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The Molecular Composition of Square Arrdys
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ABSTRACT. Square arrays are prominent structures in plasma membranes of brain, muscle, and kidneys
with an unknown function. So far, the analysis of these arrays has been restricted to freeze fracture
preparations, which have shown square arrays to contain the water channel Aquaporin-4 (AQP4). Using
Blue-Native PAGE immunoblots, we provide evidence that higher-order AQP4 complexes correspond to
square arrays, with the AQP4 isoform M23 playing a dominant role. Our data are consistent with the idea
that square arrays consist of aggregates of AQP4 tetramers complexed with multiples of dimers. By
comparison, Aquaporin-1 and Aquaporin-9 form tetramers, but not higher-order complexes. AQP4 square
arrays are stable under several biochemical purification steps. Analyzing the internal composition of the
higher-order complexes by 2D gels, we demonstrate that the square arrays in addition to M23 also invariably
contain AQP4, M1, and a novel AQP4 isoform that we call Mz. The visualization AQP4 square arrays by
a rapid, biochemical assay provides new insight in the molecular organization of square arrays and gives
further proof of the heterogeneity of AQP4 square arrays in vivo.

Well-ordered, square arrays of intramembrane particles and pia. AQP4 is also present in ependymal cells lining the
(IMP),* which are also called orthogonal arrays of proteins ventricles, and in glial lamellae in the supraoptic nucleus
(OAPs), were first discovered by freeze-fracture electron and other circumventricular organd5j. This pattern of
microscopy more than 30 years ado-6). These arrays are  expression suggests that AQP4 is involved in transport of
impressive structuresoften containing several hundred water at the brain/blood and brain/CSF interfaces and also
IMPs—and show a great diversity of size, shape, and sub- indicates a role in osmotransductidi¥( 15). In agreement,
structure. The physiological role of square arrays has studies of AQP4—/— mice and mice with a disruption of
remained enigmatic. In the membranes of the lens of the AQP4 anchoring (mdx and alpha-syntrophir- mice) have
eye, Aquaporin-0 (AQPO) constitutes one form of square implicated AQP4 in a long list of physiological and patho-
array, which has been extensively analyzée9). In the physiological processed®, 17). The most striking effect
brain, kidneys, and muscle, there is strong evidence thatof AQP4 knock-out is reduced brain edema after acute water
Aquaporin-4 (AQP4) is a main component of square arrays intoxication and ischemic strokd ). Recently, AQP4 was
(10), because the square arrays disappear in AQP4 knock-proposed to serve a role as an adhesion molecule ir-cell
out mice (1) and have been directly observed to contain cell interactions ).

AQP4 by freeze-fracture replica immunogold labeling (FRIL)  AQP4 is known to have two major isoforms (M1 and
electron microscopylQ). Furthermore, mice that overexpress M23), and the atomic structure of the purified and recon-
AQP4 exhibit a higher density of square arrays than wild stituted latter isoform was recently publishe@).(Upon

type mice (3). In the brain, square arrays are most densely transfection into the CHO cell line, the M23 isoform has
concentrated in astrocyte endfeet membra2e42). been demonstrated by freeze-fracture electron microscopy

AQP4 is the aquaporin most strongly expressed in the brainto give rise to structures reminiscent of square arrdys (
(14). Consistent with the idea that AQP4 is a main constituent 19). It has been proposed that the ratio of the two isoforms
of square arrays, this water channel is very abundant inM1 and M23 is central in the regulation of square array
astrocytic endfeet membranes in contact with blood vesselsstructures, and thus possibly in the regulation of water
transport 20, 21).

* Author to whom correspondence should be addressed. Fetz Here, we provide the first analysis of square arrays by a
2285 1284 Foxc 4722891438 Emal bioerlden@nedsnuiono. techique ofher than freeze-faciure electron microscopy,
skerlinjen, the Medical Student Research Programme at the University Using  Blue-Native PAGE (BN-PAGE), combined with
of Oslo. T.H. has a grant from The Norwegian Cancer Society. This immunoblotting, we show that AQP4 forms tetramers and
m‘(’)rl'éc"l:’%i f\/‘ligdpifc’ifrt%da% ttTFe “I‘q%rgé‘;r%ﬁngguﬂiﬁ?ﬂgmae P(rsot%rr?g?silz‘ higher-order protein complexes in tissues from rat brain and
Program), and FUGE (Norwegian Functional Genomics }l;rogram). rat .nasal mucosa, and in tr.anSfeCted _HeLa cells. By CQm'

L'Abbreviations: AQP4, aquaporin-4; AQP1, aquaporin-1; AQP9, parison, AQP1, another brain aquaporin, and AQP9, which
aguaporin-9; AQPO, aquaporin-0; BN-PAGE, blue natipelyacry- is a liver aquaporin, do form tetramers, but not higher-order

lamide gel electrophoresis; IMP, intramgmbrane particles; FRIL, freeze- complexes. We show that the main higher-order complexes
fracture replica immunogold labeling; OAP, orthogonal arrays of

proteins; CSF, cerebrospinal fluid; mdx, mice lacking dystrophin; DDM, of AQP4 have the same apparent molecular weight in mouse
dodecyls-D-maltoside. brain and M23 transfected HelLa cells as they do in rat tissue.
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The square arrays are stable under several biochemical Cell Culture and Plasmid Transfections. HelLa cells
purification steps, then gradually break down to the com- were maintained in DMEM supplemented with 1%
ponent monomers, dimers, and trimers. By combining BN- glutamine (Cambrex) and 10% foetal calf serum (Gibco
PAGE with second-dimension (2D) SDS-PAGE, we analyze BRL). The cells were passaged at sub-confluency and
the composition of the square arrays, showing them to transfected with plasmids using 2@Q OptiMem (Gibco),
contain the dominant isoform M23, in addition to the isoform FUuGENEG6 (Roche) at a 3:1 ratigl(:ug nucleic acid), and
M1 and a third isoform, Mz. The introduction of a rapid 0.17 ug of DNA per square centimeter. The medium was
biochemical assay to complement the technically challenging changed after 4 h. Cells were harvested 24 h after transfec-
and time-consuming freeze-fracture technique gives newtion. The M1 and M23 plasmids were prepared by Endot-
insight in the molecular organization of square arrays. oxin-free MaxiPreps (Qiagen).
SDS-PAGE/Immunoblotting. SDS-PAGE and immuno-

EXPERIMENTAL PROCEDURES blotting has been optimized, with respect to AQP4 resolution

Lysate Preparation for Blue-Native PAGE (BN-PAGE). (22). Briefly, gels were composed of 12% Laemmli PAGE
Male adult PVG rats were sacrificed by elevated,Gnd supplemented wht3 M urea and the loading buffer was 1.7%
decapitated. The brain was dissected and homogenized irSDS, 60 mM Tris pH 6.8, 5% glycerol, 100 mM DTT, and
chilled 50 mM HEPES pH 7.4, 2 mM EDTA, 0.32 M trace amounts of bromophenol blue. Samples were not heated
sucrose, and protease inhibitor cocktail (PIC, Roche), thenprior to loading. MagicMarkXP (Invitrogen LC5602) was
centrifuged 1000 g for 10 min, yielding the P1 (nuclear used as a molecular weight marker. Proteins were blotted
pellet) and S1 (post-nuclear supernatant) fractions. S1 wasonto PVDF membranes that were blocked with 5% milk
subjected to another round of centrifugation at 164 000 g powder and incubated with primary antibody diluted in the
for 30 min using a Beckman Ti70 rotor. The resulting blocking solution overnight at 4C and detected with the
supernatant S2 (cytosolic fraction) was decanted, and theECF kit, according to the manufacturer’s instructions (Am-
pellet P2 constituted the crude membrane fraction. P2 wasersham).
resuspended in 50 mM HEPES pH 7.4, 2 mM EDTA, and  pyrification of AQP4. AQP4 was purified from male
PIC and stored at-20 °C. Mouse brain and rat liver was  istar brain and verified by matrix-assisted laser-desorption
prepared in the same manner. For rat nasal mucosa samplesgnization-time-of-flight mass spectroscopy (MALDI-TOF
the S1 fraction was used directly. Transfected cells lysatesms) (Sorbo et al., unpublished). Briefly, purification included
were prepared by lysing the cells in the well with 1X plasma membrane isolation, membrane stripping, detergent
NativePAGE sample buffer supplemented with 1% w/V solubilization, and several chromatographic steps. Aliquots

dodecylp-D-maltoside (DDM, Sigma) for 15 min at room  from each step were analyzed by BN-PAGE as described
temperature. The lysate was pipetted off, sonicated, andpreviously.

centrifuged at 23 00@ for 10 min; then, the pellet was 2D BN-PAGE/SDS-PAGE.Twenty micrograms (2@g)
discarded. The supernatant was concentrated using 10-kD&y rat brain membranes were separated by-3%% BN-

cutoff spin columns (PALL). PAGE, as described previously. After electrophoresis, the
Lysate Preparation for SDS-PAGE. Cell lysates were 506 was cut out from the gel and equilibrated in a SDS-
made as previously described, except that the lysis buffermldmg buffer supplemented with 100 mM DTT for 15 min

was 1% sodium dodecyl sulfate (SDS), 10 mM sodium 4 room temperature. The lane was then loaded into an IPG
phosphate pH 7.4, 150 mM NaCl, 5 mM EDTA, and PIC. \\e| on a 129 Laemmli gel supplemented i3 M urea.

Brain tissue was homogenized directly in the same lysis the well was overlaid with 0.5% agarose suspended in
buffer, sonicated, centrifuged at 23 0g0for 10 min and | gemm|i buffer and allowed to solidify. SDS-PAGE and

pellet discarded. The total protein in all samples was jmunoblotting were then performed as described previ-
determined using the DC-total protein kit (Bio-Rad). ously.

BN-PAGE. Lysates were diluted with NativePAGE Sample  ~.p i o Rabbit-anti-AQP4 (Chemicon AB3068) and

i i 0,
5’1 Léﬁﬁ;flegw;?%i? :rfcf)(lnfnmtee r:;e%g'ttgrg? dV\ggnIE[)ri[?L,Jw’e d at rabbit-anti-AQP1 (Alpha Diagnostics AQP1-1A) were used
P ’ 9 at a final concentration of Lg/mL, whereas rabbit-anti-

23 000g for 10 min; then, the pellet was discarded. All . . i X
samples were adjusted to a final Coomassie G—250:detergentiAQp9 (Alpha Diagnostics AQP9-1A) were used at a final

ratio of 1:4 immediately prior to gel loading. NativeMARK concentration of 1Gg/m.
(Invitrogen LC0725) was used as a molecular weight marker. ResyULTS AND DISCUSSION

Electrophoresis was performed at room temperature. The
gels used were 3%12% NativePAGE (Invitrogen) and were Optimization of BN-PAGE Detergents.We have previ-
run in one-third of the migration at 150 V with the dark ously optimized the conditions for the denaturing gel
cathode buffer (Invitrogen) and at 150 V with the light electrophoresis analysis of AQP22j. To address the native
cathode buffer (Invitrogen) until the dye reached the gel conformation of AQP4, we used the technique of BN-PAGE
bottom. Control experiments were conducted with-426% (23—25), combined with immunoblotting. Conventional
NativePAGE gels to validate the molecular weight estimates. native gels were not successful (data not shown). The use
Gels were blotted onto PVDF, according to the manufac- of BN-PAGE requires non-ionic or zwitterionic detergents.
turer’s instructions (Invitrogen). Blots were extensively We have previously screened a large series of detergents for
destained with methanol, stained with Ponceaus to visualizetheir ability to solubilize AQP4Z2). For BN-PAGE, DDM
and label the molecular weight marker, and finally destained at a detergent/protein ratio (w/w) of 2.2 turned out to give
with 0.1 M NaOH. Blocking and immunodetection were the optimal resolution (see Figure 1A). Identical results were
performed as described for SDS-PAGE blots. obtained with DDM detergent/protein ratios up to 8, and also
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Ficure 1: BN-PAGE analysis of AQP4 isoforms: (A) optimization
detergent/protein ratio (w/w). Lanes 1, 2, 3, and 4 are ratios 0.6,
0.75, 1.1, and 2.2, respectively. (B) Comparison of rat brain AQP4
with transfected isoforms. Lane 1 is rat brain. Lanes 2, 3, and 4
are Hela cells transfected with AQP4e, AQP4-M23, and AQP4-
M1 cDNA, respectively. The putative tetramer is indicated as “4X”,
to the right. (C) BN-PAGE analysis of AQP1 and AQP9 show
tetramer (4X, indicated to the right), but no higher-order structures
(lanes 2 and 3, respectively), compared with AQP4 rat brain control
(lane 1). Molecular weight marker indicated to the left (in kDa).

with a structurally unrelated zwitterionic detergent (data not
shown).

BN-PAGE Visualizes Higher-Order Organization of

Biochemistry, Vol. 47, No. 8, 20082633

A series of higher bands, which is indicative of higher-
order structures such as square arrays, appear above the
tetramer, up to an apparent molecular weightd000 kDa
(see Figure 1B, lane 1). More bands were resolved in the
BN-PAGE gel and can be observed in 2D-gel experiments
(see discussion below), but a bias toward smaller complexes
in the blotting of BN-PAGE gels precludes direct visualiza-
tion of larger complexes.

The presence of six major bands between the tetramer band
and ~1000 kDa (Figure 1B, lane 1) is consistent with
aggregates of tetramers complexed with multiples of dimers
of AQP4. A strong dimerization tendency of AQP4, even in
denaturing SDS-PAGE gels, has been noted earB@. (
Head-to-head pairs of AQPO tetramers have been demon-
strated, using size exclusion chromatography for ACE). (

The M23 and M1 monomers of AQP4 have molecular
weights of 32.2 and 34.5 kDa, respectively. We observe
seven major bands below1000 kDa. Theoretically, these
bands might represent 4X, 6X, 8X, 10X, 12X, 14X, and 16X
aggregates of monomers. The corresponding expected mo-
lecular weights would then be 238, 356, 475, 594, 713, 832,
and 950 kDa, assuming an average monomer size of 33 kDa,
and correcting with 1.8-fold dye bindind®2€). As a first
approximation, assuming some variability in the molecular
weight markers, and despite the slightly larger-than-expected
size of the tetramer band (4X), this model of a square array
tetramer core, with dimer additions, fits well with the
observed BN-PAGE data.

Lysates from Hela cells transfected with AQP4 isoforms
M1, and a recently isolated new cDNA isoform called
AQP4e @9), show only weak signs of higher-order struc-
tures, although they form strong tetramer bands (see Figure
1B, lane 4 and lane 2, respectively).

On the other hand, the transfected AQP4 isoform M23 is
clearly able to form higher-order structures, with sizes
matching those of rat brain lysate (see Figure 1B, lane 3).
This is consistent with the reported ability of M23 to
efficiently form square arrays in transfected cell®,(19),
and with the failure of M1 to do s&( 12). Thus, the higher-
order bands probably correspond to square arrays.

To provide additional support for the idea that the main
band actually represents the tetramer, we probed blots with
an AQP1 antibody, because it is firmly established that this
aquaporin is organized as a tetram&®, (31). We expected
the protein-only heterotetramer of AQP1 (monomers of 28
and 30 kDa, respectively) to bel16 kDa. Correcting for
1.8-fold dye binding, we would expect AQP1 to run at 209
4+ 21 kDa. The main AQP1 band appeared at 20@50
kDa (see Figure 1C, lane 2), which is consistent with AQP1
being a tetramer. Similarly, Aquaporin-9 (AQP9), which is

AQP4 Isoforms. BN-PAGE immunablots consistently showed a liver aquaporin, also shows only a tetramer band, and at
a main band between the 242 kDa and 480 kDa markersan apparent molecular weight, is consistent with its monomer
(see Figure 1B), whereas a protein-only tetramer of AQP4 asize (see Figure 1C, lane 3). Importantly, no higher-order
priori would be observed at+130 kDa. This discrepancy bands for AQP1 and AQP9 were observed, which supports
can, to some degree, be explained by the fact that the sizethe aforementioned conclusion that the main AQP4 band is
of membrane proteins usually is overestimated by a factor an AQP4 tetramer, and the higher-order AQP4 complexes
of 1.8 + 10% by BN-PAGE, because of the increased correspond to square arrays.

binding of Coomassie G-250, relative to the water-soluble
marker proteins (described in detail i2€}). The AQP4
tetramer should run at 240 24 kDa, which is in the lower

Comparisons with Mouse Brain and Rat Nasal Mucosa.
Comparing square arrays in rat brain with square arrays in
mouse brain, it can be observed that the higher-order bands

range of what we observed. Thus, we interpret the main bandhave approximately the same apparent size, even if the mouse

as reflecting the AQP4 tetramer.

signal is weaker and has less higher-order resolution (see



2634 Biochemistry, Vol. 47, No. 8, 2008 Sorbo et al.

1 2 3 4 5 6 7 8
1236
1048

720w

480 ==

242 w—

Ficure 2: BN-PAGE comparison of square arrays in rat brain (lanes 1 and 6) with mouse brain (lanes 2, 3, and 4, with 40, 6@gand 80
of total protein, respectively), and with nasal mucosa (lane 5,q26f total protein). Lanes 7 and 8 are Hela cells transfected with M1 or

M23, respectively.
1 2 3 45 6 7 8

Ficure 3: BN-PAGE analysis of rat brain AQP4 purification intermediates. Lane 1 is rat brain crude membranes, lane 2 is sucrose gradient
purified plasma membranes, lane 3 is the alkaline membrane stripping fraction, lane 4 is detergent-solubilized membranes, and lane 5 is the

ammonium sulfate precipitation fraction. Lanes&are different chromatographic elution fractions. The tetramer (4X), as well as the
putative trimer (3X), dimer (2X), and monomer (1X), are indicated to the right.

Figure 2, lanes 14). It seems that AQP4 in the rat nasal enrichment, solubilization, and precipitation steps (see Figure
mucosa 82, 33), where AQP4 is expressed mainly in the 3, lanes +-5). However, when subjected to chromatography,
respiratory epithelium and in Bowman gland cells in the the higher-order structures are gradually lost, while three
olfactory epithelium 84), also has the same higher-order lower bands appear, most likely monomers, dimers, and
bands (see Figure 2, lane 5). However, the first minor trimers (see Figure 3, lanes-8). The stability of the square
intermediate band above the tetramer seems to be missingrray pattern over several biochemical purification steps
in the nasal mucosa (see Figure 2; compare lane 5 with lanefurther supports the conclusion that the BN-PAGE observa-
6). Whether this difference reflects a different function or a tions reflect the diversity of square arrays in vivo.
different composition of square arrays in the olfactory  Analysis of Square Array Monomer Composition by
mucosa is presently unknown. 2D Gels.On conventional 1D denaturing SDS-PAGE gels,
Square Arrays Are Stable during Biochemical Purifi- a faint third AQP4 band, called Mz, is visible, in addition to
cation. Running various purification intermediates on BN- the M23 and M1 bands (Figure 4A3%). We have purified
PAGE showed that the square arrays tolerate severalAQP4 from rat brain, and confirmed by mass spectrometry
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Ficure 4: (A) SDS-PAGE analysis of lysates of HelLa cells transfected with M1 (lane 2) or M23 (lane 3), and lysates of rat hippocampus
(lane 4) and rat cerebellum (lane 5). Size markers are shown in lane 1, with the molecular weight indicated on the left (in kDa), and the
M1, M23, and Mz bands are indicated on the right. (B) 2D immunoblot of square arrays; rat brain membrane proteins were separated by
BN-PAGE in the first dimension (upper panel, illustrative) and then again resolved by SDS-PAGE in the second dimension and immunoblotted
(lower panel). Molecular weight marker at 30 kDa is shown to the left, and the M1, M23, and Mz bands are indicated on the right.

that the Mz band represents authentic AQP4 (Sorbo et al., CONCLUSION

unpublished). The higher-order structures of aquaporin-4 (AQP4), which

To assess the composition of AQP4 isoforms in these stands out as square arrays in freeze-fracture preparations,
higher-order structures, we coupled BN-PAGE to SDS- have attracted considerable attentidr, 10—12, 19—21).
PAGE and immunoblotting, in a 2D gel setup. Each strong Here, we have established a new approach for analysis of
higher-order band in the first dimension (BN-PAGE) was square arrays, based on the use of Blue-Native PAGE (BN-
resolved to Mz, M1, and M23 bands in the second dimension PAGE) 23—25).

(SDS-PAGE) (see Figure 4B). The 2D analysis thus indicates BN-PAGE analysis of rat brain membranes shows AQP4

that these three isoforms are all invariable components of complexes of high molecular weight that, in all likelihood,

square arrays. Eorrespond to square arrays. Thi(s g)nc)lusic:jn is supportgd
. . . comparison with aquaporin-1 (AQP1) and aquaporin-

Counting horizontally the bands visible after 2D SDS- (XQP9),pwhich are kngwnpto form tetramers butqno Fs)quare
PAGE gels, we estimate that at least 13 bands are visibleyrays * Furthermore, transfection with AQP4 M1, and the
within the resolution limit (see Figure 4B). Whether this limit recently isolated AQP4e isoforn29), gives bands that are
reflects the upper size of square arrays in vivo is presently indicative of tetramer formation, with little or no sign of
unknown, because we cannot exclude the possibility that higher bands. On the other hand, the transfected M23 isoform
there might also be additional, even higher-molecular-weight, does show clear higher-order structures. This is consistent
structures that could not be identified using the present with detection of square arrays in CHO cells transfected with
experimental approach. AQP4 M23, but not in cells transfected with M5, (20).
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Our data imply a dominant role for AQP4 M23 in square
array formation.

We have shown that AQP4 square arrairs particular,
the tetramer-are stable during initial purification steps,
while, during chromatographic steps, a gradual breakdown
is observed. This behavior is most likely due to delipidation
during column washing: this is a procedure that is known
to provoke denaturation and inactivatio®6). The break-
down of the square arrays to probable trimers, dimers, and
monomers lends further support to the notion that we are
observing AQP4 tetramers with BN-PAGE methodology, and
that this methodology can be used to analyze square arrays.

The higher-order bands observed on BN-PAGE are
consistent with tetramers aggregating with multiples of
dimers. The observation that the AQP4 higher-order struc-
tures are composed of multiples of dimers is consistent with
the strong dimerization tendency of AQR). Interestingly,
our consistent observation of a rather too-high size estimate
of the AQP4 tetramer band, and the gradual loss of higher-
order structures under biochemical purification, might indi-
cate that an unknown component is present along with the
AQP4 tetramers. This would be consistent with the observed
presence of material between the monomers in freeze-fracture
studies 9).

Our finding, in 2D gel immunoblots, that M1 and the third
isoform Mz are invariable components of the higher-order
structures provides the first evidence that M1 and Mz are
constituents of native square arrays~A0:1 ratio between
the AQP4 M23 and M1 isoforms has been report&s) and
recently validated in a series of brain tissues (Sorbo et al.,
unpublished). When combining this ratio with the presence
of the even-fainter Mz band, stoichiometric considerations
imply a heterogeneous population of AQP4 multimers in the
brain. For example, a universal tetramer that consisted of
M23, M1, and Mz would have resulted in a 2:1:1 ratio. Thus,
it seems likely that a spectrum of AQP4 complexes exists
in vivo (5), which indicates a similar complexity, in terms
of function.
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