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Among the thirteen human aquaporins (AQP0-12), the primary structure of AQP8 is unique. By sequence
alignment it is evident that mammalian AQP8s form a separate subfamily distinct from the other mammalian
aquaporins. The constriction region of the pore determining the solute specificity deviates in AQP8 making it
permeable to both ammonia and H2O2 in addition to water. To better understand the selectivity and gating
mechanism of aquaporins, high-resolution structures are necessary. So far, the structure of three human aqua-
porins (HsAQP1, HsAQP4, and HsAQP5) have been solved at atomic resolution. For mammalian aquaporins in
general, high-resolution structures are only available for those belonging to the water-specific subfamily (in-
cluding HsAQP1, HsAQP4 and HsAQP5). Thus, it is of interest to solve structures of other aquaporin subfamily
members with different solute specificities. To achieve this the aquaporins need to be overexpressed heterol-
ogously and purified. Here we use the methylotrophic yeast Pichia pastoris as a host for the overexpression. A
wide screen of different detergents and detergent–lipid combinations resulted in the solubilization of func-
tional human AQP8 protein and in well-ordered 2D crystals. It also became evident that removal of amino
acids constituting affinity tags was crucial to achieve highly ordered 2D crystals diffracting to 3 Å.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Aquaporins (AQPs) are integralmembraneproteins found in bacteria,
eukaryotes and archaea. They function as passive protein channels for
water [1] and some isoforms are also permeable to other small solutes
such as urea, glycerol [2] and metalloids like arsenite, antimonite [3],
boric acid [4] and silicic acid [5] in addition to water. Thirteen Homo sa-
piens isoforms (HsAQP0-12) expressed in different organs, cell types
and subcellular locations have been identified [6]. Studies have shown
thatmutations in aquaporins are closely associatedwith human diseases
[6,7]. When knockout mice are used as a model system a lack of obvious
phenotype is sometimes seen when AQP genes are knocked out [8],
maybe due to compensatory gene regulation, i.e. resulting in similar
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AQP isoforms taking over the function of the knocked AQP. In some
cases a stress on the organism is necessary in order to discern the knock-
out phenotype [8]. Mice AQP1-5 have been reported to have multiple
phenotypic abnormalities while AQP8-null mice were reported to only
have a mild phenotype (hypertriglyceridemia) [8]. The aquaporins func-
tion in vivo as homotetramers, however eachmonomer has a pore. Indi-
vidual monomers (26–34 kDa) have six transmembrane helices and five
loops. Loops B and E contain the highly conserved asparagine–proline–
alanine (NPA) motifs (Fig. 1a). Half helices formed by these loops are
the hallmark of the AQP fold. The structures of human AQP1 [9] and of
the Escherichia coli glycerol facilitator GlpF [10] revealed that the prolines
belonging to the NPA motifs stack by van der Waals interactions in the
middle of the membrane. The N-termini of the two half helices, HB and
HE, meet at this point in the middle of the membrane. The dipoles of
the two half helices generate a significant electrostatic barrier at the
NPA region, which efficiently inhibits the permeation of protons
[11,12]. Another conserved structure in the pore is the constriction re-
gion, also called the aromatic/arginine (ar/R) region, where 4 amino
acids constitute a size restriction filter [12].

The first structure of a human AQP was solved by electron crystal-
lography [9] and verified the hour glass model suggested by Jung et al.
[13] more than 5 years earlier. Until now, mammalian AQP0 [14–16],
AQP1 [9,12], AQP2 [17], AQP4 [18,19], AQP5 [20], plant SoPIP2;1
[21,22], bacterial AQPZ [23,24] and GlpF [10], the archaeal AQPM
[25], the malarial parasite PfAQP [26], and the Pichia pastoris Aqy1
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Fig. 1. Topology of HsAQP8 and phylogenetic analysis of all human aquaporins. (a) Schematic topology of HsAQP8 showing the 7 lysines in red, the conserved NPA-boxes in black,
the conserved amino acids in the constriction region in green (from the N-terminal named H2, LC, H5, LE1, LE2 and LE3, see also Table 2), the cysteine responsible for mercury
inhibition in yellow and the added amino acids in blue (S2 is included in Pichia pastoris start codon and the extension in the C-terminal constitutes a c-myc epitope and a His-
tag). (b) Phylogenetic analysis of protein sequences of all the human (Hs) aquaporins and AQP8 protein sequences from additional species. The aquaglycerolfacilitator (EcGlpF)
from E. coli was included as reference. Bootstrap values are shown only for the main branches, indicating 100% support for each subfamily when 1000 replicates were analyzed.
Accession numbers: Dr, Danio rerio, NP_001004661.1; Mm, Mus musculus, NP_001102515.1; Rn, Rattus norvegicus, NP_062031.1; Xt, Xenopus tropicalis, NP_001107728.1.
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[27] have been solved by X-ray and/or electron diffraction analysis.
All these structures show the characteristic aquaporin topology and
fold, first described for the human AQP1 [9] and the bacterial GlpF
[10]. Most of the AQPs have been captured in their open conforma-
tion, but AQP0 [14], Aqy1 and SoPIP2;1 [22] have been found to
exist in a closed conformation. To get further insights into the selec-
tivity and transport mechanisms, it is of significant interest to resolve
structures of representative aquaporin isoforms of each of the sub-
families. This would also improve our understanding of mutant phe-
notypes and facilitate the design of isoform-specific inhibitors.
Compared to the number of overexpressed and crystallized solu-
ble proteins, only few membrane proteins have been overexpressed
and structurally determined. A major hurdle is the production of
functional membrane proteins for crystallization experiments. The
overexpression problem is related to the capacity of the respective
expression system and the properties of the membrane protein to
be expressed. These factors are not fully understood and therefore
often result in low yield and misfolding of the membrane protein
[28,29]. Furthermore, to purify membrane proteins they need to be
kept in solution by detergents whose properties influence the
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stability of the protein [30], so the choice of detergent is crucial and
needs to be optimized.

In comparison to other humanAQPs, humanAQP8 (HsAQP8) belong
to a separate subfamily, which is distant from the water-specific aqua-
porins (AQP0, 1, 2, 4, 5 and 6), the aquaglyceroporins (AQP3, 7, 9 and
10) and the AQP11-12 subfamily. The substrate specificity of HsAQP8
has previously been addressed in several studies, using the Xenopus oo-
cyte system [31,32] and by using yeast complementation studies [33],
and HsAQP8 was in addition to water and hydrogen peroxide convinc-
ingly shown to be permeable to ammonia. In addition, purified rat AQP8
was reconstituted into planar lipid bilayers and found to be permeable
to NH3 but not to NH4

+ [34]. Thus, the difference in the constriction re-
gion, also called the aromatic/arginine region, allows other solutes such
as ammonia [33] and H2O2 [35] to permeate through HsAQP8 in addi-
tion to water, whereas neither urea nor glycerol can penetrate [36].

HsAQP8 is phylogenetically different from all other human AQP iso-
forms, possessing a unique constriction region resulting in a novel sub-
strate specificity, and HsAQP8 is so far a relatively little studied
aquaporin. HsAQP8 has been reported to be expressed in the kidney, in
the gastrointestinal tract, in testis, airways and in the liver. Together
with AQP6, but in contrast to the other eleven human AQP isoforms,
HsAQP8 is localized to intracellular membranes and not to the plasma
membrane [37]. The intracellular location of HsAQP8 has been reported
to be the inner mitochondrial membrane [38,39], however, this localiza-
tion has been questioned by other reports [40]. The biological relevance
of a localization at the inner mitochondrial membrane has been sug-
gested to be correlated with ammonia transport during the urea cycle
[32] and the transport of reactive oxygen species in the formof hydrogen
peroxide [35].

A structure of HsAQP8 is likely to deviate from the structures of the
water-specific aquaporins, and would provide new information about
aquaporin function and selectivity. Based on the number of expressed
sequence tags (ESTs), HsAQP8 is expressed at a low level in native tissue.
In pursuit of the goal to unravel theHsAQP8 structure, we show that it is
possible to overexpress and purify a functional HsAQP8 using the
methylotrophic yeast P. pastoris as host. Using different 2D crystalliza-
tion methods and conditions, we obtained two-dimensional crystalline
arrays differing in crystal form and quality. Highly ordered crystalline
sheets diffracting to 3 Å were obtained by enzymatic cleavage of part
of the N-terminal and the C-terminal region.

2. Material and methods

2.1. Amino acid sequence analyses

Alignment of the aquaporin protein sequences chosen for analysis
wasmade in ClustalW [41], included in MacVector 8.0 (Oxford Molecu-
lar Ltd, U.K.), with manual adjustments to fit conserved motifs and
avoid gaps in transmembrane helices [42]. The phylogenetic analysis
of the unrooted Neighbor Joining tree was made in PAUP* 4.0 [43]
where most of the variable N- and C-terminal regions were excluded.
A schematic topology of human AQP8 (HsAQP8) highlighting themem-
brane regions (Fig. 1a) was created based on an alignment with human
AQP1 (PDB ID: 1FQY).

2.2. Cloning and transformation

The EasySelect™Pichia Expression kit was purchased from Invitro-
gen. The human aqp8 cDNA (I.M.A.G.E ID 5759105) was amplified
with primers including 5′ EcoRI site and 3′ NotI site appropriate for
cloning into the P. pastoris vector pPICZB. The forward primer used
was CCCGAATTCAAAATGTCTTGTGAGCCTGAATTTGGC and the re-
verse primer AAGCGGCCGCCCGAGCCTTCAGGATGAGGC with restric-
tion sites underlined and P. pastoris translational start site in bold.
The P. pastoris start site was created by adding an extra serine directly
after the start methionine and the native stop codon of human aqp8
was removed to add a c-myc epitope and 6× His-tag (HT) to the C-
terminal, extending the expressed protein by 28 amino acids in
total. The correct insertion of the construct into pPICZB was con-
firmed by sequencing. Prior to transformation into P. pastoris wild
type strain X-33, the engineered plasmid was linearized by BstXI
and transformation was done by electroporation. As a negative con-
trol, empty pPICZB was linearized and used to transform strain X-33
in the same manner.

2.3. Screening for high expressing clones and scale-up

Small cultures were screened for high expression. Briefly, cell pellets
fromdifferent times ofmethanol inductionwere disrupted by vortexing
with glass beads and total cell lysate was analyzed by immunoblotting.
A clone expressing the spinach aquaporin SoPIP2;1 was used as refer-
ence [44]. One transformantwas chosen for large scale culturing in buff-
ered glycerol complex medium and buffered methanol complex
medium according to Karlsson et al. [44]. Methanol (0.5% final concen-
tration) was added every 24 h to retain induction and cells were har-
vested by centrifugation after 48–144 h of induction and stored at
−80 °C.

2.4. Membrane preparation from P. pastoris

30–35 g of cells were thawed and resuspended in 150 mL precooled
breaking buffer (50 mM sodium phosphate buffer pH 7.4, 1 mM EDTA,
5% glycerol and 1 mM PMSF). Cells were disrupted in cold room using
a 350 mL BeadBeater™ (BioSpec Products, Bartlesville, USA) containing
200 mL of glass beads (0.5 mm∅) and equippedwith an ice-water cool-
ing jacket by pulsing 12×30 s with intervening 30 s pauses. Cell debris
was pelleted at 1400×g for 2×30 min at 4 °C with an additional break-
ing buffer resuspension step to get full recovery of membranes. Total
membrane fraction was collected by ultracentrifugation of the superna-
tant at 150,000×g for 2 h at 4 °C. Themembrane pelletwas resuspended
in precooled buffer A pH 7.8 (20 mM HEPES–NaOH, 50 mM NaCl, 10%
glycerol and 2 mM β-mercaptoethanol) using a Potter–Elvehjem tissue
grinder. For monitoring total membrane protein yield at different times
of induction, cells were disrupted by three passages through a French
Press at 16,000 psi and cell debris was removed and membrane was re-
covered by centrifugation.

2.5. Electrophoresis and immunoblotting

Proteinswere separated according to Laemmli [45]withminormod-
ifications. Samples solubilized for 1 h at room temperature in standard
Laemmli solubilization buffer were separated on a 5% stacking gel and
12% separating gel. After electrophoresis, gels were either stained by
Coomassie brilliant blue R-250 or transferred to a polyvinylidene
diflouride membrane at 100 V for 1 h. HsAQP8 were detected by tetra-
His antibody (Qiagen) diluted 1:2000 in Tris buffer saline and 3% bovine
serum albumin. Anti-mouse IgG conjugated to horseradish peroxidase
(GE Healthcare) was used as secondary antibody and the immunoblots
were developed with ECL (GE Healthcare).

2.6. Detergent screen, protein solubilization and HsAQP8 purification

Small aliquots of the total membrane fraction were diluted with
buffer B (20 mM HEPES–NaOH, 300 mM NaCl, 10% glycerol and
2 mM β-mercaptoethanol) and solubilized with different detergents
added dropwise to a final total membrane protein concentration of
12 mg/mL and final detergent concentrations of 2% n-dodecyl-β-D-
maltopyranoside (DDM), 2% n-decyl-β-D-maltopyranoside (DM), 2%
n-dodecylphosphocholine (Fos-choline-12), 2% Cymal-6, 2%
lauryldimethylamine-N-oxide (LDAO), 4% 3[(3-cholamidopropyl)di-
methyl-ammonio]propanesulfonic acid (CHAPS), 2% n-undecyl-β-D-
maltopyranoside (UDM), 4% n-nonyl-β-D-glucoside (NG); (all from



Table 1
Summary of 2D-crystallization experiments.

Parameter Range tested Optimal condition

Detergent DM, DDM, Cymal-6, Foscholine-12 DM
Lipids E. coli, E.coli polar, soy, liver, brain,

DMPC, DOPS, DOPE, DOPC, DOPA,
POPS, POPC, POPE, POPA, POPE:POPC
(1:1, 3:7), POPS:POPC (3:7),
POPA:POPE:POPC (1:2:7), POPA:POPC
(1:1, 3:7), DOPE:DOPC (3:7), DOPS:
DOPC (3:7), DOPA:DOPC (1:1, 3:7),
DOPA:DOPE:DOPC (1:2:7)

POPE:POPC (3:7)

LPR 0.1–1.3 0.25–0.30
Protein
concentration

0.5–2 mg/mL 1 mg/mL

pH 4.0–9.0 7.0
Buffer Citrate, MES, Hepes, Tris, Bicine Hepes
NaCl 50 mM–1 M 100 mM
MgCl2 0–20 mM –

CaCl2 0–20 mM –

EDTA 0–5 mM 5 mM
DTT 0–10 mM 2 mM
Glycerol 0–20% 10%
Temperature/
temp change

4 °C, 20 °C, 37 °C, 20 °C→4
°C→20 °C, 20 °C→37 °C→
20 °C, 37 °C→20 °C

20 °C→37 °C→20 °C
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Anatrace) and 4% octyl-polyoligooxyethylene (Octyl-POE); (Alexis
Corporation), respectively. Membranes were solubilized for 1 h at
room temperature with gentle stirring. Unsolubilized membranes
were collected by ultracentrifugation at 150,000×g for 30 min at
4 °C. Solubilization efficiency was analyzed by immunoblotting
using the low critical micelle concentration (CMC) detergent DDM
as efficiency control. Three detergent candidates DM, Cymal-6 and
Fos-choline-12, were chosen for testing their effect on purification ef-
ficiency and protein stability. To ensure equal start condition, the
total membrane fraction was solubilized with 2% DDM. The solubi-
lized membrane protein fraction with a final concentration of
10 mM imidazole was divided into four equal aliquots and were
mixed with Ni-NTA agarose (Qiagen) preequilibrated with buffer B
and different detergents (0.4% DM, 0.04% DDM, 0.15% Cymal-6 and
0.3% Fos-choline-12) and incubated overnight at 4 °C with agitation.
The mixtures were filled into empty PolyPrep columns (BioRad), the
columns were washed with 40 bed volumes of buffer B with deter-
gent and 70 mM imidazole, and HsAQP8 was eluted in buffer B with
detergent and 300 mM imidazole. To check protein stability, the elu-
tions were split and kept at 4 °C and at room temperature for 2 days.
Samples were ultracentrifuged at 150,000×g at 4 °C for 40 min to
pellet any precipitated protein and supernatants were analyzed by
SDS-PAGE. Total membrane protein concentration was determined
according to Bearden [46] and purified HsAQP8 concentration was
determined by A280 where a calculated extinction coefficient of
42,970 M−1 cm−1 and a molecular weight of 29,934.9 Da were used
[47,48].

2.7. Large-scale membrane protein solubilization and HsAQP8 purification

DM was chosen for large-scale solubilization and purification,
which was carried out as above but the final concentration of DM
for solubilization was 3%. Routinely, 250–300 mg of total membrane
protein were solubilized and mixed with 1 mL of Ni-NTA agarose.

2.8. Reconstitution and stopped flow analysis

Different detergent and lipid combinations were screened for op-
timal vesicle formation verified by negative stain electron microscopy
(EM). Purified HsAQP8 was mixed with detergent and lipid to the
final concentrations of 2 mg/mL of lipid (3:7 POPS/POPC (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoserine/1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine, Avanti Polar Lipids)), 2% DM and with the
LPRs adjusted to 10, 30, 60 and 90 (w/w). The mixture was dialyzed
against 20 mM Tris–HCl, pH 8.0, 150 mM NaCl and 0.03% NaN3 with
a molecular cut-off of 12–14 kDa for 7 days at room temperature.
The proteoliposomes were passed once through a 0.2 μm filter. Size
homogeneity was checked by negative stain EM prior to stopped
flow analysis. Control liposomes were made in parallel without pro-
tein. The proteoliposomes and control vesicles were subjected to an
inwardly directed osmotic gradient generated by rapid mixing of
one volume 200 mM sucrose and one volume of proteoliposomes in
a stopped flow instrument. A 530 nm beam was used for monitoring
the proteoliposomes size change. The increase in scattered light, due
to the decrease of vesicle volume, was monitored at 90° angle during
0–3 s at room temperature. Water channel activity was blocked by
preincubating the LPR 10 proteoliposomes in 2 mM HgCl2 for 1 h at
room temperature. Traces of 5–10 individual runs per experiment
were normalized, averaged and fitted to a single exponential equa-
tion y=y0−Ae−kx, where k is the first order rate constant.

2.9. Two-dimensional crystallization and Lys-C treatment

Purified HsAQP8 at a concentration of 1 mg/mL was mixed with
different lipids solubilized in 2% DM to achieve final LPRs. After 1 h
preincubation at room temperature, 60 μL aliquots were dialyzed
against detergent-free buffers using a molecular cut-off of 10 kDa.
After 12, 24 or 36 h at room temperature samples were moved to
37 °C for 48 h and thereafter back to room temperature for 2 days.
Subsequently, the best crystallization procedure was repeated and
tuned in the temperature-controlled dialysis machine [49]. The fol-
lowing temperature profile was selected: 12 h at 20 °C, 12 h linear in-
crease to 37 °C, 48 h at 37 °C, 24 h linear decline to 20 °C. To each
100 μL sample a total of 1 μg of Lys-C was added after 36 h of the crys-
tallization procedure. Lys-C is a protease that specifically cleaves pep-
tide bonds C-terminally at Lys, at pH 7.0–9.0. The summary of 2D-
crystallization experiments is given in Table 1.
2.10. Electron microscopy

Negative stain EM was used to verify sample homogeneity of sin-
gle particles and to screen crystallization trials. Four μL of purified
protein solution (0.1–0.001 mg protein/mL) or 4 μL of crystal sample
were adsorbed for 5 s or 1 min, respectively, to carbon-coated copper
grids previously rendered hydrophilic by glow discharging. Grids
were washed with 4 drops of nanopure water and stained twice for
12 s with 5 μL of 2% uranyl acetate. Negatively stained single particles
and crystal specimens were imaged with a transmission electron mi-
croscope Phillips CM-100 operated at 80 kV and 100 kV, respectively.
Electron micrographs of crystal specimens were taken at magnifica-
tions of 7000× to 52,000× and recorded on Kodak SO163 film. Spec-
imens of highly ordered 2D crystals were further analyzed by cryo
electron microscopy. Selected samples were embedded in 7% treha-
lose on molybdenum grids, covered with a carbon film that was pre-
viously evaporated on mica and floated on the grid [50]. Electron
micrographs were taken on Kodak SO163 film at low dose (b10 elec-
trons per Å2) at magnification of 50,000× with a Phillips CM-200 FEG
microscope operated at 200 kV. The diffraction patterns were
recorded with a Gatan UltraScan™ 1000 2 k×2 k slow scan CCD cam-
era at −175 °C.
2.11. Image processing

Electron micrographs of negatively stained HsAQP8 tetramers were
scanned at a resolution of 4 Å/pixel, single particles were selected by
eye using the BOXER program and processed using EMAN [51].
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Electron micrographs of trehalose embedded 2D crystals taken at
50,000× magnification at low dose and at liquid nitrogen temperature,
were scanned using a Heidelberg Primescan D7100 scanner at a step
size of 5 μm resulting in a resolution of 1 Å/pixel. Digitized images
were analyzed and processed either with the 2dx- or the IPLT image
processing software [52,53]. Crystalline single layers from undigested
HsAQP8 samples and double layer LysC digested crystals were pro-
cessed identically - either following the MRC procedure (2dx) or calcu-
lating correlation averages (IPLT). For the latter, the lattice was indexed
and the CTF was corrected. All subsequent processing steps were exe-
cuted on theCTF corrected image. These included calculation of the Fou-
rier filtered image, selection of a reference patch, calculation of the
cross-correlation function and peak-search to identify unit cell posi-
tions. Peak positions were refined to sub-pixel accuracy by fitting
Gaussians to the peaks. Intermediate correlation averages obtained
served as reference to refine the averaging process until no further
change was observed. Correlation averages obtained were p4 symme-
trized. The packing arrangement of these crystals was verified by as-
sembling a model from the tetramers of the undigested crystal.
3. Results

3.1. Phylogenetic analysis and the variation of amino acids in the con-
striction region

To visualize the protein sequence variation between the different
isoforms of the human AQPs and the similarities of AQP8 sequences
from different species, a phylogenetic tree was constructed (Fig. 1b).
The analysis confirmed that AQP8 from divergent vertebrates form a
monophyletic clade [54]. Bootstrap values calculated based on 1000
replicates indicate 100% support for the 4 subfamilies. The constriction
region of the selectivity filter of HsAQP8 deviates significantly com-
pared to the other human AQPs but is identical to other mammalian
AQP8s and shows high similarity to the Arabidopsis thaliana tonoplast
intrinsic proteins (AtTIPs) as seen in Table 2. The variation among
human aquaporins is reflected in the phylogenetic tree, where the
AQPs divide into the different subfamilies in accordance to differences
in the amino acids in the ar/R region. The structure and the topology
of aquaporins are remarkably conserved (Fig. 1a), however, the primary
sequence of HsAQP8 is quite distant from the primary sequence of all
other human AQP isoforms. Based on an alignment (Supplemental ma-
terial Fig. 1) the sequence identity betweenHsAQP8 andHsAQP1 is only
28%. HsAQP1 belongs to the canonicalwater-specific clade (represented
byHsAQP0, 1, 2, 4, 5, and 6). An alignment of all human AQPs plus some
additional AQPs can be found in the Supplemental material (Fig. 2).
Table 2
Amino acids of the constriction region. Conserved amino acids in the alignment of the
constriction region (H2, H5, LE1 and LE2) and two structurally adjacent amino acid po-
sitions (LC and LE3) of human AQPs and two selected plant AQP subfamilies (see also
Fig. 1a). The numbers in superscript refers to the amino acid of HsAQP1 and amino
acids in brackets are only present in one member of that subfamily. H2 and H5 refer
to helix 2 and 5, respectively, and LC and LE refer to loops C and E, respectively.
HsAQP0, 1, 2, 4, 5 and 6 constitute the water-specific aquaporin subfamily and
HsAQP3, 7, 9 and 10 constitute the aquaglyceroporin subfamily.

Isoform H2 LC H5 LE1 LE2 LE3

HsAQP0,1,2,4,5,6 F56 N127(T) H180 C189/A R195 S196

HsAQP8 H T I G R A
HsAQP11,12 L P/S V/A A L A
HsAQP3,7 F T G Y R D
HsAQP9 F T A C R D
HsAQP10 G T G I R D
Plant PIPs F N H T R S
AtTIPs H(N) F/H(Y) I(V) A/G R/V(C) S/A
3.2. Cell yield and membrane recovery

One clone expressing high levels of HsAQP8 showed a cell wet
weight increase by around 45% when inducing for 144 h vs. 48 h
while the total membrane recovery determined by weight increased
by 75%. Comparing methanol induction for 144 h vs. 120 h did neither
increase the cell amount nor the amount of total membrane but in-
creased the total membrane protein content by more than 100%. Rou-
tinely, 1 L of culture gave 32–34 g of cells harvested 144 h after
induction. After breaking the cells, 7–8 g of total membrane fraction
was collected giving around 0.25 g of total membranes per gram
cells. 10% of the total membrane fraction constituted total membrane
protein, i.e. 1 L of culture gave around 800 mg membrane proteins or
24 mg membrane protein per gram cells.

3.3. Detergent screen and protein stability

To be able to remove the detergent in later steps, detergents with
relatively high CMC were screened. DDM, a low CMC detergent able to
solubilize HsAQP8 with a satisfying yield, was used as reference. DM,
Fos-choline-12 and Cymal-6 showed equal solubilization efficiency as
the reference andwere subsequently used in the purification and stabil-
ity tests (Fig. 2a). LDAO, CHAPS, UDM, NG and Octyl-POE were less effi-
cient in solubilizing HsAQP8. Protein purified by DM and Cymal-6
showed the best yield after Ni-NTA affinity purification of the His-
tagged HsAQP8. Using DM resulted in 90% yield, Cymal-6 in 80% yield,
and Fos-choline-12 in 30% yield. Prior to the elution step, it seems that
Fos-choline-12 causes a partial release of the protein from the Ni-NTA
agarose resulting in HsAQP8 being present in the first twenty 1 mL
wash fractions (Fig. 2b). This was not observed with the other deter-
gents. The purified protein fractions showed neither precipitation nor
degradation irrespective of detergent and temperature tested.

3.4. Membrane protein solubilization and HsAQP8 purification

DMwas chosen for large-scale solubilization and HsAQP8 was puri-
fied using Ni-NTA agarose. Two mg of pure HsAQP8 was obtained from
1 L of culture, i.e. 0.06 mg pure HsAQP8 per gram of cells.

3.5. Single particles and sample homogeneity

Sample homogeneity and monodispersity were checked by nega-
tive stain EM of single particles. As displayed in Fig. 2c the purified
HsAQP8 preparation exhibits particles of uniform size, many having
a central stain-filled depression. Micrographs taken at a magnification
of 50,000× were digitized at 4 Å/pixel, and 490 particles showing a
central cavity were picked and classified using the EMAN software
[51]. The representative class average shown in Fig. 2c (inset) reveals
the square shape and 4-fold symmetry of the HsAQP8 complex, which
has a side length of about 7 nm.

3.6. Reconstitution and stopped-flow analysis

To measure the water channel activity by stopped-flow spectro-
photometry, HsAQP8 was reconstituted into proteoliposomes. After
dialysis, proteoliposome formation was analyzed by negative stain
EM. Optimal conditions for liposome formation were obtained by
using POPS/POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoser-
ine/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) (3:7 w/
w ratio) solubilized in DM. To test the functionality of the heterolo-
gously expressed HsAQP8, a ternary mixture of purified protein and
POPS/POPC all solubilized in DM, was dialyzed in parallel with control
liposomes containing no protein. Water transport was monitored by
stopped-flow spectroscopy after exposing the proteoliposomes to a
hyperosmotic shock causing an aquaporin-dependent shrinkage of
the proteoliposomes and a change in light scattering (Fig. 2d).
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Fig. 2. Detergent screen, purification and functional analysis of HsAQP8. (a) Western blot showing different detergents solubilizing HsAQP8 detected by a tetra-His antibody. (b) SDS-
PAGE showing test purification with the 3 best solubilizing detergents using DDM as control. Unspecifically bound proteins are washed off during the first few washing fractions (repre-
sented in lane W3). Only wash fractions W3, W20 and W40, and the first three 1 mL elutions, designated E1–E3, are shown on gels stained with Coomassie R-250. (c) Electron micro-
graphs of negatively stained HsAQP8 preparations reveal monodisperse single particles after purification in DM (left) and in DDM (right). The inset on the right shows a class average
calculated from 490 DDM-purified particles. Scale bars correspond to 20 nm in left and right panels and to 5 nm in the inset. (d) Stopped-flow analysis of HsAQP8 at different lipid-to-
protein ratios (LPRs). Traces display a faster increase in scattered light when increasing the protein content of the proteoliposomes. Traces of 5–10 individual runs per experiment
were normalized, averaged and fitted to single exponentials. The bar diagram shows the rate constants of the averaged single exponential fits for proteoliposomes at different LPRs in-
cluding the blockage by Hg2+.
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Calculated rate constants are: 4.0 s−1 at LPR 10, 1.9 s−1 at LPR 30,
1.5 s−1 at LPR 60 and 1.3 s−1 at LPR 90. It is known that water trans-
port in AQP8 is inhibited by mercury binding to a cysteine residue in
the pore region [31]. Proteoliposomes at LPR 10 blocked with mercu-
ry had the rate constant of 2.3 s−1, which could be expected if ~50%
of the HsAQP8 were inserted in opposite orientation. Empty control
liposomes did not show any significant change in the intensity of
scattered light within 3 s after exposure to the osmotic gradient
(Fig. 2d).

3.7. Two-dimensional crystallization of HsAQP8

To optimize HsAQP8 crystallization, a variety of conditions were
tested: a range of LPRs, different lipids, detergents and buffers at var-
ious pH as well as different salts concentration. During the crystalliza-
tion process the temperature profile had a significant influence on the
formation, size and quality of the crystals. For instance, tubular crys-
tals were formed when samples were moved to the higher tempera-
ture during the first 36 h of crystallization (Fig. 3a, b). In contrast,
incubation at room temperature for the first 36 h and subsequent
temperature increase yielded large amounts of regularly packed
sheets and vesicle-like structures of a few micrometers in size. The
Fig. 3. Two-dimensional (2D) crystals of HsAQP8 reconstituted by dialysis in the presence of
as ordered tubes with a diameter of about 360 nm and a length of several micrometers, o
800 nm. (b) A crystalline HsAQP8 tube recorded at a magnification of 50,000×. Scale bar
large vesicles and sheets of regularly packed HsAQP8 emerge. Scale bar corresponds to 1 μm
Such crystals are large double-layered mono-crystalline protein–lipid arrays. Scale bar corre
layered HsAQP8 crystals exhibiting diameters of several micrometers. Scale bar corresponds
under the optimized conditions that was recorded at 200 kV, low dose and liquid nitrogen t
bright protein tetramers represent the lipid bilayer and the asterisk marks the putative loc
HsAQP8 crystal was assembled from tetramers displayed in (f). Scale bar is 100 Å. (h) Corr
having a side length of 136 Å. Four distinctly delineated tetramers are visible. (i) A region of
arrangement of HsAQP8 tetramers and the lattice disorder. Distinct tetramers (marked wi
positions, as marked with up/down arrows. (j) IQ plot [66] of the image from which the corr
having an IQ value≤4 extend out to a resolution of 8 Å. Ellipses show the zero crossings of th
vertical direction. (k) Electron diffraction pattern of a frozen-hydrated Lys-C treated HsAQP
3 Å (arrow) and 3.3 Å (arrowhead). The lattice disorder manifests itself by smears extendin
ample marked with an asterisk).
quality of HsAQP8 2D crystals improved during a two-week-long
storage at 4 °C. Most of the crystallization experiments were carried
out in a temperature-controlled dialysis machine (see Section 2.9).

Solubilized and highly purified HsAQP8 was reproducibly recon-
stituted into lipid bilayers using a mixture of POPE (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine) and POPC lipids in the
ratio of 3:7 (w/w) (Fig. 3a–d). When the protein concentration was
over 1 mg/mL in the crystallization mixture well-ordered 2D crystals
were obtained under optimal 2D crystallization conditions (Table 1):
POPE/POPC lipids (in ratio 3:7), LPR of 0.25–0.30 and the dialyzing
buffer containing 20 mM HEPES–NaOH, pH 7.0, 100 mM NaCl, 5 mM
EDTA, 2 mM DTT and 10% glycerol (Fig. 3d).

3.8. Lys-C treatment of 2D crystals

At the C-terminal of the protein the HsAQP8 construct contains a
10 amino acid c-myc epitope (EQKLISEEDL), a 6 amino acid His-tag
and proper linkers (11 amino acids) (Fig. 1a). We suspected that
this 27 amino acid long sequence might possibly disturb crystalliza-
tion and therefore partly removed it enzymatically during the dialysis
procedure. In the 283-amino acid long HsAQP8 construct 7 possible
Lys-C cleavage sites can be identified (Fig. 1a). When the protein is
lipid. (a) Electron micrograph of negatively stained HsAQP8 2D crystals. Crystals appear
ften attached to aggregates, vesicles or unrolled/open tubes. Scale bar corresponds to
corresponds to 200 nm. (c) When 5 mM EDTA is added to the reconstitution buffer,
. (d) Overview of a large HsAQP8 2D crystal obtained under the optimized conditions.
sponds to 1 μm. (e) Electron micrograph of negatively stained Lys-C treated 2D double-
to 5 μm. (f) Correlation average calculated from a trehalose embedded crystal produced
emperature. The map shows 2×2 unit cells having a side length of 72 Å. Areas between
ation of the C-erminus. (g) A model of the packing arrangement of the Lys-C treated
elation average of a Lys-C treated HsAQP8 2D crystal. The map displays 2×2 unit cells
the Fourier filtered micrograph yielding the correlation average (h) reveals the packing
th +) form ‘cornerstones’ of the lattice with tetramers in between assuming different
elation average shown in (f) was calculated. After two rounds of unbending, reflections
e contrast transfer function. The edge of the plot is at a resolution of 7 Å in horizontal or
8 2D crystal. Sharp diffraction orders marked in the inset correspond to a resolution of
g along the lattice lines over three diffraction orders in a systematic manner (one ex-
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embedded in a lipid bilayer, 6 of these Lys are likely to be exposed to
the enzyme. One Lys is positioned in the N-terminal region, two Lys in
the cytosolic D-loop and three Lys in the C-terminal region of
HsAQP8. SDS-PAGE analysis performed after the addition of the en-
zyme showed ~80% removal of at least the 18 amino acids in the C-
terminal including the His-tag. In ~20% of the protein only a peptide
corresponding to the 11 amino acids from the N-terminal is lost
(Fig. 4). Importantly, the Lys-C treatment resulted in large rectangular
protein–lipid arrays (Fig. 3e) that exhibited an electron diffraction
pattern corresponding to a resolution of 3 Å (Fig. 3k).

3.9. Projection maps of the undigested and digested forms of HsAQP8
crystals

A large variety of crystals, grown at different 2D crystallization con-
ditions, resulted in diverse protein packing arrangements in reconsti-
tuted lipid bilayers and a number of 2D crystal lattice parameters. EM
of negatively stained reconstituted samples revealed well-ordered 2D
crystalline sheets with a diameter of 2 μmand a length of severalmicro-
meters (Fig. 3d). Lattice vectors of sheets grown in buffer containing
100 mM or 1 M NaCl were a=b=72 Å, γ=90°. The correlation aver-
age [55] calculated from such a crystal embedded in 7% trehalose,
recorded at low dose and at liquid nitrogen temperature, exhibits an
aquaporin-likemorphologywith one tetramer per unit cell (Fig. 3f). Tet-
ramers exhibited four prominent domains at their periphery that are
likely to represent the 27 amino acid long C- and the 11 amino acid
long N-termini. These domains appear to form the protein–protein in-
terfaces leaving empty lipid regions between the tetramers. After un-
bending this crystal using the 2dx software [56], diffraction orders out
to 8 Å resolution were detected (Fig. 3j). Unfortunately, ordered regions
of these 2D crystals were too small for yielding electron diffraction to
high resolution. Another crystalline form had lattice parameters
a=68.5 Å, b=133 Å, γ=100° with a unit cell housing two tetramers
in an up-and-down orientation, as judged from the different staining
of the two tetramers. However, the crystalline order was poor (data
not shown).

Addition of Lys-C protease during the crystallization process induced
a significant change in the packing arrangement that resulted in lattice
parameters a=b=136 Å, γ=90° (Fig. 3g–i). Lys-C treated HsAQP8 2D
crystals were embedded in 7% trehalose and low-dose images and dif-
fraction patterns were collected at liquid nitrogen temperature and
200 kV. Diffraction patterns of digested crystals recorded with a CCD
camera showed sharp spots out to 3 Å resolution. The two ordersmarked
by a black arrow and an arrowhead in Fig. 3k corresponds to a resolution
of 3 Å and3.3 Å, respectively. However, not only sharp spots but also lines
along lattice lines reaching over 3 diffraction orders are visible in suchdif-
fraction patterns (Fig. 3k, asterisk). These lines exhibited a systematic
pattern with p4 symmetry, and they appear to be related to the packing
arrangement of AQP8 tetramers. Inspection of regions of the Fourier fil-
tered image of one 2D crystal treated by Lys-C shows lines of tetramers
arranged in doublets. One of them (marked with ‘+’ in Fig. 3i) is always
more distinct than the other, which can be shifted either upwards (↑) in
some rows, or downwards (↓) in others. Often the second tetramer is not
clearly visible at all. The correlation average displayed in Fig. 3 h exhibits
distinct, clearly delineated tetramers that lack the vorticity of the AQP8
tetramer from a single layer. In contrast, the map does not reveal clear
tetramers in between those ‘cornerstones’, but a structure resembling
overlapping tetramers. Measurements with the atomic force microscope
showed the crystals to be double layered (data not shown), which was
corroborated by occasional breaks of the crystals at their periphery,
where two layers could be discerned. Hence, we produced two possible
packing arrangement models from the AQP8 tetramer map shown in
Fig. 3f, both assembled from two layers in opposite orientation. In one
model the second tetramer of the pair had the same handedness, i.e.



Fig. 4. (a) Coomassie stained SDS-PAGE gel and (b) immunoblot of untreated and Lys-C treated HsAQP8 probed by a tetra-His antibody. After addition of Lys-C 100% of the protein is
affected since no band of the same size as the untreated protein is seen on the Coomassie stained gel. In ~20% of the HsAQP8 a peptide of around 1 kDa is lost corresponding to the
11 amino acids at the N-terminal (Fig. 1a). This cleaved protein has still an intact His-tag as detected by the antibody; upper band in (a) lanes 4 and 5 and its corresponding band in
(b) lanes 4 and 5. In ~80% of the HsAQP8, the Lys-C treated protein has lost a C-terminal peptide of 18 or 29 amino acids cleaved downstream of K265 or more probably K254
(Fig. 1a) giving a protein without a His-tag. The lower faint band of untreated HsAQP8 on the Coomassie stained gel is suspected to be unspecific degradation of the C-terminal.
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the same orientation in the membrane as the first, whereas in the other
model its orientation was opposite. The projection of the first model is
displayed in Fig. 3g. The cross correlation of this model with the map in
Fig. 3h had a value of 0.313, whereas the one of the second model was
0.233. Therefore, we conclude that tetramers in one layer are all oriented
in the same direction with respect to the membrane plane.

4. Discussion

4.1. Analysis of aquaporin primary sequences and the variations in the
constriction region

It is established that AQP8 differs in solute specificity as compared
to water-specific aquaporins [33,35,36]. Aligning aquaporin primary
sequences where conserved motifs were fitted and gaps avoided in
the transmembrane regions, a phylogenetic tree was constructed
(Fig. 1b). This analysis confirmed the distinct clustering of the se-
quences of the AQP8 subfamily where the orthologs from different
species create a separate monophyletic clade (Fig. 1b). The identifica-
tion of AQP8 orthologs in bone fish indicate that this subfamily was
formed more than 450 million years ago [57]. By comparing the cru-
cial amino acids in the constriction region of the selectivity filter,
major differences between AQP8 and the other aquaporin subfamilies
were seen (Table 2). Taken together, the constriction region of
HsAQP8 is highly similar to AtTIPs and when comparing e.g. wheat
(Triticum aestivum) TIP2;1 (TaTIP2;1) and HsAQP8 they are identical.
By homology modeling of the wheat TaTIP2;1, using the bovine AQP1
structure, widening of the pore region is seen as compared to AQP1
[33]. That model suggests that larger molecules are able to penetrate
the pore. It has been shown that mutating the TaTIP2;1 constriction
region, in order to mimic the corresponding region in bovine AQP1,
abolished the ammonia transport but did not affect the water perme-
ability of mutated TaTIP2;1 [32,33]. Due to the identical constriction
regions of HsAQP8 and TaTIP2;1 these results could be valid for
HsAQP8.

4.2. Expression of HsAQP8

In order to obtain high-resolution protein structures large
amounts of functional purified protein is needed. It has been shown
that many proteins have certain preferences regarding the lipid con-
tent of the host for expression [58], which makes the host selection
critical. Also the codon usage preference in the organism could be a
limiting factor in heterologous expression and, in some cases, it is
worth to optimize the gene prior to cloning [59]. In order to obtain
high levels of HsAQP8 protein the induction time had to be optimized.
Interestingly, from 120 h, the cell wet weight and total membrane re-
covery did not increase but the total membrane protein content dou-
bled. Prolonging the induction time seems to allow the cells to invest
more into membrane protein expression rather than producing new
membranes.

4.3. Membrane recovery, membrane protein solubilization and HsAQP8
purification

In previous work, urea and alkali treatment of the total membrane
fraction have greatly enriched the AQPs prior to solubilization and
purification [60,61]. This pretreatment has been successfully used
both for the purification of AQPs from native tissue [60,62] and heter-
ologously expressed AQPs [20,44]. However, for HsAQP8 the urea and

image of Fig.�4
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alkali treatment resulted in a very low yield of purified protein.
HsAQP8 was instead directly solubilized from the total membrane
fraction. After solubilization and binding of the protein to Ni-NTA
beads a thorough washing step with a high imidazole concentration
was introduced to eliminate contaminating endogenous P. pastoris
membrane proteins.

4.4. Detergent screen and protein stability

To avoid a protein stability problem in the crystallization trials, a
wide detergent screen was performed. Detergents with different
structural properties were chosen. Since initial experiments using
DDM had shown efficient solubilization DDM was used as a control,
however, for efficient detergent removal by dialysis the CMC of
DDM is too low. As expected, DM showed solubilization efficiency
comparably to DDM since these detergents are related and share
properties (Fig. 2a). On the other hand, Fos-choline-12 solubilized
HsAQP8 sufficiently well but caused a considerable loss of protein in
the washing step (Fig. 2b). We assume that this is an effect of the
detergent's phosphate group competing for binding to the resin alter-
natively causing a release of Ni2+ from the resin. Recently, another
group reported the expression, purification and functional analysis
of human AQP8 [31]. They used Saccharomyces cerevisiae as a host
for expression and the detergent octyl-β-D-glucopyranoside (OG)
for the solubilization, however, the yield of AQP8 was not reported.
When we solubilized and purified HsAQP8 with OG, a thin cloud
was apparent in the purified fraction at a protein concentration of
around 0.8 mg/mL suggesting protein aggregation.

4.5. Single particle and sample homogeneity

Single particle electron microscopy was used to assess the quality
of HsAQP8 particles purified in DM and DDM, and their suitability for
2D crystallization trials. Electron micrographs of negatively stained
HsAQP8 proved the monodispersity and homogeneity of samples.
The lack of aggregates indicated that HsAQP8 was stable (Fig. 2c).
To ascertain the tetrameric nature of the particles, 490 views exhibit-
ing a central, stain-filled depression were selected and classified in
EMAN [51]. A representative class average reveals a square shaped
particle with a side length of about 7 nm (Fig. 2c, inset). This single
particles analysis corroborates the 4-fold symmetry of the purified
HsAQP8, which is typical for all known aquaporins.

4.6. Reconstitution and stopped-flow analysis

Different combinations of detergents and lipids were screened for
vesicle formation and verified by negative stain EM. E. coli polar lipids
in combination with e.g. OTG and OG have been used before for
stopped-flow analysis [31,44]. In our experiments, E. coli polar lipids
solubilized with DM did not form vesicles even after a long time of di-
alysis. However, POPS/POPC solubilized in DM formed spherical vesi-
cles within one week of dialysis and was the condition we used for
stopped-flow analysis.

Using an osmotic gradient of 100 mM sucrose, the proteolipo-
somes with LPRs ranging from 90 to 10 showed an increased rate of
water efflux compared to empty lipid vesicles as measured by scat-
tered light. This reflects the increased number of AQPs inserted in
the proteoliposome. Blocking HsAQP8 in the LPR 10 proteoliposomes
with mercury showed an inhibition of the water channels by more
than 40% compared to the non-blocked LPR 10 proteoliposomes
(Fig. 2d). Since orientation of the protein during the vesicle formation
is likely to be random, only AQPs oriented with their terminals facing
the interior of the proteoliposome are affected by Hg2+ treatment
(Fig. 1a) [63], and therefore total blockage was not expected. Our con-
trol vesicles with POPS/POPC lipids did not show any increase in light
scattering due to diffusion of water across the lipid bilayer as seen e.g.
for E. coli liposomes. This could be explained by the properties of the
POPS/POPC lipids forming a tighter bilayer.

The position of the LE2 Arg in the ar/R region of HsAQP8 may in-
fluence the transport efficiency of water as has been suggested for
PfAQP [26]. The precise orientation of LE2 Arg may be influenced by
the structurally adjacent amino acid residues. For most aquaporins
(see Table 2), it has been proposed that the amino acid residue next
to the Arg (LE3 in Table 2 and Fig. 1a) anchors a specific residue in
loop C (LC in Table 2 and Fig. 1a) via a hydrogen bond [64]. Although
conserved in most aquaporins, this is not possible in AQP8 since the
corresponding residues are Ala and Thr. Comparing our results to
Liu et al. [31], differences are observed in the rate constants for
HsAQP8. Liu et al. [31] report a rate constant of 59.03 s−1 at LPR 50
and 4.90 s−1 for control vesicles. This needs to be compared with
our experiment at LPR 60, where we measured a rate constant of
1.5 s−1. The reason for this discrepancy might be explained by meth-
odological differences such as differently designed protein tags, dif-
ferent heterologous expression systems, differences in the size of
the proteoliposomes and therefore different surface-to-volume ratios,
and differences in osmotic gradients. Liu et al. [31] report a total
blockage of water transport by 1 mM of Hg2+. This was not expected
due to the presumable random insertion of the aquaporin in the lipid
bilayer of the proteoliposomes, seen with other AQPs [20], and the
one-sided blocking by Hg2+acting on a conserved Cys residue at the
extracellular entrance of the pore. However, the choice of lipids for
making the proteoliposomes could explain why we get a 50% inhibi-
tion by mercury while Liu et al. [31] get a 100% inhibition. The former
level of inhibition is in accordance with a random (fifty–fifty) orienta-
tion after insertion of the protein and the latter with a single orienta-
tion of the protein (100% external side out) or, alternatively, with
proteoliposomes permeable to mercury. There are examples demon-
strating a single orientation of membrane proteins when inserted in
proteoliposomes, which could suggest a single orientation in the
study by Liu et al. [31].

4.7. 2D crystallization and analysis of HsAQP8

When reconstituted in neutral phosphatidyl lipids, HsAQP8
formed ordered 2D crystals (Fig. 3). Crystalline sheets were found in
the presence of EDTA, at pH 7.0 and LPR 0.25–0.30. Often, addition
of Mg2+ to the crystallization buffer, either in the form of MgCl2 or
as MgSO4, improved the quality of His-tagged aquaporin crystals
[17]. Here, addition of Mg2+ to the crystallization buffer resulted in
protein aggregation. In contrast, addition of a chelating agent
(EDTA) resulted in large fractions of well-ordered sheets. Elimination
of divalent and trivalent cations from the crystallization buffer has an
influence on the membrane surface charge by changing the phospho-
choline (PC) and phosphoethanolamine (PE) dipoles [65], which
appeared to facilitate crystal formation. Screening for the best crystal-
lization conditions (Table 1) led to the conclusion that a change of
temperature, after the appropriate time, from room temperature to
37 °C, has a significant influence on the formation of crystalline
HsAQP8 arrays. Highly ordered sheets were predominantly found
when the temperature was increased at later stages of the crystalliza-
tion process.

4.8. Analysis of crystal packing arrangements

While highly ordered regions were found in single-layered
HsAQP8 crystals that allowed the projection map to be calculated to
a resolution of 8 Å (Fig. 3f), these regions were too small for electron
diffraction. We suspected that the C-terminal 27 amino acid long ex-
tension might interfere with dense packing of the HsAQP8 tetramers
and thus the formation of large, coherent 2D crystals. Therefore, they
were exposed during crystallization to Lys-C protease in an attempt
to improve packing regularity and crystal size. In the 283 amino
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acid sequence of HsAQP8, seven possible Lys-C cleavage positions
were found (Fig. 1a). When the protein is embedded in a lipid bilayer
six Lys could be exposed to enzymatic cleavage whereas one Lys lo-
cated in transmembrane helix 3 is likely to be inaccessible for the en-
zyme. Digestion by Lys-C, added after 36 h of crystallization, yielded
large coherent crystals (Fig. 3e) that diffracted the electron beam up
to 3 Å resolution (Fig. 3k). Taking the unit cell dimensions of
a=b=136 Å and the fact that one unit cell houses 4 tetramers per
layer yields an area of 4624 Å2 per tetramer. Compared to the unit
cell of the unprocessed HsAQP8 2D crystal having a=b=72 Å, i.e.,
5184 Å2 per tetramer, the packing density is 12% higher in the Lys-C
treated HsAQP8 crystal.

SDS-PAGE analysis showed that upon Lys-C treatment of crystals
parts of both the N-terminal and the C-terminal region are removed
(Fig. 4). A peptide of 11 amino acids is released from the N-terminal
with at least 20% efficiency and a peptide of either 18 or 29 amino
acids is released from the C-terminal with about 80% efficiency. In
agreement with this the prominent peripheral domain seen in the
projection map of the unprocessed crystal (Fig. 3f) is reduced in the
correlation average of a Lys-C treated crystal (Fig. 3h). Therefore, dif-
ferent crystal contacts emerged that allows tetramers to be more
tightly packed. The cleavage site is most likely at K254 since the
shift in molecular weight corresponds to a total of 29 plus 11 amino
acids form the N-terminus, i.e. a loss of 4.4 kDa. Additional cleavage
in helix 3, in the second cytosolic loop (i.e. loop D) and at K248 in
the C-terminal region could not be discerned.

Although Lys-C treated HsAQP8 crystals diffracted to high resolu-
tion, they exhibited a disturbing disorder reflected by systematically
smeareddiffraction orders. The pattern created by this disorder resulted
in lines of density extending over two lattice spacings parallel to the lat-
tice lines, indicating that the disorder happens along lattice lines. Using
the correlation averaging approach [55] a projection map was obtained
that exhibited ‘cornerstones’, i.e. distinct tetramers whose morphology
was best modeled by the sum of two tetramers sharing their 4-fold
symmetry axis, but apposed in opposite orientations (Fig. 3g). It appears
that the interactions holding these octameric ‘cornerstones’ together
are rather strong. From Fourier filtered images (Fig. 3i) rows of tetra-
mers between these ‘cornerstones’ appeared to be less ordered. Because
shifts of such intermediate tetramers can occur along both directions of
the orthogonal lattice, the disorder manifests itself as lines in the dif-
fraction patterns (Fig. 3k, asterisk).

In conclusion, we show the overexpression, purification, functional
reconstitution and 2D crystallization of human AQP8. By using different
crystallization methods and conditions, highly ordered crystalline
sheets were obtained. These results constitute a step towards solving
the high-resolution structure of a unique human aquaporin that in
pore structure and substrate specificity differ substantially from other
human aquaporins.

Supplementary materials related to this article can be found online
at doi:10.1016/j.bbamem.2011.12.006.
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