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Summary

The involvement of soluble N-ethylmaleimide sensitive AQP2 targeting to the plasma membrane, as assessed by
factor-attachment protein receptor (SNARE) proteins in  quantification of cell-surface immunoreactivity to an anti-
the cAMP-induced exocytosis of aquaporin 2 (AQP2)- AQP2 antibody raised against a peptide reproducing the
containing vesicles was investigated in AQP2-transfected extracellular AQP2 C-loop.

renal CD8 cells. RT-PCR and western blot analysis These results represent the first evidence for the
confirmed the presence of the SNARE homologs functional involvement of VAMP-2 in cAMP-induced
VAMP/synaptobrevin-2, syntaxin-1, syntaxin-4 and SNAP- AQP2 exocytosis in renal cells.

23 in CD8 cells. Tetanus neurotoxin (TeNT) was efficient in

cleaving synaptobrevin-like protein both in vitro and in

intact CD8 cells incubated with the toxin. TeNT treatment  Key words: Aquaporin, SNARE, Tetanus toxin, Trafficking,

in intact CD8 cells completely abolished cAMP-stimulated Exocytosis

Introduction Inoue et al., 1998). However, to date, no studies have provided

In the kidney collecting duct, water reabsorption is regulatedirect evidence for the functional involvement of SNARE
by exocytotic insertion and endocytotic retrieval of the wateProteins in the regulated exocytosis of the AQP2 water channel.
channel aquaporin 2 (AQP2). AQP2 resides in intracellular To investigate whether SNAREs participate in exocytosis of
vesicles that fuse with the apical membrane of collecting du@AQP2, we used AQP2-transfected CD8 cells (Valenti et al.,
principal cells in the presence of the antidiuretic hormond996), which are an ideal model for studying the molecular
vasopressin (Knepper and Inoue, 1997; Klussmann et apasis of exocytosis in non-excitable tissue (Valenti et al., 1998;
2000). Prominent candidates for proteins that providé/alenti et al., 2000; Tamma et al, 2001), and we have
specificity to polarized sorting events are soluble adapté}etermmed the expression of SNARESs. In addition, we have
molecules, the N-ethylmaleimide-sensitive factor attachmerifvestigated the effect of tetanus neurotoxin (TeNT) on CAMP-
protein receptor (SNARE) proteins. The specificity of thisinduced AQ_PZ translocan(_)n in intact CD8 cells. The present
process is achieved by pairing SNARES in carrier vesicles [\8Udy provides clear evidence that the SNARE protein
SNARES, recently reclassified as Q-SNARES (Fasshauer et ayAMP/synaptobrevin-2 (VAMP-2) is functionally involved in
1998)] with their cognate SNARES in the target membrane (@AMP—SUmuIated AQP?2 translocation in renal collecting duct
SNARE, now named R-SNARESs) (Aroeti et al., 1998;Cells.

Rothman, 1994; Rothman and Wieland, 1996). Both Q-

SNAREs and R-SNAREs have been identified in targetingﬂ/Iaterials and Methods

processes from the Golgi to the plasma membrane in neurons,.~—
and yeast (Rothman, 1994). It is likely that the exocytotic evergt toodies , ,
that regulates translocation of AQP2 in renal cells utilizes Monoclonal antibodies directed against human VAMP-2 and rabbit

- . LS : -polyclonal antibodies corresponding to residues 2-23 of rat or mouse
mechanism for exocytosis that is similar to that described ify &2 . "/~ oo purchased from Chemicon International, Inc,

neuronal cells. Consistent with this hypothesis, previougemecyla, CA. The rabbit anti-VAMP-2 polyclonal antibody (residues
studies documented the expression of SNARE proteins i86-56) was purchased from StressGen Biotechnologies Corp. Rabbit
kidney collecting duct cells (Jo et al., 1995; Liebenhoff andholyclonal antibodies recognizing syntaxin-1A and 1B and rabbit
Rosenthal, 1995; Nielsen et al., 1995; Mandon et al., 199@plyclonal antibodies recognizing SNAP-25 were kind gifts from
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Prof. Montecucco (Department of Biomedical Sciences, University opreparation of the low-speed pellet, enriched in plasma membranes
Padova, Italy). The polyclonal antibody raised against a C-termindLS), and the high-speed pellet, enriched in intracellular vesicles (HS),
peptide of SNAP-23 was kindly provided by Dr Knepper, NHI, the cell suspension was centrifuged at gdor 10 minutes at 4°C.
Bethesda, MD. Secondary goat anti-rabbit and anti-mouse 1gG weféhe supernatant was centrifuged at 17,0306r 45 minutes at 4°C.
conjugated to peroxidase. The specificity of AQP2 antiserunThe LS was recovered in PBS and the supernatant was spun at 200,000
generated against a synthetic peptide corresponding to the AQP2 €in a Beckman Rotor 60 2Ti for 60 minutes at 4°C. The final pellet
terminus has been described previously (Valenti et al., 1996). (HS) was recovered in PBS. Cell membranes were stored at —20°C
Rabbit polyclonal antibodies specifically directed against theuntil used for immunoblotting studies. For LS and HS membrane
external C-loop of AQP2 were raised using a peptidepreparations from rabbit brain or rabbit kidney, the organs were
(IRGDLAVNALSNSTT) reproducing the C-loop of the human AQP2. removed, cut into small slices and homogenized following the same
procedure used for CD8 cells.

Cell culture

The study was performed on AQP2-transfected renal CD8 celi$/estern blotting
(Valenti et al., 1996). This cell line was established by stablyMembranes were solubilized in Laemmli buffer at 60°C for 10
transfecting the RC.SV3 rabbit cortical collecting duct with cDNA minutes and subjected to SDS-polyacrylamide gel electrophoresis
encoding rat AQP2. This cell model system possesses the ké¥3% or 15% polyacrylamide). Gels were transferred to Immobilon-
properties of principal cells and has been useful to clarify some ke membrane (Millipore), blocked in blotting buffer (150 mM NacCl,
events triggered by vasopressin action (Valenti et al., 1998; Valenti @0 mM Tris-HCI pH 7.4 and 1% Triton X-100) containing 5% non-
al., 2000; Tamma et al., 2001). CD8 cells were grown at 37°C, dat dry milk for 1 hour. The membranes were incubated with the first
described previously, in a hormonally defined medium (Valenti et alantibody at the dilutions reported in the legends for 2 hours at room
1996). Confluent monolayers were used at days 3-5 after plating. temperature in blotting buffer, washed in several changes of the same
blotting buffer. For the detection of syntaxin-1, syntaxin-4, SNAP-25,

) ] ) SNAP-23 and AQP2, the membranes were incubated with goat
RNA isolation, RT-PCR and cDNA sequencing anti-rabbit 1gG conjugated to peroxidase (Sigma, 1:5000 dilution).
Total RNA was extracted from confluent CD8 cells or rat brain, lundg~or the detection of VAMP-2, membranes were incubated with
or kidney by the TRIzol extraction method (TRIzol reagent, Lifegoat anti-mouse IgG conjugated to peroxidase (Sigma, 1:5000
Technologies, Gaithersburg, MD). The RNA was then used to amplifdilution). Immunoreactive proteins were revealed with ECL-plus
fragments of the cDNA of the SNARE isoforms syntaxin-1, -3, -4,chemiluminescence reaction (Amersham, Life Science).

VAMP-2 and SNAP-23 by degenerate RT-PCR employing the
GeneAmp RNA PCR Core kit (Perkin-Elmer, Branchburg, NJ). The ) ) .
degenerate primers (Table 1) were designed on the basis of thight and confocal microscope immunocytochemistry
SNARE nucleotide sequences available in the GenBank databa€ells grown on glass coverslips were left in basal condition or
(web site: www.ncbi.nlm.nih.gov/Entrez/nucleotide.html). A positive stimulated with 16* M forskolin (FK), a cAMP- elevating agent, for
control was performed by using primers specific Seactin cDNA, 15 minutes at 37°C. Cells were then fixed in a fixative containing 2%
BAF (5-CAGATCATGTTTGAGACCTT-3) and BAR (5CGGAT- paraformaldehyde, 10 mM sodium periodate and 75 mM lysine (PLP)
GTCMACGTCACACACTT-3). PCRs were performed with the for 20 minutes at room temperature. In one set of experiments, cells
following program: (95°C, 3 minutes) cycle, [94°C, 1 minute; 49 were permeabilized with 0.1% Triton X-100 for 10 minutes, whereas,
or 59°C (depending on the non-degenerate or degenerate priménsparallel experiments, the permeabilzation step was omitted (see
used, respectively) for 1 minute; (72°C, 30-50 secor8g)kycles, Results section). After blocking in 0.1% gelatin in PBS for 5 minutes,
(72°C, 10 minutesy1 cycle. The SNARE cDNAs amplified from the cells were incubated at room temperature for 2 hours either with the
CD8 cells were cloned into tliecoRI/EcoR site of the pCR2.1 vector anti-AQP2 antibody raised against the peptide reproducing the C-
(TA cloning kit, Invitrogen, San Diego, CA) following a TA strategy. terminus (AQP2 C-term, 1:100 dilution) or with the anti-AQP2 antibody
The sequence of the cloned DNA fragments was assessed kaised against the peptide reproducing the loop C (AQP2 C-loop, 1:50
sequencing. Sequence alignments were performed by using tkéution).
Lasergene program (DNASTAR, UK). After washing for 35 minutes with 0.1% gelatin, cells were
incubated for 1 hour with FITC-conjugated secondary antibodies and
) ) ) then sequentially washed twice for 1 minute in 2.7% NaCl (high-salt
Construction of the GFP/AQP2 expression plasmid and PBS) and twice in regular PBS. Coverslips were mounted in 50%
transfection glycerol in 0.2 M Tris-HCI, pH 8.0 containing 2.58propyl gallate
Total RNA extracted from rat kidney was employed to amplify theas an anti-quenching agent. The slides were examined by confocal
AQP2 cDNA by using the specific primers AQP2 RAT-FW 5 microscopy (MRC-1024 Bio-Rad equipped with a Krypton/Argon
ATGTGGGAACTCAGATCCATA-3 and AQP2 RAT-REV 5 mixed gas laser). A specific software (Imaris 2.7, Bitplane, CH) was
TTCTTGAGGCTCACTGCACT-3 The AQP2 cDNA was then used for acquisition and processing of confocal images.
cloned into the pcDNAS3.1/NT-GFP-TOPO vector (GFP Fusion TOPO Double labeling of AQP2 and VAMP-2 was performed in cells
TA Expression kit, Invitrogen) in frame and at tHeeBd of the GFP  transiently transfected with GFP-tagged AQP2. Briefly, GFP-tagged
coding region. The resulting plasmid, pcDNA3.1-AQP2, was therAQP2-transfected cells grown on coverslips, were fixed in ice-cold
used to transfect the RC.SV3 rabbit cortical collecting duct cell linenethanol for 5 minutes and incubated with the polyclonal anti VAMP-
by employing the Lipofectin Reagent (Gibco BRL) as previously2 antibody (1:100 dilution). Cells were then stained with a goat anti-
described (Valenti et al., 1996). rabbit Cy3-conjugated secondary antibody (1:200 dilution).
To monitor the internalization of TeNT-FITC (see below), CD8
) ) cells were incubated with the fluorescent toxin for 1 hour. Cells were
Subcellular fractionation then fixed with a solution containing 4% paraformaldehyde in PBS
Cells grown to confluency on 25 érflask were washed in PBS, for 20 minutes at room temperature and examined with a Leica
scraped with a rubber policeman and homogenized with a glass/Teflphotomicroscope equipped for epifluorescence.
homogenizer in ice-cold buffer containing 250 mM sucrose, 10 mM Digital images were obtained by a cooled CCD camera interfaced
Tris pH 7.5, 1 mM PMSF, lug/ml leupetin and pepstatin. For the to the microscope (Princeton Instruments, NJ).
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Table 1. SNARE isoforms expressed in CD8 cells

Specific primers Homologous sequence
SNARE isoform Sense primer'(® 3) Anti-sense primer (30 3) Closest homologous sequence % identity
Syntaxin-1(A,B) GACATHAARAARASRGCMAA ARCATGTCYTCYAGYTCYTC Rat syntaxin-1A mRNA 91%
Syntaxin-3(A,B,C) ARGAYGACCTWGARCAGCTC CGNCCCTCAATCTRCTGAG Mouse Syntaxin-3(A,B,C) mRNA 92%
Syntaxin-4 AGTTGGAGAAACAGCAGGTC GACACAAACACCTCRCTYTG Human Syntaxin-4 mRNA 91%
VAMP-2 TAACAGGAGACTGCAGCAGA GATRATGAGGATGATGGCGC Human VAMP-2 mRNA 96%
SNAP-23(A,B) GGTTTAGCCATTGAGTCTCA CTGCCCACTTGAGTCAGGTT Human SNAP-23A mRNA 91%

DegenerationH=A+T+C; M=A+C+G; R=A+G; S=G+C; W=A+T; Y=C+T.

Tetanus toxin purification Mg?2*. In parallel, cells were treated under the same experimental
The single-chain toxin was purified from cultures @bstridium  conditions without TeNT pretreatment. Cells were brought to 4°C and
tetani (Harvard strain) by the extraction procedure of Ozutsumi etmmediately fixed in freshly made fixative containing 2%
al. (Ozutsumi et al, 1985). The crude toxin solution wasparaformaldehyde, 10 mM sodium periodate and 75 mM lysine (PLP)
chromatographed on DEAE-cellulose (Whatman) and Ultrogel ACA4at 4°C for 20 minutes. Cells were washed in ice-cold PBS and
34 (LKB), followed by high-performance size exclusion liquid saturated for 15 minutes with 0.1% gelatin in PBS (PBS-gelatin).
chromatography analysis on a TSK G4000SW column (LKB)Subsequently cells were incubated with AQP2 C-loop antibodies
equilibrated with 0.1 M sodium phosphate (pH 6.8). TeNT(1:300 dilution in PBS-gelatin) for 1.5 hours at 4°C, washed three
concentration was determined spectrophotometrically at 280 nm wittimes in PBS-gelatin and incubated with goat anti-rabbit 1gG
an €imgml of 1.55. The di-chain form of TeNT was obtained peroxidase-conjugated for 1 hour at 4°C. After three washes in ice-
by nicking single-chain toxin with tosylsulfonyl phenylalanyl cold PBS, cells were incubated with a solution containing 3.69 mM
chloromethyl ketone-treated trypsin (Serva) at 25°C for 60 minutes-phenylenediamine, in phosphate-citrate buffer (pH 5.0) in the
with a toxin-to-protease ratio of 1,000:1 (wt/wt). Proteolysis waspresence of 0.012%29,.

terminated by addition of soybean trypsin inhibitor at a final protease- The solution was incubated for 15 minutes at room temperature,
to-inhibitor ratio of 1:4 (wt/wt). TeNT was kept at 4°C, or after beingcells were immediately transferred to 4°C and the colored solution
frozen in liquid nitrogen, was stored at —80°C at a proteirremoved. The samples were read in a spectrophotometer at 450 nm.
concentration of 2 to 10 mg/ml in 10 mM sodium 4-(2-hydroxyethyl)-Cells in each well were solubilized in 2@0 formic acid, and the
piperazine-1-ethansulfonate (pH 7.4). TeNT was conjugated to FIT@rotein content was determined with the Bradford protein assay
(Pierce) by following the supplier's recommendations, and th€Bradford, 1976). The peroxidase activity was expressed as OD/mg
conjugate (TeNT-FITC) was purified by chromatography on aproteins.

Sephadex G-25 column.

Results
Treatments with tetanus neurotoxin RT-PCR amplification of the SNARE cDNAs

To investigate the effect of TeNT on VAMP-2, the toxin was employe . .
either in vitro on crude membrane samples or in vivo in intact CD egenerate RT-PCR studies were carried out to evaluate the

cells. For the in vitro experiments, TeNT was incubated with 10 mvEXPression of SNARE isoforms in cultured CD8 cells. The RT-
DTT for 2 hours at room temperature before use. Membrane fractiof’2CR experiments were performed with total RNA extracted
from rabbit brain (151g) and CD8 cells (15ig) were treated with from confluent CD8 cells and using degenerated primers on the
TeNT (500 nM) for 1 hour at 37°C, and the reaction was stopped bgasis of conserved regions of known SNARE nucleotide
the addition of 1% SDS. Samples were then resolved by SDS-PAGE&equences (Table 1). The specificity of the cDNAs amplified
and blotted with appropriate antibodies. by RT-PCR was confirmed by cloning and sequencing the PCR
fragment. As showed in Fig. 1 and Table 1, the CD8 cells were
Treatment of intact CD8 cells with TeNT found to express syntaxin-1A (GenBank accessing number:

i . F262029), syntaxin-3 A,B,C (AF262951), syntaxin-4

iCr:]I(?qu(;ﬂ(sj \?:]etrﬁegrown to conﬂgency in 10 mm Petri dishes. Cells WG@FZGZQSZ), VAMP/synaptobrevin-2 (VAMP-2) (AF262953)
presence or in the absence of whole TeNT (100 nM, h .

for 3 hours at 37°C in the medium). Cells were then washed in PB&Nd SNAP-23A (AF262954), sharing the highest homology
Ca* and M@, scraped and centrifuged at 11,@pfor 10 minutes. ~ With the rat syntaxin-1A  (91%) (AF217191.1), mouse
The pellet was resuspended inB@listilled water and passed through syntaxin-3 (A,B,C) (92% respectively D29797.1, D29798.1,
a 29 G needle syringe to break the cells. The cell suspension wB®29799.1), human syntaxin-4 (91%) (X85784), human
solubilized in Laemmli buffer and loaded into 15% polyacrylamideVAMP-2 (96%) (AJ225044.1) and human SNAP-23A (91%)
gel. Proteins were transferred and subjected to western blotting usilqy09567_1), respectively.
monoclonal antibodies (1:100 dilution) against human VAMP-2.

. ) » Expression and distribution of SNARES in AQP2-
Quantitation of AQP2 cell-surface immunoreactivity transfected CDS8 cells

Cells were grown to confluence in 24 multiwells (Falcon, NJ, USA) . .
For each experimental condition, six wells, corresponding téTo analyze the expression of the detected SNAREs proteins,

approximately #10° cells in total, were tested. In experiments Western_ blot experiments were _Carrled out using specific
employing TeNT, cells were preincubated with TeNT (100 nM, whole@ntibodies. Membrane samples isolated from CD8 cells or
molecule) for 3 hours at 37°C in the culture medium. Cells were theffom rabbit brain and rabbit kidney used as positive controls
washed with PBS and either left under control conditions owere immunoblotted with anti-VAMP-2, syntaxin-1A,

stimulated with 16*M forskolin for 15 minutes at 37°C in PBS€a  syntaxin-4, SNAP-23 and SNAP-25 antibodies. CD8 cells
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brain CD8 brain cbs
LS HS LS HS
Syntaxin-1A - 266 bp
VAMP-2 SO | [ e (18 kDa
lung CcD8 brain CcDs
. LS HS LS HS
Syntaxin-3 - 370 bp
Syntaxin-1A - S A A - koa
brain cD8
brain cDs
Syntaxin-4 - 379 bp LS HS LS HS
Syntaxin-4 | SEE_— - S s |36 kDa
brain CD8
brain CD8
VAMP-2 - 244 bp LS HS LS HS
SNAP-25| WD - -25 kDa
kidney cDa
SNAP-23 -398 bp LS HS LS HS
SNAP-23 - W [-23kDa
Fig. 1. Degenerate RT-PCR amplification ®NARECDNAS . -

expressed by CD8 cells. Total RNA from confluent CD8 cells was

subjected to reverse transcription followed by PCR amplification  Fig. 2. An immunoblot of membrane fractions from different tissues
using degenerate primers for the coding region of known SNARE or CD8 cells. Each lane was loaded withu@0of protein. Membrane
isoforms (see Materials and Methods for experimental details). fractions enriched in the plasma membrane (LS, 17gq@¥let) or
Bands of 266, 370, 379, 244 and 398 bp corresponding to syntaxin-in intracellular vesicles (HS, 200,00@ellet) were probed with

1A, syntaxin-3, syntaxin-4, VAMP-2 and SNAP-23, respectively, VAMP-2 (1:100 dilution) or syntaxin-1A (1:300) or syntaxin-4

were amplified. As a positive control, parallel RT-PCR experiments (1:300) or SNAP-25 (1:500) or SNAP-23 (1:300) antibodies.

with total RNA extracted from the rat brain, lung or kidney were Immunoreactive bands were revealed with chemiluminescence ECL-
performed. The results shown are representative of at least three  plus (Amersham, USA). The results shown are representative of at
separate experiments. least three separate experiments.

were fractionated to separate a plasma-membrane-enriched

fraction (LS) and a membrane fraction enriched in intracellularabbit kidney and found enriched in the low-speed pellet from

vesicles (HS). VAMP-2 stained a 18 kDa band in both braifoth membrane samples (Fig. 2).

and CD8 cells membrane fractions, with a stronger signal in

intracellular vesicle membranes (HS), a fraction in which )

AQP2 is enriched in control cells (Fig. 2). Similar results wereCleavage of VAMP-2 by tetanus neurotoxin

obtained in membrane fractions obtained from the rabbit braio directly address the issue of the functional involvement of
By contrast, syntaxin-1 and syntaxin-4 antibodies labeled 8NAREs in AQP2 targeting, we took advantage of the use of

distinct 36 kDa band corresponding to the expected moleculatostridial neurotoxins that specifically cleave target SNARESs.

mass of syntaxins, displaying a stronger signal in a plasmBhis susceptibility afforded a specific strategy to probe the

membrane fraction (LS) both in CD8 and rabbit brain. Thifunction of VAMP-2 in AQP2 traffic.

suggests that syntaxin-1A and syntaxin-4 are mainly present in TeNTs specifically hydrolyze rat VAMP-2 in synaptic

the plasma membrane of CD8 cells (Fig. 2). vesicles but not VAMP-1 (Link et al., 1992). To test whether
Our results are in agreement with those of others (NielsefeNT was efficient in cleaving in vitro the VAMP-2-like

et al., 1995; Mandon et al., 1996), who found VAMP-2 in theprotein expressed in CD8 cells, a membrane fraction enriched

kidney inner medulla and syntaxin-4 enriched in a membranfr intracellular vesicles was incubated with the toxin (500 nM)

fraction from inner medullary collecting duct cells. SNAP-25for 1 hour. As a control, membranes from the rabbit brain were

was not detected in CD8 cells, whereas it was highly expressedn at the same time. Membrane samples were subjected to

in rabbit brain (Fig. 2). SNAP-25 is in fact present principallywestern blotting using anti-VAMP-2 antibodies. As shown in

in the brain, although Shukla et al. reported that SNAP-25Fig. 3 (in vitro cleavage, left panel), toxin treatment of both

associated Hrs-2 protein colocalizes with AQP2 in rat kidneynembrane preparations from CD8 cells and rabbit brain

collecting duct principal cells (Shukla et al., 2001). On theevealed complete cleavage of VAMP-2. This result further

other hand, the SNAP-23, a homologous SNAP-25 protein thaupports the conclusion that the VAMP/synaptobrevin-like

binds to multiple syntaxins and synaptobrevins, is ubiquitouslprotein expressed in CD8 cells is a VAMP-2-like protein. The

expressed. SNAP-23 was detected in CD8 cells as well as aleavage fragment of about 12 kDa was not detectable under
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in vitro cleavage
cleavage in intact cells
Fig. 3.Cleavage of VAMP-2 by the clostridial
neurotoxins TeNT: in vitro cleavage. Membrane CcD8 CD8
fractions enriched in intracellular vesicles from CD8 o3 3
cells and rabbit brain membranes were incubated w  vAMP-2 ‘ -18kDa VAMP-2 h -18kDa
TeNT 500 nM for 1 hour at 37°C. TeNT was previou '

activated by incubation with 10 mM dithiothreitol
(DTT) for 2 hours at 37°C. Immunoreactive bands w
visualized by enhanced chemiluminescence (ECL-p cD8
Cleavage of VAMP-2 in intact CD8 cells. CD8 cells brain ;
were grown to confluency in 10 mm Petri dishes. Ce
were incubated in the presence or in the absence of ) .
whole TeNT (100 nM, for 3 hours at 37°C in the vaup-2 | 18kba
medium). Proteins were transferred and subjected t
western blotting using monoclonal antibodies (1:10C TeNT - +
dilution) against human VAMP-2. The results shown

- . eNT-FITC
representative of at least three separate experiments.
Internalization of TeNT-FITC was visualized by immunofluorescence analysis. Intact cells were exposed to TeNT-FITC, fixedraeu atxa
the fluorescence microscope. TeNT-FITC was internalized in intracellular structuresuBar, 8

our experimental conditions, probably because of the reducedrminus antibody recognizing an epitope located in the
ability of the fragment to bind the nitrocellulose membranecytosolic C-terminus and examined by confocal microscopy.
during blotting as described previously (Link et al., 1992). Under these experimental conditions (Fig. 4B, —Triton X-100),
As a next step, we investigated whether TeNT was able ionmunofluorescence staining demonstrated that only the AQP2
cleave VAMP-2 in intact CD8 cells. We first checked whethelC-loop antibody stained the cell surface of FK-stimulated CD8
TeNT can be internalized in intact CD8 cells. To this endcells, whereas no staining was observed with the AQP2 C-
fluorescein isothiocyanate (FITC) was conjugated to TeNT angtrminal antibody (Fig. 4B and xz reconstruction in the inset).
purified by chromatography on a Sephadex G-25 column a@ghese data are fully consistent with the efficacy of the AQP2
described previously (Matteoli et al., 1996). Intact cells were&C-loop antibody in recognizing an external epitope of the
exposed to TeNT-FITC, fixed and examined by fluorescencAQP2 protein. By contrast, in permeabilized control cells, both
microscopy. As shown in Fig. 3 (cleavage in intact cells, righantibodies stained intracellular vesicles, giving a similar
panel), TeNT-FITC was internalized in intracellular structuresstaining of the AQP2-bearing vesicles (Fig. 4B, +Triton X-
(TeNT-FITC) as assessed by fluorescence detection. Westetf0).
blots of solubilized CD8 cells exposed to TeNT in the medium
for 3 hours revealed that the internalized toxin was able to
cleave the endogenously expressed VAMP-2. Determination of cell-surface AQP2 immunoreactivity
Analysis by western blotting with AQP2 antibodies revealedThe anti AQP2 C-loop antibody was therefore employed to
that cells pretreated with TeNT for 3 hours had the sammonitor the AQP2 density on the plasma membrane in
amount of AQP2 as untreated control cells, indicating that theells grown to confluency in ELISA multiwells. In non-
toxin did not affect the expression of AQP2 (data not shownpermeabilized cells, the antibody is expected to cross-react
only with AQP2 inserted into the plasma membrane (Fig. 5A).
o ) _ After stimulation of untreated cells with the cAMP-elevating
Characterization of the anti-AQP2 C-loop antibody agent forskolin, the immunodetectable AQP2 on the cell
We next examined the effect of TeNT treatment on AQPZ3urface increased by approximately two-fold compared with
distribution in resting CD8 cells and in cells that had beenhat present in the plasma membrane in control cells (Fig. 5B,
treated with the cAMP elevating agent forskolin (FK). To—TeNT). By contrast, TeNT pretreatment completely abolished
determine the amount of AQP2 inserted in the apical plasn@K-stimulated AQP2, targeting the apical plasma membrane,
membrane, we generated an antibody against a peptids assessed by quantification of cell surface immunoreactivity
reproducing the external C-loop of human AQP2(Fig. 5B, +TeNT). In control cells, TeNT treatment was found
(IRGDLAVNALSNSTT), and the cell-surface expression to have no effect on the AQP2 density found at the cell surface.
of AQP2 was monitored by determining the protein Moreover double labeling of AQP2 and VAMP-2 in cells
immunoreactivity. The antibody recognized both theAQP2 transiently transfected with GFP-tagged AQP2 showed
glycosylated and non-glycosylated AQP2 from both rat kidnew partial colocalization of VAMP-2 in AQP2-bearing vesicles
and CD8 cells, with a stronger expression in a membrangig. 5C).
fraction enriched in intracellular vesicles (Fig. 4A). The Overall, these results indicate that VAMP-2 is functionally
specificity of the immune serum was assessed by preincubatiovolved in cAMP-induced AQP2 targeting to the plasma
of antiserum with a 100-fold molar excess of immunizingmembrane.
peptide (Fig. 4A). To further confirm the recognition of an
extracellular epitope by the AQP2 C-loop antibody, non- )
permeabilized FK-stimulated CD8 cells were stained with théiscussion
AQP2 C-loop antibody or with the conventional AQP2 C-The rate of water reabsorption in kidney collecting ducts is
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A B

. &@ . \pbo@* -Triton X-100
% i-‘ X ﬁ AQP2 C-term AQP2 C-loop
LS HS LS LS HS LS
kDa
- 67
- 43
glympz{
29 kDa - | w— — — - 30
-20

AQP2 C-loop peptide-adsorbed

+Triton X-100

AQP2 C-term AQP2 C-loop
Fig. 4. Characterization of the anti-AQP2 C-loop antibody.
(A) Western blots of membrane fractions from CD8 cells and from
rat kidney. LS, low-speed pellet; HS high-speed pellet.
(B) Immunolocalization of AQP2 in CD8 cells using either the anti
AQP2 raised against the peptide reproducing the C-terminus (AQ
C-term) or the anti-AQP2 raised against the peptide reproducing t
loop C (AQP2 C-loop). In non-permeabilized (—Triton X-100)
forskolin-stimulated cells (FK), the anti-AQP2 C-loop stained the §
apical surface of the CD8 cells. Under the same experimental
conditions, no fluorescence signal was observed using the anti-A(
C-term antibody. By contrast, both antibodies stained AQP2-
containing intracellular vesicles in permeabilized control CD8 cellSi g g =!
(+Triton X-100). Bar, um.

regulated by vasopressin. This hormone controls transcellulapllecting duct (Banerjee et al., 2001; Banerjee et al., 1999;
water transport by regulating the redistribution of AQP2-Foster and Klip, 2000; Hohne-Zell et al., 1997; Martin et al.,
bearing vesicles to the apical membrane of collecting duct998; Schulz et al., 1997). Thus, SNARE proteins might fulfil
principal cells (Knepper and Inoue, 1997; Klussmann et ala universal role in vesicle-membrane fusion in neuronal and
2000). We utilized the collecting duct cell line CD8 stablynon-neuronal cells.
transfected with the vasopressin-sensitive water channel AQP2In renal cells, by quantitative double immunolabeling,
to investigate the functional involvement of SNARE proteinsVAMP-2 has been shown to colocalize with AQP2-containing
in the process of regulated insertion of the AQP2 watevesicles (Nielsen et al., 1995), supporting a role for VAMP-2
channel. in vasopressin-regulated vesicular trafficking. In the same
In the present study, evidence is presented that directstudy, the authors demonstrated that TeNT caused a complete
supports the hypothesis that the v-SNARE protein VAMP-2 i€leavage of VAMP-2 in the crude membrane fraction enriched
involved in the targeting of AQP2 vesicles to the apical plasméor intracellular vesicles from kidney inner medulla (Nielsen et
membrane. Forskolin-induced translocation of AQP2 to thal., 1995). Jo and colleagues (Jo et al., 1995) reported that
apical membrane was abolished by TeNT in intact CD8 cellpurified papillary AQP2-containing endosomes from rat kidney
(Fig. 5). This toxin proteolytically cleaves VAMP-2 at a singlepossess VAMP-2. The authors demonstrated that endosomes
site (Link et al., 1992). It has been suggested that VAMP-Ruse, in vitro, by means of an ATP-dependent process that is
plays a major role in the mechanism of vesicle traffickingsignificantly inhibited when endosomes are preincubated with
(Sollner et al., 1993). This evidence is mainly formed on theither anti-VAMP-2 antibody or TeNT.
basis of the ability of TeNT and of botulinum neurotoxins to Despite the fact that these observations strongly support
cleave VAMP-2 at different sites (Schiavo et al., 1995), whicka functional involvement of VAMP-2 in AQP2-regulated
results in the inhibition of neurotransmitter release in neuronakdistribution, direct evidence for this role in intact renal cells
and neuroendocrine cells (Hunt et al., 1994). The regulatoryas so far been lacking. We attempted to demonstrate the role
role of synaptobrevin isoforms has also been proved in thef VAMP-2 in polarized sorting of AQP2 by determining the
regulated exocytosis of GLUT4 in adipocytes, in exocytosis oéffect of clostridial TeNT on cAMP-induced translocation of
histamine in enterochromaffin-like cells, in sperm acrosom@&QP2 in intact renal CD8 cells. Central to this study was the
reaction and in HATPase trafficking in the inner medullary demonstration that TeNT can enter the cells and is able to
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substrate

colored product

Fig. 5. Determination of cell-
surface AQP2 immunoreactivity.
The anti-AQP2 C-loop antibody

n.s. was employed to monitor the
AQP2 density on the plasma
membrane in CD8 cells. (A) In
non-permeabilized cells, the

- antibody is expected to cross-react

only with AQP2 inserted into the

syntaxin-4

(OD/mg protein)

AQP-2

Cell Surface AQP2 Immunoreactivity

0 T - plasma membrane. (B) After
stlmulqtlon of.untreated cells with
VAMP-2 AQP-2 -TeNT +TeNT forskolin, the immunodetectable

AQP2 on the cell surface

increased by approximately two-
fold compared with that present in the plasma membrane in control cells (-TeNT). By
contrast, TeNT pretreatment completely abolished forskolin-stimulated AQP2 targeting
to the apical plasma membrane, as assessed by quantification of cell-surface
immunoreactivity (Fig. 6B, +TeNT). The results shown represent the meanszts.e.m. of
three separate experiments in which abeuit cells (six separate wells) were tested
for each experimental condition in each experiment. (C) Double labeling of AQP2 and
VAMP-2 in cells transiently transfected with GFP-tagged AQP2 showed a partial
colocalization of VAMP-2 in AQP2 bearing vesicles. Baprb.

cleave the endogenously expressed VAMP-2. TeNT treatmesyntaxin-4 were found enriched in a plasma membrane
in intact CD8 cells completely abolished cAMP-stimulatedfraction. Further studies will address whether the v-SNARE
AQP2 targeting of the plasma membrane, as assessed WMP-2 interacts with syntaxin-1A or syntaxin-4 to mediate
quantification of the cell-surface immunoreactivity of the anti-AQP2 targeting.
AQP2 antibody raised against a peptide reproducing the SNAP-25 has been implicated at a late step in fusion
extracellular AQP2 C-loop. These results represent the firgBanerjee et al., 1996; Mehta et al., 1996; Rossi et al., 1997).
evidence for the functional involvement of VAMP-2 in cAMP- In inner medullary collecting duct cells, treatment with
induced AQP2 redistribution in renal cells. In contrast to théotulinum toxin E, which cleaves rat SNAP-23, reduced the
effect of the toxin on cAMP-induced translocation of AQP2 toamount of H-ATPase translocated to the apical membrane by
the apical membrane, the amount of cell-surface AQP2 iabout 52%, demonstrating that SNAP-23 has a critical role in
resting cells is not reduced by exposure to toxin (Fig. 5). Thithe regulation of HATPase exocytosis (Banerjee et al., 2001).
observation would suggest that the constitutive delivery ofWe speculate that SNAP-23 detected in a plasma-membrane-
AQP2 may be VAMP-2 independent. enriched fraction of CD8 cells acts similarly in renal cells.
In neurons, VAMP-2 forms a complex with two plasma-Further investigation is needed to evaluate the role of the
membrane-associated SNARES: syntaxin and SNAP-25. Thespecific SNARESs in the dynamic of complex formation.
proteins bind together in a parallel manner (Hanson et al., In summary, the data reported in this study provide clear
1997) to form a four-helix bundle, with two helices contributedevidence that the v-SNARE VAMP-2 is directly involved in the
by SNAP-25 and one each by VAMP and syntaxin (Sutton edocking and fusion of AQP2-containing vesicles with the
al., 1998). The formation of the SNARE complex is by itselfplasma membrane in intact AQP2-transfected CD8 cells and
sufficient to bring the two interacting membranes close enougprovide the basis for understanding the mechanism and
to fuse (Weber et al., 1998). regulation of AQP2 trafficking in response to a cAMP-
Among the known syntaxin isoforms, only syntaxin-1 andelevating agent.
syntaxin-4 bind to VAMP-2 with high affinity (Calakos et al.,
1994; Pevsner et al., 1994). Syntaxin-4 has been localized inWe thank U. Liebenhoff for the generation of anti-AQP2 C-loop
the apical plasma membrane of collecting duct principal cel|@ntibody. The skillful assistance Marianna De Bono is grate]‘u'lly
(Mandon et al., 1996), suggesting that it may represent t knowledged. We thank our colleague Anthony Green for providing
counterpart protein interacting with VAMP-2 found localized Inguistic advice. This work was supported by a grant from EU-TMR

. . . TN network (proposal no. ERB 4061 PL 97-0406) from the Italian
in AQP2-containing vesicles (Jo et al., 1995; Nielsen et aI‘Ministero della Ricerca Scientifica e Tecnologica’ and from the

1995). In this study, the presence of VAMP-2, syntaxin-1AcEGBA (Centro di Eccellenza di Genomica in campo Biomedico
and syntaxin-4 have been demonstrated by RT-PCR an@j Agrario). W. Rosenthal was supported by the Deutsche
western blotting in CD8 cells. VAMP-2 was found enrichedForschungsgemeinschaft (Ro 597/6) and the Fonds der Chemischen
in intracellular vesicles, whereas both syntaxin-1A andndustrie.
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