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Sorting of Lens Aquaporins and Connexins into Raft and Nonraft Bilayers:
Role of Protein Homo-Oligomerization

Jihong Tong, Margaret M. Briggs, David Mlaver, Adriana Vidal, and Thomas J. McIntosh*
Department of Cell Biology, Duke University Medical Center, Durham, North Carolina

ABSTRACT Two classes of channel-forming proteins in the eye lens, the water channel aquaporin-0 (AQP-0) and the connex-
ins Cx46 and Cx50, are preferentially located in different regions of lens plasma membranes (1,2). Because these membranes
contain high concentrations of cholesterol and sphingomyelin, as well as phospholipids such as phosphatidylcholine with unsat-
urated hydrocarbon chains, microdomains (rafts) form in these membranes. Here we test the hypothesis that sorting into lipid
microdomains can play a role in the disposition of AQP-0 and the connexins in the plane of the membrane. For both crude
membrane fractions and proteoliposomes composed of lens proteins in phosphatidylcholine/sphingomyelin/cholesterol lipid bila-
yers, detergent extraction experiments showed that the connexins were located primarily in detergent soluble membrane (DSM)
fractions, whereas AQP-0 was found in both detergent resistant membrane and DSM fractions. Analysis of purified AQP-0 recon-
stituted in raft-containing bilayers showed that the microdomain location of AQP-0 depended on protein/lipid ratio. AQP-0 was
located almost exclusively in DSMs at a 1:1200 AQP-0/lipid ratio, whereas ~50% of the protein was sequestered into detergent
resistant membranes at a 1:100 ratio, where freeze-fracture experiments show that AQP-0 oligomerizes (3). Consistent with
these detergent extraction results, confocal microscopy images showed that AQP-0 was sequestered into raft microdomains
in the 1:100 protein/lipid membranes. Taken together these results indicate that AQP-0 and connexins can be segregated in
the membrane by protein-lipid interactions as modified by AQP-0 homo-oligomerization.
INTRODUCTION

Cell plasma membranes are thought to contain lipid/protein

microdomains or ‘‘rafts’’ involved in a number of important

physiological processes, including signal transduction (4–8),

protein trafficking/recycling (9–11), and organization of the

cytoskeleton (12,13). These rafts have often been character-

ized by their insolubility at 4�C in detergents such as Triton

X-100 (Sigma-Aldrich, St. Louis, MO) (14–18). Detergent

resistant membranes (DRMs) are enriched in cholesterol

and sphingolipids such as sphingomyelin (SM) that pri-

marily have saturated hydrocarbon chains, whereas detergent

soluble membranes (DSMs) are enriched in membrane phos-

pholipids, such as phosphatidylcholine, with unsaturated

hydrocarbon chains (14,16,19–21). In particular, plasma

membranes of lens cells, which contain SM, cholesterol,

and phosphatidylcholine with unsaturated hydrocarbon

chains (22,23), yield DRMs (24,25).

Lens fiber cell membranes contain two classes of channel-

forming proteins, aquaporin-0 (AQP-0) and connexins (Cx46

and Cx50). These channels are critical in maintaining the

transparency of the lens (26–30) and play roles in the develop-

ment and architecture of the lens fiber cells (2,31–36). AQP-0

is a passive water channel that allows water to move freely

between the cytosol and extracellular fluid (37,38), whereas

the connexins form either gap junctions between adjacent

cells or hemichannels between cytosol and extracellular

space that allow the passive movement of ions and other small

molecules (39).
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The complex architecture of lens fiber cells and the distri-

butions of AQP-0, Cx46, and Cx50 in the cell membranes

have been studied by freeze-fracture and thin-section elec-

tron microscopy (1,2,40–46). AQP-0 is found in small clus-

ters and tetragonal aggregates in single membranes, and also

in wavy membrane pairs that contain crystalline arrays of

AQP-0 in one membrane (40,42,47). AQP-0 aggregates are

often concentrated at the lateral surfaces of fiber cells,

whereas gap junctions tend to be located at the apical ends

of the fiber cells (1), raising the possibility that AQP-0 and

the connexins could be sorted into different membrane mi-

crodomains. Microdomain sequestration could be involved

in regulating the function of these channels, as the activity

of the Kir2.1 channel is dependent on whether it is in a

raft or nonraft environment (48).

For some cells the membrane distributions of specific aqua-

porins and connexins have been determined by detergent

extraction methods. For example, AQP-5 of parotid duct cells

(49), AQP-8 and AQP-9 of hepatocytes (50), Cx32, Cx43,

and Cx46 from cultured kidney and Cos-7 cells (51) have

all been extracted in DRMs. In the case of lens fiber cells,

AQP-0 (52), Cx46 and Cx50 (25) have been extracted in

DRMs. However, Cx26 and Cx50 are specifically excluded

from DRMs from cultured kidney and Cox-7 cells (51).

Currently there are open questions on the mechanisms by

which some transmembrane proteins (TMPs) are brought

into rafts microdomains whereas others are excluded from

rafts. Possible mechanisms include: 1), direct TMP-lipid

interactions (20,53); 2), interactions between the TMP and

resident (acylated) raft proteins such as caveolin-1 (54–56);

and 3), interactions between the TMP and the cytoskeleton

doi: 10.1016/j.bpj.2009.08.026

mailto:t.mcintosh@cellbio.duke.edu


2494 Tong et al.
(53,57,58). In the lens the cytoskeletal proteins filensin and

CP49 interact with AQP-0 (59), and interactions with caveo-

lin-1 seem to be involved in the recruitment to DRMs of

AQP-0 (52) and the connexins (25).

In terms of TMP-lipid interactions in sorting between

microdomains a factor to consider is protein aggregation or

clustering (homo-oligomerization). This is because the line

tension (interfacial energy) at the boundary of the TMP

and the lipid bilayer gives rise to an energy barrier due to

the hydrophobic mismatch that depends on the relative

values of the hydrophobic thickness of the TMP and width

of the bilayer hydrocarbon region, as well as the elastic prop-

erties of the bilayer (60–62). For raft-containing bilayers the

hydrocarbon thickness of DRMs can be as much as 25%

larger than that of DSMs (21). However, for a given

channel-lipid composition, this edge effect depends on the

relative lateral dimension of the boundary between protein

and lipid, which becomes smaller as the effective diameter

of protein complex increases (61,62). It has been suggested

(63–66) that protein clustering could play a role in microdo-

main sorting of proteins. This effect could be relevant for the

lens channels because freeze-fracture experiments for AQP-0

in lipid vesicles have shown individual intramembrane parti-

cles at a low protein/lipid ratio (1:20,000 mol/mol), some

protein clustering at a higher protein/lipid ratio (1:400), and

large aggregates or two-dimensional crystalline regions

of AQP-0 at an even higher protein/lipid ratio (1:100) (3).

In the case of connexins, although aggregates of Cx46

and Cx50 are observed in gap junctions in cells (2,67),

there is no evidence for aggregation of connexin hemichan-

nels (67).

In this study, we test the hypothesis that direct TMP-lipid

interactions play a role in the sorting of AQP-0, Cx46, and

Cx50 between raft and nonraft microdomains. This is done

by comparing the detergent solubilities of AQP-0 and the

connexins from isolated fiber cell membranes, as well as

from reconstituted proteoliposomes with lipid compositions

similar to fiber cell membranes, but containing no caveolin

or cytoskeletal proteins. We also use confocal microscopy

to analyze the distribution of AQP-0, Cx46, and Cx50 in

intact giant unilamellar vesicles containing raft microdo-

mains. The role of protein homo-oligomerization in the

microdomain distribution of AQP-0 is analyzed by varying

the lipid/AQP-0 ratio in the vesicles.

MATERIALS AND METHODS

Materials

Lipids were purchased from Avanti Polar Lipids (Alabaster, AL) and bovine

lenses were from Pel-Freez Biological (Bogers, AR). 3,30-Dilinoleyloxacar-

bocyanine perchlorate (DiO), Alexa Fluor 555 goat anti-rabbit IgG, and

CBQCA Protein Quantification Kit were obtained from Invitrogen (Carls-

bad, CA). The detergent n-octyl-D-glucopyranoside (OG) was from Ana-

trace (Maumee, OH). Triton X-100, protease inhibitor cocktail, dimethyl

sulfoxide (DMSO), phenylmethylsulphonyl fluoride (PMSF), and cholera

toxin B subunit peroxidase conjugate were obtained from Sigma-Aldrich.
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Rabbit anti-aquaporin-0 affinity purified polyclonal antibody was from

Chemicon (Billerica, MA), Immun-Star goat anti-rabbit-HRP conjugate

was from Bio-Rad Laboratories (Hercules, CA), and rabbit anti-connexin

50 polyclonal antibody and goat anti-rabbit IgG-HRP conjugate were ob-

tained from Santa Cruz Biotechnology (Santa Cruz, CA). SDS-PAGE

reagents, enhanced chemiluminescence HRP solution, Criterion Tris-HCl

gel, and nitrocellulose membranes were from Bio-Rad Laboratories.

Isolation of lens fiber cell membranes

For each preparation, 25 bovine lenses were dissected by removing the

epithelial tissue and separating the cortex from the nucleus. Cortical fractions

were minced into small pieces and homogenized with a Teflon tipped

homogenizer in a 2 mM EDTA, 2 mM EGTA, and 10 mM HEPES buffer

(pH 8) containing a protease inhibitor cocktail. (Unless otherwise stated,

this buffer was used in all experiments.) The material was centrifuged for

20 min at 17,000 � g, followed by two washes. The resulting crude mem-

brane pellet was diluted in buffer and frozen at �100�C until further use.

Membrane protein preparation

AQP-0 was purified following published methods (68,69). The crude

membrane fraction was treated with three 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 insol-

uble material was removed by centrifugation at 110,000 � g. The OG-solu-

bilized supernatant was saved as the ‘‘total membrane’’ fraction.

The total membrane fraction was loaded on a HiTrap Q FF anion

exchange column (Amersham Bioscience, 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. Protein concentrations

in the fractions were obtained with the CBQCA Protein Quantification Kit.

Reconstitution of proteins into raft-containing lipid bilayers

Raft-containing lipid bilayers were made using techniques described

previously (21,70), with a composition of 36:36:25:2:1 dioleoylphosphati-

dylcholine (DOPC), bovine brain SM, cholesterol, ganglioside GM1, and

PEG-ceramide (mol/mol) for all reconstitution experiments. Bilayers formed

from these lipids contain DRMs enriched in SM and cholesterol and DSMs

enriched in DOPC (21). The lipids were codissolved in chloroform/meth-

anol, which was removed by rotary evaporation. The dried lipids were resus-

pended at 60�C in 1% OG, 25 mM HEPES, 150 mM NaCl, 1 mM EDTA,

and 1 mM dithiothreitol (DTT) at pH 7.4. Proteins solubilized in 1% OG

were mixed with the OG-solubilized lipids and dialyzed at room temperature

for 4 h followed by 1 day at 4�C against the same buffer, with 0.1 mM PMSF

added into the dialysis buffer before the start of dialysis. The dialyzed mate-

rial was centrifuged at 115,000 � g at 4�C, the pellets were resuspended in

25 mM HEPES buffer (pH 7.4), and the phospholipid and protein composi-

tions of these proteoliposomes were obtained with phosphate assays (71) and

PAGE (see below).

Detergent extraction

Separation of DRMs from DSMs used similar procedures to those used on

a variety of cells, including lens cells (18,52,72). The crude membrane frac-

tions or reconstituted protein-lipid vesicles were treated for 30 min at 4�C
with Triton X-100 at a 1:5 lipid/Triton ratio, before fractionating with a

discontinuous sucrose density gradient in 12 mL ultracentrifuge tubes.

One milliliter of the detergent-treated sample was mixed in the centrifuge

tube with 3 mL of 60% sucrose in HEPES buffer with a matching Triton

concentration to achieve a final concentration of 45% sucrose, and then

slowly covered with 4 mL layers of 35% and 5% sucrose, also in HEPES

buffer with matching Triton concentrations. After centrifugation at

260,000 � g overnight at 4�C, 12 1-mL fractions were taken from top to

bottom of the centrifuge tube.

For reconstituted proteoliposomes raft fractions from the density gradients

were identified by dot blotting of the raft lipid GM1 with labeled cholera
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toxin (63,73). Aliquots from each fraction were dried on a nitrocellulose

membrane, blocked with 5% milk in Tris-buffered saline with 0.05% Tween

20 (TBST), and transferred to 5% milk in TBST buffer containing 1:20,000

diluted peroxidase labeled Cholera toxin B subunit. After washing with

TBST buffer, the membrane was exposed to enhanced chemiluminescence

HRP solution and developed on an x-ray film. For gradient fractions phos-

pholipid content was determined by phosphate assay (71). For most gradi-

ents, the cholesterol content of each fraction was calculated assuming similar

cholesterol/phospholipid distributions to those previously measured for

DRMs and DSMs (74). As a check on these calculated cholesterol values

we also directly measured cholesterol content for fractions from some gradi-

ents by use of Amplex Red reagent (Invitrogen). Because the Amplex Red

assay underestimates the cholesterol content in SM-rich liposomes (75), we

added 1% OG to the raft-containing fractions to ensure that all of the choles-

terol was accessible to the reagents and added 1% OG and the appropriate

sucrose concentrations to standards.

SDS-PAGE and Western blots

The 4–20%, 18-well Criterion Tris-HCl gel was used to run SDS-PAGE for

protein samples treated at 1:1 volume ratio with the Laemmli sample buffer

containing 10% SDS. Gels were stained using Sypro Ruby protein stain and

analyzed using a BioChemi System (UVP BioImaging System, Upland,

CA). All gradient experiments were carried out in either duplicate or tripli-

cate with the PAGE from each composition being quite similar. For Western

blots, gels were transferred to a nitrocellulose membrane and blocked in 5%

w/v milk in TBST buffer. Then 1:2000 rabbit anti-AQP0 in 5% milk in

TBST buffer was added, followed by the secondary goat anti-rabbit-HRP

conjugate.

LabWorks 4.0 with the UVP BioImaging System was used for protein

quantification of the gel fractions. Integrated optical densities were obtained

from AQP-0 bands on the gels and the absolute AQP-0 concentrations were

calculated by comparison with bands on the same gel of known AQP-0

concentrations in OG obtained from CBQCA assays. This approach was

used for lipid/protein fractions because the lipids interfered with the CBQCA

assay.

The mole-fraction partition coefficient for AQP-0 from DSM to DRM was

calculated from

Kp ¼
�
½P�R=½P�S

�
�
��
½L�Sþ ½P�S

���
½L�Rþ ½P�R

��
; (1)

where [P]R and [P]S represent the molar concentrations of AQP-0 in the

DRM and DSM phase, respectively, and [L]R and [L]S are the molar concen-

trations of total lipid (phospholipid plus cholesterol) in the DRM and DSM

phase, respectively. The apparent free energies of transfer from DSMs to

DRMs were obtained using

DGa ¼ �RT ln
�
Kp

�
; (2)

where R is the molar gas constant and T is temperature in degrees Kelvin.

The thermal energy (RT) is 0.55 kcal/mol at 277�K. We refer to the energies

as apparent free energies as an assumption of the calculations was that Triton

did not alter the AQP-0 distribution.

Confocal microscopy

Lipid-protein suspensions were prepared as above with the addition of DiO,

which selectively labels liquid-disordered (nonraft) bilayers (70,76). Giant

unilamellar vesicles (GUVs) were made following the basic procedures of

Akashi et al. (77). Drops of the lipid-protein suspensions were dried over-

night on a Teflon surface. Then 100 mM of sucrose in distilled water was

added and incubated for 3 h at 37�C. The detached lipid cloud was collected,

diluted with 100 mM glucose in distilled water, placed on a microscope

slide, and covered with a coverslip. Microdomains were observed in

GUVs before protein labeling. For visualization of proteins, the rabbit

anti-AQP-0, or anti-Cx46, or anti-Cx50 antibody was added to diluted

GUVs solution with 1% BSA and incubated at 37�C for 1 h. The solution
was washed with 100 mM glucose, the Alexa Fluor 555 goat anti-rabbit

IgG at 1:1000 ratio was added and incubated at 37�C, before final washes

with 100 mM glucose.

GUVs were observed with a 63� NA 1.4 Plan Apochromat oil objective

on a LSM 510 Meta Zeiss Confocal Microscope. Configurations for double

channel excitation and the choice of fluorochromes were made to prevent

crosstalk and the two colors were scanned using multitrack line switching

(78). The DiO lipid label and Alexa Fluor 555 labeled proteins were

observed using 488 nm and 543 nm filters, respectively. Quantitative distri-

bution of proteins in GUVs was obtained with the MetaMorph Offline

Imaging Software 7.5.6.0 (Molecular Devices, Downingtown, PA).

RESULTS

Protein isolation

Fig. 1 A shows a PAGE of the total OG-solubilized cortical

material. Previous studies have shown that the bands between

75 kD and 38 kD correspond to Cx50 and Cx46, with the

apparent molecular mass of these lens connexins modified

by in vivo cleavage and phosphorylation (43,79–81). When

applied to an anion exchange column, the band at 27 kD

was highly enriched in the fraction eluted at 200 mM NaCl

(Fig. 1 B) and Westerns blots (Fig. 1 C) showed that this

band was AQP-0.

Detergent separation experiments

Fig. 2 shows a representative PAGE analysis of the sucrose

density gradients from crude membrane fractions, where the

FIGURE 1 Polyacrylamide gels and Western blot of anion exchange

column fractions of OG-solubilized lens membrane proteins. Lanes A and

B are PAGE of the starting material and column fraction eluted with

200 mM NaCl. Lane C is a Western blot against AQP-0 for that 200 mM

column fraction.
Biophysical Journal 97(9) 2493–2502
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sucrose density increases with increasing fraction number.

Previous experiments (18,52) with similar Triton extrac-

tion-sucrose density gradients have shown that the lighter

fractions correspond to DRMs, whereas the heavier fractions

correspond to DSMs. Each protein band in Fig. 2 was more

intense in the DSMs. However, as seen in the PAGE (Fig. 2

A) and quantified in corresponding densitometer analysis

(Fig. 2 B), appreciable amounts of the 27 kD (AQP-0)

band were also present in the lighter bands 5–7, indicating

that DRMs contained more AQP-0 than connexins.

Fig. 3 shows results of Triton extraction experiments of

proteoliposomes containing the OG-solubilized total lens

proteins in 36:36:25:2:1 DOPC/SM/cholesterol/GM1/PEG-

ceramide bilayers. GM1 was enriched in fractions 3–5

(Fig. 3 A), indicating that these fractions contained DRMs.

On the PAGE (Fig. 3 B) the AQP-0 band at 27 kD and the

connexin bands at 38 to 70 kD were all more intense in

the higher density gradient fractions 8–11, corresponding

to DSMs. However, as seen in the PAGE and quantified in

Fig. 3 C, appreciable amounts of AQP-0 were also located

FIGURE 2 (A) PAGE of Triton-treated crude lens membranes applied to

discontinuous sucrose density gradient. Lighter fractions 3–6 correspond

to detergent resistant fractions, whereas heavier fractions 8–11 correspond

to detergent soluble fractions. (B) Densitometer analysis of the PAGE in

A with the solid circles showing the AQP-0 band at 27 kD and the open

squares showing the connexin band at 50 kD.
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in the DRM fractions 3 and 4. In contrast, no measurable

connexin bands were detected in these DRM fractions.

We next considered the possible role of AQP-0 homo-

oligomerization on microdomain sorting, taking advantage

of the observation detailed in the Introduction that individual

AQP-0 tetramers are present in bilayers at low protein/lipid

ratios whereas AQP-0 aggregates at higher protein/lipid

ratios (3). Fig. 4, A and B, show GM1 dot blots and PAGE,

respectively, of a 1:1200 AQP-0/lipid ratio, whereas Fig. 4,

C and D, show GM1 dot blots and PAGE, respectively, of

a 1:100 AQP-0/lipid ratio. Fig. 4 E shows results of densi-

tometer traces of the AQP-0 bands from Figs. 4, B and D,

as well as data from an intermediate (1:500 protein/lipid

ratio). The amount of AQP-0 in DRM fractions depended

on the starting protein/lipid ratio in the proteoliposomes.

Specifically, a total of 6% of the AQP-0 was found in

FIGURE 3 OG-solubilized total lens proteins reconstituted in 36:36:

25:2:1 DOPC/SM/cholesterol/GM1/PEG-ceramide lipid bilayers were

Triton treated and applied to a sucrose density gradient. (A) GM1 dot blots

of fractions 3–11, indicating that the DRMs were located in the fractions

3–6. (B) PAGE of the fractions. (C) Densitometer analysis of this PAGE

with the solid circles representing the AQP-0 band at 27 kD and the open

squares representing the connexin band at 50 kD.
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fractions 3–5 for the 1:1200 ratio, whereas 17% of the total

AQP-0 was in DRM fractions 3–5 for the 1:500 ratio, and

45% of the total AQP-0 was in DRM fractions 4–6 for the

1:100 ratio. A probable reason for the differences in GM1

distribution (Fig. 4, A and C) between the DRM fractions

is that at the 1:100 ratio appreciably more protein was pre-

sent in these fractions, making them denser. There was a

somewhat variable presence of some GM1 in DSM fractions

(Fig. 3 A and Fig. 4, A and C). This may reflect the fact that

fractions were collected from the top to the bottom of the

gradient, so that GM1 not completely collected in the initial

(lighter) fractions ended up in the heavier fractions.

Phosphate assays indicated that the phospholipid was

distributed relatively evenly between the DRM and DSM

FIGURE 4 Reconstituted proteoliposomes with different AQP-0/lipid

molar ratios were treated with Triton and applied to sucrose density gradi-

ents. (A and B) Representative GM1 dot blot and PAGE of the AQP-0

27 kD band, respectively, from the 1:1200 AQP-0/lipid samples. (C and D)

Representative GM1 dot blot and PAGE of the AQP-0 band, respectively,

from the 1:100 AQP-0/lipid samples. (E) Densitometer analysis of the

AQP-0 bands from panels (B and D) In addition to data from an AQP-0/lipid

molar ratio of 1:500, indicating that at low protein/lipid ratio (1:1200) most

of the AQP-0 was in the high-density DSM fractions, whereas with

increasing protein/lipid ratios more AQP-0 was located in the lighter

DRM fractions.
peaks shown in Figs. 2–4. For most gradients we calculated

the cholesterol content of each fraction based on these phos-

phate assays and previous cholesterol and phospholipid

measurements (21,75). For comparison, we carried out Am-

plex red assays of cholesterol for two gradients, at 1:100 and

1:500 AQP-0/lipid ratios (see the Supporting Material),

which showed higher cholesterol/total lipid ratios in DRMs

than in DSMs. These assays gave cholesterol/total lipid

ratios of 0.28 5 0.13 and 0.25 5 0.11 for DRM fractions,

and 0.15 5 0.02 and 0.18 5 0.03 for DSM fractions, similar

to the values of 0.32 for DRMs and 0.14 for DSMs calcu-

lated from our previous measurements (21,75).

As shown in Fig. 5, when normalized to lipid content, the

AQP-0 distribution in the gradient fractions strongly de-

pended on the starting protein/lipid ratio in the reconstituted

proteoliposomes. For 1:100 AQP-0/lipid the DRM peak was

higher than the DSM peak, whereas for 1:1200 AQP-0/lipid

the DRM peak was considerably smaller than the DSM peak.

FIGURE 5 Ratios of AQP-0/total lipid in each fraction from sucrose

density gradients shown in Fig. 4 for (A) 1:100 AQP-0/lipid; and (B)

1:1200 AQP-0/lipid.
Biophysical Journal 97(9) 2493–2502
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Equations 1 and 2 were used to calculate the apparent free

energy of transfer of AQP-0 from DSMs to DRMs. Using the

protein and lipid values of DRM and DSM fractions, we

found that DGa ¼ �0.1 kcal/mol for the case of 1:100

AQP-0/lipid. This indicates that it was energetically favor-

able for AQP-0 to be in DRMs under these conditions,

although the magnitude of DGa was smaller than thermal

energy (�0.55 kcal/mol). In comparison, DGa ¼ þ0.7 and

þ0.9 kcal/mol for the cases of 1:500 and 1:1200 AQP-0/

lipid, respectively. Thus, for these lower protein/lipid ratios

it was energetically favorable for AQP-0 to be in DSMs.

Confocal microscopy

Fig. 6 shows confocal images of GUVs formed from proteo-

liposomes containing total lens protein incorporated into

raft-containing bilayers. Each row shows the equatorial plane

of a GUV containing the green fluorescent lipid DiO, and the

lens proteins labeled with a red fluorescent secondary anti-

body. Each of the proteins—AQP-0, Cx46, and Cx50—

were primarily localized in the nonraft microdomain of the

bilayer labeled with DiO. Therefore, all of these channel

proteins were enriched in nonraft microdomains, similar to
Biophysical Journal 97(9) 2493–2502
the results obtained with detergent extract experiments

from the proteoliposomes of the same compositions (Fig. 3).

Fig. 7 shows confocal images of GUVs formed from pro-

teoliposomes containing different concentrations of purified

AQP-0 incorporated into raft-containing bilayers. Equatorial

sections through GUVs with a 1:1200 AQP-0/lipid ratio

(Fig. 7 A) show that at this protein/lipid ratio the AQP-0

was colocalized with the DiO lipid label indicating that the

AQP-0 was located primarily in nonraft microdomains.

However, in GUVs with a 1:100 AQP-0/lipid ratio (Fig. 7 B)

some of the AQP-0 was also located in the lipid microdo-

mains that were not labeled with DiO, meaning that at a

1:100 protein/lipid ratio some AQP-0 partitioned into raft

microdomains. Quantitative analysis using MetaMorph Off-

line Imaging software showed that with the 1:1200 protein/

lipid ratio almost all of the AQP-0 (99.8% 5 0.7%, mean 5

SD, n ¼ 11 vesicles) was in nonraft microdomains, whereas

at a 1:100 protein/lipid ratio, 61.1% 5 29.4% of the protein

was in nonraft domains and 38.9% 5 29.4% was in raft

domains (n ¼ 19 vesicles). The large standard deviations

for the 1:100 protein/lipid experiments were due to heteroge-

neity in the vesicle population; many observed vesicles, such

as those shown in Fig. 7 B, contained considerable amount of
FIGURE 6 Confocal images of equatorial sections of

GUVs containing total lens proteins. The left column shows

the nonraft lipid marker DiO; the middle column shows

antibody labeling of AQP-0 (row A), Cx46 (row B), and

Cx50 (row C); and the right column is merged images

showing both DiO and the antibody-labeled proteins.
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FIGURE 7 Confocal images of equatorial sections of

GUVs containing enriched AQP-0 at a 1:1200 protein/lipid

ratio (row A) and a 1:100 protein/lipid ratio (row B). In

each row one GUV is shown with the appropriate optical

filters so that the left column shows the nonraft lipid label

DiO, the center column shows antibody labeled AQP-0,

and the right column shows merged images.
protein in the raft portion of the vesicles, whereas a few con-

tained much of the protein in nonraft microdomains.

DISCUSSION

The experiments presented in this study show that AQP-0

and the connexins Cx46 and Cx50 can be sorted in the plane

of the lipid bilayer by the formation of lipid microdomains.

Triton X-100 extractions of both crude membrane fractions

(Fig. 2) and OG-solubilized proteins incorporated into raft

containing bilayers (Fig. 3) gave similar results. Both prepa-

rations showed that connexins were primarily located in

DSMs, whereas AQP-0 was located in DRMs as well as in

DSMs. The similarity of the data in Figs. 2 and 3 indicate

that our bilayer system of 36:36:25:2:1 DOPC/SM/choles-

terol/GM1/PEG-ceramide provided a faithful model for the

lipid bilayers in the lens fiber cell membranes.
The detergent extraction experiments with purified AQP-0

incorporated into raft-containing bilayers showed that

considerably more AQP-0 was found in DRMs at a high

(1:100) AQP-0/lipid ratio, where AQP-0 homo-oligomerizes

into crystalline arrays (3), than at a lower (1:1200) AQP-0/

lipid ratio (Fig. 5). The AQP-0 distribution from experiments

with the entire lens proteins (Fig. 3 C), which had peaks in

both DRM and DSM fractions, was approximated by the

sum of the results from the 1:100 protein/lipid experiments

(where there was an appreciable peak in the low-density frac-

tions, Fig. 4, D and E), and the 1:1200 protein/lipid ratio

(where the larger peak was in the high-density fractions,

Fig. 4, B and E). This implies that the proteoliposomes con-

taining the entire lens proteins could contain a mixture of

oligomerized and nonoligomerized AQP-0s.

Confocal microscopy images (Fig. 7) were consistent

with the detergent extraction results as they showed that in

Biophysical Journal 97(9) 2493–2502
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vesicles AQP-0 was found in both raft and nonraft domains

at 1:100 AQP-0/lipid ratio, but highly enriched in nonraft

domains at a 1:1200 lipid/protein ratio. Thus, two distinct

methods, using very different physical principles, gave

similar information on the in-plane bilayer localization of

AQP-0 in raft-containing bilayers.

Possible mechanism of protein sorting

Possible mechanisms that could laterally partition unacylated

membrane channels into rafts include interactions between

the channel and: 1), resident raft proteins such as caveolin

(54,55); 2), the cytoskeleton (57,58); and 3), bilayer lipids

(20). Depending on the channel, each of these mechanisms

could play a role.

Let us first consider interactions of lens channel proteins

with caveolin and the cytoskeleton. In terms of the connex-

ins, Lin et al. (25) have shown that there is an association

between caveolin-1 and Cx46 and Cx50 that sequesters these

connexins to DRMs from whole rat lenses. However, Schu-

bert et al. (51) have shown that Cx50 is excluded from raft

microdomains in cultured cells containing caveolin, although

other connexins such as Cx32, Cx36, and Cx46 interact with

caveolin and are found in raft microdomains. The differences

between these two sets of experiments for Cx50 are unclear.

Our experiments with crude membrane fractions (Fig. 2) are

consistent with the results of Schubert et al. (51) for Cx50,

but not for Cx46. Our experiments with lens proteins recon-

stituted in raft-containing bilayers (Figs. 3–6) show that con-

nexin-lipid interactions alone result in Cx46 and Cx50 being

primarily in nonraft microdomains. In terms of AQP-0, it has

been shown that AQP-0 interacts with filensin and CP49

(59). Our studies with purified AQP-0 reconstituted into

raft-containing bilayers (Figs. 4–7) show that interactions

between AQP-0 and bilayer lipids can sequester AQP-0

into raft microdomains even in the absence of caveolin and

cytoskeletal proteins.

In terms of channel-lipid interactions in raft sorting, for

uncharged lipid bilayers there are three main factors to

consider: 1), hydrophobic mismatch (60,61,82) between

the hydrophobic length of the channel protein and the width

of the hydrocarbon regions of raft and nonraft bilayers; 2),

bilayer elastic properties (as modified by cholesterol concen-

tration) (61); and 3), protein clustering (63–66). Due to their

high concentration of cholesterol and SM with its long,

mostly saturated hydrocarbon chains, raft bilayers are thicker

than nonraft bilayers (21). Therefore, just considering hydro-

phobic mismatch, proteins with long transmembrane

domains matching the thickness of SM/cholesterol bilayers

would be expected to be in rafts, with shorter proteins in non-

rafts. However, bilayer elasticity must be considered in

microdomain protein sorting, because the energy of inserting

a protein into a bilayer depends on the bilayer elasticity (61),

and micropipette experiments (83) indicate that the area

compressibility moduli of raft bilayers are ~10 times that
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of a typical nonraft bilayer. Thus, differences in elasticity

between raft and nonraft bilayers would tend to sort trans-

membrane proteins into nonraft microdomains. These pre-

dicted effects of bilayer elasticity have been demonstrated

by experiments finding that, regardless of their length,

single-pass transmembrane peptides preferentially sort into

nonraft bilayers (70,74,84).

The third factor of protein clustering is potentially impor-

tant because the line tension at the boundary of the channel

and bilayer gives rise to an energy barrier that depends on

the relative values of protein length, bilayer thickness, and

bilayer elasticity. However, for a given channel-lipid compo-

sition this edge effect becomes smaller as the effective lateral

dimension of the channel increases and it has been proposed

that protein clustering could modify microdomain sorting

(63–66). In our experiments we varied AQP-0 clustering

by changing the protein/lipid ratio in the bilayer, with all

other factors remaining constant. Our detergent extraction

(Figs. 4–7) and confocal experiments (Figs. 6 and 7) both

showed that the sequestration of AQP-0 into raft microdo-

mains was markedly increased under conditions where

homo-oligomerization has been observed (3). AQP-0 homo-

oligomerization affected the energy balance of raft to

nonraft partitioning; DGa changed from þ0.9 kcal/mol to

�0.1 kcal/mol under conditions where AQP-0 oligomerizes.

Although a number of assumptions were made in calculating

DGa, the relatively large difference between these values

(1.0 kcal/mol ¼ 1.8 RT) indicates that homo-oligomerization

helped overcome the energy barrier required to sequester

AQP-0 into rafts.

Thus, our data suggest that protein-lipid interactions, as

modified by AQP-0 homo-oligomerization, can be a key

factor in the in plane sorting of channel proteins in lens

cell membranes.
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