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ABSTRACT Aquaporin-4 (AQP4), the primary water channel in glial cells of the mammalian brain, plays a critical role in water
transport in the central nervous system. Previous experiments have shown that the water permeability of AQP4 depends on the
cholesterol content in the lipid bilayer, but it was not clear whether changes in permeability were due to direct cholesterol-AQP4
interactions or to indirect effects caused by cholesterol-induced changes in bilayer elasticity or bilayer thickness. To determine
the effects resulting only from bilayer thickness, here we use a combination of experiments and simulations to analyze AQP4 in
cholesterol-free phospholipid bilayers with similar elastic properties but different hydrocarbon core thicknesses previously deter-
mined by x-ray diffraction. The channel (unit) water permeabilities of AQP4 measured by osmotic-gradient experiments were
3.5 = 0.2 x 107" cm®s (mean + SE), 3.0 + 0.3 x 107" cm®s, 2.5 = 0.2 x 1073 cm%s, and 0.9 + 0.1 x 107" ecm®s
in bilayers containing (C22:1)(C22:1)PC, (C20:1)(C20:1)PC, (C16:0)(C18:1)PC, and (C13:0)(C13:0)PC, respectively. Channel
permeabilities obtained by molecular dynamics (MD) simulations were 3.3 + 0.1 x 10" "®cm®s and 2.5 + 0.1 x 1073 cm¥sin
(C22:1)(C22:1)PC and (C14:0)(C14:0)PC bilayers, respectively. Both the osmotic-gradient and MD-simulation results indicated
that AQP4 channel permeability decreased with decreasing bilayer hydrocarbon thickness. The MD simulations also suggested
structural modifications in AQP4 in response to changes in bilayer thickness. Although the simulations showed no appreciable
changes to the radius of the pore located in the hydrocarbon region of the bilayers, the simulations indicated that there were
changes in both pore length and «-helix organization near the cytoplasmic vestibule of the channel. These structural changes,
caused by mismatch between the hydrophobic length of AQP4 and the bilayer hydrocarbon thickness, could explain the
observed differences in water permeability with changes in bilayer thickness.

INTRODUCTION

Aquaporins (AQPs) are water channels located in the
plasma membranes of many cells. AQPs are essential for
body water homeostasis and cell volume control (1,2),
and members of the aquaporin family are implicated in
numerous physiological processes as well as a wide range
of clinical disorders (3-5). In particular, AQP4 is the pri-
mary water channel in the brain that is found in large con-
centrations in astrocytes along the blood-brain barrier.
AQP4 plays a critical role in normal brain function (6-15)
and has been implicated in several pathological conditions,
including edema (9,12,16-18).

The functional properties of several classes of membrane
channels can be modified by the membrane bilayer (19-26).
Lundbaek et al. (27) note that there can be a protein-lipid
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coupling so that “the bilayer becomes an allosteric modu-
lator of membrane protein function.” Determination of
the effects of bilayer composition on specific membrane
proteins is motivated by the differences in membrane lipids
observed in different cells, organelles, and membrane mi-
crodomains (21-26).

It has recently been shown that the unit water permeabil-
ities of both AQPO and AQP4 strongly depend on bilayer
composition, decreasing with increasing cholesterol concen-
tration (26,28). In addition to specific protein-cholesterol
interactions, observed in the case of AQPO in cholesterol-
enriched bilayers (29), cholesterol has two effects on bilayer
properties that could potentially modify AQP water perme-
ability. First, cholesterol modifies the elasticity of the bilayer
(as measured by the bilayer elastic stress or compressibility
modulus), which could potentially restrict the conforma-
tional flexibility of the channel pore. Second, cholesterol
increases bilayer hydrocarbon thickness (30,31), thereby
leading to hydrophobic mismatch between the hydrophobic
length of AQPO or AQP4 and the bilayer hydrocarbon
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thickness, which could potentially modify protein conforma-
tion and function. For example, bilayer thickness has been
shown to modify the properties of several membrane chan-
nels, including gramicidin channels (32-35), KcsA potas-
sium channels (36,37), and BKCa calcium channels (38).

In this article, we further investigate the effects of the
lipid bilayer on AQP4 function. Using osmotic-gradient
experiments, we measure AQP4 unit permeability in sin-
gle-component phospholipid bilayers with a wide range of
hydrocarbon chain lengths but with similar compressibility
moduli (39). We also present molecular dynamics (MD)
simulations suggesting AQP4 conformation changes that
could potentially lead to different water-conducting rates
in phospholipid bilayers with different hydrocarbon chain
lengths. The simulation results indicated that decreasing
the bilayer hydrocarbon chain length 1) modified the pore-
entrance structure in proximity to the bulk reservoir,
and 2) increased the total length of the AQP4 pore. Either,
or a combination of both, of these structural changes could
result in our observed differences in water permeability.
In terms of observation 1, the magnitude of the decreased
permeability is consistent with a recent theoretical treatment
concerning entrance effects and the hourglass shape of
aquaporins (40). For observation 2, the increased length
of the single-file region of the pore would be expected to
increase resistance to water flow.

MATERIAL AND METHODS

Osmotic-gradient water permeability
measurements

Expression and purification of AQP4 isoforms

The M23 isoform of aquaporin 4 was expressed and purified by methods
detailed by Tong et al. (28). In brief, the plasmid pYES10-His-AQP4-
M23 was expressed in the protease-deficient Saccharomyces cerevisiae
(pep4) yeast, and purified as described in Yukutake et al. (41) with some
modification. All buffers were supplemented with an EDTA-free protease
inhibitor cocktail (Roche, Indianapolis, IN). After ultracentrifugation, the
membrane pellet was solubilized in buffer A, which contained 100 mM
K,HPO,, 10% glycerol, 200 mM NaCl, 5 mM 2-mercaptoethanol, and
2% n-octyl-D-glucopyranoside (OG) (Affymetrix, Cleveland, OH). After
removing insoluble material by ultracentrifugation, the solubilized proteins
were adjusted to 20 mM imidazole and gently mixed overnight with
Ni-NTA agarose beads. The beads were washed in a column with 50 mM
imidazole in buffer A, and bound AQP4 was eluted with 750 mM imidazole
in buffer A. The protein concentration was measured with the bicinchonic
acid (BCA) assay using a bovine serum albumin (BSA) standard (Thermo
Scientific, Rockford, IL). The absolute accuracy of such protein assays
depends on the suitability of the standard protein (BSA). Therefore, for
some samples, we also calculated AQP4 concentration by measuring
the absorbance at 280 nm (A,gp) and using the extinction coefficient
(43430 M~ cm™") (http://web.expasy.org/protparam/). Since the A,gg
results were in close agreement with those of the BCA assays (data not
shown), we routinely used the BCA assay with the BSA standard. The pu-
rity of AQP4 was determined by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot using antibodies from Santa
Cruz Biotechnology (Santa Cruz, California). For SDS-PAGE, protein sam-
ples were mixed (1:1) with Laemmli sample buffer containing 10%
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SDS and analyzed with a 4-20% gel. Gels, stained with Sypro Ruby,
imaged and analyzed with a BioChemi System with LabWorks 4.0 (UVP
Biolmaging System, Upland, CA), showed that the AQP4 was >90% pure.

Reconstitution of AQP4 into proteoliposomes

The phospholipids dierucoylphosphatidylcholine ((C22:1)(C22:1)PC), diei-
cosenoylphosphatidylcholine ((C20:1)(C20:1)PC), palmitoyloleoylphospha-
tidylcholine ((C16:0)(C18:1)PC), ditridecanoylphosphatidylcholine ((C13:0)
(C13:0)PC), dielaidoylphosphatidylglycerol ((C18:1)(C18:1)PG), and di-
myristoylphosphatidylglycerol ((C14:0)(C14:0)PG) were purchased from
Avanti Polar Lipids (Alabaster, AL). To obtain bilayers with a range
of thicknesses, we used four specific lipid systems: (C22:1)(C22:1)PC/
(C18:1)(C18:1)PG, (C20:1)(C20:1)PC/(C18:1)(C18:1)PG, (C16:0)(C18:1)
PC/(C18:1)(C18:1)PG, and (C13:0)(C13:0)PC/(C14:0)(C14:0)PG, each
with an 8:2 molar ratio of PC to PG. Bilayers formed from each of these
PCs have very similar area compressibility moduli, a measure of bilayer elas-
ticity (39). The negatively charged PGs, with hydrocarbon chain compositions
similar to the accompanying choline-containing phospholipids, were included
to help stabilize large unilamellar proteoliposomes and minimize aggregation.
For simplicity, throughout the remainder of this article, we refer to each lipid
system by its PC component. An implicit assumption was that the introduction
of 20 mol % PG did not appreciably modify the structure of the PC bilayers.
Although there are few structural data for liquid-crystalline PG bilayers,
neutron and x-ray scattering experiments show that pure (C16:0)(C18:1)PG
bilayers have an area per molecule (A,,) of 0.66 = 0.01 nm?and a hydrocar-
bon thickness (dhe) 0f 2.79 + 0.6 nm (42), similar to values of A, = 0.68 nm?
and dp,. = 2.71 nm measured for pure (C16:0)(C18:1)PC bilayers (43).

The lipids were mixed in chloroform/methanol, dried by rotary evapora-
tion, and hydrated at 20°C in 25 mM HEPES, 50 mM NaCl, and 2% OG,
pH 7.4. The lipids and proteins in OG were mixed at appropriate lipid/pro-
tein molar ratios, OG was removed by dialysis for 2 days at 20°C against
25 mM HEPES, 50 mM NaCl, 2 mM dithiothreitol (DTT), and 1 mM
PMSE, pH 7.4. The resulting lipid/protein vesicles were collected by ultra-
centrifugation (26,44) and resuspended in dialysis buffer plus 50 mM
sucrose. Large unilamellar proteoliposomes were obtained by extrusion
through 100 nm pore filters (Avanti Polar Lipids, Alabaster, AL). For
each sample, the average liposome and proteoliposome diameters were
determined by quasielastic light scattering with a ZetaPlus Zeta Potential
Analyzer (Brookhaven Instruments, Holtsville, NY). Average measured di-
ameters were 134.0 = 4.7 nm for (C22:1)(C22:1)PC, 131.3 £+ 3.7 nm for
(C20:1)(C20:1)PC, 116.6 = 4.7 nm for (C16:0)(C18:1)PC, and 130.1 =
2.6 nm for (C13:0)(C13:0)PC. For each lipid system, the AQP4 unit water
permeabilities were independent of vesicle diameter (data not shown).

The lipid and protein compositions of the proteoliposomes were deter-
mined by phosphate assays (45) and SDS-PAGE, respectively. AQP4 in pro-
teoliposomes and known amounts of AQP4 in OG (standardized by BCA
assay) were analyzed on the same SDS gel. Integrated optical densities
were measured, and the AQP4 concentrations in proteoliposomes were
calculated by comparison with the standards, which showed a linear
response. This approach was necessary because the bilayer lipids interfered
with direct BCA assays.

Measurements of AQP4-proteoliposome water permeability

Water permeabilities were measured using techniques that apply an osmotic
gradient with sucrose solutions and determine as a function of time
the change in proteoliposome volume due to water efflux (1,3,40,46-51).
‘We measured the volume change at ambient temperature by light scattering
with a wavelength of 600 nm (51,52) using an SX20 stopped-flow spectrom-
eter (Applied Photophysics, Leatherhead, UK). The proteoliposome or lipo-
some permeability (py), in units of cm/s, was calculated from the formula

pr = k/{(SAV)(Vw)(Cou — Cin) }, ey

where k = —(AV/V)/t is the shrinkage rate determined by exponential fits to
the light-scattering data (26,28), SAV is the ratio of the initial vesicle surface
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area (Ao) to the initial volume (Vj), Vi is the partial molar volume of water
(18 cm*/mol), and C;, (50 mM) and Cey, (150 mM) are the initial concentra-
tions of solute inside and outside the unilamellar vesicles (3,52). The light-scat-
tering data were recorded with a time frame of 0-5 s and fit using Logger Pro
3.8 (Vernier Software, Beaverton, OR) as described in detail previously
(26,28). An implicit assumption used here and in many previous studies
(26,28,46-49,51-54) is that the change in intensity of the scattered light is pro-
portional to the change in vesicle volume (AV/V}), although some studies use
an additional quadratic term in the relationship between light scattering and
vesicle volume (55,56). To check the effect of this quadratic term for our
data, we determined shrinkage constants with or without this quadratic term.
For bilayers containing similar concentrations of AQP4, we found that with
or without the quadratic term, the ratios of the shrinkage constants were similar
for comparisons of thick bilayers ((C22:1)(C22:1)PC, (C20:1)(C20:1)PC, or
(C16:0)(C18:1)PC) to the thin bilayer ((C13:0)(C13:0)PC). For example, for
protein/lipid mole ratios in the range 0.0027-0.0032, the ratio of shrinkage
constant between our thickest ((C22:1)(C22:1)PC) and thinnest ((C13:0)
(C13:0)PC) bilayer was 1.87 with the quadratic term and 1.81 without the
quadratic term. Thus, in either case, the shrinkage constants were much greater
for (C22:1)(C22:1)PC than for (C13:0)(C13:0)PC. The validity of the assump-
tion that the change in scattered light intensity is proportional to AV/Vj, is also
indicated by the close agreement between the unit permeability results ob-
tained by our osmotic stress measurements and MD simulations (see Fig. 5).

For each proteoliposome, the AQP4 single-channel unit water perme-
ability (P,), with units of cm’/s, was determined from

P, = pi/SuD, (©))

where SuD is the AQP4 channel density per unit surface area, calculated
from the measured vesicle diameter, channel concentration, lipid concentra-
tion, and area per lipid molecule (A,,). For each of our bilayer systems, we
used values of Ay, from x-ray diffraction measurements of similar liquid-
crystalline PC bilayers (43). Liposomes with the composition of the rele-
vant proteoliposome were used as controls.

MD simulations
Simulation setup and preequilibration

The AQP4-M23 tetramer (PDB: 2D57) was embedded with the help of
CHARMM-GUI (57) into two patches of membrane bilayers with different
bilayer thicknesses. A thick membrane bilayer was composed of 247 long hy-
drocarbon chain lipids ((C22:1)(C22:1)PC), and a thin membrane bilayer
was composed of 256 short hydrocarbon chain lipids ((C14:0)(C14:0)PC).
There was no PG lipid in the simulation, with the assumption that a small
portion of anionic lipids would not affect AQP4 function. Each system
was solvated and 200 mM NaCl was added to the system, with the same
ion concentration on either side of the membrane. Relaxation simulations
were performed for both thick and thin membrane bilayers for 20 ns with
the protein backbone fixed. Then, four 150 ns preequilibrium simulations
for each membrane thickness were performed with no restraints (such as pro-
tein backbone restraints) under constant temperature (300 K) and constant
pressure (1 atm). For both relaxation and preequilibrium simulations, parti-
cle-mesh Ewald (PME) (58) was used to evaluate long-range electrostatic in-
teractions. The CHARMM (c36) force field (59,60) was applied to both lipid
and protein. A modified TIP3P water model (59) in the CHARMM force field
was used. The r-RESPA multiple-time-step integrator (61) was applied with
time steps of 2 and 4 fs for short-range nonbonded and long-range electro-
static interactions, respectively. All simulations were carried out with the
NAMD 2 (http://www.ks.uiuc.edu/Research/namd/2.9/ug/) (62).

Production simulations in the presence of an ion gradient
across the membrane

During the 150 ns preequilibration simulations mentioned in the previous
section, the AQP4-M23 protein adapts its conformation according to the
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different membrane thicknesses. Production simulations were then per-
formed in the presence of an ion gradient across the membrane to study
AQP4 water permeation in response to osmotic pressure. No restraint in
the protein or membrane was employed in these simulations. To generate
the ion gradient, extra ions were removed on either side of the membrane
so that the NaCl ion concentrations were C;, = 50 mM on the cytoplasmic
side and C,,; = 150 mM on the extracellular side. Due to this asymmetric
ion concentration, a simulation cell was used with periodicity only in the
directions along the membrane surface, x and y, but not along the membrane
normal direction, z. Instead of PME, the multilevel summation method (63)
was applied to evaluate electrostatic interactions for the semiperiodic sys-
tem. Unlike some previous studies on ion channels with asymmetric ion
net charges across the membrane (64,65), no charge gradient was used
here. An NVT ensemble was applied. Along the membrane normal (the
z axis), the simulated system was confined at the lower and upper bound-
aries, z = *a, by a harmonic restoring potential. For this purpose, a con-
taining force of magnitude -k(z — a) for z > a, and +k(z + a) for z < —a,
was applied along the minus direction, implemented using the TclBC
scriptable boundary condition feature of NAMD. The force constant was
chosen to be k = 3 kcal/mol/A%. Twenty semiperiodic production simula-
tions (five production simulations after each of the four preequilibrium sim-
ulations) were carried out for 40 ns for each membrane thickness in the
presence of the ion gradient. Water permeation calculations and AQP4
structural analyses were performed from these 20 simulation trajectories
for each membrane thickness. The AQP4 single-channel unit water perme-
ability, P,, was determined for each membrane thickness based on (66)

Pu = jw/(coul - Cin)7 (3)

where jyw (mol/s) is the averaged net water flux through each AQP4 water
channel, with each tetramer containing four channels (3).

Channel pore structure analysis

From the described semiperiodic simulation trajectories, AQP4 monomer
structures were aligned for each membrane thickness and their root
mean-square displacements (RMSDs) with regard to the crystal structure
were determined. Based on the resulting RMSD values, the structures
were classified into eight clusters, with an RMSD cutoff of 1.8 A, employ-
ing g_cluster (67) in GROMACS (68). From the most populated cluster, i.e.,
representing a total probability of >60%, 50 central channel structures were
taken out as representative structures for each membrane thickness. From
these representative structures, water channel pore radii were computed
with HOLE 2.0 (69) and averaged.

Comparison with bilayer hydrocarbon thicknesses

To relate the osmotic gradient and MD simulation results with bilayer hydro-
carbon thicknesses, we employed data from x-ray scattering from fully hy-
drated PC multilayers (43) and diffraction measurements from oriented PC
multilayers near full hydration (39), together with the assumption that the
20 mol % PGs used in the osmotic-gradient experiments did not appreciably
change the dy.. For dy., we used values of 3.44, 2.71, 2.54, and 2.41 nm
for (C22:1)(C22:1)PC, (C16:0)(C18:1)PC, (C14:0)(C14:0)PC, and (C13:0)
(C13:0)PC, respectively. For (C20:1)(C20:1)PC, we used a dy. value of
3.07 nm, the average of (C22:1)(C22:1)PC (43) and (C18:1)(C18:1)PC (39),
which should be an accurate estimate, as the hydrocarbon thickness for di-
monounsaturated liquid-crystalline PC bilayers varies linearly with the number
of carbon atoms (70). The bilayer thickness at each point of the membrane
surface was measured and averaged over the last 20 ns of the MD simulation
trajectory by a script analyzing local membrane properties (71).

RESULTS

Fig. 1 a shows typical osmotic-gradient-driven changes in
the time course of light scattering for (C22:1)(C22:1)PC
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FIGURE 1 Solid curves show osmotic-gradient-
driven changes in light scattering for (a) (C22:1)
(C22:1)PC in the absence and presence of AQP4
(protein/lipid molar ratio of 0.0015) and (b)
1 (C22:1)(C22:1)PC and (C13:0)(C13:0)PC bilayers
containing AQP4 (both at protein/lipid molar ratios
of 0.0015). In all cases the osmotic gradient was
applied at time ¢ = 0, and traces were put on the
same relative scale by normalizing the light scat-
tering to go from 0 at time ¢ = 0 to 1 when the scat-
tering leveled off. Exponential fits to the data are

‘
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Time (s)

in the absence and presence of AQP4. For each trace, light
scattering increased sharply after the osmotic gradient was
applied at time t = 0, and then eventually leveled off. How-
ever, the rate of change was increased by the addition of
AQP4, indicating that this protein increased vesicle water
permeability. Fig. 1 b shows light-scattering data for
(C22:1)(C22:1)PC and (C13:0)(C13:0)PC with the same
AQP4/lipid molar ratio. In these traces, the rate of light-scat-
tering change was larger for AQP4 in (C22:1)(C22:1)PC
than in (C13:0)(C13:0)PC, indicating smaller water perme-
ability for the latter type of proteoliposome.

Similar experiments, together with Eq. 1, were used
to calculate water permeabilities (py) for a wide range
of AQP4 protein/lipid (P/L) ratios in (C22:1)(C22:1)PC,
(C20:1)(C20:1)PC, (C16:0)(C18:1)PC, and (C13:0)(C13:0)
PC proteoliposomes, as well as for protein-free liposomes
(Fig. 2). The p; values for the liposomes were 0.014 cm/s,
0.016 cm/s, 0.015 cm/s, and 0.017 cm/s for (C22:1)(C22:1)
PC, (C20:1)(C20:1)PC, (C16:0)(C18:1)PC, and (C13:0)
(C13:0)PC, respectively. For each of these lipid systems, p¢
increased linearly with increasing P/L ratio. However, the
slope of the pr versus P/L relation depended on the lipid,
with the smallest slope observed for (C13:0)(C13:0)PC
(Fig. 2).

These p¢ data were used with Eq. 2 to calculate the single-
channel (unit) water permeability (P,) for AQP4 in each
of these lipid systems. Values of P, were 3.5 = 0.2 X
107" cm’s (mean = SE), 3.0 + 0.3 x 107" cm’s,
2.5 £ 0.2 x 107" em’s, and 0.9 + 0.1 x 107"% cm’/s
in bilayers containing (C22:1)(C22:1)PC, (C20:1)(C20:1)
PC, (C16:0)(C18:1)PC, and (C13:0)(C13:0)PC, respec-
tively. Thus, a strong dependency of single-channel perme-
ability on the bilayer composition was found, with P, being
largest in (C22:1)(C22:1)PC and smallest in (C13:0)(C13:0)
PC bilayers (Fig. 3).

To investigate the molecular origin of the observed
bilayer thickness effects on AQP4 water permeability,
MD simulations were performed on AQP4 tetramers in
membrane bilayers of two thicknesses, (C22:1)(C22:1)
PC and (C14:0)(C14:0)PC. All of the MD simulation

03 0.4 05 shown with dashed black lines.

Time (s)

structures are shown in views parallel to the plane of the
membrane, with the extracellular surface at the top of
the figure.

In the presence of the osmotic gradient across the mem-
brane, water molecules moved mostly single file through
each AQP4 water channel (Fig. 4). Net water flux was deter-
mined and water permeation, P, was calculated from Eq. 3.
The resulting values of P, were 3.3 = 0.1 x 10~ " cm¥/s
and 2.5 = 0.1 x 107" ecm?/s for (C22:1)(C22:1)PC and
(C14:0)(C14:0)PC bilayers, respectively.

The relationship of AQP4 water permeability to bilayer
hydrocarbon thickness, dy, is shown in Fig. 5. The values
of P, obtained from the osmotic-gradient experiments and
from the simulations agreed with each other. P, decreased
with decreasing values of dy., so that the values were

0.4

—e—(C22:1)(C22:1)PC
| o= (C20:1)(C20:1)PC
8- (C16:0)(C18:1)PC

—— (C13:0)(C13:0)PC 4

S
w
.

Water Permeability (cm/s)

0.003 0.004

0.002

0 0.001
Protein/Lipid Ratio (M/M)
FIGURE 2 Water permeabilities (pg) for AQP4 measured as a function of

protein/lipid molar ratio in (C22:1)(C22:1)PC, (C20:1:C20:1)PC, (C16:0)
(C18:1)PC, and (C13:0)(C13:0)PC.
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FIGURE 3 Single-channel (unit) water permeabilities (mean * SE)
measured for AQP4 in bilayers with the lipid compositions shown in
Fig. 2. The difference in unit permeability was statistically significant
between (C22:1)(C22:1)PC and (C13:0)(C13:0)PC, with a ¢ probability
of t < 0.0001 by Welch’s t-test, whereas the ¢ probability was 0.0979
between (C22:1)(C22:1)PC and(C20:1)(C20:1)PC.

significantly smaller at d},. = 2.4 nm than at larger hydrocar-
bon thicknesses.

The MD simulations (Figs. 6, 7, 8, and 9) provide atomic
details on modifications in AQP4 molecular organization
with changing bilayer thickness. An AQP4 water channel
has an hourglass shape (50), with a narrow region in the
middle of the pore (10 A>z>-15 A) and funnel-
shaped entrances (vestibules) located at both ends of the
pore (z > 10 Aandz < —15 A) (Fig. 7). The water selec-

FIGURE 4 The simulated system in a view parallel to the plane of the
bilayer. A semiperiodic simulation was carried out with periodicity only
in the directions along the membrane surface, but not along the membrane
normal direction, to maintain an asymmetric ion concentration across the
bilayer. The AQP4 tetramer is shown as a green surface, with four single-
file water chains in each tetramer. Na™ and Cl~ ions are shown as yellow
and blue spheres, respectively. For clarity, membrane lipids are not shown.
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FIGURE 5 AQP4 single-channel (unit) water permeabilities (mean =+
SE) determined by osmotic-gradient experiments with proteoliposomes
(solid circles) and by MD simulations (open triangles) plotted versus
bilayer hydrocarbon thickness. The lipid compositions are given in
the caption to Fig. 2 for the osmotic-gradient experiments and are
C(22:1)(22:1)PC and (C14:0)(C14:0)PC for the simulations.

tivity filter and NPA residues that, together with the internal
quadrupolar AQP electrostatic field, cause orientation of
water molecules passing through the channel (72,73), are
both located in the narrow region near the middle of the
pore (50,74). Compared to the (C22:1)(C22:1)PC bilayer,
for the (C14:0)(C14:0)PC bilayer, the simulations suggested
that there were very small changes both in protein organiza-
tion and pore radius near the selectivity filter (near z =
10 A), NPA residues (near z = 0), or in the extracellular

channel

two front

channel

FIGURE 6 Monomer structures of AQP4 in different membranes in two
views rotated 90° in the plane of the membrane. The channel colored in
green was embedded in a (C14:0)(C14:0)PC bilayer, whereas the red chan-
nel was embedded in a (C22:1)(22:1)PC bilayer. The arrows point down the
middle of the channel. A red circle highlights the major differences in struc-
ture between AQP4 in these bilayers.
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entrance (z > 10 A). However, relatively large changes in
the length of the helices near the cytoplasmic entrance
were observed in the simulations in the thinner bilayer
(Fig. 6). Specifically, the adjacent loop moved closer to
the water channel at the cytoplasmic entrance region (z <
—15 A) in the thin bilayer ((C14:0)(C14:0)PC) than in the
thick bilayer ((C22:1)(C22:1)PC). The AQP4 structures in
these bilayers (Fig. 6) showed differences in AQP4 water
pore radii between the NPA residues and the cytoplasmic
entrance (near z = —7 A) and in the cytoplasmic entrance
(z< —15A). The pore radius was larger for the thin bilayer

25 30 35
bilayer hydrocarbon thickness (A)

~

LR E T =
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!
l
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(C22:1)(C22:1)PC

AQP4 Function and Bilayer Thickness

FIGURE 7 Geometrical characteristics of the
AQP4 channel. (a) Tthe AQP4 channel radius aver-
aged over 20 MD simulations (solid lines) for two
different membrane bilayer thicknesses. Negative z
values correspond to the cytoplasmic side of the
membrane; the cytoplasmic channel entrance is
located at z < —15 A, the NPA residues are near
z =0 A, and the selectivity filter is near
z=+10 A. The channel entrance structural param-
eters (entrance angle, depth, and pore radius) were
measured from linear fitting (dashed lines) of the
channel entrance radius. (b) Schematic plot illus-
trating the narrowing of the channel entrance in a
thin bilayer (red dashed lines) compared to a thick
bilayer (black lines) near the cytoplasmic entrance
(bottom of drawing).

near z = —7 A, whereas in the cytoplasmic entrance region
(z < —15 A), the thin bilayer had a smaller pore radius,
a longer pore length, a shallower entrance, and a larger
entrance angle (Fig. 7). In the thinner ((C14:0)(C14:0)PC)
bilayer, the water channel-pore entrance became steeper,
longer, and narrower compared to the thicker bilayer
((C22:1)(C22:1)PC) (Fig. 7). In the (C14:0)(C14:0)PC
bilayer, the radius of the cytoplasmic water channel entrance
from z = —25 A to z = —15 A was even smaller than the
pore radius near the NPA residues in the middle of the
pore (Fig. 7 a).

FIGURE 8 Comparison of bilayer thicknesses
around the AQP4 channel. Meshed surfaces indicate
simulation-trajectory-averaged positions of phos-
phorus atoms in the upper (extracellular) and lower
(cytoplasmic) leaflets. (@) Hydrocarbon thicknesses
are indicated by colors on the surface beads in the
presence of AQP4 (green, (C14:0)(C14:0)PC; red,
(C22:1)(22:1)PC). (b) Predicted thickness of the
(C14:0)(C14:0)PC bilayer near the protein.
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FIGURE 9 The locations of Trp residues (light green) are shown in a
typical snapshot of AQP4 in the thin (C14:0)(C14:0)PC bilayer at the end
of an equilibrated MD simulation. The bilayer is distorted due to the hydro-
phobic mismatch between protein and bilayer (see Fig. 8 b).

These structural modifications of the AQP4 channel could
be a result of strong hydrophobic mismatch between the
membrane bilayer and the protein. The length of the protein
is larger than the thickness of the (C14:0)(C14:0)PC bilayer,
but is only slightly smaller than the thickness of the
(C22:1)(C22:1)PC bilayer (Fig. 8 a). As a result, a differ-
ence in membrane bilayer thickness was observed between
membrane regions close to the protein and regions >30 A
away in (C14:0)(C14:0)PC (Fig. 8, a and b); this bilayer
became much thicker (up to ~5 A) as it got closer to
AQP4. The increase in bilayer thickness close to AQP4 indi-
cated the presence of membrane stress applied to the chan-
nels, which resulted in changes in AQP4 channel structure.

An intriguing observation of the MD simulations was that
in the thin bilayer, where there was a large hydrophobic
mismatch (Fig. 8), AQP4 sat closer to the upper (extracellular)
membrane-water interface than to the lower (cytoplasmic)
interface. We argue that this could be the result of the asym-
metric distribution in AQP4 of the tryptophan (Trp) residues,
which preferentially locate at membrane-water interfaces
(75). Fig. 9 shows that there were 12 Trps in the upper part
of the protein, but only four Trps in the lower part (Fig. 9),
and thus, AQP4 was located closer to the upper (extracellular)
interface than to the lower (cytoplasmic) interface.

DISCUSSION

The functions of several ion channels are modified by
changes in thickness of the membrane lipid bilayer
(21,24,34,36-38,76-84). Aquaporins are specialized for
the selective permeability across membranes of water (and
glycerol in the case of aquaglyceroporins) and exclude
ions (1-4,50,85). Here, we showed that the water perme-
ability of the AQP4 channel depended strongly on bilayer
thickness. Bilayers composed of the various phosphatidyl-
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cholines used here all have similar elastic stretch moduli
(a measure of bilayer elasticity), in the range 234-
265 mN/m (39). This implies that, for the bilayer systems
in this study, differences in bilayer elasticity should not be
a major factor in the observed differences in channel water
permeability.

For a given bilayer thickness, our osmotic pressure mea-
surements and MD simulations gave very similar values for
AQP4 single-channel water permeability (Fig. 5). Moreover,
both techniques also showed that P, depended on the width
of the hydrocarbon chain region of the bilayer. A thin mem-
brane bilayer did not affect the structure of AQP4 near its
selectivity filter (Figs. 6 and 7 a), which might indicate
that there was little effect of membrane thickness on channel
selectivity. However, the simulation results suggested that
changes in bilayer thickness affected both the structure
of the AQP4 cytoplasmic vestibule and the length of the
small-radius pore region of the channel (Figs. 6 and 7). As
discussed below, either, or a combination, of these structural
changes could explain the decreased water permeability
with smaller bilayer hydrocarbon thickness (Fig. 5).

The structural modification of the cytoplasmic entrance
caused by short phospholipid chain length could be a molec-
ular origin for the AQP4 water permeation decrease. As
detailed in the recent theoretical modeling of AQPs by Grav-
elle and colleagues (40), the entrance effect could be a
limiting factor for water conductance through AQP channels.
In an hourglass-shaped channel, water permeation decreases
when the entrance angle, «, becomes larger (o« > 7°) and
when the ratio of the entrance depth to the pore radius
(L/r) becomes smaller (40). Our simulation results were
in close agreement with this theory (Fig. 7). In the thin
(C14:0)(C14:0)PC bilayer, the AQP4 water channel entrance
changed its angle from 13° to 23°, entrance depth from 18 A
to 10 A and pore radius from 1.0 A to 0.7 A. With such
changes in the channel’s entrance structure, the theory pre-
dicts a 1.4-fold decrease in water permeation (40), which is
in close agreement with the 1.3-fold decrease predicted in
our simulation between thick ((C22:1)(C22:1)PC)and thin
((C14:0)(C14:0)PC) bilayers, as well as in our osmotic-
gradient experiments between (C22:1)(C22:1)PC and the
(C16:0)(C18:1)PC bilayer, which has a thickness similar to
that of (C14:0)(C14:0)PC (Fig. 5). However, this is much
smaller than the 3.9-fold decrease observed in the osmotic-
gradient experiments between (C22:1)(C22:1)PC and the
even thinner (C13:0)(C13:0)PC bilayer (Fig. 5).

Besides the channel entrance effect, there are other fac-
tors that could cause the small water permeability in the
thin bilayers. As the pore radius is slightly decreased, water
conductance across the restriction zone (pore radius <1 A)
could also contribute to the decrease in permeation. Further-
more, the elongation of the channel region in the thin mem-
brane (Fig. 7) could increase the interaction between water
and the channel and also increase the length of the water
chain, thereby increasing channel water resistance.



These results suggest that the AQP4 channel is con-
structed to provide maximum water permeability in bilayers
with thicknesses found in nature. Specifically, the channel
permeability became markedly smaller for a hydrocarbon
thickness of <2.5 nm (Fig. 5), which is thinner than that
typically found in biological membranes (31).

Although our data demonstrated that the function of
AQP4 depended on membrane bilayer thickness, our results
also showed the robustness of the channel, as previously re-
ported for AQP channels (86). That is, AQP4 allowed water
passage over the wide range of bilayer thicknesses studied
here. More importantly, in the MD simulations, no appre-
ciable conformation changes were observed in key channel
regions, such as near the selectivity filter motif or the NPA
motif (Figs. 6 and 7), indicating few effects on channel
selectivity. Only the detailed structure of AQP4 near the
cytoplasmic vestibule changed appreciably with decreasing
bilayer thickness (Figs. 5 and 6).

Finally, we return to the effects of membrane cholesterol
on AQP4 permeability function. We argue that specific
cholesterol-AQP4 interactions do not make a dominant
contribution to the total effect, because P, is quite different
for 1:1 sphingomyelin/cholesterol and 1:1 (C16:0)(C18:1)
PC/cholesterol bilayers at the same cholesterol/AQP4 ratio
(28). As noted in the Introduction, in addition to increasing
bilayer thickness, cholesterol also modifies bilayer elastic-
ity, as indicated by cholesterol-induced increases in the
bilayer area compressibility modulus (K,), which is much
larger for 1:1 sphingomyelin/cholesterol than for 1:1
(C16:0)(C18:1)PC/cholesterol bilayers (31,87). We found
that P, was extremely low (0.3 = 0.1 x 10713 cm3/s) for
AQP4 in equimolar sphingomyelin and cholesterol bilayers
(31), even though the bilayer hydrocarbon thickness of a
1:1 sphingomyelin/cholesterol bilayer (3.6 nm) is compa-
rable to the thickest bilayers used in this study (Fig. 5).
Thus, although, as shown here, thickness changes modify
AQP4 permeability, the dominant effect of cholesterol on
AQP4 function is likely due to cholesterol’s altering mem-
brane elasticity. Molecular details for AQP4 permeability
changes as a function of bilayer elasticity are not known
at present.
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