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ABSTRACT. Aquaporin (AQP) water channel proteins are tetrameric assemblies of individually a@tve

kDa subunits. AQP4 is the predominant water channel protein in brain, but immunoblotting of native
tissues has previously yielded multiple poorly resolved baAq¥P4is known to encode two distinct
mRNAs with different translation initiating methionines, M1 or M23. Using SIPRAGE urea gels and
immunoblotting with anti-peptide antibodies, four polypeptides were identified in brain and multiple other
rat tissues with the following levels of expression: 32 kB84 kDa> 36 kDa> 38 kDa. The 34 and

38 kDa polypeptides react with an antibody specific for the N-terminus of the M1 isoform, and 32 and
36 kDa correspond to the shorter M23 isoform. Immunogold electron microscopic studies with rat
cerebellum cryosections demonstrated that the 34 kDa polypeptide colocalizes in perivascular astrocyte
endfeet where the 32 kDa polypeptide is abundantly expressed. Velocity sedimentation, cross-linking,
and immunoprecipitation analyses of detergent-solubilized rat brain revealed that the 32 and 34 kDa
polypeptides reside within heterotetramers. Immunoprecipitation of AQP4 expres¥etapus laeis

oocytes demonstrated that heterotetramer formation reflects the relative expression levels of the 32 and
34 kDa polypeptides; however, tetramers containing different compositions of the two polypeptides exhibit
similar water permeabilities. These studies demonstrate that AQP4 heterotetramers are formed from two
overlapping polypeptides and indicate that the 22-amino acid sequence at the N-terminus of the 34 kDa
polypeptide does not influence water permeability but may contribute to membrane trafficking or assembly
of arrays.

Aquaporin water channel proteins have been identified in Also, AQP1 subunits with certain C-terminal deletions co-
multiple mammalian tissues as well as in invertebrates, oligomerize with other mutant forms of AQP1 and restore
plants, and microorganism4)( Known mammalian aqua-  function (11), whereas AQP2 subunits with certain C-
porins are selectively permeated by water (orthodox aqua-terminal substitutions co-oligomerize with wild-type subunits
porins) or water and glycerol (aquaglyceroporins). While and impair cellular trafficking 12).
little is known about the regulation of water channel The cDNA encoding AQP4 was cloned from rat lurdg)
expression and function, it is becoming clear that the amino and brain 14). AQP4 is also expressed in other tissues,
acid sequences of different aquaporins contain motifs neededncluding renal collecting duct, secretory glands, fast-twitch
to function in specific tissues or subcellular compartments. fibers in skeletal muscle, and stomadb-20). In the central
The three-dimensional structure of AQHias been deter-  nervous system, AQP4 is expressed in astrocytes, ependymal
mined a 6 A resolution —4), and aquaporin sequences are cells, and retinal Miler cells (16, 21, 22), where the protein
being investigated so the molecular determinants of water may facilitate water fluxes accompanying potassium siphon-
permeability, channel selectivity, and regulation can be ing and may regulate water permeability at the blebdain
delineated%, 6). AQP1 exists as a homotetramer in red blood barrier. AQP4 is the only aquaporin thought to encode
cells (/—9), and mutations which disrupt subunit oligomer- naturally occurring isoforms. Two rat AQP4 mRNAs which
ization prevent the expression of water transport activi). ( differ at their 3 ends were identified, and cRNAs for both
transcripts produced water transport activity when expressed
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2 mM phenylmethanesulfonyl fluoride (PMSF). Homogen-

ates were centrifuged for 10 min at 1@nd 4°C, and the

resulting supernatants were centrifuged for 30 min at
e 20000@ and 4°C, yielding the membrane fractions in the

pellets.
e Antibody PreparationAnti-AQP4 antibodies were affin-
ity-purified from rabbit immune serum. The C-terminal
o antibody (anti-AQP4-CT, LL182), described previously)

was generated against a peptide consisting of rat AQP4
(GenBank accession number U14007) residues—3013

- with an added N-terminal cysteine (MECIDIDRGDEKK-
GKDSSGE-COOH). The immunizing peptide for the N-
terminal antibody (anti-AQP4-NT, LL431) was identical to
rat AQP4 residues-121 except that the initial methionine
was replaced by cysteine (MCSDGAAARRWGKCGP-
PCSRES-COOH).

Electrophoresis and Immunoblottingissue membrane
Ficure 1: Schematic illustration of AQP4 structural motifs. The fractions V_Vere solubilized at 37 for 30 min in _5'0% SDS,
membrane topology of AQP4 was predicted by hydropathy analysis 20 MM Tris (pH 8.0), and 5 mM EDTA. Protein concentra-
of the amino acid sequence deduced from cDNA)(Initiating tions were determined using bicinchoninic acid (BCA Protein
methionines for the M1 and M23 isoforms are denoted. Structural Assay Reagent, Pierce Chemical Co., Rockford, IL), and the

motifs with important known or potential roles in AQP4 function ; ;
are also denoted: FXXV, YXXV, and LI, internalization motif samples were adjusted to concentrations 621ug of

consensus sequences; C-terminal SXV, PDZ-binding motif; T107 ProteinkL in SDS-PAGE sample buffer [3.0% SDS, 10 mM
and S180, protein kinase C phosphorylation consensus sites; N153Tris (pH 6.8), 6.0% glycerol, 0.01% bromophenol blue, and
glycosylation consensus site; and NPASB and NPA213-215, 0.1 M dithiothreitol]. Samples were analyzed by SEFAGE
aquaporin hemichannel signatures. Shaded boxes represent the, glab gels with 4.0% acrylamide/2.0 M urea stacking
peptide sequences recognized by the N-terminal (anti-AQP4-NT) g ctions and 12% acrylamide/4.0 M urea resolving sections
or C-terminal antibody (anti-AQP4-CT). . . . .
(27). Inclusion of urea in the gels was required to obtain

major band at~30 kDa on immunoblots from all tissues OPtimal resolution of AQP4. After electrophoresis, proteins
where AQP4 is expressed. Multiple other bands ranging from Were transferred to a poly(vinylidene difluoride) membrane,
25 to>60 kDa have been observed but are poorly resolved. @nd blots were incubated for12 h at 4°C with affinity-
Bands of~30 and~32 kDa were described in whole rat Purified rabbit antibodies (0.8g/mL anti-AQP4-CT or 1.4
brain (16), and rat cerebellum exhibited multiple bands at #g/mL anti-AQP4-NT). Immunoreactive proteins were vis-
31, 34, 59, and 64 kD24). A recent study of skeletal muscle uallged by chemllumlnesc;ent detection using peroxidase-
(19) demonstrated the expressione80 and 32 kDa AQP4  conjugated goat anti-rabbit IgG and ECL Plus (Amersham
polypeptides but showed that the 25 kDa band represents”harmacia Biotech, Inc., Piscataway, NJ). The equivalency
an unrelated protein. of protein _sample applications was assessed by Coomassie
It remains unclear how many different AQP4 polypeptides Blue staining of gels. . .
are actually expressed in native tissues and whether they 'mmunogold Electron MicroscopyBrains from adult
interact during assembly of subunits into tetramers. Since SPrague-Dawley rats were perfusion-fixed with 0.1% glutar-
different AQP4 isoforms may have different functions or @aldehyde/2% paraformaldehyde in 0.1 M sodium cacodylate
regulatory mechanisms, coherent recognition of their expres-buffer and postfixed for 30 min. Tissue blocks prepared from
sion and oligomerization patterns is essential for understand-cerebellum were infiltrated for 30 min with 2.3 M sucrose
ing the biological roles of the protein. Here we employed containing 2% paraformaldehyde, mounted on holders, and
SDS-PAGE with urea in the gels and performed immuno- rapidly frozen in liquid nitrogen8). Inmunolabeling was
blotting with anti-peptide antibodies corresponding to the N- Performed on ultrathin cryosections incubated overnight at
and C-termini of AQP4. Our studies demonstrate the 4 °C with anti-AQP4-NT diluted in PBS with 0.1% BSA or
presence of two major AQP4 isoforms which differ at their 0.1% nonfat milk. Labeling was visualized with goat anti-
N-termini and coexist in heterotetramers. These studies'abbit 19G conjugated to 10 nm colloidal gold particles
suggest that some features unique to AQP4, such as thd GAR.EM10, BioCell Research Laboratories, Cardiff, U.K.)
restricted protein distribution in perivascular astrocytes or diluted 1:50 in PBS with 0.1% BSA. Sections were stained

the asymmetry of this heterotetrameric protein. Philips CM100 or Philips 208 electron microscope.
Solubilization of Rat Brain AQP4Digitonin, BRIJ 35,
MATERIALS AND METHODS n-dodecyl 8-p-maltoside, n-octyl p-p-glucopyranoside,

Tissue Membrane Preparation8dult Sprague-Dawley =~ CHAPS, sodium cholate, sodium deoxycholate, sodium
rats (=300 g) were sacrificed, and isolated tissues were lauroylsarcosine, and sodiumdodecy! sulfate (SDS) were
thoroughly homogenized at 4C with a 10 mL Potter- analyzed in 4% solutions for their ability to solubilize AQP4
Elvehjem tissue grinder in at least 10 volumes of tissue in rat cerebellum membranes. After the membranes were
homogenization buffer [7.5 mM sodium phosphate (pH 7.0), incubated with detergentifd h at 37°C, the solubility was
0.25 M sucrose, 5 mM EDTA, and 5 mM EGTA] containing assessed by partition of AQP4 into a 2000@Qipernatant.
0.7 uM aprotinin, 10uM leupeptin, 7uM pepstatin A, and On the basis of this criterion, AQP4 from rat cerebellum
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was insoluble in BRIJ 35 and cholate, soluble in deoxycho-
late as well as lauroylsarcosine and SDS, and partially soluble

in the other detergents. Increasing the incubation temperature

to 60 °C caused formation of SDS-insoluble aggregates.
Deoxycholate was used for most experiments.

Differential Velocity CentrifugationHalf of the tissue
membrane fraction from an adult rat cerebellum (organ mass
of 260 mg) was solubilized in-23 mL of buffer containing
20 mM HEPES (pH 8.0), 4% sodium deoxycholate, 5 mM
EDTA, 5 mM EGTA, 0.7uM aprotinin, 10uM leupeptin, 7
uM pepstatin A, and 2 mM PMSF by incubation at room
temperature for 30 min and then at 8 for 1 h. The
solubilized material was centrifuged for 30 min at 200900
at 4 °C. Supernatant aliquots of 1Qf. were loaded onto
4.2 mL 5 to 20% linear sucrose gradients containing 20 mM
HEPES (pH 8.0), 0.2% sodium deoxycholate, 5 mM EDTA,
and 5 mM EGTA in 13 mmx 51 mm polypropylene
copolymer thin-wall Ultra Tubes (Nalge Nunc International,
Naperville, IL). Size standards [cytochronte carbonic
anhydrase, bovine serum albumin (BS&)amylase, and
catalase] were analyzed in a separate tube. Gradients wer
centrifuged for 16 h at 1390@0n a Beckman SW50.1 rotor
at 8°C, and 20QuL fractions were collected from the top
of each gradient.

Chemical Cross-LinkingTo 400uL of pooled fractions
(9—12) was added 20@QL of buffer containing 0.45 mM
DSP [dithiobis(succinimidyl propionate)], 20 mM HEPES
(pH 8.0), and 0.2% sodium deoxycholate, for a final
concentration of 15@M DSP in 600uL. After the sample
was incubated at #C for 30 min, cross-linking was
terminated by the addition of ethanolamine [32 of 1 M
ethanolamine (pH 8)] to a final concentration of 50 mM.
On the basis of a Dreiding model of the structure of DSP,
the range of possible cross-linking distances (from amide N
to amide N) was estimated to be 4.51.6 A.

Immunoprecipitation of Tetrameric AQP4 from Brairo
400 uL of pooled fractions was added eithepdy of anti-
AQP4-CT, 3 ug of anti-AQP4-NT, or 3ug of rabbit
nonspecific IgG. Following incubation of the samples at 4
°C for 12 h, antigerrantibody complexes were precipitated
by incubation at £C for 1 h with 50uL of BSA-blocked
protein A—Sepharose CL-4B. Subsequently, the protein
A—Sepharose was pelleted, and the supernatants were save
The protein A-Sepharose was washed four times &4
with buffer containing 20 mM HEPES (pH 8.0), 150 mM
NacCl, 0.2% Triton X-100, 5 mM EDTA, and 5 mM EGTA.
Antigen—antibody complexes were dissociated from the
protein A—Sepharose by incubation at 3Z for 30 min in
50 uL of SDS—PAGE sample buffer. Immunoprecipitates
were analyzed by electrophoresis and immunoblotting. Due
to instability of detergent-solubilized AQP4, we were unable
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FIGUre 2: Tissue distributions of AQP4 in rats. Immunoblots of
membrane proteins from brain, nasopharynx, and kidneyu(0
of protein/lane) or of protein immunoprecipitated from skeletal
muscle with C-terminal antibody. Samples were separated by-SDS
PAGE and analyzed on immunoblots reacted with C-terminal
antibody. CC, cerebral cortex; H, hippocampus; CB, cerebellum;
BRS, brainstem; SC, spinal cord; NP, nasopharynx; IM, renal inner
medulla; SM, skeletal muscle extensor digitorum longus.

ates were centrifuged for 10 min at 1@t 4 °C, and the
supernatants were centrifuged at 26000 the 2009
supernatant were added 10 mM HEPES (pH 7.5), 150 mM
NaCl, 0.1% Triton X-100, and 1.0% BSA. Following
incubation at £C for 1 h, the samples were centrifuged for
15 min at 20009 and 4°C. To 1.0 mL of the 20009
supernatant was added 8 of anti-AQP4-CT or rabbit
nonspecific 1gG, and the resulting samples were analyzed

%ssentially as described above for immunoprecipitation from

brain.

Heterologous Expression and Functional StudiBsat
AQP4cDNA (GenBank accession number U14007) was used
to subclone the coding regions for M1 (base pai$ to
1310) and M23 (base pairs-1310) into theXenops oocyte
expression construct 3G (14). The resulting plasmids were
linearized with Xbd, and capped RNA transcripts were
synthesized as described previous$,(29). Defolliculated
stage \V-VI oocytes fromXenopus lagis were injected with
5 ng of cRNA or an equal volume (50 nL) of water, and
swelling assays were performed 3 days later to determine
osmotic water permeabilitie28, 29).

Immunoprecipitation from AQP4-Expressing Xenopus
Oocytes AQP4-expressing oocytes were lysed by agitation
in 100uL per oocyte of ice-cold buffer containing 7.5 mM
sodium phosphate (pH 7.0), 1 mM EDTA, Q:F1 aprotinin,

10 uM leupeptin, 7uM pepstatin A, and 2 mM PMSF.
Lysates were centrifuged at 7@%r 5 min at 4°C, and the
resulting supernatants were centrifuged at 1630030 min

at 4 °C, yielding the oocyte membranes in the pellets.

Membranes were solubilized by incubation at°&7for 2 h

In 20 uL per 10-oocyte membrane pellet of 20 mM Tris (pH
8.0), 10% glycerol, 2.0% sodium deoxycholate, 5 mM
EDTA, 0.7uM aprotinin, 10uM leupeptin, 7uM pepstatin

A, and 2 mM PMSF. Solubilized samples were then
centrifuged at 160apfor 30 min at 4°C. Affinity-purified
antibodies were added to 20 supernatant aliquots, and
the final volumes were adjusted to 4Q with water. The
resulting samples were analyzed as described above.

to perform sequential immunoprecipitations or analyze RESULTS
supernatants after prolonged antibody incubations due to the
appearance of high-molecular mass aggregates. Distribution of AQP4 Polypeptides in Different Tissues.
Immunoprecipitation of AQP4 from Skeletal Muscle. To assess the relative abundance of different AQP4 polypep-
Extensor digitorum longus muscles from four sacrificed rats tides, several rat tissues were analyzed by SBAGE and
were dissected and combined (total tissue mass of 900 mg)immunoblotting with an antibody that recognizes the AQP4
Tissue was homogenized using a Brinkmann Polytron C-terminus (Figures 1 and 2). These tissues included cerebral
instrument with a PTA-10TS generator in 15 mL of ice- cortex, hippocampus, cerebellum, brainstem, spinal cord,
cold tissue homogenization buffer containing Boehringer nasopharynx, renal inner medulla, and skeletal muscle. Since
Mannheim Complete Protease Inhibitor Cocktail tablets AQP4 in crude membrane preparations from skeletal muscle
(Boehringer Mannheim Corp., Indianapolis, IN). Homogen- extensor digitorum longus could not be easily detected by
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Ficure 3: Recognition of 34 and 38 kDa polypeptides by the
N-terminal antibody. The rat cerebellum membrane fraction (10
ug of protein/lane) was separated by SEFAGE and analyzed
on immunoblots reacted with the C-terminal antibody (anti-AQP4- FiGURE4: Subcellular distribution of the AQP4 34 kDa polypeptide
CT) or the N-terminal antibody (anti-AQP4-NT). in rat brain. Postembedding immunogold labeling with N-terminal
antibody was performed on ultrathin cryosections of rat cerebellum.

direct immunoblotting, the protein was first immunoprecipi- Immunogold labeling (arrows) is associated with perivascular
tated from skeletal muscle using the C-terminal antibody to @Strocyte processes (glial processes, GP). No labeling appears in
. - L glial processes facing neuropil or in the capillary endothelium (E).
increase detection sensitivity. CL, capillary lumen; M, mitochondria; BM, basement membrane.

Previous studies with AQP4 have reported the presenceThe magnification was 85560
of multiple poorly resolved bands in immunoblots. The
resolution of AQP4 polypeptides was improved by solu-  Subcellular Localization of the AQP4 34 kDa Polypeptide
bilizing gel samples at 37C to minimize the formation of  in Rat Brain.Identification of separate molecular populations
SDS-insoluble aggregates and by including urea in the-SDS implies functional heterogeneity. Expression of two AQP4
PAGE gels. Immunoblots prepared with these methods isoforms in the same tissues raises the question of whether
exhibited four distinct bands: 32, 34, 36, and 38 kDa (Figure the 32 and 34 kDa polypeptides are expressed in different
2). AQP4 is most abundant in cerebellum, spinal cord, and cell types or whether they are targeted to different subcellular
renal inner medulla. Although the abundances of AQP4 in sites within an individual cell. To investigate the cellular
these tissues are not identical, the intensity of the four and subcellular localization of the 34 kDa polypeptide, the
polypeptides relative to each other is consistent. In all of N-terminal antibody was used in immunogold electron
the tissues that were analyzed, the 32 kDa band is mostmicroscopy of rat cerebellum. Pronounced labeling with the
abundant and the 34 kDa band is next most abundant. TheN-terminal antibody demonstrated that the 34 kDa polypep-
36 kDa band is weak, and prolonged photographic exposuretide is present in the endfeet of astrocytes surrounding
is required to reveal the 38 kDa band (barely visible in Figure capillaries (Figure 4). Within these cells, labeling is found
2). Densitometric analyses of multiple blots showed that thesealmost exclusively in membrane regions adjacent to the
polypeptides are present in approximately the following basement membrane. This distribution is identical to that
proportions: 1.0 (32 kDa), 0.14 (34 kDa), 0.05 (36 kDa), shown previously using the C-terminal antibod®1), but
and 0.01 (38 kDa). A faint blur at70 kDa which sometimes  the labeling with the N-terminal antibody is considerably
appeared may represent SDS-insoluble AQP4 oligomers, butless intense and may reflect a lower antibody affinity as well
no other bands were visible. as a lower level of protein expression.

Delineation of Different AQP4 Isoform# rabbit poly- Differential Velocity Sedimentation of Rat Brain AQP4.
clonal antibody was raised to a peptide corresponding to theThe composition of channel subunits can potentially influ-
first 21 N-terminal amino acids of the deduced sequence of ence regulation or permeation. Thus, a biochemical approach
the rat AQP4 M1 isoform (Figure 1). The N-terminal based on solubilizing AQP4 in a tetrameric state was
antibody reacts only with the 34 and 38 kDa bands on established to directly determine whether AQP4 forms
immunoblots of rat cerebellum membranes (Figure 3). The separate species of homotetramers or whether AQP4 forms
32 and 34 kDa bands correspond to the sizes deduced fromheterotetramers with mixed subunit composition. AQP4 from
the M23 and M1 cDNAs, and the specific recognition of rat cerebellum solubilized with deoxycholate was subjected
the 34 kDa band by an antibody to the N-terminus of the to differential velocity centrifugation in 5 to 20% linear
M1 isoform indicates that the 32 and 34 kDa bands representsucrose gradients. Immunoblot analyses of the gradient
the M23 and M1 polypeptides. The minor bands at 36 and fractions and comparisons to size standards revealed a single
38 kDa in immunoblots of native tissues seemingly represent AQP4 peak at~6.8 S (Figure 5A). This protein size is
post-translationally modified M23 and M1 polypeptides, somewhat larger than the5.7 S size reported for Triton
although the specific modification is yet uncertain. SDS/ X-100-solubilized human AQP17). Analyses of rat brain
Triton X-100-solubilized cerebellum membranes were treated AQP4 performed in other detergents yielded size estimates
with peptideN-glycosidase F (PNGase F), but the coinci- as small as 5.2 S (not shown). Thus, the apparent size
dence of the size of the enzyme with that of the putative differences may reflect differences in detergent characteristics
subtrates precluded interpretation (not shown). Cerebellumrather than actual differences in the size of the AQP4 protein.
membranes were also treated with alkaline phosphatase, butmportantly, these studies confirm that AQP4 retains the
the treatment failed to alter the mobilities of the four bands tetrameric oligomerization characteristic of other aquaporins.
(not shown). The minor 36 and 38 kDa bands were not found Chemical Cross-Linking of Rat Brain AQPZhemical
in immunoblots of membranes prepared from oocytes cross-linking of deoxycholate-solubilized AQP4 combined
injected with M1 or M23 cRNAs, even when the oocytes with SDS-PAGE analysis was used to further resolve the
were treated with phorbol 12,13-dibutyrate (PDBu) at oligomeric structure of rat brain AQP4. Peak fractions from
concentrations which achieved 50% downregulation of the the sucrose gradients were combined and treated with DSP,
osmotic water permeability (not shown). a homobifunctional cross-linker with a mercaptan-cleavable
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FicurRe 5: Sucrose gradient sedimentation of solubilized rat brain AQP4. (A) AQP4 from rat cerebellum was solubilized in deoxycholate
and layered over 5 to 20% sucrose gradients. After 16 h at 139@0&dient fractions were analyzed by SBISAGE and Coomassie Blue
staining (for the molecular mass standards) or immunoblotting with the C-terminal antibody. The AQP4 patrticle size was determined on the
basis of a linear regression analysis of the standards. (B) Peak gradient fractidry {@ere combined and treated with 150 mM DSP for

30 min (4°C), with or without subsequent addition of 0.1 M dithiothreitol (DTT). Samples were then separated byPBIGE (10%
acrylamide), and immunoblots were reacted with the C-terminal antibody.

absence of DSP yielded bands-a30 kDa as expected for
monomeric, SDS-dissociated AQP4 (Figure 5B). In contrast, o
when the samples were incubated with DSP before -SDS qf

g ¢
o4 =
¥ ¥

intramolecular bond. Analysis of the peak fractions in the ghp

PAGE and immunoblotting, a predominant band>af00

kDa was observed. Other less prominent bands were also

noted at~100 and~60 kDa, but no other bands were present kDa
in the stacking gel or at the interface between the stacking

and resolving gels. The estimated sizes of these bands 34 = -

roughly match the expected sizes of AQP4 if cross-linkin

occ%rer with variablz efficiencies, yielding a mixture ofg sz» S .

dimers, trimers, and tetramers. Incubation of DSP-cross-

linked AQP4 with dithiothreitol prior to SDSPAGE FIGURE 6: Coimmunoprecipitation of the AQP4 32 and 34 kDa
resulted in the partial reduction of the cross-linker and a shift polypeptides from rat brain. Sucrose gradient fractions were pooled

toward the lower-molecular mass forms, with the reappear- and analyzed by SDSPAGE. Immunoblotting was performed
ance of some monomers. before or after immunoprecipitation with the C-terminal antibody

S . (anti-AQP4-CT), the N-terminal antibody (anti-AQP4-NT), or rabbit
Immunoprecipitation of the AQP4 Polypeptides from Rat nongpecific IgG. The immunoblot was probed with the C-terminal
Brain. Since AQP4 solubilized from rat cerebellum under antibody.

nondenaturing conditions remains tetrameric, analysis of

subunit composition is feasible. Peak sucrose gradient Heterologous Expression of the 32 and 34 kDa Polypep-
fractions were combined; immunoprecipitations were per- tides. To evaluate determinants of AQP4 heterotetramer
formed with either the N-terminal antibody or the C-terminal formation, X. laevis oocytes were injected with cRNAs for
antibody, and immunoblots were probed with the C-terminal the M23 and M1 isoforms in varying ratios (3:1, 1:1, and
antibody. As expected, the C-terminal antibody recognizes 1:3). Three days after injection, membranes from these
both the 32 and 34 kDa polypeptides, and immunoprecipi- oocytes were solubilized in deoxycholate and quantitatively
tates contain these polypeptides in ratios similar to those immunoprecipitated with either the N-terminal antibody or
observed in whole tissues (Figure 6). The N-terminal the C-terminal antibody to determine if the subunits reside
antibody recognizes only the 34 kDa isoform, but immuno- within heterotetramers. Oocytes injected with M23 and M1
precipitates contain both the 32 and 34 kDa polypeptides. cRNAs in a 3:1 ratio expressed more 32 than 34 kDa
Relative to the 32 kDa polypeptide, the abundance of the polypeptide. Similar proportions were obtained when solu-
34 kDa polypeptide was enriched in the N-terminal immuno- bilized oocyte membranes were immunoprecipitated with
precipitates (ratio of 32 to 34 kDa of 1 to 0.33), indicating either the N-terminal antibody or the C-terminal antibody
that whole cerebellum contains a population of 32 kDa and analyzed by immunoblotting (Figure 7A). The similar
homotetramers in addition to a population of heterotetramersresults with both antibodies indicate that the two different
containing 32 and 34 kDa subunits. Nonspecific IgG failed polypeptides reside within the same oligomers. Oocytes
to precipitate AQP4. injected with equal amounts of M23 and M1 cRNAs yielded
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A cRNAs encoding different combinations of M1 and M23 also
i i o x T exhibited comparable osmotic water permeabilities, with no
B &R | synergistic effect noted. Thus, the biological need for the
- + T * - +  Amal-NT coexpression of 32 and 34 kDa polypeptides is not simply
kD explained by differences in water permeation.
3 - ‘ ‘ ' - > ’
These studies demonstrate expression of four distinct
ol B R T L e AQP4 polypeptides in rat brain. The 32, 34, 36, and 38 kDa
(ng} 2.8 3.8 2.5 2.8 1.3 1.3 W23 (32 kiDa)

polypeptides were apparently not previously distinguished
due to difficulties in AQP4 protein solubilization, limitations
B in electrophoretic resolution, and the lack of an N-terminal
i antibody. As reported here, preparation of SEPFAGE
samples at 37C prevented AQP4 aggregation, and including
high concentrations of urea in the gels yielded significantly
improved band resolution. The 32 kDa polypeptide corre-
sponds to the M23 isoform, and the 34 kDa polypeptide
corresponds to the M1 isofornmi4). The 32 and 34 kDa
polypeptides were observed in all the tissues that were
analyzed, with the predominant polypeptide being the 32 kDa
one. Although the 34 kDa polypeptide was especially visible
in cerebellum and spinal cord, this may simply reflect the
higher level of total AQP4 expression in these tissues, since
immunoblot signals are not linearly related to protein
concentrations.

The 38 kDa polypeptide is exceedingly scarce and, on the

. ) . basis of immunoreactivity with the N-terminal antibody, is
Ficure 7: Heterotetramer formation and water permeability of . -
AQP4 32 and 34 kDa polypeptides expressedl.ifaevis oocytes,  'elated to the 34 kDa polypeptide (M1 isoform), whereas
(A) Immunoprecipitation of AQP4 heterotetramers from oocytes the 36 kDa polypeptide is somewhat more abundant and
expressing the 32 and 34 kDa polypeptides. Solubilized membranesrelated to the 32 kDa polypeptide (M23 isofornrQP4
o e A o o i e e oncodes an N-nked glycosyaton consensus site (V153
C-termiﬁal (anti-AuQP4-CT) or Ilsl-teFr)mingl antibody (anti-AQP4 Figure 1), but interpretation of PN.Gase F digestion of
NT). Immunoprecipitates were analyzed by SEFAGE and cerebellum membranes was not possiBl@P4also encodes
immunoblotting with the C-terminal antibody. (B) Osmotic water two protein kinase C (PKC) phosphorylation consensus sites
permeability of oocytes expressing AQP4 32 and 34 kDa polypep- (T107 and S180, Figure 1), and in vitro phosphorylation of
O M35 A N AL T et et paamityAQP4by PKC has recently been reported) Neverieless
was measured 3 days later. Results from each seﬁes of oocgjtesphOSphatase .trea}tment of cerebellu_m membranes prior to
were expressed as the meBn (x104 cm/s) + the standard ~ €lectrophoresis did not cause any disappearance of the 36
deviation. and 38 kDa bands, and treatment of AQP4-expressing
oocytes with the PKC agonist phorbol 12,13-dibutyrate did
equivalent amounts of the 32 and 34 kDa polypeptides, andnot lead to their appearance. Although the presumed post-
oocytes injected with M23 and M1 cRNAs in a 1:3 ratio translational modification present on the 36 and 38 kDa
expressed less 32 than 34 kDa polypeptide. Immunoprecipi-polypeptides has not been firmly established, these comprise
tations from both sets of oocytes also demonstrated that theonly a very small proportion of the total AQP4 protein mass.
32 and 34 kDa polypeptides reside within the same oligo-  AQP4 is known to be heavily expressed in astrocytes,
mers. Thus, formation of AQP4 heterotetramers reflects the where the C-terminal antibody produces immunogo|d label-
relative abundance of M1 and M23 polypeptides in the ing over perivascular endfeet in regions contacting the
oocyte system. basement membran2j, 22). The N-terminal antibody also
Osmotic Water Permeabilities of AQP4 Homo- and yields immunogold labeling in the same distribution but with
Heterotetramers.Recognizing thatAQP4 expresses two  a lower intensity (Figure 4). Thus, while the 32 and 34 kDa
overlapping polypeptides that co-oligomerize in vivo raises polypeptides are clearly differentially expressed, they do not
the question of whether the two isoforms are functionally appear to be differentially sorted. Extensive orthogonal arrays
distinct and whether they interact synergistically in regulating of intramembranous particles are found in perivascular
water permeability. The osmotic water permeability was astrocyte endfeet throughout the central nervous system as
examined inXenopusoocytes injected with different ratios  well as in astrocyte processes of the glia limitans beneath
of M23 and M1 cRNA (Figure 7B) prior to the verification the pia. These arrays have been reported to increase in
of polypeptide expression by immunoprecipitation and im- number in reactive astrocytes surrounding a brain injafy (
munoblotting (Figure 7A). AQP4 homotetramers composed and disappear rapidly in response to hypo®s2, @3). Cells
of either 32 or 34 kDa polypeptides exhibited comparable transfected with the M23 isoform of AQP4 were shown to
osmotic water permeabilities (Figure 7B), consistent with contain orthogonal arrays34), and direct labeling of
the findings of Jung et al1d). Oocytes injected with AQP4  orthogonal arrays in freeze-fracture replicas of astrocyte

P, (x 10 cmisec)
z

g

CRMA - - &0 13 25 38 M1 (34 kDa)
(rg) - B0 = 38 2B 1.3  MI3{32kKOa)
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endfeet was recently accomplished with the AQP4 C-terminal
antibody @5), demonstrating that AQP4 is an astrocyte

orthogonal array protein. Attempts to label orthogonal arrays
in freeze-fracture replicas with the N-terminal antibody have

Neely et al.

3. Cheng, A., van Hoek, A. N., Yeager, M., Verkman, A. S.,
and Mitra, A. K. (1997)Nature 387 627—630.

4.Li, H., Lee, S., and Jap, B. K. (199Rat. Struct. Biol. 4
263—-265.

5. Heymann, J. B., Agre, P., and Engel, A. (1998%truct. Biol.

so far not been successful (J. Rash and J. Neely, unpublished ™ 157 191206,

results). The inability to directly label orthogonal arrays with
the N-terminal antibody may reflect the harshness of the
technique, the lower affinity of the antibody, or the lower
abundance of the 34 kDa polypeptide. Alternatively, it is
possible that 34 kDa polypeptides are not present in
orthogonal arrays. If correct, this distinction between AQP4
homotetramers containing only 32 kDa subunits and hetero-
tetramers containing 32 and 34 kDa subunits could have
biological significance.

We were not able to distinguish the 32 and 34 kDa
polypeptides functionally. On the basis of measurements of
osmotic water permeability in oocytes, there appear to be
no significant differences in the water transport activities of
AQP4 tetramers containing different compositions of the 32
and 34 kDa polypeptides. Nonetheless, the 32 and 34 kDa
polypeptides may experience significantly different forms
of regulation in their native tissues, and the gene promoters
for the two isoforms were reported to have different
transcriptional enhancerg6).

The extra 22 amino acids at the N-terminus of the 34 kDa
polypeptide could be differentially regulated at the post-
translational level. While the 32 and 34 kDa polypeptides
exhibited no obvious differences in subcellular distribution
in rat cerebellum under nonstressed conditions, the N-
terminus could potentially contribute to a dynamic regulation
of AQP4 during stress by influencing cellular sorting. The
N-terminal FXXV (FKGV) and C-terminal YXXV (YMEV)
and LI sequences present in AQP4 match critical internaliza-
tion motifs present in the GLUT4 glucose transporter and
other membrane proteins§, 37). C-Terminal (S/T)XV
sequences have been implicated in the clustering and

10.

13.

14.

15.

16.

18.

6. Froger, A., Tallur, B., Thomas, D., and Delamarche, C. (1998)
Protein Sci. 7 1458-1468.

7. Smith, B. L., and Agre, P. (1991) Biol. Chem. 2666407~
6415.

8. Verbavatz, J. M., Brown, D., Sabolic, ., Valenti, G., Ausiello,
D. A., van Hoek, A. N., Ma, T., and Verkman, A. S. (1993)
J. Cell Biol. 123 605-618.

9. Walz, T., Smith, B. L., Zeidel, M. L., Engel, A., and Agre, P.

(1994)J. Biol. Chem. 2691583-1586.

Mathai, J. C., and Agre, P. (199Bjochemistry 38923—

928.

11. Jung, J. S., Preston, G. M., Smith, B. L., Guggino, W. B., and

Agre, P. (1994 J. Biol. Chem. 26914648-14654.

12. Mulders, S. M., Bichet, D. G., Rijss, J. P., Kamsteeg, E. J.,

Arthus, M. F., Lonergan, M., Fujiwara, M., Morgan, K.,
Leijendekker, R., van der Sluijs, P., van Os, C. H., and Deen,
P. M. (1998)J. Clin. Invest. 102 57—66.

Hasegawa, H., Ma, T., Skach, W., Matthay, M. A., and
Verkman, A. S. (1994J. Biol. Chem. 2695497-5500.

Jung, J. S., Bhat, R. V., Preston, G. M., Guggino, W. B.,
Baraban, J. M., and Agre, P. (1998)yoc. Natl. Acad. Sci.
U.S.A. 91 13052-13056.

Frigeri, A., Gropper, M. A,, Turck, C. W., and Verkman, A.
S. (1999 Proc. Natl. Acad. Sci. U.S.A. 92328-4331.

Frigeri, A., Gropper, M. A., Umenishi, F., Kawashima, M.,
Brown, D., and Verkman, A. S. (1993) Cell Sci. 1082993~
3002.

17. Terris, J., Ecelbarger, C. A., Marples, D., Knepper, M. A.,

and Nielsen, S. (1995Am. J. Physiol. 269F775-F785.

Nielsen, S., King, L. S., Christensen, B. M., and Agre, P.
(1997)Am. J. Physiol. 273C1549-C1561.

19. Frigeri, A., Nicchia, G. P., Verbavatz, J. M., Valenti, G., and

Svelto, M. (1998)J. Clin. Invest. 102 695-703.

20. Koyama, Y., Yamamoto, T., Tani, T., Nihei, K., Kondo, D.,

Funaki, H., Yaoita, E., Kawasaki, K., Sato, N., Hatakeyama,
K., and Kihara, I. (1999Am. J. Physial276, C621-C627.

membrane organization of numerous channel proteins through 1 Njelsen, s., Nagelhus, E. A., Amiry-Moghaddam, M., Bourque,

binding to PDZ domain protein8§). The C-terminal SSV
in AQP4 may play a role in stabilizing AQP4 in macromo-

C., Agre, P., and Ottersen, O. P. (1997Neurosci. 17171~
180.

lecular complexes with other proteins such as potassium 22.Nagelhus, E. A., Veruki, M. L., Torp, R., Haug, F. M., Laake,

channels 39). Thus, these sequences could be involved in
regulating AQP4 targeting or degradation. Because the 32
and 34 kDa polypeptides form heterotetramers, even a
relatively low level of 34 kDa polypeptide could be sufficient
to confer binding to another cellular protein. The definition
of potential binding partners and their roles in regulating
AQP4 will require further investigation.
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