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Abstract Aquaporin 2 (AQP2) transfected into LLC-PK |ntroduction
cells functions as a vasopressin-regulated water channel
that recycles between intracellular vesicles and the plg#ce the identification of aquaporin 1 (AQP1, formerly
ma membrane upon vasopressin stimulation. The gr&pown as CHIP28) as a water channel protein (Agre et
fluorescent protein (GFP) of the jellyfishequorea victo- al. 1993), it has become clear that AQP1 is but one mem-
ria, was used as an autofluorescent tag to monitor AQB of a much larger family of proteins that are present in
trafficking in transfected LLC-PKcells. Two chimeras diverse kidney epithelial cell membranes as well as in a
were constructed, one in which GFP was fused to #heltitude of other epithelial and non-epithelial cell types
amino-terminus of AQP2 [GFP-AQP2(NT)] and the se¢Agre et al. 1995; Fushimi and Marumo 1995; Van Os et
ond in which it was fused to the carboxyl-terminusl. 1994; Verkman et al. 1995). The aquaporins serve to
[AQP2-GFP(CT)]. The GFP-AQP2(NT) chimera trafregulate renal water reabsorption and body fluid homeo-
ficked in a regulated pathway from intracellular vesiclggasis, but they also represent a family of functionally
to the basolateral plasma membrane in response to vasportant proteins that are of great cell biological inter-
pressin or forskolin stimulation of cells. In contrast, thest because of their distinct intracellular targeting and
AQP2-GFP(CT) chimera expressed in LLC4Ri€lls was trafficking characteristics. While AQP1 is constitutively
localized constitutively on both apical and basolatergpressed on the plasma membrane of several native epi-
plasma membranes. The cellular location of this chimerglial cells (Nielsen et al. 1993a,b; Sabolic et al. 1992),
was not modified by vasopressin or forskolin. Thus, whiigjuaporin 2 (AQP2) is located in principal cells of the
the GFP-AQP2(NT) chimera will be useful to studyenal collecting duct (Sasaki et al. 1994) where it is ex-
AQP2 trafficking in vitro, the abnormal, constitutivgoressed on the cell surface only after vasopressin stimu-
membrane localization of the AQP2-GFP(CT) chimetation (DiGiovanni et al. 1994; Fushimi et al. 1993;
suggests that one or more trafficking signals exist on tb&bolic et al. 1995).
carboxyl-terminus of the AQP2 prote in. Aquaporins have common structural features, includ-
ing six transmembrane-spanning domains and two motifs
comprised of the three amino acids asparagine-proline-
alanine, which are highly conserved among family mem-
bers (Agre et al. 1995). The cytoplasmic portions of the
molecules show more variability and may contain specif-
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An increasing number of studies have utilized theounted in Vectashield (Vector Laboratories, Burlingame, Calif.)
reen fluorescent protein (GFP) of the jellyfisiequorea diluted 1:1in 0.3 M TRIS-CI, pH 8.9. They were examined by in-

\g/ictoria . molegular ta(E] 0 rT)10nit0r cjjyn)grﬁti%qprocesﬁgft immunofluorescence and photography using a Nikon FXA
. ! X X omicroscope.
in cells (Carey et al. 1996; De Giorgi et al. 1996; Dobson P
et al. 1996; Presley et al. 1997; Rizzuto et al. 1996; )
Scales et al. 1997). The intracellular distribution of exofamunoblotting

enouSIy exp_ressed GFP-protein chimeras_ can be difeefé)fs were grown on 100-mm tissue culture dishes to subconfluency
monitored without the need for chemical fixation and aften rinsed twice with PBS (10 mM sodium phosphate buffer,
tibody staining. Such chimeric proteins can ultimately Ipél 7.4, containing 0.9% NaCl). Cells were then scraped off the dish
used to follow intracellular trafficking pathways in reayith 1 ml lysis buffer per dish [S0 mM TRIS, pH 8, 150 mM NaCl,

P . . . M EGTA, 1% Triton X-100, 0.2 mM PMSF, Complete protease
time, but a major caveat is that the AQP2-GFP Chlmefﬁﬁbitor (Boehringer Mannheim, Indianapolis, Ind.)]. Cellular pro-

may not be handled by the intracellular sorting machinggihs (20 mg) were incubated at room temperature for 30 min in re-
in the same way as the native protein in any given agiking Laemmli buffer in the case of cells transfected with AQP2
type. For example, GLUT4 has been tagged with GEPne, and up to 80°C for 5 min for cells transfected with AQP2-

; ey ; P constructs. Protein samples were subjected to SDS-PAGE, then
(Dobson et al. 1996). While both the amino-terminal alMhsferred to polyvinylidene difluoride membrane (Millipore, Bed-

carboxyl-terminal constructs translocated to the plasiggy Mass.) by Trans-blot SD semi-dry transfer (Bio-Rad, Melville,

membrane in response to insulin, only the carboxyl-ter.). The transferred proteins were detected by either a polyclonal
minal GLUT4-GFP construct was re-internalized upddQP2 antibody to the cytoplasmic C-terminal 15 amino acids (Im-
insulin removal. The amino-terminal GFP-GLUT4 corjdunodynamics, La Jolla Calif.) or an anti-GFP polyclonal antibody
truct ined the ol b Clontech, Palo Alto, Calif.). Primary antibodies were followed by
struct remained on {he plasma membrane. ... horseradish peroxidase-conjugated goat anti-rabbit IgG, and detect-
The present study was designed to assess the Utl“%d)gy Renaissance Western Blot Chemiluminescence Reagent (New
AQP2-GFP chimeras by comparing their intracellul&ngland Nuclear, Boston, Mass.).

trafficking with that of the AQP2 which we have previ-

ously shpwn to enter a vasopressin-stimulated, regulq&gﬁ,z_GFp chimeric constructs

exocytotic pathway in LLC-PKcells in culture (Katsura

et al. 1995, 1996, 1997). For this purpose, two chimef@sprepare the GFP-AQP2(NT) fusion chimera, a pcDNAIl/neo

were constructed, one in which GFP was fused to the ?Ftoé ‘Egmta'”'“g he Al(ggg)CDNA uth a ¢y epiiope ag at its
f f . f en atsura et al. was digeste an glil re-

toplasmic amino-terminus O.f AQPZ’ designated GF triction endonucleases to cut out the AQP2 cDNA insert. The in-

AQP2(NT), an_d the second n which GFP was fgsed d&t was purified away from the vector by agarose gel electropho-

the cytoplasmic carboxyl-terminus of AQP2, designateebis using Wizard PCR Preps DNA Purification System (Prome-

AQP2-GFP(CT). These chimeras were transfected g Madison, Wis.), then ligated into tBal/Bant| sites of vec-

_ : . s L tor pEGFP-C1 (Clontech). To construct the AQP2-GFP(CT) chi-
LLC-PK; cells for analysis of their trafficking pathwaysl,neric orotein,  the  AQP2-c-myc. insert was digested  with

The GFP-AQP2(NT) chimera entered a vasopressin-regileri/sglil, gel purified, and ligated into thEcoRlI/BanH! sites
lated pathway of plasma membrane insertion in LLG-PKf vector pEGFP-N1 (Clontech).

cells and retained water channel function, similarly to the

AQP2 protein alone. In contrast, the AQP2-GFP(CT) cl'gé” culture

mera was constitutively expressed on the plasma mem-

brane of LLC-PK cells without the need for vasopressilihe polarized renal epithelial cell line LLC-Pkvas stably trans-
stimulation, and water channel function was impaired. fected with AQP2-GFP chimeric constructs using the DOTAP
transfection reagent (Boehringer Mannheim) according to the
manufacturer’s recommendations. All cells were grown at 37°C in
5% CO,. Cells were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% bovine calf serum and 2 rajlu-
tamine. Transfected cells were selected and maintained with
1 mg/ml G418 (Geneticin), and single clones were isolated using

) ) cloning rings. Cells were routinely determined to be mycoplasma
Unless otherwise stated, all chemicals were purchased from $jggative.

ma, (St. Louis, Mo.) and all cell culture reagents were from Gibco
BRL (Grand Island, N.Y.).

Materials and methods

Materials

LLC-PK; cell immunofluorescence

Rat tissue fixation and immunofluorescence Cells grown on glass coverslips (Bellco, Vineland, N.J.) were incu-
bated in serum-free medium for 2 h prior to the experiment, then
Sprague-Dawley rats were anesthetized, perfused, and fixedrested with 10 nM lysine vasopressin or M forskolin (Calbio-
previously described (Sabolic et al. 1995). Kidney cryosectioosem, San Diego, Calif.). In the recycling experiment, cells were
were incubated with a newly developed antiserum to AQR2ated with 1Qug/ml cycloheximide for 30 min prior to vasopres-
[diluted 1:400 in phosphate-buffered saline (PBS)]. This antibodin or forskolin stimulation to inhibit protein synthesis. Subsequent
was raised against the second extracellular loop of AQP2 @imulation and washout steps also included cycloheximide. Cells
GDLAVNALHNNATA). Its specificity was shown by western were fixed for 20 min with 4% paraformaldehyde containing 5%
blotting, immunostaining of rat kidney inner stripe of the outesucrose in PBS and mounted in Vectashield: TRIS-CI, pH 8.9 (1:1).
medulla, and peptide inhibition using 1 mg of the immunizinghey were examined for GFP expression by indirect immunofluo-
peptide per 1 ml of whole anti-serum. The sections were incubatedcence and photography using a Nikon FXA photomicroscope, or
for 1 h in anti-AQP2 antibody for 1 h, followed by 1-h incubatiomonfocal laser scanning microscopy (Bio-Rad Microscope Divi-
with Cy3-conjugated goat anti-rabbit 1gG. The coverslips weston; MRC/600). Nikon and confocal generated computer images
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were analyzed using IP Lab Spectrum imaging software (version A
3.0.1; Signal Analytics). Some cells were processed and fixed as

above, and then permeabilized with 0.1% Triton X-100 for 4 min,

followed by 5-min blocking in 1% BSA in PBS, 1 h at room tem- kDa
perature with antibodies against AQP2 or GFP. In this case, Cy3-
conjugated goat anti-rabbit IgG was used to allow simultaneous vi- -
sualization of the GFP and the red Cy3 fluorescence. Other an 202
bodies used for double staining were an anti-c-myc monoclonala ]33 ==
tibody (Oncogene Science, Cambridge, Mass.), an anti-rough enc 7 0 -
plasmic reticulum (RER) polyclonal antibody (Meyer et al. 1982) .

and an antB-COP monoclonal antibody (clone M3A5; Sigma) to il - i I

visualize Golgi-associated vesicles.
° 41.8 - AQP2
30.6=| ,

Construction of AQP2-GFP chimeras for cRNA transcription i

For the amino-terminal GFP-AQP2(NT) fusion protein, GFP wa:
amplified by PCR using a plasmid containing GFP (Clontech) a

template with primers,’855AAGGATCCATACATATGGCTAGC-3

and 3-TTATTTGTAGAATTCATCCATGCC-3 with engineered 17.8=
BanHl (5') and EcoRlI (3) sites. The stop codon of GFP was

removed and fused in-frame to the rat AQP2 start codon. Ri e
AQP2 was amplified by RT-PCR using rat kidney cDNA as tem- 1 2 3
plate and primers '85GAATTCATGTGGGAACTCAGATCC-3

and 3-GCTCTAGAGGCCTTGCTGCCGCGAGGCAGG-8ncod-

ing EcoRl (5') andXba (3') sites. The cDNA encoding the chime-

ric construct was subcloned into pSP64 T (Zhang et al. 1993) fc

RNA transcription. The carboxyl-terminal AQP2-GFP fusion pro-

tein was amplified by PCR using the AQP2-GFP(CT) fusion con

struct (see AQP2-GFP chimeric constructs above) as template WiB

primers 5-GAAGGATCCATGTGGGAACTCAGATCC-3 and 3-
GCTCTAGATTACTTGTACAGCTCGTC-3encodingBarH| (5')
and Xba (3') sites. The PCR product encoding the fusion con
struct was subcloned in pSP64TBaH| and Xbal sites.

Oocyte water permeability measurements

Complementary RNA was transcribed in vitro using SP6 RNA
polymerase and @dg of plasmid DNA at 37°C for 2 h in the pres-
ence of diguanosine triphosphate (Pharmacia Piscataway, NJ),
capping. cRNA was purified after DNAse digestion by phenol<
chloroform extraction and ethanol precipitation. Stage V and stag
VI oocytes fromXenopus laevisvere isolated, defolliculated, and
microinjected with 50 nl of water or cRNA suspensions
(10 ng/ml). Oocytes were incubated at 18°C for 24 h and osmot
water permeability (Pf) was measured from the time course of 0(
cyte swelling at 10°C in response to a fivefold dilution of the ex
tracellular Barth’s buffer with distilled water.
Fig. 1A, B Characterization of a new antibody to the second ex-
ternal loop of aquaporin 2AQP2. A Western blot of rat kidney
papilla. The new external domain antibody identified a sharp band
Results at the expected 28 kDa and a broader band at a higher molecular
weight corresponding to the glycosylated form of the proteime(
Characterization of the AQP2 external loop antibody 1). When the same dilutions of immune sera were used, the inten-
sity of staining by this new antibody was somewhat weaker by

. . western blotting than with a previous AQP2 antibody directed
For undetermined reasons, and as we have previously,[&inst the cytoplasmic carboxyl-terminal portion of AQR®E
ported (Katsura et al. 1995), the anti-C-terminal AQRY. Preimmune serum confirmed the absence of this antibody prior
antiserum used in our previous studies on rat (Saboligoeimmunization lane 3. Molecular mass markers are shown at
al. 1995) and mouse kidneys (Breton et al. 1995) famﬁgleft (kDa). B Immunofluorescence of rat kidney inner stripe of

. : the outer medulla. The AQP2 external domain antibody gave a
to stain AQP2 expressed in cultured cells, althoughs fong staining of papillary principal cells by immunofluorescence

gave positive results by western blotting. Thus, a c-myfile the intercalated cells were not stained, demonstrating its
tag had previously been added to the carboxyl-termirapscificity and usefulness for immunocytochemsar 20 um

of AQP2 for detection purposes (Katsura et al. 1995).
Because this AQP2-c-myc construct was previously char-
acterized in LLC-PK cells, we used the same construct
in the current study to maintain consistency. However, a
new AQP2 antibody was raised in rabbits against a syn-
thetic peptide (C-GDLAVNALHNNATA) from the sec-
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ond external loop of the AQP2 protein for future studi(A

such as cell surface biotinylation. We found that this n kDa

external epitope antibody labeled AQP2 in LLC;R¥il- 202 -

tured cells, in addition to tissue sections. Thus, it w 133=-

used here to colocalize with the GFP from the AQF 71.0-

GFP chimeras (see below). Because this antibody has .

been previously described, we briefly report its char: -— waw| < AQP2/GFP

terization here. 41.8=~
Western blot of rat kidney papilla using the new an 30.6-

body identified a distinct band at 28 kDa and a broa

band at a higher relative molecular mass, corresponc

to the glycosylated form of the protein (Fig. 1A). Whe

the same dilutions of immune sera were used, the inte 17.8=

ty of staining by this new antibody (Fig. 1A, lane 1) wi

weaker by western blotting than with a previous antibc 1 2 3

directed against the cytoplasmic carboxyl-terminal pi V NT CT

tion of AQP2 (VELHSPQSLPRGSKA) (Fig. 1A, lane 2)

Preimmune serum demonstrated the absence of the

body prior to immunization (Fig. 1A, lane 3). Specificit

of the antibody was confirmed by peptide inhibition (B

AQP2-transfected LLC-PKcells (data not shown). kDa
In tissue sections, the AQP2 external loop antibc 71.0 -

gave a strong staining of papillary principal cells by ir *

munofluorescence (Fig. 1B). The intercalated cells

mained unlabeled, thus demonstrating the specificity 41.8 -

usefulness of this new antibody for immunocytochemist 30.6 = m-'

Expression of AQP2-GFP chimeric proteins

— <+ GFP

17.8 =
The GFP gene, enhanced by human codon optimiza
and chromophore mutations, was used to construct
AQP2 chimeric proteins. GFP was fused to the ami 1 2 3 4
terminus of AQP2, designated GFP-AQP2(NT), or to t 50° 60° 70° 8(°

carboxyl-terminus of AQP2, designated AQP2-GFP(C".,.
Polarized, porcine LLC-PKrenal epithelial cells Fig.2 A Western blot using an anti-green fluorescent protein
were stably transfected with either GFP-AQP2(NT) ¢®FP) polyclonal antibody to confirm expression of the full-

_ ; ; _ ngth fusion proteins in LLC-PKstable transfectants. The GFP
AQP2-GFP(CT) chimeras. Expression of the ful Iengt/ﬁector-transfected control cells exhibited a 27-kDa protein and a

fusion proteins in LLC-PKstable transfectants was congjnt 30-kDa proteinléne 1 V). A strong band at 56 kDa was de-
firmed by western blot using an anti-GFP polyclonal atected in theN-terminal GFP-AQP2(NT) fusion protein-transfec-
tibody (Fig. 2A) as well as with the AQP2 external loofed cells ane 2 NT) and the C-terminal AQP2-GFP(CT) fusion
antibody (data not shown). The vector-transfected cdietein-transfected cellsape 3 CT), as well as a faint band at ap-

s ximately 65 kDa.B The effect on SDS-PAGE migration of
trol cells exhibited a 27-kDa GFP band when bIOtt%ﬁP under denaturation temperatures ranging from 50°C to 80°C

with the GFP antibody, as well as a fainter band at aQshown. Molecular mass markers are shown aefékDa)
proximately 30 kDa (Fig. 2A, lane 1). In the amino- and

carboxyl-terminal AQP2 fusion protein-transfected cells _ . _

(Fig. 2A, lanes 2 and 3, respectively), a band at 56 kBgnaturation at 70°C for 5 min re_sulted in only a small
was detected, as expected for the chimeric protéigction of the GFP remaining in the 30-kDa form
(27 kDa GFP+29 kDa AQP2). A higher mass band of af-i9- 2B, lane 3). Finally, denaturation at 80°C for 5 min
proximately 65 kDa was also seen. The mobility of GRfas sufficient to cause the GFP to migrate completely at
in the SDS-polyacrylamide gel was found to be hedf kDa (Fig. 2B, lane 4). The samples shown in Fig. 2A
modifiable, with the ratio of the amounts of protein iWere heated at 65°C for 5 min, thus, a small proportion
the lower and higher bands depending on the denafrthe GFP and chimeras migrated at a higher molecular
ation temperatures used prior to loading the g&gightin addition to those expected.

(Fig. 2B). By denaturing the GFP alone at a temperature

of 50°C for 5 min, the majority of the GFP was in the

higher mass band of approximately 30 kDa (Fig. 2B,

lane 1). After 5 min at 60°C, a double band at 27 kDa

and approximately 30 kDa was seen (Fig. 2B, lane 2).
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Fig. 3A, B Confocal laser microscopy confirmation of GFPinherent fluorescence of GFP confirmed
AQP2(NT) location using an AQP2 external loop antibadlythe ¢ FP-AOP2(NT

inherent green fluorescence of GFP-AQP2(NT) under baseline coon-be G QP2(NT)

ditions (without vasopressin) was located in intracellular vesicles in

a perinuclear patteri® The AQP2 external loop antibody followedUsing immunofluorescence and confocal microscopy,
by Cy3-conjugated goat anti-rabbit, used to label the same seth# GFP-AQP2(NT) fusion protein was located primarily
cells as shown iA, exhibited an identical Io_calization to the inheron intracellular VeSiCIQS, as seen by the inherent fluores-

ent fluorescence of the GFP-AQP2(NT) chim@&ar 10 um cence of GFP (F|g 3A) The GFP'AQPZ(NT) protein
was also localized using the AQP2 external loop an-

tibody followed by Cy3-conjugated goat anti-rabbit IgG

(Fig. 3B). A similar pattern of localization was obtained
using a c-myc antibody against the tag on AQP2 (data

_ _ _ _ not shown). The location of AQP2 labeled by the ex-
Fig. 4AA—C Nikon immunofluorescence microscopy of GFPiarnal loop antibody overlapped completely with the

AQP2(NT) cells with the plane of focus at an intermediate lev, . . .
through the cells. The regulated recycling of GFP-AQP2(NT) FP fluorescence, confirming that the location of the in-

demonstrated in the continued presence of cycloheximdén- ~ herent GFP fluorescence was due to the GFP-AQP2(NT)
der baseline conditions (without vasopressin), AQP2 exhibitedusion protein, and not due to cleaved GFP protein in the
predominantly intracellular, perinuclear localizatidhVasopres- cgl|| alone. Therefore, the inherent fluorescence of the

sin treatment for 30 min caused translocation of intracellular GF, . : :
AQP2(NT) to the basolateral membrari Withdrawal of vaso- FP-AQP2(NT) chimera was suitable and appropriate

pressin in the continued presence of cycloheximide allowed refr monitoring trafficking of AQP2 in this cell culture
ternalization of GFP-AQP2(NT) after 1 Bar 20 um system.

A
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Fig. 5A-C Nikon immunofluorescence microscopy of AQP2and endocytosis of GFP-AQP2(NT) was observed, as has
GFP(CT) cells with the plane of focus at the apical surface of teen demonstrated for AQP2 alone (Katsura et al. 1995).

cells. A AQP2-GFP(CT) is constitutively located on the apic :
(and basolateral, not shown) membranes even in the absence of va= only difference between AQP2 and the GFP-

sopressinB Stimulation by vasopressin resulted in little increasBQP2(NT) protein was the time difference required for
in membrane localization of AQP2-GFP(CT)A higher magnifi- the translocation of GFP-AQP2(NT). While AQP2 alone

cation view of the apical surface of a cell demonstrates the micjgas seen to translocate to the plasma membrane in
‘é{g?élls%cr";‘f&o,”B %ﬁg%?ﬁrﬁ(cn In the unstimulated, baselingo min following vasopressin stimulation, the GFP-
AQP2(NT) fusion protein required 30 min before a simi-
lar level of plasma membrane expression was observed.
GFP-AQP2(NT) enters a regulated membrane insertio®imilarly, following washout of the hormone, re-inter-
pathway in LLC-PK cells nalization into intracellular vesicles resulted, although
this was more scattered than the baseline distribution
For GFP to be used as an effective tag, it was imperagfter just 1 h post washout.
that it not interfere with the normal sorting or trafficking
characteristics of AQP2 expressed in LLC{Ri€lls. To
determine whether the GFP-AQP2(NT) fusion prote#QP2-GFP(CT) enters a constitutive membrane
retained the ability of AQP2 to recycle between intracehsertion pathway in LLC-PKcells
lular vesicles and the plasma membrane in LLG-PK
cells, the cells were first incubated for 30 min in serurm contrast to the AQP2 amino-terminal fusion with GFP,
free medium containing 10 mg/ml cycloheximide to irthe carboxyl-terminus fusion protein did not enter a regu-
hibit protein synthesis. This allowed the same populatitated pathway of membrane insertion. The localization of
of GFP-AQP2(NT) proteins to be monitored over a 2AQP2-GFP(CT) under non-stimulated conditions was
period, as we have previously described in LLC:PKredominantly on the apical and basolateral membranes,
cells (Katsura et al. 1996). All subsequent treatmemigh only a small amount located intracellularly. The
were also carried out in the continued presence of cyghomctate pattern of apical surface localization of AQP2-
heximide. Cycloheximide treatment for 1-3 h had littl&FP(CT) is also shown (Fig. 5A). A cross-sectional view
effect on the baseline distribution of GFP-AQP2(NT9f AQP2-GFP(CT) cells demonstrating its basolateral lo-
compared to its intracellular localization in untreatezhlization by confocal microscopy is shown in Fig. 6C.
cells (data not shown). Under non-stimulated conditioridie plasma membrane AQP2-GFP(CT) location is in
GFP-AQP2(NT) localized to intracellular vesicles thaontrast to the intracellular vesicular location of GFP-
were concentrated in the perinuclear region (Fig. 4A), AQP2(NT) (Fig. 4A) and AQP2 (Katsura et al. 1995) un-
has been previously shown for AQP2 alone (Katsuradetr non-stimulated conditions. Vasopressin stimulation of
al. 1995). Stimulation of the cells with the antidiuretidBQP2-GFP(CT) cells caused only a marginal, if any, in-
hormone, vasopressin, caused a translocation of GERase in basolateral membrane localization (Fig. 5B).
AQP2(NT) to the basolateral membrane (Fig. 4B). #hus, the presence of the GFP protein on the carboxyl-
similar effect was also observed with forskolin stimuldaerminus of AQP2 caused the chimeric protein to enter a
tion (data not shown). Subsequent washout and furtbenstitutive pathway of membrane insertion. At higher
incubation in vasopressin-free medium for 1 h caused thagnification, the apical microvillar location of the
reappearance of GFP-AQP2(NT)-containing vesicles AQP2-GFP(CT) chimera is visible (Fig. 5C). The behav-
the cytoplasm (Fig. 4C). Thus, both regulated exocytosis of this fusion protein, therefore, parallels the constitu-
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Fig. 7A, B Confocal laser microscopy with the plane of focus at
an intermediate section through the cells illustr@d&3OP loca-
tion in relation to the GFP-AQP2(NT) chimeric prote.Golgi
region localization of GFP-AQP2(NT) in the unstimulated base-
line state overlaps only partially with the Cy3-labe[@€OP.B
Basolateral membrane translocation of GFP-AQP2(NT) following
vasopressin stimulation is distinct from the Cy3-labebe@OP.
Some GFP-AQP2(NT) remains in the Golgi region of a few cells,
and only partially overlaps witR-COP.Bar 10 um

tive membrane insertion pathway that we have previously
described for another water channel protein, AQP1, in

. . o transfected LLC-PKcells (Katsura et al. 1995).
Fig. 6A—C Confocal laser microscopy with the plane of focus at

an intermediate section through the cells illustrates rough endo-

plasmic reticulum (RER) location in relation to the AQP2-FP chi- L

meric proteinsA Golgi region localization of GFP-AQP2(NT) in Colocalization of GFP-AQP2(NT)
the unstimulated baseline state is distinct from the Cy3-labeledd other cellular markers

RER. B Basolateral membrane translocation of GFP-AQP2(NT)

following vasopressin stimulation is distinct from the Cy3-labele . . .
RER. C Constitutive basolateral membrane localization of AQP2- further advantage of using the AQP2-GFP chimeras is

GFP(CT) in the unstimulated, baseline state is distinct from tH¥ use in colocalization studies of AQP2 with other in-
Cy3-labeled RERBar 10 um tracellular proteins without the limitation of using an an-
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Fig. 8A, B Measurements of A B

water permeability oKenopus 10 I

oocytes expressing the GFP 1.087

chimerasA Expression of both A »° AQP2

constructs significantly in-

creased the rate of oocyte

swelling compared to water in-

jected controlsB Expression

of the GFP-AQP2(NT) con-

struct was similar to that of

AQP2, and much more effec- L

tive in increasing oocyte water 100 La#

permeability than the AQP2- )

GFP(CT) construr:t : : y L ! !
0 20 40 60 < 9
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tibody raised in a particular species to avoid second@i¥cussion
antibody crossreactivity.

Initially, to confirm that proper protein folding of therhe mutationally enhanced GFP Afvictoriawas fused
GFP-AQP2(NT) chimera occurred, resulting in expogh the AQP2 protein for the ultimate purpose of non-in-
from the RER, colocalization with an antibody againghsively monitoring the localization and real-time traf-
the RER was performed. A clear delineation between lf_hgking of AQP2 in live cells, as well as colocalization
GFP-AQP2(NT) and the Cy3-labeled RER marker {§ith other cellular markers. This report describes the
shown in both the unstimulated (Fig. 6A) and vasopregoduction and initial characterization of two AQP2-
sin-stimulated cells (Fig. 6B). A similar result was olsFp-transfected LLC-PKcell lines, and highlights an
tained for the unstimulated AQP2-GFP(CT) chimergnportant effect of the AQP-GFP fusion site on intracel-
which, in this confocal image, is seen to be located onlyar trafficking. The amino-terminal fusion chimera,
on the basolateral plasma membrane, with no aplca.l @EP_AQPz(NT), was shown to translocate to the plasma
calization illustrated due to the plane at which the optiGaembrane upon stimulation with vasopressin or for-
section was taken (Fig. 6C). The vasopressin-stimulatgg|in. Furthermore, with the use of cycloheximide to in-
AQP2-GFP(CT) chimera appeared identical to that of tAgit further protein synthesis, a single cohort of GFP-
unstimulated state (data not shown). AQP2(NT) proteins was shown to undergo exocytosis

A future goal of using AQP2-GFP-transfected cells ffom intracellular vesicles to the membrane upon vaso-
to determine the nature of the intracellular compartmejessin stimulation, and subsequent endocytosis follow-
in which the aquaporin resides prior to stimulation. ag washout of the hormone. The time course of this
demonstrate the feasibility of this approach, the dlstrlbng_Asz(NT) recycling was slower than that for the
tion of B-COP Golgi vesicle coat protein with respect taQp2 protein alone (Katsura et al. 1995), indicating that
GFP-AQP2(NT) was analyze@-COP overlapped with the presence of the GFP protein did have a slight disrup-
GFP-AQP2(NT) to some degree in the Golgi region {fe effect on trafficking. However, the regulated traffick-
the unstimulated state (Fig. 7A, yellow shows overlap pfy of GFP-AQP2(NT) follows the same qualitative pat-
Cy3 and GFP), although there were many vesicles Wht@'%n as previously demonstrated by Katsura et al. (Katsu-
appeared to contain only one or the other protein. Afteret al. 1995, 1996) for AQP2. Furthermore, the water
vasopressin stimulation, GFP-AQP2(NT) was still obsermeability of Xenopus oocytes expressing GFP-
served in some cytoplasmic vesicles, but was mostly fp2(NT) was similar to those expressing AQP2 alone.
located to the basolateral membrane, whePe@©P re- Thys, fusion of the GFP protein to the amino-terminus of
mained mainly in the Golgi region (Fig. 7B). AQP2 did not disrupt proper protein folding or porin

functionality, nor did it appear to disturb any putative

targeting motifs which may be located in the ten amino
The AQP-GFP chimeras are functional water channelsacids which, by hydropathy plot, are predicted to be lo-

cated in the cytoplasm at the amino-terminus of this pro-
To determine whether the AQP2-GFP chimeras retairteth.
their capacity to serve as functional transmembrane watein contrast to GFP-AQP2(NT), fusion of GFP to the
channels, the chimeras were expresseteimpusocytes carboxyl-terminus of AQP2 partially disrupted both the
and the oocyte water permeabilities were measured as fareetion and trafficking of AQP2. The oocyte permeabil-
viously described (Zhang et al. 1993). Expression of bath of AQP2-GFP(CT) was significantly greater than that
constructs significantly increased the rate of oocyte swelf-the water-injected controls, however, it was much less
ing compared to that of water injected controls (Fig. 8han either AQP2- or GFP-AQP2(NT)-expressing 0o0-
but expression of the GFP-AQP2(NT) construct was mucytes. Furthermore, AQP2-GFP(CT) did not follow the
more effective in increasing oocyte water permeabilitggulated trafficking pathway observed for AQP2 and
than the carboxyl-terminal AQP2-GFP(CT) construct. GFP-AQP2(NT). The AQP2-GFP(CT) fusion protein
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was localized constitutively at the apical and basolatelished results). Thus, the GFP-AQP2(NT) construct will
membrane, and very little was observed within cytoplassw facilitate a similar series of studies to identify the
mic vesicles. This carboxyl-terminus fusion protein #&QP2 recycling vesicle population.

AQP2 appeared to traffic via a constitutive pathway sim- In conclusion, these results demonstrate that AQP2-
ilar to that of AQP1, which has previously been shown @FP chimeras can be expressed in LLC-Rigithelial

be constitutively located on the basolateral and apicalls and can be used to follow trafficking pathways with-
membranes, with a small amount located in the perinn-these cells. The results demonstrate that the position at
clear Golgi area in LLC-PKcells (Katsura et al. 1995).which the GFP protein is fused to the AQP2 molecule has
This trafficking pattern of the AQP2-GFP(CT) chimera major effect on the intracellular pathway into which the
provides support for the hypothesis that an important tahimera is directed, as well as on its water channel func-
geting motif(s) exists on the carboxyl-terminus of AQPbnality. Both of these constructs will be useful to further
which directs AQP2 to a regulated pathway of endo- adidsect the intracellular sorting signals that direct different
exocytosis in response to hormone stimulation of cAMRembers of the aquaporin family of water channel pro-
Indeed, we have recently shown that phosphorylationteins to different cellular locations in a variety of cell
the serine 256 residue in the AQP2 carboxyl-terminustypes, both in situ and in cell culture models.

required for the vasopressin-stimulated accumulation of

AQP2 on the plasma membrane of LLCsRt€lls (Kat- Acknowledgements This work was supported by a grant from

; National Institutes of Health, NIDDK DK 38452 (D.B.). C.G.
sura et al. 1997). We have not yet determined Whetw s supported by an award from Astra Research Center Boston,

this critical S256 residue can be phosphorylated in eitiigl” ang by a fellowship from the National Kidney Foundation.
of the AQP2-GFP chimeras. S.L. worked on this project as an undergraduate summer student

It was confirmed that both the GFP-AQP2(NT) ankktween his junior and senior years.
AQP2-GFP(CT) chimeras were not misfolded and re-
tained in the endoplasmic reticulum by staining with an
RER marker antibody. There was a clear delineation Re&ferences
RER and GFP fluorescence. The GFP-AQP2(NT) chime- ] _
ra was analyzed for colocalization with tReCOP coat Agrgirf’é F\’Ar/%sul)\l”iei'\é'h Ssm('tlgg?')—)' igﬁg p;]osrinRgE?P-S'th'\gong:k%t%%?_
pr_Ote'n' Vesicles which _bUd from Golgi membranes con- molecular water channel. Am J Physiol 265:F463-F476 y
tain several COP proteins (Duden et al. 1991; Rothmadte P, Brown D, Nielsen S (1995) Aquaporin water channels: un-
and Orci 1992; Serafini et al. 199ByCOP is located on  answered questions and unresolved controversies. Curr Opin
vesicles which are predominantly involved in transport Cell Biol 7:472-483
within the Golgi, and between the Golgi and RER. TH&eton S; Alper SL, Gluck SL, Sly WS, Barker JE, Brown D

. ! T . . ) (1995) Depletion of intercalated cells from collecting ducts of

precise role of COPI-containing vesicles is somewhat carbonic anhydrase I deficient (CAR2 null) mice. Am J
controversial, but recent work has shown that COPI-coat-Physiol 269:F761-F774
ed vesicles can be involved in both anterograde and rei@wn D, Stow JL (1996) Protein trafficking and polarity in kid-
grade transport in the Golgi (Orci et al. 1997). Immuno- Qg}’zigfgg';“m: from cell biology to physiology. Physiol Rev
fluorescence with an anti-Gol§COP antibody showed carey L, Richards SA, Lounsbury KM, Macara IG (1996) Evi-
some overlap with GFP-AQP2(NT), but numerous GFP- dence using a green fluorescent protein-glucocorticoid recep-
containing vesicles were observed that did not Have tor chimera that the Ran/TC4 GTPase mediates an essential

ini function independent of nuclear protein import. J Cell Biol
COP staining. The converse was also observed, suggestf133:985_996

i”9 _thatB'C_OP is either ”Qt associated W_ith AQPZ'CO%e Giorgi F, Brini M, Bastianutto C, Marsault R, Montero M,
taining vesicles or, possibly, only transiently so. The pizzo P, Rossi R, Rizzuto R (1996) Targeting aequorin and
identification and further characterization of GFP- green fluorescent protein to intracellular organelles. Gene 173:
AQP2(NT) containing vesicles in these cells, as well as 113-117

€

S : . : . DiGiovanni SR, Nielsen S, Christensen El, Knepper MA (1994)
in kidney collecting duct principal cells will require a d Regulation of collecting duct water channel expression by va-

tailed study with compartment-specific markers at the sopressin in Brattleboro rat. Proc Natl Acad Sci USA™ 91:

electron microscope level (Griffiths et al. 1993), and this 8984-8988

is the subject of future work in our laboratory. Dobson fS_P, L;}/Ingt_stonletCO,I ?oukli GV;L TanaE;eLfJM 51_996) El)yr;_am-

H H _ICs ot Insulin-stimulated translocation o In single liv-

Studies on cells expressing th.e GLUT4 glucose trans ing cells visualised using green fluorescent protein. FEBS Lett

porter have shown that this protein, whose membrane ex-g3.179-184

pression is regulated by insulin, has a complex patterroatien R, Grifiiths G, Frank R, Argos P, Kreis T (198iFOP, a

vesicular expression. While colocalization with recycling 110 kd protein associated with non-clathrin-coated vesicles

transferrin receptors can be demonstrated for some vesi2hd the Golgi complex, shows homology to b-adaptin. Cell 64:

cles, about 60%_ of the GLUT4-cont§1ining structures Hishimi K, Marumo F (1995) Water channels. Curr Opin Nephrol

pear to be a unique class of recycling vesicle (Hanpeternypertens 4:392-397

and James 1995). The regulation of GLUT4 vesicles anghimi K, Uchida S, Hara Y, Hirata Y, Marumo F, Sasaki S

AQP2 vesicles occurs via different mechanisms, i.e., (1h993) IC'fon'[‘E.da”d e’if’refs'otn bOfI a?\j‘¢?‘ mge&béiges‘ggter
Qe i i i channel of rat kidney collecting tubule. Nature 361:549—

GLUTA eXOCy.tOSIS IS Ir.]hlblted by the PI3-kinase Inhlbbrif‘fiths G, Parton RG, Lucocq J, Van Deurs B, Brown D, Slot

tor, wortmannin (Kotani et al. 1995), but that of AQP2 is jw, Geuze HJ (1993) The immunofiuorescent era of mem-

not (C.E. Gustafson, T. Katsura and D. Brown, unpub- brane traffic. Trends Cell Biol 3:214-219




386

Hanpeter D, James DE (1995) Characterization of the intracelluRascoe WS, Inukai K, Oka Y, Slot JW, James DE (1996) Differen-
GLUT-4 compartment. Mol Membr Biol 12:263-269 tial targeting of facilitative glucose transporters in polarized
James DE, Piper RC (1994) Insulin resistance, diabetes, and theepithelial cells. Am J Physiol 271:C547-C554
insulin-regulated trafficking of GLUT-4. J Cell Biol 126:Presley JF, Cole NB, Schroer TA, Hirschberg K, Zaal KJM, Lip-
1123-1126 pincott-Schwartz J (1997) ER-to-Golgi transport visualized in
Katsura T, Verbavatz J-M, Farinas J, Ma T, Ausiello DA, Verkman living cells. Nature 389:81-84
AS, Brown D (1995) Constitutive and regulated membrane eéRizzuto R, Brini M, De Giorgi F, Rossi R, Heim R, Tsien RY,
pression of aquaporin-CHIP and aquaporin-2 water channels Pozzan T (1996) Double labelling of subcellular structures with
in stably transfected LLC-PKepithelial cells. Proc Natl Acad organelle-targeted GFP mutants in vivo. Curr Biol 6:183-188
Sci USA 92:7212-7216 Rothman JE, Orci L (1992) Molecular dissection of the secretory
Katsura T, Gustafson CE, Ausiello DA, Brown D (1997) Protein pathway. Nature 355:409-415
kinase A phosphorylation is involved in regulated exocytos&abolic I, Valenti G, Verbavatz J-M, Hoek AN van, Verkman AS,
of aquaporin-2 in transfected LLC-RkKells. Am J Physiol Ausiello DA, Brown D (1992) Localization of the CHIP28 wa-
272:F816-F822 ter channel in rat kidney. Am J Physiol 263:C1225-C1233
Katsura T, Ausiello DA, Brown D (1996) Direct demonstration ddabolic |, Katsura T, Verbavatz J-M, Brown D (1995) The AQP2
aquaporin-2 water channel recycling in stably transfected water channel: effect of vasopressin treatment, microtubule
LLC-PK, epithelial cells. Am J Physiol 270:F548—-F553 disruption, and distribution in neonatal rats. J Membr Biol
Kotani K, Carozzi AJ, Sakaue H, Hara K, Robinson LJ, Clark SF, 143:165-175
Yonezawa K, James DE, Kasuga M (1995) Requirement fasaki S, Fushimi K, Saito H, Saito F, Uchida S, Ishibashi K, Ku-
phosphoinositide 3-kinase in insulin-stimulated GLUT4 trans- wahara M, Ikeuchi T, Inui K, Nakajima K, et al (1994) Clon-
location in 3T3-L1 adipocytes. Biochem Biophys Res Com- ing, characterization, and chromosomal mapping of human
mun 209:343-348 aquaporin of collecting duct. J Clin Invest 93:1250-1256
Kuwahara M, Fushimi K, Terada Y, Bai L, Marumo F, Sasaki Scales SJ, Pepperkok R, Kreis TE (1997) Visualization of ER-to-
(1995) cAMP-dependent phosphorylation stimulates water per- Golgi transport in living cells reveals a sequential mode of ac-
meability of aquaporin-collecting duct water channel protein ex- tion for COPII and COPI. Cell 90:1137-1148
pressed irXenopuocytes. J Biol Chem 270: 10384-10387 Serafini T, Stenbeck G, Brecht A, Lottspeich F, Orci L, Rothman
Meyer DI, Louvard D, Dobberstein B (1982) Characterization of JE, Wieland F (1991) A coat of Golgi-derived non-clathrin-
molecules involved in protein translocation using a specific coated vesicles with homology to the clathrin-coated vesicle
antibody. J Cell Biol 92:579-583 coat proteir-adaptin. Nature 349:215-220
Nielsen S, Smith BL, Christensen El, Agre P (1993a) Distributio&tan Os CH, Deen PM, Dempster JA (1994) Aquaporins: water se-
of the aquaporin CHIP in secretory and resorptive epithelia and lective channels in biological membranes. Molecular structure
capillary endothelia. Proc Natl Acad Sci USA 90:7275-7279 and tissue distribution. Biochim Biophys Acta 1197:291-309
Nielsen S, Smith BL, Christensen El, Knepper MA, Agre Rerkman AS, Shi LB, Frigeri A, Hasegawa H, Farinas J, Mitra A,
(1993b) CHIP28 water channels are localized in constitutively Skach W, Brown D, Van Hoek AN, Ma T (1995) Structure and
water permeable segments of the nephron. J Cell Biol 120: function of kidney water channels. Kidney Int 48:1069-1081
371-383 Zhang R, Skach W, Hasegawa H, Van Hoek AN, Verkman AS
Orci L, Stamnes M, Ravazzola M, Amherdt M, Perrelet A, Sollner (1993) Cloning, functional analysis and cell localization of a
TH, Rothman JE (1997) Bidirectional transport by distinct kidney proximal tubule water transporter homologous to
populations of COPI-coated vesicles. Cell 90:335-349 CHIP28. J Cell Biol 120:359-369



