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Aquaporin-0 (AQP0), previously known as major intrinsic protein (MIP), is
the only water pore protein expressed in lens fiber cells. AQP0 is highly
specific to lens fiber cells and constitutes the most abundant intrinsic
membrane protein in these cells. The protein is initially expressed as a full-
length protein in young fiber cells in the lens cortex, but becomes
increasingly cleaved in the lens core region. Reconstitution of AQP0
isolated from the core of sheep lenses containing a proportion of truncated
protein, produced double-layered two-dimensional (2D) crystals, which
displayed the same dimensions as the thin 11 nm lens fiber cell junctions,
which are prominent in the lens core. In contrast reconstitution of full-
length AQP0 isolated from the lens cortex reproducibly yielded single-
layered 2D crystals. We present electron diffraction patterns and projection
maps of both crystal types. We show that cleavage of the intracellular C
terminus enhances the adhesive properties of the extracellular surface of
AQP0, indicating a conformational change in the molecule. This change of
function of AQP0 from a water pore in the cortex to an adhesion molecule
in the lens core constitutes another manifestation of the gene sharing
concept originally proposed on the basis of the dual function of crystallins.
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Introduction

Aquaporin-0 (AQP0), formerly known as major
intrinsic protein (MIP), is a member of the ubiqui-
tous aquaporin family. In contrast to most mam-
malian aquaporins which are expressed in more
than one tissue, AQP0 is highly specific to the lens,
where it is only expressed in the fiber cells.
Aquaporins function as pores that are either
highly selective for water (aquaporins) or are also
permeable to other small neutral solutes such as
glycerol (aquaglyceroporins).1 AQP0 has been
shown to conduct glycerol in vitro, but in the lens
its function is most likely restricted to water
conductance.2

The function of lens-specific AQP0 is intimately
linked to the function of the lens. To efficiently focus
incoming light onto the retina at the back of the eye,
lsevier Ltd. All rights reserve
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the lens has to be transparent and, depending on the
distance of the observed object from the eye, the
lens has to change its shape, a process referred to as
accommodation. The lens has developed some
remarkable adaptations to render it transparent.
Differentiating lens fiber cells degrade their
organelles and express a large amount of crystallins
to create the correct refractive index.3 Light scatter-
ing is further minimized by the lack of blood vessels
in the lens and by the tight packing of the fiber cells,
which reduces the intercellular spaces to a distance
smaller than the wavelength of visible light.3

Lens accommodation is accompanied by signifi-
cant volume changes of the fiber cells, which
require water to enter and exit fiber cells very
rapidly, necessitating the presence of water pores in
the fiber cell membranes. AQP0 water conductance
is also at the heart of the lens micro-circulation
system.3,4 Since the lens lacks blood vessels, and
since passive diffusion has been shown to be
insufficient, this circular flow of solutes in the lens
has been proposed to supply deeper-lying fiber cells
with nutrients and to clear them from waste
products. This model is currently under experi-
mental test.5–7 In addition to rendering fiber cell
d.



Figure 1. Cleavage of AQP0 results in tetramer pairing.
A, Silver stained SDS-12% PAGE of AQP0 isolated from
the lens cortex before (lane 1) and after treatment with
chymotrypsin (lane 2) and AQP0 isolated from the lens
core containing a mixture of full-length and cleaved
AQP0 (lane 3). B, Gel filtration elution profiles of lens
cortical (continuous line), lens core (dotted line) and
chymotrypsin-treated AQP0 (broken line).
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membranes water-permeable, AQP0 also plays a
structural role. It forms membrane junctions
between fiber cells8–10 and thus assists in the tight
cell packing. AQP0 also provides membrane-
binding sites for crystallins.11

AQP0 is a rather poor water pore. At neutral pH,
AQP0 water permeability is approximately 40 times
lower than that of AQP1.12 AQP0 is, however, a
highly abundant integral membrane protein in lens
fiber cells. The vast number of water pores
expressed in the plasma membrane would seem
to compensate for the rather poor water con-
ductance of individual AQP0 molecules. Further-
more, recent studies have demonstrated that AQP0
water conductance can double under mildly acidic
conditions,13 such as those found in the core of the
lens.14

Unlike all other aquaporins, AQP0 is known to be
present in single membranes as well as in mem-
brane junctions between lens fiber cells. It is
particularly enriched in the 11–13 nm thin junc-
tions, which are abundant in the more acidic lens
core and feature square AQP0 arrays.10 The
propensity of AQP0 to interact with itself has also
been demonstrated by reconstitution of the protein
into liposomes, which aggregated only when AQP0
was present.15 When AQP0 was reconstituted into
two-dimensional (2D) crystals, electron and atomic
force microscopy (AFM) analysis revealed that
these crystals were double-layered with the extra-
cellular surfaces of the AQP0 molecules making
specific interactions.16,17 Recently, we observed that
reconstitution of AQP0 purified from the lens core
formed double-layered 2D crystals, and we deter-
mined the structure of such junctional AQP0 by
electron crystallography.18 The junctions formed via
specific interactions of extracellular loops A and C,
and were almost exclusively mediated by proline
residues. In contrast to all other aquaporin struc-
tures, which exhibited open pores, junctional AQP0
pores were highly constricted, making the passage
of water rather unlikely. It thus appears that the
formation of membrane junctions converts AQP0
from a water pore to a pure membrane adhesion
molecule.

The causes that induce AQP0 to form membrane
junctions are yet to be identified. In the differen-
tiation and maturation of lens fiber cells, AQP0
undergoes several post-translational modifications
including deamidation and phosphorylation on its
carboxyl tail.19 As fiber cells grow older and become
buried more deeply in the lens, some of the AQP0 is
C-terminally cleaved at various sites in an age-
dependent manner.20,21 This process is accelerated
in cataract formation.22,23 While it has been
reported that C-terminal cleavage does not affect
AQP0 water conductance across the fiber cell
membrane,24 here we show that C-terminal trunca-
tion enhances the adhesive properties of the
extracellular surface of AQP0 resulting in the
formation of crystalline junctions in reconstitution
experiments.
Results

Proteolytic cleavage causes AQP0 tetramers to
pair

To study differences between full-length and
truncated AQP0, we isolated membranes from the
lens cortex containing full-length AQP0 (Figure 1A,
lane 1) and from the lens core, which contains a
mixture of full-length and truncated AQP0
(Figure 1A, lane 3). The membranes were solu-
bilized with decyl maltoside (DM) and AQP0
purified by subsequent ion exchange and size
exclusion chromatography steps. Cortical full-
length AQP0 eluted from the size exclusion column
almost exclusively in a single peak corresponding
to a tetramer (Figure 1B, continuous line). By
contrast, core AQP0 containing some truncated
protein showed a second peak corresponding to a
larger rather than the expected smaller molecular
mass species (Figure 1B, dotted line). Since the
molecular mass of this species was approximately
twice the molecular mass of an AQP0 tetramer, it
corresponds most likely to paired tetramers. This
was supported by negative stain electron
microscopy, which showed a homogeneous particle
population for cortical AQP0, while core AQP0
contained a fraction of larger particles that were
consistent in size and shape with two stacked AQP0
tetramers (data not shown). Next, we treated
purified DM-solubilized AQP0 with chymotrypsin,
which reduced the molecular mass of AQP0 from
26 kDa to 22 kDa (Figure 1A, lane 2). Analysis of the
chymotrypsin-treated AQP0 by size exclusion
chromatography (Figure 1B, broken line) revealed
that almost all the AQP0 tetramers were now
paired.

Analysis of the C and N-terminal truncations of
AQP0

We have previously determined the amino acid
sequence of full-length sheep AQP018 and the
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primary structure is shown in Figure 2A. To
characterize various cleavages of AQP0 we
employed N- and C-terminal protein sequencing
as well as mass spectrometry. The N terminus of in
vivo cleaved AQP0 from the lens core is not
modified (Figure 2B). Several C-terminal cleavage
sites have recently been characterized by mass
spectrometry19,24 (arrows 3 and 4 in Figure 2A
indicate two of the major cleavage sites in the aging
lens; Figure 2B). Chymotrypsin treatment of AQP0
results in the removal of two residues from the N
terminus (arrow 1 in Figure 2A and B) and 44
residues from the C terminus (arrow 2 in Figure 2A,
C and B), thus eliminating the entire cytoplasmic
C-terminal tail of AQP0.
Reconstitution of core AQP0 yields clustered
vesicles

In vivo truncated as well as chymotrypsin-treated
AQP0 showed a pronounced tendency to form
paired tetramers. This finding in combination with
the previous observation that AQP0-containing
11–13 nm thin junctions are predominant in the lens
core,10 where a fraction of AQP0 is cleaved,
prompted us to test whether it is in fact proteolytic
cleavage that gives AQP0 the ability to form
membrane junctions.

Purified full-length AQP0 from the lens cortex
was reconstituted into artificial bilayers by slow
removal of DM in the presence of synthetic lipid
(dimyristoyl phosphatidyl choline; DMPC). At a
lipid-to-protein ratio (LPR) of 0.1 (w/w), small
vesicles formed containing full-length AQP0
(Figure 3D, lane 1). When imaged by negative
stain electron microscopy, the vesicles were evenly
distributed on the carbon support film (Figure 3A).
Figure 2. Sequence of sheep lens AQP0 and cleavage sites
accession number AY573927). The four substitutions compar
regions are indicated by colored boxes. Arrows 1 and 2 indic
indicate the major in vivo cleavage sites in the aging lens.
chymotrypsin-treated AQP0. C, Ribbon diagram of full-length
same colors as in A. Arrow 2 refers to the cleavage site show
terminus by chymotrypsin.
Reconstitution of core AQP0 using the same
conditions yielded vesicles containing both full-
length and truncated AQP0 (Figure 3D, lane 3). In
this case negative stain electronmicroscopy showed
that the resulting vesicles were not evenly dis-
persed on the carbon film but formed large clusters
(Figure 3C). Finally, we incubated the vesicles
containing full-length AQP0 (Figure 3A) with
chymotrypsin, resulting in the cleavage of approxi-
mately 50% of the reconstituted AQP0 (Figure 3A,
lane 2). The protease digestion was incomplete,
because only broken vesicles allowed the protease
access to the AQP0 C termini located in the lumen
of the vesicles. Electron microscopy of the chymo-
trypsin-treated vesicles showed that the majority of
the vesicles had aggregated into large clusters
(Figure 3B).
Structural characterization of reconstituted
AQP0

When full-length AQP0 was reconstituted at an
LPR of 0.25, large (w2 mm in diameter) crystalline
sheets formed (Figure 4A). Image processing of
glucose-embedded crystals revealed a unit cell with
lattice parameters of aZbZ65.5 Å and p4 symmetry
(Table 1). The projection map of the AQP0 tetramer
at 4 Å resolution (Figure 4D; Table 2) is virtually
identical with a 3.5 Å projection structure of
AQP1,25 demonstrating that 2D crystals formed by
full-length AQP0 isolated from the lens cortex are
single-layered.
The same reconstitution was performed using

AQP0 isolated from the lens core, containing a
mixture of full-length and truncated AQP0. In this
case large membrane sheets formed (O6 mm) that in
some cases showed two parallel edges, revealing
. A, Amino acid sequence of sheep lens AQP0 (GenBank
ed to bovine AQP0 are marked by red letters. a-Helical
ate the chymotrypsin cleavage sites, while arrows 3 and 4
B, N and C termini of full-length, in vivo cleaved and
AQP0 with a-helical regions annotated and shown in the
n in A, illustrating the complete removal of the AQP0 C



Figure 3. Cleavage of AQP0 increases its adhesive properties. A, Negative stain electron microscopy shows that
reconstitution of full-length lens cortical AQP0 at an LPR of 0.1 yields small vesicles that are evenly distributed on the
carbon film. B, Incubation of the vesicles shown in A with chymotrypsin causes vesicle clustering similar to the result
seen in C. C, Reconstitution of AQP0 from the lens core using the same conditions that produced the dispersed vesicles
shown in A, produces vesicle that are aggregated. D, Silver stained SDS-12% PAGE; lane 1: reconstituted cortical full-
length AQP0; lane 2: reconstituted full-length AQP0 after chymotrypsin treatment; lane 3: reconstituted AQP0 from the
lens core. Scale bars in A, B and C represent to 1 mm.

Figure 4. 2D crystallization of lens cortical and lens core AQP0. A, Reconstitution of full-length AQP0 at an LPR of 0.25
yielded large single-layered 2D crystals. B, Lens core AQP0 using the same reconstitution conditions produced large
double-layered 2D crystals. The edges of the two layers can clearly be seen at the top right edge of the membrane sheet
(indicated by arrowheads). C, Digestion of AQP0 prior to reconstitution resulted in large membrane stacks. D, A 4 Å
projection map obtained from 11 images of glucose-embedded single-layered AQP0 crystals reveals the AQP0 tetramer.
E, A 4 Å projection map obtained from nine images of double-layered AQP0 crystals reveals two mirror axes (indicated
by diagonal black lines) due to the opposite orientations of the two interacting crystal layers. F, Patch average calculated
from 213 areas showing the tightly packedmembranes. The inset shows the calculated power spectrum revealing second
order diffraction spots and a spacing between themembranes of 5.5 nm. The scale bars represent 1 mm in A and B, 0.5 mm
in C, and (5 nm)K1 in the inset of F. D and E Complete unit cells with lattice constants of aZbZ65.5 Å. Panel F has a side
length of 32.5 nm.
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Table 1. Internal phase residuals of all possible two-sided plane groups of representative untilted images of a single-
layered and a double-layered AQP0 2D crystal

Two-sided
plane group Single-layered crystal Double-layered crystal

Phase residuala Number of
comparisons

Target residualb Phase residuala Number of
comparisons

Target residualb

p1 14.3c 86 11.1c 94
p2 17.1d 43 20.4 20.9 47 15.8
p12_a 30.8 33 15.2 17.8 41 11.7
p12_b 29.0 32 15.0 15.8e 41 11.7
p121_a 68.5 33 15.2 82.8 41 11.7
p121_b 65.8 32 15.0 83.8 41 11.7
c12_a 30.8 33 15.2 17.8 41 11.7
c12_b 29.0 32 15.0 15.8e 41 11.7
p222 25.3 108 16.7 18.3 129 12.8
p2221_a 65.9 108 16.7 64.5 129 12.8
p2221_b 66.2 108 16.7 61.4 129 12.8
p22121 47.4 108 16.7 69.3 129 12.8
c222 25.3 108 16.7 18.3 129 12.8
p4 10.6d 123 16.4 17.1e 139 12.7
p422 21.2 255 15.3 15.9e 310 11.8
p4212 42.7 255 15.3 61.9 310 11.8

Internal phase residuals were determined from spots of IQ1 to IQ5 to 12 Å resolution.
a Phase residual versus other spots (908 random).
b Target residual based on statistics taking Friedel weight into account.
c Note that in space group p1 no phase comparison is possible; the numbers given here are theoretical phase residuals based on the

signal-to-noise ratio of the observed diffraction spots.
d Within 20% of target residual.
e Within 30% of target residual.
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them to be double-layered (Figure 4B). These
double-layered crystals had the same lattice con-
stants as those observed in single-layered crystals
reconstituted from cortical full-length AQP0 (aZ
bZ65.5 Å), but now had a p422 symmetry (Table 1).
A 4 Å projection map calculated from the double-
layered crystals showed a tetrameric structure with
the same dimensions as an AQP0 tetramer, but each
“monomer” now displaying two-fold mirror sym-
metry (Figure 4E; Table 2).

When AQP0 that was completely cleaved by
chymotrypsin treatment was used for reconsti-
tution, large membrane stacks formed (Figure 4C).
An average of these stacked membranes was
calculated from 213 patches (Figure 4F) and a
power spectrum calculated from this average
revealed diffraction spots corresponding to a
Table 2. Phase residuals in resolution shells

Resolution shell (Å) Number of phases
Mean value

(deg.

Single-layered AQP0 2D crystals (11 images, p4 symmetry)
N–4.0 229 13.1
N–10.0 36 6.9
10.0–7.0 37 6.1
7.0–5.0 75 13.5
5.0–4.0 81 18.6

Double-layered AQP0 2D crystals (nine images, p422 symmetry)
N–4.0 129 23.8
N–10.0 23 9.8
10.0–7.0 21 17.4
7.0–5.0 41 26.5
5.0–4.0 44 31.7

Dac: difference between the symmetry-imposed phase of 08 and 1808
spacing of the membranes of about 5.5 nm
(Figure 4F, inset). Hence, two interacting
membranes would have an overall thickness of
11 nm.
The reconstitution of single-layered crystals from

cortical AQP0 and of double-layered crystals from
core AQP0 was corroborated by electron diffraction
analysis. Since single-layered crystals contain half
as many proteins per unit area than double-layered
crystals, electron diffraction patterns recorded from
single-layered crystals consistently showed
weaker diffraction spots than those recorded from
double-layered crystals. Furthermore, whereas
single-layered crystals reproducibly gave rise to
diffraction patterns displaying a handedness
(Figure 5A), double-layered 2D crystals always
produced mirror-symmetric diffraction patterns
of Dac
) Standard error (deg.) Mean figure of merit

1.1 0.92
1.7 0.98
1.2 0.98
2.0 0.92
2.0 0.87

1.9 0.85
2.5 0.97
3.9 0.91
3.8 0.82
3.2 0.79

and the observed combined phase. 45 degree is random.



Figure 5. Electron diffraction analysis of single- and
double-layered AQP0 2D crystals. A, The electron
diffraction pattern of an untilted single-layered AQP0
2D crystal shows a windmill-like pattern with a clear
handedness. B, In contrast, the electron diffraction pattern
of an untilted double-layered AQP0 2D crystal shows
mirror symmetry and no handedness. The mirror axes,
missing in A and present in B, are indicated by arrow-
heads. The scale bars represent to (15 Å)K1.
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consistent with the inverted orientation of the two
adjoining crystalline membranes (Figure 5B).
Discussion

AQP0, at that time known as MIP, was initially
thought to be a gap junction protein as it was
localized to membrane junctions in the lens.26–28

Later is was shown, however, that AQP0 was not a
gap junction protein.29,30 Once the homologous
protein AQP1 was found to be a water pore,31

interest in AQP0 shifted towards its water per-
meation properties.12,13,32 The interest in AQP0 as a
junctional protein has recently been rekindled when
it was demonstrated that reconstitution of purified
AQP0 resulted in double-layered 2D crystals.17 We
have recently been able to use such crystals to
produce an atomic model for junctional AQP0 by
electron crystallography.18 AQP0, unlike most other
aquaporins, is not glycosylated and features a
shortened extracellular loop A between the first
two membrane-spanning a-helices. These two
adaptations allow AQP0 tetramers in adjoining
membranes to make specific interactions, which are
almost exclusively mediated by proline residues.18

The double-layered AQP0 2D crystals have lattice
parameters of aZbZ65.5 Å and a thickness of about
11 nm, the same dimensions as thin junctions
between lens fiber cells.9 Two types of thin junctions
have been described in the literature: straight
junctions that contain AQP0 in both opposing
membranes8 and wavy junctions, in which AQP0
is apparent in square arrays, which alternate
regularly between the undulating junctional mem-
branes.10 Given the very specific proline-mediated
contacts between the extracellular surfaces of AQP0
tetramers in the reconstituted crystalline junctions,
we consider it unlikely that in the wavy junctions a
crystalline AQP0 array interacts with an empty
membrane as was proposed earlier.10 Instead, it
appears more likely that the “empty” membrane
contained AQP0, which remained undetected but
was available for junction formation.

The appearance of AQP0 junctions is more
pronounced deeper in the lens where an increasing
proportion of AQP0 has undergone age-related
cleavage at the C terminus.19 Reconstitution of
AQP0 from the lens core reproducibly yielded
double-layered 2D crystals, whereas full-length
AQP0 from the lens cortex always produced
single-layered crystals. Furthermore, vesicle clus-
tering was only observed when proteoliposomes
containing reconstituted full-length AQP0 were
treated with chymotrypsin. Finally, when chymo-
trypsin-digested AQP0 was reconstituted, very
large membrane stacks formed. All these obser-
vations are consistent with the notion that cyto-
plasmic cleavage enhances the adhesive properties
of AQP0. Analysis of the N terminus showed that it
remained intact in core AQP0. Chymotrypsin
treatment only removed two residues, making it
appear more likely that increased adhesion is due to
the removal of the C terminus. At this point we
cannot be sure, however, whether junction for-
mation in vivo is the direct result of C-terminal
cleavage or whether it is an indirect effect due to the
removal of post-translational modifications in core
AQP0, such as the well-characterized phosphoryl-
ations and deamidations of the C terminus.19

Whichever is the case, the molecules must undergo
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a conformational change as the C terminus is
cytoplasmic and an increase in adhesiveness
involves the extracellular surface.

The recently determined structure of junctional
AQP0 showed the water pore in a closed confor-
mation.18 C-terminal cleavage of AQP0 alone is
unlikely to be responsible for the closed pore
conformation, because it had been shown pre-
viously not to affect water conductance.24 There-
fore, junction formation between opposing AQP0
tetramers is the most likely cause for the closure of
the water pore. A proportion of open AQP0 water
pores would, however, seem to be important for
volume changes in lens fiber cells during accom-
modation, and to support the lens micro-circulation
system.3,4 We envisage the situation in the lens core
as follows: AQP0 is a highly abundant membrane
protein in lens fiber cells and only a fraction is being
cleaved in the lens core. Therefore, sufficient AQP0
molecules may retain their function as water pores.
Furthermore, water conductance by AQP0 is pH-
dependent and is maximal at a pH around 6.5.13

Since the lens has a pH gradient with a pH of 7.2 in
the cortex and 6.5 in the core,14 AQP0 molecules in
the lens core are about twice as efficient water pores
as AQP0 molecules in the cortex, offsetting the loss
of a fraction of AQP0 water pores to membrane
junctions. Finally, unlike in the lens cortex, con-
nexins in the lens core are C-terminally cleaved,33

rendering gap junctions constitutively open. Since
gap junctions thus provide a large number of cell-
to-cell connections, specific cell-to-cell water pores
mediated by AQP0 would not appear essential in
the lens core.

The closed pore conformation of junctional AQP0
strengthens an emerging view that AQP0 can serve
two totally different functions: either as a water
pore or as a cell adhesion protein. In the cortex,
where AQP0 is present mostly as a full-length
protein, it predominantly functions as a water pore,
thereby playing a key role in the lens circulation
system.3,4 In the lens core, the propensity to form
membrane junctions increases, thereby supporting
the tight packing of fiber cells that is characteristic
for the lens core. The dual function of AQP0 is
consistent with the “gene sharing” concept
developed previously for the lens crystallins,
which were demonstrated to be functional enzymes
but appear to have been recruited by the lens for
predominantly structural and refractory pur-
poses.34 It would appear that the lens has adopted
a highly efficient model of evolution, where the
utilisation of protein resources is maximized.
Materials and Methods
Sequence of sheep lens AQP0

Sheep AQP0 was sequenced as described.18 For amino
acid sequencing, AQP0 was isolated from lens fiber cells
and further purified by SDS-gel electrophoresis. The
protein bands corresponding to full length AQP0, in vivo
cleaved AQP0, and chymotrypsin-treated AQP0 were cut
out of the gel and sent for N and C-terminal sequencing to
the Macromolecular Structure Facility at Michigan State
University.

Purification of AQP0

Lenses were dissected to separate the soft cortical tissue
from the hard core. Depending on the experiment,
membranes were prepared as described,35 either from
the lens cortex or the lens core. Membranes were
solubilized with 1% (w/v) decyl maltoside (DM) in
10 mM Tris (pH 8) for 30 minutes at 37 8C, and insoluble
material removed by centrifugation at 110,000g for
30 minutes. Proteins were bound to a MonoQ column
(Amersham) equilibrated with 0.3% DM in 10 mM Tris
(pH 8), andAQP0 eluted with 200 mMNaCl. For cleavage
experiments, 0.2 mM a-chymotrypsin was added to
purified AQP0 and incubated at 37 8C for 30 minutes.
The reaction was stopped by the addition of 2 mM PMSF.
Pooled fractions were run over a Superose 12 column
(Amersham) pre-equilibrated with 0.3% DM in 10 mM
Tris (pH 8) 150 mM NaCl. The column was calibrated
using ovalbumin (45 kDa), bovine serum albumin
(66 kDa), aldolase (158 kDa), thyroglobulin (670 kDa) as
molecular mass marker proteins and blue dextran
(2 MDa) for determination of the void column volume.

Reconstitution of purified lens AQP0 into lipid
bilayers

Purified AQP0 was mixed with DM-solubilized dimyr-
istoyl phosphatidyl choline (DMPC) at varying LPRs. The
mixture was placed in a dialysis button and the detergent
removed by dialysis against 10 mM Mes (pH 6), 50 mM
MgCl2, 150 mM NaCl, 5 mM DTT, 0.02% (w/v) NaN3 at
room temperature. For cleavage experiments, 0.2 mM
a-chymotrypsin was added to half of the sample of
reconstituted vesicles containing full-length cortical
AQP0. To the second half, and equivalent amount of
buffer was added. Both halves were incubated at 37 8C for
30 minutes and the reaction was stopped by the addition
of 2 mM PMSF.

Electron microscopy and image processing

Negatively stained samples, prepared and imaged as
described,36 were used to assess the outcome of recon-
stitution experiments. For cryo-electron microscopy, 2D
crystallization samples were mixed with an equal amount
of 20% (w/v) glucose and the suspension applied to
molybdenum grids (kindly provided by Dr Yoshinori
Fujiyoshi) covered with a thin layer of carbon film. Grids
were blotted to remove excess material, loaded onto a
high-tilt cryo-transfer holder (Gatan) and transferred into
a FEI Tecnai F20 electron microscope equipped with a
field emission electron source and operated at 200 kV.
The sample was cooled to liquid nitrogen temperature,
and images were recorded under low dose conditions
(!20 electrons ÅK2) at a magnification of 50,000! on
Kodak SO163 film. Micrographs of well ordered crystals
were selected by optical diffraction and areas of up to
10,000!10,000 pixels were digitized with a Zeiss SCAI
scanner using a step size of 7 mm. Images were processed
with the MRC programs37 following established proto-
cols.38 In the case of single-layered 2D crystals, a p4
symmetry was applied and in the case of double-layered
crystals a p422 symmetry. In either case a B-factor ofK500
was applied to the final projection map to sharpen the
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high-resolution features. Low-dose electron diffraction
data were recorded with a Gatan 2 K!2 K slow-scan
CCD camera using a camera length of 3000 mm and a
selected area aperture of 70 mm.
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