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Abstract
Aquaporin-0 (AQP0), the primary water channel in lens fiber cells, is critical to lens development,
organization, and function. In the avascular lens there is thought to be an internal microcirculation
associated with fluid movement. Although AQP0 is known to be important in fluid fluxes across
membranes, the water permeability of this channel has only been measured in Xenopus oocytes
and in outer lens cortical membranes, but not in inner nuclear membranes, which have an
increased cholesterol/phospholipid ratio. Here we measure the unit water permeability of AQP0 in
different proteoliposomes with cholesterol/phospholipid ratios and external pHs similar to those
found in the cortex and nucleus of the lens. Osmotic stress measurements were performed with
proteoliposomes containing AQP0 and three different lipids mixtures: (1) phosphatidylcholine
(PC) and phosphatidylglycerol (PG), (2) PC, PG, with 40 mol% cholesterol, and (3)
sphingomyelin (SM), PG, with 40 mol% cholesterol. At pH 7.5 the unit permeabilities of AQP0
were 3.5 ± 0.5 ± 10−14 cm3/s (mean ± SEM), 1.1 ± 0.1 × 10−14 cm3/s, and 0.50 ± 0.04 × 10−14

cm3/s in PC:PG, PC:PG:cholesterol, and SM:PG:cholesterol, respectively. For lipid mixtures at
pH 6.5, corresponding to conditions found in the lens nucleus, the AQP0 permeabilities were 1.5 ±
0.4 × 10−14 cm3/s and 0.76 ± 0.03 × 10−14 cm3/s in PC:PG:cholesterol and SM:PG:cholesterol,
respectively. Thus, although AQP0 unit permeability can be modified by changes in pH, it is also
sensitive to changes in bilayer lipid composition, and decreases with increasing cholesterol and
SM content. These data imply that AQP0 water permeability is regulated by bilayer lipid
composition, so that AQP0 permeability would be significantly less in the lens nucleus than in the
lens cortex.
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1. Introduction
Aquaporin (AQP) channels, specialized for the selective permeability of water across
membranes driven by osmotic gradients (Agre and Kozono, 2003; Agre et al., 1993; Zeidel
et al., 1994), are critical for water distribution and cell volume control. In particular, AQP0
(formerly called MIP or MIP26), the most abundant protein in lens fiber cell membranes, is
important for the development and proper function of the eye lens (Al-Ghoul et al., 2003;
Shiels et al., 2000; Verkman, 2003). Cataracts, the leading cause of blindness in the world,
develop in humans with mutations in AQP0 (Francis et al., 2000; Varadaraj et al., 2008;
Verkman, 2003) and in mice deficient in the gene for AQP0 (Shiels et al., 2001; Verkman et
al., 2008). To maintain lens transparency, the fiber cell volume and water content must be
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tightly regulated (Donaldson et al., 2009). Since the lens is avascular to prevent light
scattering, volume regulation depends on an internal microcirculation, with AQP0 playing
an important role (Donaldson et al., 2001, 2009; Mathias et al., 2007; Shiels et al., 2001).
Thus, determination of AQP0 water permeability in conditions corresponding to those in the
different layers of the lens should provide important information relevant to this lens
microcirculation.

Previous measurements of AQP0 water permeability have been done either for AQP0
expressed in Xenopus oocytes (Ball et al., 2003; Chandy et al., 1997; Francis et al., 2000;
Mulders et al., 1995; Nakazawa et al., 2011; Nemeth-Cahalan and Hall, 2000; Varadaraj et
al., 2005, 2008, 1999) or in vesicles made from fiber cells teased from the lens cortex
(Varadaraj et al., 2005, 1999). In general, these studies showed that AQP0 is indeed a water
channel, but with a smaller unit permeability than other AQPs, such as AQP1 found in lens
epithelial cells or AQP4 in brain (Chandy et al., 1997; Mulders et al., 1995; Varadaraj et al.,
2005; Yang and Verkman, 1997). However, technical reasons have made it impossible to
make water permeability measurements from membranes from the central nucleus of the
lens (Varadaraj et al., 2005). Moreover, although Xenopus oocytes are effective systems for
expression of many types of transport proteins including aquaporins, their plasma
membranes have a very different lipid composition compared to fiber cell membranes, and
recent work has shown that AQP4 permeability is a strong function of bilayer lipid
composition (Tong et al., 2012).

In this paper we extend these previous studies to determine the water permeability of AQP0
incorporated into proteoliposomes of lipid compositions relevant to lens membranes.
Specifically, we measure the individual channel (unit) AQP0 permeability in bi-layers
containing various concentrations of cholesterol and lens phospholipids. The cholesterol/
phospholipid (C/PL) ratio is one of the largest found in biological systems (Zelenka, 1984;
Li et al., 1985). Moreover, it has been found that the cholesterol/phospholipid (C/PL) ratio
increases with aging (Li et al., 1987), and that there is a gradient in C/PL ratio across the
lens (Borchman et al., 1996; Li et al., 1985, 1987). For example, in the bovine lens the C/PL
ratio increases from about 0.6 (mol/mol) in the cortex to about 1.4 (mol/ mol) in the nucleus
(Borchman et al., 1996), which are both larger than the value of C/PL of 0.3 in Xenopus
oocytes plasma membranes (Hill et al., 2005). These large values of C/PL modify the
physical properties and structural order of lens bilayers (Borchman et al., 1996; Lamba et
al., 1993; Widomska et al., 2007).

The phospholipid composition of lens fiber cells is also different than most cell plasma
membranes with respect to both headgroup type and hydrocarbon chain composition. Like
most plasma membranes, fiber cell membranes contain primarily a mixture of
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and
sphingomyelin (SM), with relatively small amounts of other phospholipids such as
phosphatidylinositol (PI) and phosphatidylglycerol (PG) (Borchman et al., 1999; Borchman
and Yappert, 2010; Deeley et al., 2008; Yappert et al., 2003). However, compared to most
cell plasma membranes, fiber cell membranes are enriched in SM (Borchman et al., 2004;
Yappert and Borchman, 2004). SM is an unusual membrane phospholipid in that it contains
mostly saturated hydrocarbon chains (Estrada and Yappert, 2004; Zigman et al., 1984),
whereas other membrane lipids typically contain hydrocarbon chains with at least one
double bond. Moreover, the ratio of SM to other phospholipids (such as PC) is significantly
larger in the lens nucleus than in the lens cortex (Borchman et al., 2004; Yappert and
Borchman, 2004; Yappert et al., 2003) so that nuclear lipid hydrocarbon chains are more
saturated by a factor of 4 compared to cortical lipids (Lamba et al., 1993). In terms of total
phospholipid the bovine lens SM is 25 mol% in the cortex and 46 mol% in the nucleus
(Borchman et al., 2004), which can be compared to 26 mol% SM found in Xenopus oocytes
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plasma membranes (Hill et al., 2005). Lipid bilayer widths and elastic moduli are both much
larger for SM/cholesterol bilayers than for bilayers containing monounsaturated PCs with or
without cholesterol (Rawicz et al., 2008). Fiber cell membranes also contain
dihydrosphingomyelin (DHSM), which is closely related structurally to SM, with the only
difference being a 4,5-trans double bond in the sphingosine backbone of SM. The ratio of
SM to DHSM depends on the animal; bovine lenses contain mostly SM whereas human
lenses contain mostly DHSM (Borchman and Yappert, 2010; Borchman et al., 2004; Deeley
et al., 2008; Yappert and Borchman, 2004; Yappert et al., 2003). Although DHSM has a
higher melting temperature than the chain-matched SM (Kuikka et al., 2001; Yappert and
Borchman, 2004), the areas per molecule are quite similar for these two lipids (Kuikka et al.,
2001) and in this work we focus on SM.

Our experiments measuring AQP0 permeability in different lipids are also motivated by the
recent finding that the water permeability of another aquaporin (AQP4) strongly depends on
bilayer lipid composition and is relatively low in bilayers enriched in cholesterol and SM
(Tong et al., 2012). Also, AQP0 aggregation, which occurs in the lens (Costello et al.,1985;
Zampighi et al.,1982), acts to partition AQP0 into raft microdomains in bilayers enriched in
cholesterol and SM (Tong et al., 2009), which may be relevant to the raft microdomains in
the lens (Borchman and Yappert, 2010; Cenedella et al., 2007; Rujoi et al., 2003). Because
there have been no reports on AQP0 water permeability reconstituted into bilayers with
compositions similar to lens fiber cells, it is unclear how changes in lipid composition that
occur with age and region in the lens affect or regulate AQP0 permeability (Borchman and
Yappert, 2010).

Another difference between the lens cortex and nucleus is that the cytoplasms of nuclear
cells are considerably more acidic than those of the cortex (Mathias et al., 1991). There have
been different experimental findings concerning the effect of pH on AQP0 water
permeability. Nemeth-Cahalan and Hall (2000) measured a 3.4 fold increase in bovine
AQP0 water permeability expressed in Xenopus oocytes, with a lowering of the pH from 7.5
to 6.5, and argued that these results provide evidence for regulation of AQP0 by changes in
pH. Varadaraj et al. (2005) also found that decreasing external pH resulted in increased
water permeability for AQP0 expressed in Xenopus oocytes, as well as for vesicles formed
from cortical fiber cells. We note that in these cortical vesicles there might be contributions
from the small amount of AQP5 in the lens (Grey et al., 2013). In contrast, Virkki et al.
(2001) found essentially no change in bovine AQP0 water permeability expressed in
Xenopus oocytes when the pH was lowered from 7.5 to 6. To distinguish pH effects
determined by inherent AQP0 permeability from potential effects of intracellular processes,
here we measure AQP0 unit water permeability over the pH range of 7.5–6.5 using
proteoliposomes where the AQP0/lipid ratio and exact lipid composition are precisely
controlled.

2. Materials and methods
2.1. Materials

The monounsaturated phospholipids palmitoyloleoyl phosphatidylcholine (POPC) {(C16:0)
(C18:1)PC} and palmitoyloleoyl phosphatidylglycerol (POPG) {(C16:0)(C18:1)PG}, the
fully saturated dipalmitoyl phosphatidylglycerol (DPPG) {(C16:0)(C16:0)PG}, bovine brain
sphingomyelin (SM), and cholesterol were purchased from Avanti Polar Lipids (Alabaster,
AL). Bovine lenses were from Pel-Freez Biological (Bogers, AR). The detergent n-octyl-D-
glucopyranoside (OG) was from Affymetrix (Maumee, OH), the protease inhibitor cocktail,
dimethyl sulfoxide (DMSO), and phenylmethylsulphonyl fluoride (PMSF) were obtained
from Sigma–Aldrich (St. Louis, MO). Affinity purified rabbit anti-AQP0 was from
Chemicon (Billerica, MA) and affinity purified rat anti-AQP5 antibody was from Millipore

Tong et al. Page 3

Exp Eye Res. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Billerica, MA). SDS-PAGE reagents, Criterion Tris–HCl gel, and nitrocellulose membranes
were from Bio-Rad Laboratories (Hercules, CA), and the BCA protein assay was from
Thermo Scientific (Rockford, IL).

2.2. Isolation and purification of AQP0
For each preparation, 25 bovine lenses were dissected by removing the epithelial tissue and
the cortical tissue was minced into small pieces then homogenized with a Teflon tipped
homogenizer in 2 mM EDTA, 2 mM EGTA, and 10 mM HEPES buffer (pH 8) containing a
protease inhibitor cocktail. The material was centrifuged for 20 min at 17,000 × g, followed
by two washes. The resulting crude membrane pellet was diluted in buffer and frozen at
−100 °C until further use.

AQP0 was purified following published methods (Gonen et al., 2004a,b; Jarvis and Louis,
1995; Tong et al., 2009). The crude membrane fraction was treated with 3 consecutive
washes at 17,000 × g in HEPES buffer containing initially 4 M urea, then 7 M urea, and
finally 0 M urea. This material was solubilized in 2% OG in buffer, and the insoluble
material was removed by centrifugation at 110,000 × g. The OG-solubilized supernatant was
loaded on a HiTrap Q FF anion exchange column (GE Healthcare, Piscataway, NJ)
equilibrated with 1% OG and fractions were eluted with a step gradient of 0 M, 150 mM,
200 mM, and 1 M NaCl in HEPES buffer containing 1% OG. Protein concentrations in the
fractions were measured with the BCA assay using a BSA standard (Thermo Scientific,
Rockford, IL). The purity of AQP0 was determined by SDS-PAGE and Western blots as we
have done previously (Tong et al., 2009). For SDS-PAGE, protein samples were mixed (1:1)
with Laemmli sample buffer containing 10% SDS and analyzed with a 4–20% gel. Gels,
stained with Sypro Ruby, imaged and analyzed using a BioChemi System with Lab-Works
4.0 (UVP BioImaging System, Upland, CA). Because AQP5, which has a similar molecular
weight to AQP0, has been recently demonstrated in lens fiber cells (Grey et al., 2013),
Western blotting of the column fractions was also done with an anti-AQP5 primary
antibody.

2.3. Reconstitution of AQP0 into proteoliposomes
To obtain bilayers with a range of thicknesses and elastic properties (Tong et al., 2012), we
used three specific lipid compositions: (1) a mixture of monounsaturated phospholipids,
POPC:-POPG (8:2 M:M); (2) monounsaturated phospholipids with cholesterol,
POPC:POPG:cholesterol (4:2:4 M:M:M); and (3) a mixture of SM, a fully saturated
phospholipid and cholesterol, SM:DPPG:cholesterol (4:2:4 M:M:M). 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. The lipids were mixed in chloroform:methanol, dried by rotary
evaporation, and hydrated in 25 mM HEPES, 50 mM NaCl, 2 mM DTT, 1 mM PMSF at pH
7.5 (buffer A) containing 2% OG. To ensure complete hydration, the SM:DPPG:cholesterol
specimens were hydrated at 40 °C, whereas the other lipids were hydrated at 20 °C. The
lipids and proteins in OG were mixed at appropriate lipid:protein ratios, OG was removed
by dialysis against buffer A, initially for 4 h at room temperature followed by 2 days at room
temperature for SM:DPPG:cholesterol or at 4 °C for the other lipids. The resulting
lipid:protein vesicles were collected by ultracentrifugation (Tong et al., 2012) and
resuspended in dialysis buffer A plus 50 mM sucrose or in buffer B (25 mM MES, 50 mM
NaCl, 2 mM DTT, 1 mM PMSF, pH 6.5) 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 vesicle diameter was determined by
quasi-elastic light scattering with a ZetaPlus Zeta Potential Analyzer (Brookhaven
Instruments, Holtsville, NY), and ranged from 100 nm to 180 nm depending on the sample
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protein/lipid ratio. The AQP0 unit water permeabilities were found to be independent of
average vesicle diameter.

The lipid and protein compositions of the extruded proteoliposomes were determined by
phosphate assays (Chen et al., 1956) and SDS-PAGE, respectively. AQP0 in
proteoliposomes and known amounts of AQP0 in OG (standardized by BCA assay) were
analyzed on the same SDS gel. Integrated optical densities were measured, and the absolute
AQP0 concentrations in proteoliposomes were calculated by comparison with the standards,
which showed a linear response. This SDS-PAGE approach was necessary for the
proteoliposomes because the lipids interfered with direct BCA assays.

2.4. Water permeability measurements
Water permeabilities were measured following 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 (Borgnia et al.,1999; Liu et al., 2006; Walz et al.,1994; Yukutake
et al., 2008; Zeidel et al.,1992, 1994). To measure permeabilities at pH 7.5 or pH 6.5 these
sucrose solutions were made using buffer A or buffer B, respectively. We measured the
volume change by light scattering with a wavelength of 600 nm (Kai et al., 2010; Tong et
al., 2012; Yang et al., 1997) using a SX20 Stopped-Flow Spectrometer (Applied
Photophysics, Leatherhead, UK). The proteoliposome permeabilities (pf), with units of cm/
sec, were calculated from the formula

(1)

where k is the shrinkage rate determined by exponential fits to the light scattering data, SAV
is the vesicle surface area to volume ratio, VW is the partial molar volume of water (18 cm3/
mol), and Cin (50 mM) and Cout (150 mM) are the initial concentrations of solute inside and
outside the vesicles (Borgnia et al., 1999; Kai et al., 2010). For proteoliposomes made from
POPC:POPG or POPC:POPG:cholesterol the light scattering data were recorded from 0 to 5
s, whereas for the slower volume changes observed with proteoliposomes containing
SM:DPPG:cholesterol data were recorded from 0 to 20 s. The light scattering data were fit
using Logger Pro 3.8 (Vernier Software, Beaverton, OR).

The AQP0 single-channel unit permeabilities (Pu), with units of cm3/sec, were determined
with the formula Pu = pf/SuD (Werten et al., 2001), where SuD is the AQP-0 density per
unit surface area. For each proteoliposome preparation, SuD was calculated from the
measured vesicle diameters, protein concentrations, lipid concentrations, and area per lipid
molecule (Am). For our lipid systems Am was estimated from literature X- ray diffraction
and monolayer data as described in detail previously (Tong et al., 2012). For POPC:POPG,
POPC:POPG:cholesterol, and SM:DPPG:cholesterol we used Am = 0.66 nm2, 0.47 nm2, and
0.42 nm2, respectively.

3. Results
Polyacrylamide gels of fractions from the anion exchange columns eluted at 150 mM, 250
mM, and 1 M NaCl all showed bands with an approximate molecular weight of 26 kD.
Western blots showed that AQP0 was highly enriched in the column fractions eluted at 150
mM and 200 mM NaCl but not present in appreciable quantities in the 1 M fraction (Tong et
al., 2009), whereas AQP5 was located in the column fraction eluted at 1 M NaCl but not in
the 150 or 200 mM fractions (data not shown). For these column fractions of OG-soluble
bovine lens, PAGE analysis showed that there was about 12 times more AQP0 than AQP5,
consistent with proteomics results for the human lens (Grey et al., 2013). For all work
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described in this paper we used the column fraction eluted with 150 mM that was enriched
in AQP0.

Fig. 1 shows typical time courses of the osmotic gradient-driven changes in light scattering
for 4:2:4 POPC:POPG:cholesterol single-walled vesicles in the presence and absence of
AQP0. For both traces the light scattering increased sharply after the osmotic gradient was
applied at time t = 0 s and eventually leveled off. In the absence of protein, the light
scattering trace could be fit closely with a single exponential function yielding a single value
of shrinkage rate constant (k). For these control vesicles the value of pf calculated with Eqn.
(1) was 3.3 ± 0.2 × 10−3 cm/s (mean ± SEM), which is similar to the value of 2.9 ± 0.6 ×
10−3 cm/s previously obtained with the similar lipid system of 6.7:3.3 POPC:cholesterol
(Gensure et al., 2006). The presence of AQP0 increased the rate of the change in light
scattering (Fig. 1), indicating that AQP0 increased the water permeability of the vesicle.

Representative changes in light scattering are shown in Fig. 2 for proteoliposomes
containing similar concentrations of AQP0 in bi-layers of different lipid compositions, with
those containing cholesterol designed to mimic membrane compositions found in the lens.
The rate of scattering strongly depended on the lipid system, being fastest for POPC:POPG,
slower for POPC:POPG:cholesterol, and slowest for SM:DPPG:cholesterol. For each lipid
system, the traces could be closely fit with the sum of two exponential functions, yielding
two shrinkage rates and two values of pf, a larger one (k1) that increased with increasing
protein/lipid (P/L) ratio, and a smaller one (k2) that was independent of P/L and had a
similar value to the control liposome. This is illustrated for the SM:DPPG:cholesterol
system with the open triangles in Fig. 3. For subsequent analysis with each lipid
composition, we used the larger values of pf (calculated with k1) that increased with
increasing P/L.

Similar experiments were used with Eq (1) to calculate pf for AQP0 over broad ranges of
protein/lipid (P/L) ratios for all three lipid systems at pH 7.5 (Fig. 3). In the absence of
AQP0 (P/L = 0) the water permeability for each bilayer system studied here was similar to
previously published values for similar lipids (Tong et al., 2012). Upon the addition of
AQP0 in all three lipid systems, the proteoliposome water permeability increased linearly
with increasing P/L ratio. However, pf depended strongly on the composition of the lipid
bilayer and, for a given protein/lipid ratio, varied in the order POPC:POPG >
POPC:POPG:cholesterol > SM:DPPG:cholesterol (Fig. 3).

Using the proteoliposome permeability (pf) data (Fig. 3) along with the AQP0 density per
surface area (SuD) for each proteoliposome, we calculated the single channel (unit)
permeability (Pu) for AQP0 at pH 7.5 for the three different lipid systems. As shown in Fig.
4, Pu depended strongly on the composition of the lipid bilayer, with POPC:POPG
>POPC:POPG:cholesterol >SM:DPPG:cholesterol.

Next we compared these measured values of Pu to the values determined for AQP4, a major
water channel in the brain. In Fig. 5 we show unit water permeabilities for AQP0 and the
M1 isoform of AQP4 (from Tong et al. (2012)) for the same 3 lipid systems. Two major
points should be noticed. First, for each lipid composition the values of Pu were smaller by
about an order of magnitude for AQP0 than for AQP4. Second, for both AQP0 and AQP4
the unit permeability depended strongly on the composition of the bilayer matrix. The
addition of 40 mol% cholesterol to PC:PG bilayers significantly reduced the unit
permeability for both AQPs, and for both AQPs the values of Pu were smallest in
SM:DPPG:cholesterol bilayers.

Measurements of pf and Pu were also performed at pH 6.5 for proteoliposomes containing
cholesterol, as found in the lens nucleus. As shown in Fig. 6, reducing the pH from 7.5 to
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6.5 increased the values of Pu by about 30% for PC:PG:cholesterol and about 50% for
SM:PG:cholesterol.

Previous work from our laboratory showed that the unit permeability of AQP4 depended on
the lipid bilayer composition and properties, specifically on the bilayer hydrocarbon
thickness (dhc) and bilayer compressibility modulus (KA), a measure of bilayer elasticity
(Tong et al., 2012). To test if similar relationships also pertain to AQP0, we plot in Fig. 7 the

measured values of Pu as a function of bilayer hydrocarbon thickness (dhc) and . We use

 since it has been experimentally shown in the case of one component PC bilayers that
elastic bending (kc) and area compressibility moduli are related to bilayer hydrocarbon
thickness (dhc) by the relation (kc/KA)1/2 ∝ dhc (Rawicz et al., 2000). Values of KA were
calculated based on measurements for similar lipid systems (Rawicz et al., 2000, 2008). For
POPC:POPG (8:2) we used KA of the analogous lipid SOPC (Rawicz et al., 2008), for
POPC:POPG:-cholesterol (4:2:4) we used the KA measured for SOPC:cholesterol (1:1)
(Rawicz et al., 2008) modified by a correction factor of 0.6 taking into account the
difference between SOPC bilayers containing 50 and 40 mol% cholesterol (see Fig. 3 of
(Needham and Nunn, 1990)), and for SM:DPPG:cholesterol (4:2:4) we used KA of
SM:cholesterol (1:1) (Rawicz et al., 2008) with the same correction factor of 0.6. The values
of dhc were taken from X-ray diffraction data; for POPC:POPG we used dhc measured for
POPC (Kucerka et al., 2005), for POPC:POPG:cholesterol we used dhc of SOPC:cholesterol
(Pan et al., 2008), and for SM:DPPG:cholesterol we used dhc of SM:cholesterol
(Gandhavadi et al., 2002). For AQP0, Pu decreased monotonically with increasing values of

either dhc (Fig. 7A) or  (Fig. 7B).

4. Discussion
4.1. Proteoliposome permeabilities

There have been several previous measurements of pf for proteoliposomes containing
various AQPs, including AQP1 (Walz et al., 1994; Zeidel et al., 1994), AQP2 (Eto et al.,
2010; Werten et al., 2001), AQP4 (Kai et al., 2010; Tong et al., 2012; Yang et al., 1997;
Yukutake et al., 2008), AQP8 (Liu et al., 2006), and AQP9 (Carbrey et al., 2003). Many of
these experiments used bilayers primarily containing bacterial lipids, although some have
been done in phospholipids with smaller concentrations of cholesterol than used here (Yang
et al., 1997; Zeidel et al., 1994). The only previous osmotic permeability experiments
performed with rigid bilayers containing SM and cholesterol were those of Tong et al.
(2012) with AQP4. In the case of AQP0 it is important to determine channel water
permeability in bilayers containing high concentrations of SM and cholesterol, as both are
major lipid components of lens fiber cell membranes (Borchman and Yappert, 2010;
Zelenka, 1984; Zigman et al., 1984).

Relatively few experiments have been performed to determine unit channel permeability
(Pu) for AQPs in proteoliposomes. For AQP1, Pu has been determined to be 4.6 × 10−14

cm3/s in bacterial phospholipids (Zeidel et al., 1994), which is comparable to Pu for AQP0
in PC:PG bilayers, but much larger than Pu for AQP0 in SM:PG:cholesterol bilayers. For
AQP4, Pu has been measured in several lipid systems, including DPPC:PE:PI:cholesterol
(4.5:2.3:0.5:2.7) (Yang et al., 1997), as well as the same bilayer systems as used in this
current paper (Tong et al., 2012) (see Fig. 5). Yang et al. (1997) recorded Pu = 1.5 × 10−13

cm3/s for AQP4 in their bilayers containing 27% cholesterol, which is between our
measured values of Pu = 3.3 × 10−13 cm3/s in PC:PG bilayers containing no cholesterol and
Pu = 1.2 ± 0.1 × 10−13 cm3/s in PC:PG:cholesterol bilayers containing 40% cholesterol.
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To obtain a good fit to our light scattering data it was necessary to use the sum of two
exponential functions, which previously has been done for some AQP-containing
proteoliposomes (Carbrey et al., 2003; Tong et al., 2012). As previously argued by Tong et
al. (2012) for AQP4, the faster exponential rise (k1) represents water permeability through
the AQP0 channel, whereas the slower exponential rise (k2) is probably due to normal water
leakage through the bilayer matrix. Thus, we assert that the two values of k represent two
distinct avenues of water flux, one through the AQP0 channel and the second through the
surrounding bilayer. In support of this bilayer leakage explanation for the slower exponential
rise, we note that for k2 the pf values were independent of protein/lipid ratio and similar to
control liposomes (Fig. 3), whereas for the faster exponential rise (k1) the values of pf
increased linearly with increasing protein/lipid ratio. We had found previously in the case of
AQP4 that a single exponential function could fit data obtained from cholesterol-containing
bilayers where the AQP4 permeability was large compared to that of the matrix bilayer,
whereas 2 exponential were needed to give a close fit to the scattering data for more leaky
PC:PG bilayers where the bilayer matrix leakage was more comparable to that of the AQP4
permeability (Tong et al., 2012). In the case of AQP0, the unit water permeability is much
smaller than that of AQP4 (Fig. 5), so that the permeability of the bilayer is closer to that of
the AQP0 channel permeability than it is for AQP4. Therefore, we argue that 2 exponential
functions are needed to closely fit the light scattering data for AQP0 incorporated into any
bilayer matrix.

4.2. Possible molecular mechanisms for bilayer modification of AQP0 water permeability
We now consider possible mechanisms by which changes in bilayer lipid composition
modified the AQP0 single channel permeability (Fig. 7). Both theoretical treatments
(Nielsen et al., 1998; Phillips et al., 2009; Wiggins and Phillips, 2005) and experimental
studies (Baenziger et al., 2000; Chang et al., 1995; Patel et al., 2001; Schmidt and
Mackinnon, 2008) indicate that bilayer structural and elastic properties can affect protein
conformation and activity, with the structural and elastic properties being interrelated
(Perozo et al., 2002; Rawicz et al., 2008; Yuan et al., 2007). Thus, there is a coupling of the
protein to the bilayer hydrophobic core so the bilayer becomes an allosteric regulator of
membrane protein function (Lundbaek et al., 2005).

Bilayer width plays a role in protein activity due to “hydrophobic mismatch” between
protein hydrophobic length and bilayer hydrocarbon thickness (dhc) (Andersen et al., 2007;
Dumas et al., 2000; Hong and Tamm, 2004; Nyholm et al., 2007; Perozo et al., 2002; Pilot
et al., 2001; Yuan et al., 2007). A hydrophobic coupling between protein and surrounding
bilayer exists due to the high cost of exposing either hydrophobic amino acid residues or
lipid acyl chains to the aqueous environment (Andersen et al., 2007; Israelachvili et al.,
1977; Nielsen et al., 1998). To avoid this hydrophobic mismatch there is either a change in
protein conformation or local bilayer thickness. Experiments have shown that hydrophobic
mismatch affects the activity of melibiose transporters (Dumas et al., 2000), BK calcium
channels (Yuan et al., 2007), and mechanosensitive ion channels (Perozo et al., 2002).

Crystal structures can be used to obtain information on the hydrophobic length of AQP0. In
crystals of AQP0 reconstituted in dimyristoyl phosphatidylcholine (DMPC), the width of the
DMPC bilayer is 2.4 nm (Hite et al., 2008), which presumably closely matches the length of
the hydrophobic region of AQP0. Also, in crystals of AQP0 in OG, the length of the
cylindrical water channel is 2.8 nm (Harries et al., 2004). Both of these measured lengths are
closer to dhc for POPC:POPG (2.7 nm) than for POPC:POPG:-cholesterol (3.3 nm) or
SM:DPPG:cholesterol (3.6 nm) (Fig. 7A). Thus, for our lipid systems, the “hydrophobic
mismatch” between AQP0 hydrophobic length and dhc varies in the order
SM:DPPG:cholesterol > POPC:POPG:cholesterol > POPC:POPG, consistent with our
observed differences in Pu.
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In terms of bilayer elastic properties, Hite et al. (2008) suggest that lateral pressure from
lipids surrounding AQP0 could restrict the conformational flexibility of its transmembrane
domain. This could help explain the dependence of AQP0 Pu on bilayer composition (Fig.
7B), as the lateral pressure profile depends on bilayer cholesterol content (Cantor, 1999a, b;
Samuli Ollila et al., 2007) and phospholipid hydrocarbon chain unsaturation (Cantor, 1997,
1999a, b). Several studies have indicated that the hydrocarbon chains are quite ordered in
lens bilayers (Borchman et al., 1999; Borchman and Yappert, 1998; Widomska et al., 2007),
particularly in cataractous lenses (Huang et al., 2005). EPR spectra have shown that the
relatively large order parameters of calf lens lipids are closer to those of equimolar
POPC:cholesterol bilayers than to those of POPC bilayers (Widomska et al., 2007).

Therefore, we argue that small AQP0 transmembrane conformational changes resulting from
differences in bilayer thickness (Fig. 7A) or bilayer elastic properties (Fig. 7B) could modify
the single-file movement of water molecules through the narrow AQP0 water channel.
Future experiments will be designed to determine the relative contributions of bilayer
thickness and elasticity on AQP water permeability.

4.3. Implications for roles of AQP0 in lens function
AQP0 is the most abundant transmembrane protein in lens fiber cells. Although this protein
is critical to the growth, development, and function of the lens (Francis et al., 2000; Shiels
and Bassnett, 1996; Shiels et al., 2001, 2000; Varadaraj et al., 2007; Verkman, 2003),
fundamental questions remain concerning AQP0’s specific roles. The studies presented here
have been designed to provide details on AQP0 water permeability in bilayers containing the
major types of lipids found in the lens.

A major observation is that the unit water permeability of AQP0 in SM:cholesterol bilayers
is about 7 times smaller than Pu for AQP0 in PC:PG bilayers. This implies that the water
permeability of AQP0 in fiber cells in the lens nucleus is quite small, and smaller than Pu for
AQP0 in the lens cortex. This information should be useful in testing models (such as those
developed by Mathias and colleagues (Donaldson et al., 2001; Mathias et al., 2007)) for the
internal circulation of ions within the lens that is coupled to water flow. AQP5 is present
throughout bovine and human lenses but its abundance is reduced in deeper regions (Grey et
al., 2013). There is considerably more AQP0 than AQP5 in lens fiber cells (Grey et al.,
2013). However, the higher permeability of AQP5, at least as determined in Xenopus
oocytes (Yang and Verkman, 1997), indicates that AQP5 might modulate water permeability
in the lens, an idea that needs to be tested (Grey et al., 2013).

A further consideration in analyzing membrane water flux in the lens is that AQP0 could be
sequestered into raft microdomains enriched in SM and cholesterol, where, based on the
results of Fig. 4, AQP0 channel permeability should be small. Two factors could be involved
in the sorting of AQP0 to rafts. First, it has been demonstrated that AQP0 aggregation or
homo-oligomerization brings AQP0 into raft microdomains (Tong et al., 2009). Second, the
acylation of AQP0 also promotes raft incorporation (Schey et al., 2010).

Lowering of pH from 7.5 to 6.5 increased the Pu of AQP0 (Fig. 5), although not by as large
a factor as found for pf changes measured in frog oocytes (Nemeth-Cahalan et al., 2013;
Nemeth-Cahalan and Hall, 2000). As previously shown, several factors in cells could affect
AQP0 permeability, such as phosphorylation (Gold et al., 2012) and interactions with either
cytoplasmic (Lindsey Rose et al., 2006; Nakazawa et al., 2011; Nemeth-Cahalan et al.,
2004; Reichow and Gonen, 2008; Rose et al., 2008) or extracellular proteins (Liu and Liang,
2008). Our data indicate that an important additional factor to consider is bilayer
composition, which modifies inherent AQP0 permeability.
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Another possible role for AQP0 in the lens is in cell-to-cell adhesion (Buzhynskyy et al.,
2007; Gonen et al., 2004a, b; Kumari and Varadaraj, 2009; Michea et al., 1995). Early
freeze-fracture and thin section electron microscopy showed that tight intracellular contacts
were found in the lens at the location of square arrays of transmembrane proteins (Costello
et al., 1985; Zampighi et al., 1982), now known to be AQP0 (Zampighi et al., 2002). These
“thin junctions” (Costello et al., 1985; Zampighi et al., 1982) that collapse the fluid space
between adjacent cells could be a factor in minimizing light scattering by the lens (Shiels,
2012). Crystal studies indicate that AQP0 is in a closed form when located in membrane
junctions (Engel et al., 2008; Gonen et al., 2004a, b).

4.4. Conclusions
The data presented in this report show that the unit water permeability of AQP0 channels
strongly depended on the lipid composition of the membrane bilayer matrix as modified by
both cholesterol content and phospholipid hydrocarbon chain constituents. In particular,
there was a strong dependence of unit permeability on bilayer thickness and elasticity. Based
on the lipid compositions of lens fiber cells these data imply that the unit permeability of
AQP0 channels is less in the lens nucleus than in the cortex.
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Fig. 1.
Osmotic gradient-driven changes in light scattering for POPC:POPG:cholesterol bilayers
without protein or in the presence of AQP0 at a protein/lipid molar ratio of 0.002. For both
systems, the osmotic gradient was applied at t = 0 and the traces were graphed on the same
relative scale by normalizing the light scattering to go from 0 at t = 0 to +1 when the
scattering plateaued. Fits to the data (single-exponential in the absence of AQP0 and double-
exponential in the presence of AQP0) are shown as dotted black lines. With and without
AQP0 the fits to the data gave root mean square errors (RMSE) <0.005.
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Fig. 2.
Traces of osmotic gradient-driven changes in light scattering for proteoliposomes containing
AQP0 at similar protein/lipid (P/L) molar ratios: POPC:POPG (P/ L = 0.002) (red),
POPC:POPG:cholesterol (P/L = 0.002) (blue), and SM:DPPG:cholesterol (P/L = 0.003)
(green). The light scattering traces were normalized as in Fig. 1. Although data were
recorded for a 20-s time period in order for the SM:DPPG:cholesterol trace to plateau, the
light-scattering data are displayed for only the first five seconds to better show the
differences among the three lipid systems. Double-exponential fits to the data are shown as
dotted black lines with fits to all data sets in this paper giving RMSE <0.005.
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Fig. 3.
Plot of proteoliposome permeability (pf) as a function of molar protein/lipid (P/L) ratio for
AQP0 in bilayers composed of POPC:POPG (red circles), POPC:POPG:-cholesterol (blue
squares), and SM:DPPG:cholesterol (green triangles). For each lipid composition fits to the
osmotic gradient-driven traces (Fig. 2) yielded two shrinkage rates, with k1 giving values of
pf that increased linearly with increasing values of P/L (solid symbols), and k2 giving values
of pf that were nearly independent of P/L (open green triangles show these values for
SM:DPPG:cholesterol).
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Fig. 4.
Single-channel (unit) permeabilities for AQP0 for bilayers composed of POPC:POPG,
POPC:POPG:cholesterol, and SM:DPPG:cholesterol obtained at pH 7.5. (For simplicity, the
lipid labels on the x-axis do not include the relevant PG.)
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Fig. 5.
Single-channel (unit) permeabilities for AQP0 and AQP4-M1 isoform in bilayers composed
of POPC:POPG, POPC:POPG:cholesterol, and SM:DPPG:cholesterol at pH 7.5. The AQP4-
M1 data are taken from Tong et al. (2012).
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Fig. 6.
Single-channel (unit) permeabilities for AQP0 in bilayers composed of POPC:-
POPG:cholesterol and SM:DPPG:cholesterol at pH 7.5 and at pH 6.5.
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Fig. 7.
Single-channel (unit) water permeabilities at pH 7.5 for AQP0 in bilayers composed of
POPC:POPG, POPC:POPG:cholesterol, and SM:DPPG:cholesterol plotted as a function of
(A) bilayer hydrocarbon thickness and (B) the square-root of bilayer area compressibility

modulus ( ). Linear fits to the data are shown to guide the eye.
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