chains have no identifiable role in the regulation of water
transport through AQPL1.

In contrast, in AQPO, the most frequent configurations of the water single file involve
blockage by either R187 (in CS-I), or by both R187 and Y23 (see Fig. 6 and Table S2), but
reaching R187 is twice as likely as reaching R187-Y23 (Fig. S3B). Trajectory configurations
exhibiting an open state are roughly as frequent as any of the fully closed states (~1%
configurations per channel; see Table S2), and fully closed configurations are ten times more
likely to be reached than open state configurations (Fig. S3B). Taken together, these results
indicate that, in contrast to AQP1, the AQPO channel is mostly in a closed state during the
simulation trajectory. Closed configurations in AQPO involve either CS-1 alone, or CS-I and
CS-Il, both of which appear to be promoted by Y23.

Upon complexation with CaM, the most dominant connected states still involve R187 and
Y23 but, while in AQPO blocking by R187 and R187-Y23 was equally likely, in AQP0-CaM
the most likely state is blocking by R187, which is twice as likely as R187-Y23 (see Fig. 6
and Table S3). Similarly, there is an increase in the proportion of transitions leading to R187
(51% in AQPO vs. 60% in AQO-CaM) while the rate for R187-Y23 remains the same (see
Fig. S4). Blocking by H172 with and without Y23 were also observed. Simultaneous
blocking by CS-1 and Y23 confines a single water molecule between the two side chains
(Fig. 5C), suggesting a water-mediated polar interaction between the two side chains. In
contrast, blocking by Y23 alone suggests that complexation with CaM may also induce a
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direct interaction of Y23 with the single-file that is at least partly steric. A second feature of
the AQPO0-CaM system is an overall increase in likelihood, with respect to AQPO, of a water
single-file blocked at both CS-1 and CS-II through an increase in the frequency and
reachability of configurations in which water interacts with H66 at CS-11 (see Table S3 and
Fig. S4). Finally, we observed no transitions leading to an open state with a lag of 10 ns.

How can the complexation with CaM affect both gates? Although water single files appear
with similar frequency in both AQPO and AQP0-CaM, the frequency of closed state
configurations is roughly a 40% higher in AQP0-CaM (see Fig. 6), this suggests that CaM
restricts the overall conformational dynamics of AQPO. We explore this notion by
contrasting the distributions of the geometric centers of the R187, Y23, and Y149 side
chains in AQP0 and AQPO-CaM over the portion of the trajectory with a steady water flux.
As shown in Fig. 8, in AQP0-CaM, both Y149 and R187 are restricted to specific
conformers, while Y23 has a broader distribution that includes regions closer to the pore
center. Thus, on the extracellular side, the spatial restriction of R187 reduces the water-
mediated interaction with Y23, which in turn allows a more effective block of the
permeation pathway by Y23 alone. A restriction in the motion of R187 will also influence
how water molecules reach the extracellular entrance of the channel, since they do so as part
of the solvation shell of R187. On the intracellular side, CaM shifts the population of the
Y149 distribution at the level of CS-I1 to positions closer to the center of the pore, where it
can be available for more water-mediated interactions with H66, resulting in additional
confinement or block of water molecules at CS-11.

Since CaM interacts directly with AQPO only at the intracellular surface and the CBD
helices [11, 13], these results suggest that those interactions may produce stronger
correlations in the neighboring subunits throughout the whole channel. In order to test this
hypothesis, we performed a principal component analysis (PCA) of the Ca displacements in
each protein subunit along the sampled portions of the simulation trajectories. The PCA
(reviewed in [31]) reveals the dominant collective modes in each protein subunit, which are
represented by the eigenvectors of the covariance matrix of the Ca displacements. The
protein conformational dynamics is then described by a vector subspace, with dimension
smaller than the total number of degrees of freedom, spanned by the principal components
(eigenvectors) carrying most of the displacement variance observed along the simulation
trajectory. Therefore, if two protein subunits have similar conformational dynamics, their
motion will be described by similar vector subspaces. In order to quantify the overlap
between subspaces from different protein subunits, we use a single metric termed the root
mean-squared inner product (RMSIP) defined by [32]:

RMSIP =

d d 1/2
i=lj= )

1 — —
72 Zl(”z'vj)z

where El) and 71’ are the basis vectors corresponding to two principal component subspaces

from different protein subunits, and d'is the subspace dimension.
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We find a persistently higher overlap between the vector subspaces describing the
conformational dynamics of neighboring subunits in AQP0-CaM, with respect to AQPO and
AQP1, up to a subspace dimension accounting for ~90% of the total Ca displacement
variance (Fig. 9). This result suggests cooperativity between neighboring AQPO subunits
upon complexation with CaM.

To assess the effect of the change in collective dynamics in AQPO upon complexation with
CaM on water permeation, we consider how the results of our network analysis compare
between neighboring pairs of AQPO subunits. To that end, we computed the Euclidean
distance between vectors formed by the connected state frequencies of each pair of subunits,
as well as the Euclidean distance between the connected state transition matrices of each
pair of subunits. Each CaM molecule interacts with two AQPO, therefore, when considering
neighboring AQPO subunits in AQP0-CaM, there are two classes of non-overlapping
neighboring subunit pairs: those where both subunits interact with the same CaM, and those
where each subunit interacts with a different CaM. We find that the Euclidean distances
between AQPO subunit pairs in which both subunits interact with the same CaM molecule
are equal to the corresponding distances between pairs formed by subunits interacting with
different CaM molecules for both connected state frequency vectors and connected state
transition matrices (see Tables S4 and S5). In other words, neighboring pairs of the AQPO
subunits in AQPO-CaM exhibit similar water network dynamics irrespectively of whether the
pairs involve a single or both CaM molecules. A similar outcome is not found in AQPO.
These results are consistent with the differences in collective dynamics in AQP0 and AQPO-
CaM as revealed by the principal component analysis (Fig. 9), and suggest that the restraints
imposed by CaM on the AQPO collective dynamics translate to the water permeation
function.

4. Discussion

CaM regulates the water permeability of AQPO in response to changes in the intracellular
Ca?* concentration. Experimentally validated equilibrium MD simulations, based on the
structural model of the AQP0-CaM complex, point to allosteric regulation via changes in the
conformational dynamics of the cytoplasmic constriction site (CS-11) upon CaM binding
[11, 13]. In particular, the presence of CaM facilitates the formation of a salt-bridge between
neighboring AQPO that restricts the motion of the Y149 side chain to a region where
interactions with the water single file are favored [13]. Here, we report simulations on the
microsecond timescale under an osmotic gradient, which allowed us to monitor the
dynamics of the channel gate under a steady water flow. We find that complexation of AQPO
with CaM results in changes to the conformational dynamics of both CS-11 and CS-I, as well
as Y23. This effect appears to be the result of a reduction in the collective dynamics of the
whole AQPO tetramer via strong coupling between neighboring subunits and suggests a link
between allosteric modulation by CaM and subunit cooperativity [11]. Such a structural
mechanism is consistent with the results of Németh-Cahalan et al. [14], showing that in
response to high calcium concentration the AQPO tetramer behaves cooperatively, while in
low calcium each subunit acts independently and the response of the tetrameter is additive.
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Previous AQPO simulation studies, all performed on submicrosecond timescales and under
hydrostatic equilibrium conditions, used the collective diffusion model of Zhu et al. [33] to
compute water permeability coefficients to validate their structural insights [7, 34-37]. The
reported values were, overall, in good agreement with the experimental datum of Yang and
Verkman [4]. However, the methodology of Zhu et al. [33] relies on computing the diffusion
coefficient of a one-dimensional random walk described by a collective variable formed
from the displacements of all the waters inside a single channel under equilibrium thermal
fluctuations. Because these fluctuations occur on the picosecond timescale, computing this
mean-squared displacement in a reliable manner is unfeasible over trajectories that extend
over the microsecond timescale. Even if this practical obstacle could be overcome, it is
unclear if the underlying model would remain valid as the simulation trajectory samples
multiple timescales. We have shown that an osmotic gradient can be modeled using
conventional MD simulation methodologies under near-equilibrium conditions over multi-
microsecond trajectories, allowing the direct computation of osmotic permeability
coefficients that are in good agreement with experimental data.

By contrasting the single-file dynamics between AQP1 and AQPO, we find that the 20- to
40-fold reduction in single-channel water permeability in AQPO with respect to AQP1
observed in experiments [3, 4] can be accounted for by a complete reversal of the exchange
dynamics from a most likely open channel in AQP1 to a most likely closed channel in
AQPO.

Equilibrium simulation studies have identified Y23 has a primarily static barrier for
permeation [34-36], while Y149 acts as a dynamic gate [11, 34, 36]. In contrast, we
observed a more dynamic role for Y23. The most likely connected states in AQPO single-file
configurations involve either R187, or R187 and Y23, and these two connected states
interchange with similar rates. Similarly, the closing of CS-11 by Y149 is enhanced by the
interaction of Y23 with the water single file. Saboe et al. [34] also performed simulations in
which the R187, Y23, or Y149 residues side chains were restrained to open or closed
configurations. The results of their restrained simulations are in line with our observations,
including the fact that, as in AQP1, the key gating element in AQPO is the arginine side
chain in CS-I.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Open-closed exchange rates in AQPO and AQP1 correlate well with
permeation rates

. CaM binding to AQPO promotes the closing of the channel at both CS-1 and
Cs-ll

. AQPO water permeability reduction upon CaM binding is cooperative
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Fig. 1.

Dgtailed view of a single AQPO subunit embedded in a lipid bilayer highlighting the key
amino acid residue side chains involved in the regulation of water permeation. R187 and
H172 form the constriction site | (CS-I) on the extracellular side. Y23, close to the center of
the pore, may interact with the water single-file. H66 and Y149 together with F75 (hot
shown) form the constriction site I (CS-I1) on the intracellular side. Water molecules within
the pore are also shown. Amino acid residue side chains are shown in licorice representation
and colored by atom (C, silver; O, red; N, blue; H, white). For reference, lipid carbonyls are
shown in yellow as translucent filled-spheres. The transmembrane direction is along the
vertical.
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Figure 2.
The AQP0-CaM simulation system. The AQPO tetramer is shown in mauve in secondary

structure representation. The CaM proteins are shown in green in molecular surface
representation. Lipid carbonyls are shown in yellow as filled-spheres. Waters within the
membrane hydrocarbon core region are shown in cyan as filled-spheres. The rest of the
waters in the system are shown as cyan dots. Lipid molecules are shown as lines colored by
atom (C, silver; O, red; N, blue; H, white). Na* and CI~ ions are shown in orange and blue
filled-spheres, respectively. Lipid molecules, ions, and waters outside the membrane
hydrocarbon core region are shown in a cut-away view. The dummy atoms forming the panel
wall separating the two solutions are shown in silver as filled-spheres. All the other
simulation systems have a similar organization.
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x0.1

AQP1:AQP0-CaM AQP0:AQP0-CaM

Figure 3.

B simulation

I experiment

AQPO-CaM:bilayer

Water channel permeability rate (p¢) ratios from simulations compared to corresponding
experimental whole-cell permeability rate (Ps) values (see Methods section). The
AQP1:AQP0-CaM experimental ratio is from Németh-Cahalan and Hall [9], while the other

two experimental ratios are from this work.
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*t

Figure 4.
Spatial representation of a shortest path in a graph describing a water single file (see

Methods section for details on graph construction) connecting the two bulk solutions
through an AQP0-CaM pore. In this example, the path involves R187 and H172 nitrogen
atoms (CS-1), the A181 carbonyl oxygen, the Y23 hydroxyl oxygen, and the Y149 (CS-I1I)
hydroxyl oxygen. The pore is then considered to be closed at both constriction sites with
participation of Y23. Waters oxygen atoms in the set of vertices of the underlying graph are
shown as red spheres. The graph edges forming the path are shown as green bonds. Amino
acid residue atoms in the graph vertices set that form part of the path are labeled. Amino
acid residues without atoms in the path are not shown. Hydrogen atoms were omitted for
clarity.
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Fig. 5.

Wgter distributions (as surfaces of equal occupancy) for all the analyzed configurations in
the AQPO-CaM trajectory with A) open-state connected paths; B) connected paths involving
R187; C) connected paths involving R187 and Y23; D) connected paths involving R187,
Y23, and Y149. In all cases the surface corresponding to occupancy of 38% is shown over a
configuration snapshot from corresponding set. The R187, H172, Y23, Y149, and H66 are
shown in licorice representation and colored by atom (C, silver; O, red; N, blue; H, white).
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Fig. 6.

Tr%jectory proportions estimates per channel exhibiting a connected path between opposite
aqueous media involving side chains heavy atoms in CS-I residues (blue), CS-1 and Y23
(cyan, AQPO only), or CS-I plus CS-II residues with and without Y23 (magenta, AQPO
only). Proportion estimates for water-only single-files, which may include interactions with
pore-exposed backbone polar atoms, are shown in green. Connected paths in AQPO
involving CS-I1 residues only (or equivalent positions in AQP1) or paths involving F24 in
AQP1 (equivalent to Y23 in AQPO) had proportion estimates with magnitude comparable to
the estimated errors and were not included in the plot.
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Page 20

Transition state diagrams for the water single-file connectivity through any water pore. The
vertices color scheme is the same as in Fig. 6 with the addition of connected paths involving
CS-11 residues only (or equivalent positions in AQP1), which are shown in orange. Directed-
graph edges indicate transitions between connected states occurring between configurations
separated by ~10 ns in any water pore. The thickness of each edge is proportional to the

transition frequency.
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Figure 8.

Position distributions for the R187, Y23, and Y149 side chains. The abscissa and ordinate
correspond, respectively, to the position along the transmembrane direction and the distance
on the membrane plane. Distances are measured with respect to axes parallel to the
transmembrane direction passing through each water pore. The origin is located between the
Asn nitrogen atoms of the NPA motifs.
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Figure 9.
Root Mean-Squared Inner Product (RMSIP) of the Ca displacements principal component

subspaces between neighboring channel sub-units. The largest subspace dimension (10)
corresponds to ~90% of the Ca displacements variance in each system.
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Table 1.

Total simulation trajectory lengths and average permeation rates.

Simulation System

Total trajectory length (us)

Average net permeation rate (waters/us)

AQPO-CaM 5.35 13+2
AQPO 2.63 33+2
AQP1 2.40 122 +4
bilayer 2.40 7+1
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Table 2.

Single-channel osmotic permeability coefficients.

Simulation System

pf (10715 cmd/s)

This work”® | Chandyetal. [3] | Yangand Verkman [4]
AQP0-CaM 0.7+05 0.28 N/A
AQPO 3.2+06 N/A 25+05
AQP1 2+1 12 60

*
Adjusted for temperature differences between experiment and simulation using the activation energies reported by Chandy et al. [3] of 6.9

kcal/mol for AQPO and 2.4 kcal/mol for AQP1.
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Table 3.

Proportion of trajectory configurations exhibiting connected paths

Simulation System | proportion of trajectory configurations (%)

AQP0-CaM 95
AQPO 89
AQP1 51

*
The number of configurations exhibiting at least one connected path between the opposite aqueous media in the sampled trajectory over the total
sampled trajectory length (i.e. 1 ps in AQPO and AQP1, 2 ps in AQP0-CaM)
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