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Abstract

Involvement of aquaporins in gas conduction across the membrane and the physiological
significance of this process have attracted marked attention from both experimental and theoretical
studies. Previous work demonstrated that AQP1 is permeable to both CO, and O,. Here we
employ various simulation techniques to examine the permeability of the brain aquaporin AQP4 to
NO and O, and to describe energetics and pathways associated with these phenomena. The energy
barrier to NO and O, permeation through AQP4 central pore is found to be only ~3 kcal/mol. The
results suggest that the central pore of AQP4, similar to that of AQP1, can indeed conduct gas
molecules. Interestingly, despite a longer and narrower central pore, AQP4 appears to provide an
energetically more favorable permeation pathway for gas molecules than AQP1, mainly due to the
different orientation of its charged residues near the pore entrance. Although the low barrier
against gas permeation through AQP4 indicates that it can participate in gas conduction across the
cellular membrane, physiological relevance of the phenomenon remains to be established
experimentally, particularly since pure lipid bilayers appear to present a more favorable pathway
for gas conduction across the membrane. With an energy well of —1.8 kcal/mol, the central pore of
AQP4 may also act as a reservoir for NO molecules to accumulate in the membrane.

Introduction

Aquaporins (AQPs) are a family of membrane channels (1) that, through modulating the
water permeability of biological membranes, play a significant role in water homeostasis in
living cells (2,3). Since their discovery by Agre and coworkers (1), significant effort has
been put into structural characterization of these channels. As a result, AQPs now represent
the richest family of membrane channels with regard to the abundance of high resolution
structural data. Three-dimensional structures at atomic resolution are available for E. coli
GIpF (4,5) and AgpZ (6), human AQP1 (7), bovine AQP1 (8), archaeal AqpM (9), rat AQP4
(10), as well as bovine and sheep AQPO at two different pH conditions (11,12). The
structure of human AQP2 has also been solved with a resolution of 4.5 A (13). Most
recently, two new AQP structures have been reported, namely, the structures of a plant AQP
(spinach PIP2) in both the closed and open states (14), and the structure of human AQP5
(15).

The availability of high resolution structures and the timescale associated with their primary
biological function, i.e., water conduction, have made AQPs an ideal system for molecular
dynamics (MD) simulations. In particular, an intriguing property of AQPs, namely, the
ability to block protons while allowing rapid water conduction, has been the subject of
extensive theoretical studies (5,16-18). As these studies unravel the mechanism of proton
exclusion in AQPs, further structural and functional analyses begin to reveal that AQPs may
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be more than just simple, always-open water channels. For instance, while most AQPs are
believed to operate as permanently open channels, gating of water pores has been
demonstrated for a large number of them, particularly for, but not limited to, plant AQPs
(19). Gating is found to be controlled either by phosphorylation of highly conserved serine
residues, or, by variations in the intracellular pH. The phosphorylation-mediated gating of
spinach aquaporin SoPIP2;1 has been recently investigated in a combined experimental and
theoretical study (14,20).

In addition to water conduction, involvement of AQPs in conduction of other small
molecules, such as glycerol (21,22), urea (23), nitrate (24), arsenite (25) and even ions
(26,27) has been reported. AQPs have also been extensively studied for their participation in
gas conduction across cellular membranes (28—-40). For instance, human AQP1, when
reconstituted in proteoliposomes, has been found to increase both water and CO,
permeabilities markedly (31), and the tobacco aquaporin NtAQP1 is shown to play a role in
photosynthesis and stomatal opening by facilitating CO, transport across the membrane
(28). However, evidence against a physiological role of AQP-mediated gas conduction has
also been reported (41-43). The controversy appears to be due to technical difficulties
associated with accurate measurement of gas permeation across biological membranes, as
well as the lipid composition differences between whole cell/tissue systems (whose lipid
composition is often unknown) and the artificial membranes employed to measure gas
permeability in these studies. In particular, the gas permeation through proteins is often
masked by the high gas permeability of the employed artificial lipid bilayer; in other words,
it becomes very difficult to identify whether gas molecules are also conducted by the
proteins embedded in the membrane. MD simulations, which provide atomic details of the
system under investigation, thus, become an important tool in characterizing the
permeability of AQPs to gas molecules. Two recent MD studies (44,45) have investigated
conduction of various gas species, CO, and O, through mammalian AQP1 and
characterized the energetics associated with permeation of these gas species through the
water pores and the central pore of AQP1. Both reports find that the artificial lipid bilayers
used for the simulations presented an energetically more favorable pathway for gas
conduction, but emphasize the fact that the free energy barrier against gas permeation
through AQPs is easily surmountable by gas molecules at room temperature, concluding that
AQP-mediated gas conduction may be physiologically relevant in membranes with low
intrinsic gas permeability (yet to be demonstrated in vivo, experimentally), or when AQPs
constitute a significant portion of the membrane surface area. In this work, we extend the
scope of these studies and investigate gas permeation through the mammalian CNS
aquaporin AQP4 and the associated pathways and energetics. While appearing structurally
similar, AQPs show surprisingly distinct properties within the family with regard to their
substrate selectivity. Therefore, it is relevant to examine permeability of AQP4, which is an
abundant AQP in the brain and which might exhibit particular features with regard to gas
permeation, especially with respect to NO, which is an important neurotransmitter and
signaling molecule. We note that the central pore of AQP4 is longer and narrower at certain
regions when compared to AQP1, and one might expect it to be a less efficient conduit for
gas molecules. As will be described later in the present paper, this turns out not to be the
case, and in fact AQP4 is found to provide an energetically more favorable conduction
pathway for gas molecules than AQP1.

AQP4 is the predominant water channel in the central nervous system (CNS), where it is
most abundant in astroglial cells that surround capillaries and form glia limitans, as well as
in ependymal cells lining ventricles (46,47). AQP4 plays an important role in cerebral water
balance under normal and pathological conditions (48,49). Moreover, its indirect role in
neuronal signal transduction has also been suspected (48). An interesting feature of AQP4,
revealed experimentally by freeze fracture and immunogold methods, is the formation of
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Methods
Modeling

extensive 2D square arrays in the membrane of astrocyte endfeet and ependymal cells
(10,50-52). In these cells, large sets of tightly packed AQP4 occupy a significant portion of
certain areas of the cell membrane. This property of AQP4 as well as its importance as the
predominant water channel in the brain inspired us to examine its gas permeability, in
particular for NO and O,.

Since its early description as the endothelium-derived relaxing factor (EDRF), NO has been
found to be a fundamental messenger that modulates blood flow, thrombosis, and neural
activity in all vertebrates (53-55). In peripheral organs, NO triggers the relaxation of
vascular smooth muscles, thereby increasing the blood flow (53-55); In the CNS, NO acts
as a neurotransmitter and plays a role in various physiological processes, e.g., sleep, learning
and memory (56). Recently, it has been suggested that AQP1 can mediate the permeation of
NO across endothelial membranes, and play a role in NO-dependent vasorelaxation (37,40).
In the present study, we employ several complementary simulation techniques to investigate
the permeability of AQP4 to NO and O,. Following our preliminary work (57), we provide
comprehensive evidence that AQP4 is permeable to both NO and O, characterize the
conduction pathways in AQP4, and present a comparison of its gas permeability with AQP1.

We build the simulation system of an AQP4 tetramer as follows: A 120x120 A2 POPE
bilayer patch is first built using VMD’s membrane plugin (58), with the membrane normal
along the z-axis (Fig. 1). A tetramer of AQP4 (pdb code 2d57 (10)) is embedded in this
bilayer and lipid molecules within 0.8 A of heavy atoms of the protein are removed. Two
18-A slabs of water are then added using the solvate plugin of VMD (58) to fully hydrate the
bilayer. To neutralize the system, 23 Na* and 19 CI~ ions are added using VMD’s
autoionize plugin (58), generating a 100 mM ionic concentration. This system is first
minimized for 5,000 steps, then the lipid tails are “melted” in a 500-ps constant temperature
(310 K) and constant volume (NVT) simulation in which only the lipid tails are free to
move. Another 500-ps simulation is performed under constant temperature (310 K) and
constant pressure (1 atm) conditions (NPT), with the C, atoms of the protein constrained
using harmonic potentials (k = 7.2 kcal/mol/A2). After releasing the constraints, the system
is further simulated under the same NPT conditions for another 2.5 ns. To distinguish the
system from the one used in explicit gas diffusion simulations, we refer to this system as
apo-AQP4.

Explicit gas diffusion simulation

Starting with the apo-AQP4 system described above, we build the system for explicit gas
diffusion simulation by replacing 150 water molecules with NO. As shown in Fig. 1, these
NO molecules are initially placed in the bulk solvent, at least 5 A away from the protein.
The system is then minimized for 5,000 steps and simulated under NVT (T=300 K)
conditions for 50 ns.

Implicit ligand sampling

In order to perform implicit ligand sampling, the apo-AQP4 system is further simulated
under NVT (T=300 K) conditions for 10 ns. The last 9 ns of this simulation is used for the
implicit ligand sampling calculations. The implicit ligand sampling is a method to compute
the potential of mean force (PMF) of a weakly interacting ligand from an equilibrium
simulation of the ligand-free system (59,60). The method has been applied to study the O,
permeability of AQP1 in our previous study (44). By placing an NO or O, molecule at every
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grid point (1 A apart) in the apo-AQP4 system, a 3D PMF map of the gas molecule is
calculated (59,60):

( f dQe_AE(»\'-_\Az.Q)/RT>

F(x,y,7)=—RTIn
Jdo )

where AE is the interaction energy between the gas molecule and the apo-AQP4 system, Q
represents the orientational degrees of freedom of NO or O,, and (...) denotes an ensemble
average. The 3D PMF is then used to obtain the PMF along a selected reaction coordinate,
e.g., the channel axis of the AQP4 central pore:

Loly g o
ol —F(xy2)/RT

F(z)= — RTIn Z ™
xley

x,y=0

(2)

where Ly and Ly are dimensions of the area where the summation is performed, e.g., the
cross-section of AQP4 central pore. In the bulk water region, the summation is performed in
a square centered at the central pore, with an area roughly equal to the area occupied by an
AQP4 tetramer (50 nm?2). Thus, the resulting PMF can account for the entropy loss of a gas
molecule when it enters an AQP4 tetramer from the bulk water, and can be directly
compared with the PMF of a lipid bilayer.

It is worth mentioning that the PMFs calculated above has vacuum as their reference point,
i.e., the PMF is zero when the gas molecule is in vacuum. This is slightly different from the
convention used by many other free energy calculations, where PMF is often set to zero
when the ligand is in bulk water. In our calculations, the PMF in bulk water corresponds to
the solvation energy of the gas molecules, and can be compared directly with experimental
measurements. For this reason, we keep the reference of the PMFs to vacuum. The PMFs
obtained from umbrella sampling (see below), which initially have their reference set to bulk
water, are shifted by the solvation energy of the corresponding gas species, in order to
provide a better comparison with the implicit ligand sampling results.

Umbrella sampling

Umbrella sampling is used to calculate the PMF of NO permeation through the AQP4
central pore. We start with the final structure of the 10-ns apo-AQP4 simulation prepared for
implicit ligand sampling, and divide the central axis of AQP4 into 1.0-A segments
(windows). Umbrella sampling is performed by restraining an NO molecule to the center of
each window using a harmonic potential with a force constant of 8.63 kcal/mol/A2. Note
that the restraint is applied to the center-of-mass of the NO molecule and only along the
channel axis (z-axis). To reduce the computational cost, two windows are sampled
simultaneously in each simulation. Similar to a previous study (45), the two windows are
separated by at least 25 A, so that the interaction between the two NO molecules is
negligible. A 2-ns simulation is performed for each window, with the first 0.4 ns considered
equilibration and the remaining 1.6 ns used to construct the PMF using the weighted
histogram analysis method (WHAM) (61). Since a complete sampling of the bulk water
region cannot be achieved within the employed simulation timescale, we restrict the
sampling of the bulk water to a cylinder centered at the geometric center of the AQP4
tetramer with a radius R=10 A. The PMF of this region is then shifted by —RTIn(zR%/Ay),
where Ap (50 nm?) is the area of an AQP4 tetramer. The shift accounts for the entropy
difference between the sampled area and a bulk water region of the same area as an AQP4
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tetramter. The resulting PMF can then be compared directly with that obtained from the
implicit ligand sampling simulation, as well as with that of a pure lipid bilayer. Collectively,
66 ns of simulations are performed for umbrella sampling.

PMF of water permeation

The PMF of water permeation is calculated using the 10 ns apo-AQP4 simulation prepared
for implicit ligand sampling. Average water occupancy is obtained using VMD’s volmap
plugin (60), and the PMF of water permeation through the four monomeric water pores is
then constructed using an equation similar to Eq. 2, with the local water occupancy P(x,y,z)
replacing e F(xy.2/RT,

Simulation protocols

For all MD simulations, the program NAMD 2.6 (62) and the CHARMMZ27 parameter set
(63) are used. Langevin dynamics is used to keep the temperature constant (300 K, unless
specified otherwise) with a damping coefficient of 5 ps~1. During the umbrella sampling
simulations, the damping coefficient is set to 0.1 ps~L. For NPT simulations, a Langevin
piston (64) is employed to maintain the pressure at 1 atm. Assuming periodic boundary
conditions, the particle mesh Ewald (PME) method (65) with a grid density of at least 1/A3
is employed for computation of long-range electrostatic forces. All simulations are
performed with time steps of 1, 2, and 4 fs for calculation of bonded, non-bonded, and PME
interactions, respectively. Parameters for NO and O, are the same as used in a previous
study (60), which have been shown to reproduce the solvation energy of these gas
molecules. The small partial charges of NO (qy = 0.025e, qo = —0.025¢) are found to have a
negligible effect on its solvation energy (60), allowing us to use a charge-less model of NO,
and, thus, avoid the expensive electrostatic interaction calculations in implicit ligand
sampling. In all the simulations, including the implicit ligand sampling ones, both the
oxygen atoms in O, are neutral, i.e., they do not carry any partial charges.

Results and Discussion

AQP4 is permeable to NO and O,

To investigate the permeability of AQP4 to NO, we used three complementary methods,
namely, explicit gas diffusion simulation, implicit ligand sampling, and umbrella sampling.
In the explicit gas diffusion simulation, we start with 150 NO molecules randomly placed in
the bulk water on both sides of a membrane-embedded AQP4 tetramer (Fig. 1). As the
simulation proceeds, NO molecules begin to diffuse and encounter the AQP4 tetramer as
well as the lipid bilayer. Their fairly rapid partition between water and the protein reflects
the ease of NO entrance into the AQP4 channel, thus providing a first indication of the gas
permeability of AQP4. This simulation also allows us to directly analyze the interaction
between gas molecules and the protein. The implicit ligand sampling and umbrella sampling
are then used to produce a quantitative description, i.e., the free energy profile (PMF), of
NO permeation through AQP4. Using implicit ligand sampling, we also calculated the PMF
of O, permeation through AQP4. Below we present the results of these simulations in detail.

As shown in Fig. 2a, two quadruplets of hydrophobic residues, Leu66 and Leu191, form the
outermost gates of the AQP4 central pore. Water molecules can hardly cross these gates and
are, thus, kept out of the central pore throughout the simulation. In contrast, seven NO
molecules are found to enter the central pore of AQP4 spontaneously during the 50-ns
explicit gas diffusion simulation. Due to the short time scale of the simulation, no complete
permeation events were observed. However, given the readiness of NO crossing the
periplasmic and cytoplasmic gates of the central pore, it is reasonable to assume that
complete permeation events will occur on longer time scales. Indeed, PMF of NO
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permeation calculated using implicit ligand sampling revealed an energy well of —1.8 kcal/
mol in the middle of the central pore, and an energy barrier of only ~2.9 kcal/mol at the two
entrances (Fig. 3). A slightly higher barrier (3.3 kcal/mol) is obtained using umbrella
sampling. To put these energy barriers in the context, we have also calculated the PMF of
water permeation through the four monomeric water pores. The calculation reveals a 3.0
kcal/mol energy barrier for water (Supplementary Fig. S1), which is comparable with the
reported value from a previous simulation for AQP1 (45). Clearly, the energy barrier of NO
permeation through the central pore is similar to that of water permeation through the water
pores. Therefore, from an energetic point of view, the central pore can conduct gas
molecules as readily as water pores conduct water.

Using implicit ligand sampling, we have also calculated the PMF of O, permeation. As
shown in Fig. 3c, a 2.9 kcal/mol energy barrier is revealed, which is similar to that of NO.
These numbers indicate that the central pore of AQP4 is permeable to both gas species. This
permeability is explained by the hydrophobic composition of the central pore: the interior of
the central pore in AQP4 (—7 < z < 20, with the center of the protein at z = 0) is composed
entirely of hydrophobic residues, which impose a significant energy barrier against water
permeation. In contrast, nonpolar gas molecules can readily enter such a hydrophobic
environment and use it as a pathway to cross the membrane. The energy barrier to this
process appears to be mainly entropic in nature. As shown in Fig. 3b, the loss of NO-water
interactions (AE,y) is largely compensated by the gained NO-protein interactions (AEpyo),
resulting in only a small change in total enthalpy (AEiq).

Unlike the central pore, the monomeric pores of AQP4, which are empty at the beginning of
the simulation, become hydrated almost immediately (within 0.5 ns). Water molecules form
a single file inside each monomeric pore, adopting a characteristic bipolar orientation, which
has been observed in all AQP simulations (5,66,67). NO molecules are found to enter the
water pores occasionally during the 50-ns explicit gas diffusion simulation, as shown in Fig.
2b. However, in contrast to the central pore, where gas molecules freely visit the entire pore,
no gas molecule is found at the selectivity filter (SF), i.e., the narrowest part of the water
pores. Using implicit ligand sampling, we measured the energy barriers of NO and O,
permeation through the water pore as 5.8 kcal/mol and 4.9 kcal/mol, respectively (Fig. 3).
The highest barrier is located at the SF (z = 5 A), consistent with the results of the explicit
gas diffusion simulation. As also reported in previous studies (44,45,68), these energy
barriers are caused by the disruption of the hydrogen bond network of water molecules
inside the water pores due to insertion of gas molecules. Since the central pore is not pre-
occupied with water, it provides a more favorable pathway for NO and O, in comparison to
the water pores. With this regard, it is worth mentioning that a lipid molecule was reported
to occupy the central pore of AQPS5 in a recent crystal structure (15). Naturally, occupancy
of the central pore by such a large molecule as a lipid will have significant ramifications on
its gas permeability. However, we note that a lipid-filled central pore might represent a
unique feature for AQPS5, since no other AQP structure reported to date, including the
structure AQP4 (10) which is the subject of the present study, includes a lipid molecule in its
central pore.

AQP4 conducts gas molecules better than AQP1

Our previous study revealed a 3.6-4.6 kcal/mol energy barrier against O, permeation
through the central pore of AQP1, and a 5.7 kcal/mol barrier against permeation through its
water pores (44). In comparison, energy barriers of 2.9 kcal/mol and 4.9 kcal/mol are found
for O, permeation through AQP4 central pore and water pores, respectively. Thus, AQP4
appears to conduct gas molecules more readily than AQP1. This result may seem surprising,
since the central pores of the two AQPs might appear to be very similar at the first glance. A
close examination of the crystal structures, however, reveals that AQP4 has a much
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narrower and longer central pore than that of AQP1. As shown in Fig. 4a, the
transmembrane helix H2 in AQP4 extends an extra turn. Residue Leu66 from this turn
almost completely blocks the periplasmic entrance of the central pore (Fig. 4b). As a result,
one may expect the central pore of AQP4 to impose a higher energy barrier to gas
permeation than AQPL. Interestingly, it turns out that the central pore of AQP4 provides a
better gas conduction pathway than that of AQP1.

Analysis of our explicit gas diffusion simulation shows that due to the thermal fluctuations
of residues at its periplasmic entrance, the AQP4 central pore can undergo a significant
“breathing” motion. The four-fold symmetry observed in the crystal structure is broken
during this process, and transient pathways open for NO molecules, allowing them to freely
cross the periplasmic gate. Two representative NO pathways revealed by the explicit gas
diffusion simulation are shown in Figs. 5a and 5b. Note that apart from a “straight” pathway
which is parallel to the channel axis of the central pore (Fig. 5a), there also exist “tilted”
pathways that run below Leu66 (Fig. 5b). These pathways, which are also revealed by
implicit ligand sampling (Fig. 5¢), provide additional routes for NO to enter the central pore,
thereby, significantly lowering the energy barrier against its permeation. It is noteworthy
that water molecules hardly enter these pathways, consistent with the mostly hydrophobic
nature of these pathways. The AQP4 central pore therefore offers an exclusive pathway for
gas molecules.

In AQP1, four Asp50 residues form a ring at the periplasmic entrance of the central pore,
each pointing its side chain towards the pore (Fig. 4c). We have shown that these charged
residues anchor a dense layer of water molecules near the pore entrance (44). With a higher
density and less fluctuation than bulk water, this water layer was suggested to reduce the
chance of gas molecules to enter and cross the central pore (44). When Asp50 was mutated
to a neutral residue, e.g., alanine or asparagine, the strong electrostatic effects of the
quadruplet vanished and a significantly smaller energy barrier in this region was revealed
(data not shown). In AQP4, residue Asp69 is in a similar position to Asp50 in AQP1. Unlike
Asp50, however, the four Asp69 residues point their side chains away from the central pore
(Fig. 4d). This seemingly small conformational variation has a dramatic effect: while the
periplasmic entrance of AQP1 central pore is covered by a dense layer of water molecules,
the entrance of AQP4 central pore is rather “clear” (Fig. 4d). Consequently, gas molecules
entering the AQP4 central pore are not hindered by unfavorable interactions with water.
This effect helps lower the energy barrier to gas permeation. The barrier might be further
lowered by mutating the gate residues Leu66 and Leu191 to alanines, since the smaller
alanine residues introduce more free volume in the barrier regions while maintaining the
hydrophaobicity of the channel.

Physiological relevance of AQP4-mediated gas permeation

While extensive experimental (28,34-36,40) and theoretical (44,45,68) studies have
established that AQPs can conduct gas molecules, the physiological relevance of AQP-
mediated gas conduction remains a matter of debate (38—40). Although our simulation
results provide strong support for gas conduction through these porous proteins (AQP1 and
AQP4), the physiological relevance of the observed phenomenon is beyond the scope of the
present study and remains to be established experimentally. On this subject, recent studies
(38,39) offer different views: Endeward, et. al suggested that AQP1 is a major pathway for
COy, transport across the human erythrocyte membrane (36). Uehlein, et. al showed that the
plant aquaporin NtAQP1 contributes significantly to CO, permeability of chloroplast
membranes (38). On the other hand, Missner, et. al reported that the resistance to
transmembrane CO, permeation is mainly caused by the unstirred layer (USL), and not the
membrane itself, thereby, suggesting that facilitation of CO transport by membrane proteins
is not physiologically important (39).
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Previous simulations both from our laboratory and from others have shown that although
AQP1 is permeable to both CO, and O,, pure phospholipids bilayers, e.g., POPE, present a
much lower energy barrier against the permeation of these gas molecules (44,45). In the
present study, we applied implicit ligand sampling on a larger patch of POPE bilayer and
calculated its NO and O, permeability. As shown in Fig. 3d, the energy barriers to NO and
O, permeation are found to be 0.3 kcal/mol and 0.4 kcal/mol, respectively. These numbers
are essentially negligible when compared with the energy barrier calculated for gas
permeation through AQP4. Therefore, if the cellular membrane exhibits a similar degree of
gas permeability to that of the artificial lipid bilayers (e.g., POPE) used in simulation
studies, APQs are not expected to play a significant role in gas exchange across the
membrane. In other words, AQP-mediated gas conduction can only be physiologically
relevant in membranes with low intrinsic gas permeability, or when AQPs occupy a large
portion of the membrane surface. It is noteworthy that the latter case seems to be relevant to
AQP4. In the CNS, AQP4 has a highly polarized distribution, with greatest abundance in
astrocyte endfeet that surround capillaries and form the glia limitans, as well as in
ependymal cells (46,47,69). As revealed by freeze fracture and immunogold studies (50-52),
AQP4 arrays in astrocytes and ependymal cells can occupy a significant portion of the
membrane in certain areas. In these areas, the membrane is essentially a “proteinaceous”
membrane rather than a lipid membrane. Hence, it is of particular interest to examine the
physiological significance of the AQP4-mediated gas conduction in these cells.

In the CNS, NO is mainly produced by two isoforms of NO synthase (NOS), neuronal NOS
(nNOS) and endothelial NOS (eNOS) (70). While nNOS is found in neurons and has a wide
distribution in the brain, eNOS is primarily located in endothelial cells (70). Interestingly,
AQP4 may be found in the proximity of both nNOS and eNOS: AQP4 exists in the plasma
membranes of astrocytes, which are glial cells surrounding neurons. More importantly, the
endfeet of astrocytes, which have a high density of AQP4 arrays, are known to surround
endothelial cells of capillaries. In addition, the presence of eNOS in astrocytes has also been
suspected (71). Recent experimental studies on AQP1 suggest that it mediates NO
permeation both when reconstituted in lipid vesicles (37) and in vivo (40). In the present
study, we have demonstrated that compared with AQP1, AQP4 is more adapted for gas
conduction. Together with the fact that AQP4 forms high-density arrays in cells near NO
sources, it would be of interest to investigate as to whether AQP4 might play a role in the
control of NO flow in the CNS. In addition, as the central pore of AQP4 has an energy well
comparable to that found in a lipid bilayer, it might also serve as an additional reservoir for
NO molecules in the membrane.

Conclusions

The participation of AQPs in gas conduction across cellular membranes has been a subject
that attracted significant attention from both theoreticians and experimentalists (28-37).
Two questions appear to be central to this subject: (1) whether AQPs can conduct gas
molecules, i.e., whether there are conduction pathways in the protein that allow permeation
of gas species, and (2) whether AQP-mediated gas conduction is of physiological relevance,
the answer to which is beyond the scope of the present study and relies on experimental
studies. Continuing our previous work on AQP1 (44), we sought to address question (1) by
studying the permeability of AQP4 to NO and O, using MD simulations of membrane-
embedded AQP4 tetramer and pure lipid bilayers. Three different approaches, namely,
explicit gas diffusion simulation, implicit ligand sampling, and umbrella sampling, were
employed to characterize gas permeation through AQP4. These methods yielded consistent
results, demonstrating that AQP4 presents a low energy barrier against NO and O,
permeation, thus, providing a direct answer to question (1). The central pore of AQP4 is
found to be more conductive of gas species than the monomeric water pores. Moreover,
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despite the longer and narrower central pore, AQP4 serves as a better gas conduit than
AQP1.

Compared with the free energy profile of gas permeation through AQPs, an artificial
phospholipid bilayer, e.g., POPE, is found to have a much lower energy barrier. Therefore,
assuming a comparable level gas of permeability for a real cellular membrane, lipid bilayers
appear to provide the main pathway for gas conduction into and out of a cell, and gas
conduction through AQPs can only be of physiological importance either in membranes
with low intrinsic gas permeability or when a major fraction of the surface area of the
membrane is occupied by AQPs. Recent experiments (37) have demonstrated that AQP1 can
conduct NO when over-expressed in CHO-K1 cells and when reconstituted into lipid
vesicles. Similar experimental studies are required to elucidate the role of AQP4-mediated
gas conduction in vitro and in the CNS.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Simulation systems. Side view (a) and top view (b) of the explicit gas diffusion simulation
system. The AQP4 tetramer is embedded in a lipid bilayer (head group: brown, tail: green),
with the four monomers colored in yellow, orange, cyan, and black, respectively. 150 NO
molecules are placed in the bulk water, ~10 A away from the membrane. Water is shown as
a transparent box. (c) Close-up view of the umbrella sampling simulation system. The
central pore is divided into 33 windows, with the center of each window represented by a
black line. While most windows are placed ~1 A apart, more are added near the two
entrances of the central pore (Leu66 and Leu191) to improve sampling in these narrow
regions.
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Explicit gas diffusion simulation results. (a) Seven NO molecules entered the central pore of
AQP4 spontaneously in the 50-ns explicit gas diffusion simulation. (b) NO molecules also
entered the water pore spontaneously. However, no NO molecule is observed in the
selectivity filter (Arg216, Phe77 and His201), which is the narrowest region of the water

pore.
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Figure 3.

PMF of NO and O, permeation through AQP4 and a POPE bilayer. (a) PMF of NO
permeation through AQP4 central pore (NO—cp) and water pores (NO—), calculated using
both umbrella sampling (US) and implicit ligand sampling (ILS). (b) Enthalpic contributions
(AEtot) to the PMF of NO permeation (NO—_¢p(US)), calculated from interaction energy of
NO with protein (AEpyo), and with water (AEy4y). (€) PMF of O, permeation through AQP4.
(d) PMF of NO and O, permeation through a POPE bilayer. In all PMFs, z = 0 is set to the
center-of-mass of the AQP4 tetramer or the center of the bilayer. The reference point of all
PMFs is vacuum, except for (b) (see Methods).
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Figure 4.

Comparison of AQP4 and AQP1 central pores. (a) Superposition of AQP4 (blue) and AQP1
(orange). The transmembrane helix H2 in AQP4 extends an extra turn, making the central
pore ~10 A longer than that of AQP1. (b) Radii of AQP4 and AQP1 central pores calculated
based on their crystal structures using the program HOLE (72). Residues Leu66 in AQP4
and Val52 in AQP1 correspond to the narrowest part in the periplasmic entrance of the two
central pores. (c,d) The water occupancy in the periplasmic entrance of the AQP1 (c) and
AQP4 (d) central pores. Shown in blue is the volume occupied by water during >75% time
of the respective simulation. Approximate positions of the central pores are shown using
dashed circles. Residues Asp69 in AQP4 relocate the high density water layer to the
periphery of the central pore, leaving its entrance “clear”.
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Figure 5.

Multiple pathways for gas permeation through the central pore. (a) and (b) Two
representative pathways revealed by the explicit gas diffusion simulation. The central pore is
shown in transparent gray surface. Snapshots of a NO molecule taken every 50-150 ps are
shown in red and blue sticks, with its trajectory shown using green lines. To highlight the
entry of NO into the central pore, gas molecules from the first few snapshots are drawn
using thick sticks, with their trajectories shown in thick green lines. (c) The existence of
multiple pathways revealed by implicit ligand sampling. The 2 kcal/mol energy isosurface of
the 3D PMF is shown in purple.
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