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ABSTRACT To study the membrane mobility of aquaporin water channels, clones of stably transfected LLC-PK1 cells were
isolated with plasma membrane expression of GFP-AQP1 and GFP-AQP2, in which the green fluorescent protein (GFP) was
fused upstream and in-frame to each aquaporin (AQP). The GFP fusion did not affect AQP tetrameric association or water
transport function. GFP-AQP lateral mobility was measured by irreversibly bleaching a spot (diameter 0.8 um) on the
membrane with an Argon laser beam (488 nm) and following the fluorescence recovery into the bleached area resulting from
GFP translational diffusion. In cells expressing GFP-AQP1, fluorescence recovered to >96% of its initial level with ¢,,, of 38 +
2 s (23°C) and 21 + 1 s (37°C), giving diffusion coefficients (D) of 5.3 and 9.3 x 10~ "' cm?/s. GFP-AQP1 diffusion was
abolished by paraformaldehyde fixation, slowed >50-fold by the cholesterol-binding agent filipin, but not affected by cAMP
agonists. In cells expressing GFP-AQP2, fluorescence recovered to >98% with D of 5.7 and 9.0 X 10~"" cm?/s at 23°C and
37°C. In contrast to results for GFP-AQP1, the cAMP agonist forskolin slowed GFP-AQP2 mobility by up to tenfold. The cAMP
slowing was blocked by actin filament disruption with cytochalasin D, by K*-depletion in combination with hypotonic shock,
and by mutation of the protein kinase A phosphorylation consensus site (S256A) at the AQP2 C-terminus. These results
indicate unregulated diffusion of AQP1 in membranes, but regulated AQP2 diffusion that was dependent on phosphorylation
at serine 256, and an intact actin cytoskeleton and clathrin coated pit. The cAMP-induced immobilization of phosphorylated
AQP?2 provides evidence for AQP2-protein interactions that may be important for retention of AQP2 in specialized membrane
domains for efficient membrane recycling.

INTRODUCTION

The aquaporin water channels comprise a family of homolal., 1994) in which misfolded mutant AQP2 is retained at
ogous proteins that number ten in mammals, with manythe endoplasmic reticulum resulting in low collecting-duct
more in plants and lower organisms (reviewed in Verkmanwater permeability and excretion of hypotonic urine (Deen
et al., 1996; Lee et al., 1997; Deen and van Os, 1998). Thet al., 1995; Bichet, 1998; Tamarappoo and Verkman, 1998;
most studied protein, aquaporin-1 (AQP1), is a 28-kDaTamarappoo et al., 1999). Transcellular water permeability
glycoprotein that forms tetramers in membranes (Smith anéth collecting duct is regulated by a membrane-cycling
Agre, 1991; Verbavatz et al., 1993) in which the monomeramechanism, where vesicles containing functional AQP2
function independently (Shi et al., 1994). Each AQPlwater channels are inserted into and retrieved from the
monomer consists of six tilted helical segments that span thapical plasma membrane in response to the antidiuretic
membrane and surround a putative aqueous pore (Cheng ledbrmone vasopressin. The insertion of AQP2-containing
al., 1997; Walz et al., 1997). AQPL1 protein is expressed irvesicles into the plasma membrane appears to require phos-
erythrocytes, kidney tubules, and various epithelia and enphorylation of residue serine 256 at the AQP2 C-terminus
dothelia, where it appears to be constitutively functional andFushimi et al., 1997; Katsura et al., 1997). Unique charac-
localized at the plasma membrane. Recent studies of trangeristics of the AQP2 membrane-cycling mechanism include
genic AQP1 null mice implicate an important physiological continued exocytosis and endocytosis during vasopressin
role for AQP1 in the urinary concentrating mechanism (Mastimulation (Verkman et al., 1988; Katsura et al., 1995), and
et al., 1998) and lung fluid transport (Bai et al., 1999).  targeting of internalized AQP2 to a nonacidic endosomal

In contrast to AQP1, aquaporin-2 (AQP2) is a regulatedcompartment (Lencer et al., 1990). The AQP2-containing
water channel expressed in kidney collecting-duct epithelialesicles appear to coexpress various molecules involved in
cells (reviewed in Knepper and Inoue, 1997; Yamamoto andnembrane trafficking, including synaptobrevin-2 (VAMP-2)
Sasaki, 1998; Nielsen et al., 1999). Mutations in AQP2(Nielsen et al., 1995b), syntaxin-4 (Mandon et al., 1996),
cause hereditary nephrogenic diabetes insipidus (Deen &NAP-23 (Inoue et al., 1998), and dynein and dynactin
(Marples et al., 1998), although there is no direct proof that
) - - these molecules are involved in AQP2 trafficking. There is
Received for publication 23 June 1999 and in final form 27 October 1999. . Lo . _

_ , evidence that actin is involved in AQP2 trafficking (Brown
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regulated AQP2 membrane trafficking (Katsura et al., 1995(P;) was measured from the time course of oocyte swelling at 10°C in
Valenti et al., 1996; Deen et al., 1997; Fushimi et al., 1997),r§sponse to a fivefold dilution of the extracellular Barth’s buffer with
includingcells expressing a GFP-AQP2 chimera (Gustafson ef'stled water.
al., 1998).

As suggested recently for cystic fibrosis transmembrane
regulator (CFTR) (Kornau et al., 1997), glucose transportefmmunoblot analysis
(GLUT-4) (James et al., 1994) and other membrane pro-

. . - L . 1., Cells grown on a 10-cm dish were rinsed with PBS and scraped off with 1
teins, regulated protein trafficking and/or transport aCtIVltyml of homogenization buffer (10 mM Tris, 200 mM sucrose, 1 mM EDTA,

involves protein—protein interactions. We report here the, '\ PMSF, 1 ug/ml pepstatin A, 1ug/ml aprotinin, pH 7.4). The

application of a biophysical approach to test whether CAMPhomogenate was centrifuged at 2,000 g for 10 min, and the supernatant was

regulation of AQP2 involves interaction between AQP2 andspun at 14,000 g for 10 min. The membrane was pelleted at 100,000 g for

other proteins at the plasma membrane. Fluorescence recot® min, and solubilized in Laemmli sample buffer. Membrane proteins

ery after photobleaching (FRAP) was used to quantify thavere resolved on a 10% SDS-ponacryIamide gel_ and transferred_to a

membrane diffusion of GFP—aquaporin chimeras in transPVDF membrane. The membrane was incubated with polyclqnal antibod-
. ies against GFP, AQP1 or AQP2, and a secondary anti-rabbit IgG horse-

fected cells. It was found that the mOb'I'ty of GFP-AQP1 at radish peroxidase antibody. Detection was done enhanced chemilumines-

the plasma membrane was unregulated, whereas the mobiknce (Boehringer Mannheim, Indianapolis, IN).

ity of GFP-AQP2 was remarkably reduced by cAMP ago-

nists in a manner that was dependent on AQP2 phosphor-

ylation, and an intact actin cytoskeleton and clathrin-coated .

pit. The reduced AQP2 mobility after phosphorylation Freeze-fracture electron microscopy

provides direct biophysical evidence for interaction of cells expressing GFP-AQP1 and GFP-AQP2 were grown to confluence on

plasma membrane AQP2 with as yet undefined regulatorylastic plates, fixed fol h in 2%glutaraldehyde in PBS, and washed in

protein(s). phosphate buffered saline (PBS). Cells were scraped, infiltrated in 30%
glycerol for 30 min and frozen in liquid Ncooled Freon. Freeze-fracture
was carried out as described previously (Verbavatz et al., 1997). Briefly,

MATERIALS AND METHODS samples were fractured at150°C under a 10° Torr vacuum and shad-
owed with platinum at 4% followed by carbon at 90 The platinum/carbon
cDNA constructs and cell transfection replicas were washed in bleach and water, and examined by electron

microscopy. Intramembrane particle (IMP) densities were quantified on
The cDNAs encoding GFP-AQP1 and GFP-AQP2 were prepared by subp_tace freeze-fracture micrographs of the basolateral plasma membrane at
cloning the cDNA coding sequence of rat AQP1 and AQP2 in frame intogp 0oox magnification from>6 different cells with total surface area
BanH I/Xbal and Bglll/Xbal sites of plasmid pEGFP-C1 (Clonetech 3 wm?. IMP diameters were measured on photographs at 320,000x
Laboratories, Inc., Palo Alto, CA). The point mutation S256A was gener-fina| magnification. More than 300 IMPs were measured for each condition

ated by polymerase chain reaction. The AQP2-S256A cDNA was subynq P density versus IMP diameter data were fitted to Gaussian distri-
cloned into theBglll/Xbal site of pEGFP-C1, and the mutation was butions by nonlinear least-squares regression.

confirmed by sequence analysis.

LLC-PK1 (ATCC CL-101) and MDCK (ATCC CCL-34.2) renal epi-
thelial cells were obtained from the American Type Culture Collection and
cultured at 37°C in 5% CQOin Dulbecco’'s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum. Cell transfection
was performed by electroporation as described previously (Umenishi anghg|is were grown on 18-mm-diameter round glass coverslips until near
Ve7rkman, 1998). Briefly, LLC-PK1 and MDCK cells were suspended at ;fjyence and the coverslip was mounted in a perfusion chamber. FRAP
10 cells/ml in DMEM without serum and transfected in an electroporator measurements were carried out on an apparatus described previously (Kao

(Invitrogen, San Diego, CA) set at 10Q0- and 330 V: Transfection was and Verkman, 1996). An Argon ion laser beam (488 nm, Innova 70—4;
ggge \l’v'rﬂzofzgsog GFPk']AQP:L or G'?P'ASPZEDNA ina Itotal c\j/olurcr;e Of_ Coherent Inc., Palo Alto, CA) was modulated by an acousto-opic modu-
D L. ATLer © incut a_t|on, tran§ ?Cte Ce_s were selected an maiNyator (1.5 us response time) and directed onto the stage of an inverted
tained in medium containing Geneticin (G41§, GIBCO, Grand Island, NY) epifluorescence microscope (Diaphot; Nikon Inc., Melville, NY). The
Z)r:a?Nsci)sweEKS. The resultant clones were isolated and used for furtherrnicroscope was also equipped for full-field epi-illumination to visualize all
ysIS. cells to target the focused laser beam. The full-field and laser beams were
reflected by a dichroic mirror (510 nm) onto the sample by a>00
objective lens (Nikon Fluor, numerical aperture 1.4). For most experi-

ments, the laser beam power was set to 200—-500 mW (488 nm) and the

Rat AQP1, AQP2, GFP-AQP1 and GFP-AQP2 cDNAs were subclonecgttenuation ratio (the ratio of bleach to probe beam intensity) was 5000—
into oocyte expression plasmid pSP65T (Zhang et al., 1993). cRNA wag-5000. Sample fluorescence was filtered by serial barrier (Schott glass OG
synthesized using SP6 RNA polymerase andgRof linearized plasmid ~ 515) and interference (53@ 15 nm) filters and detected with a photo-
DNA in the presence of diguanosine triphosphate (Pharmacia Biotech/nultiplier, transimpedence amplifier and 12-bit analog-to-digital converter.
Piscataway, NJ). After DNase digestion, cRNA was purified by phenol-A gating circuit that controls the voltage of the second dynode was used to
chloroform extraction and ethanol precipitation. decrease photomultiplier gain during photobleaching. An electronic shutter
Stage V and VI oocytes froXenopus laevisvere isolated, defollicu- was used in the excitation path to illuminate the sample intermittently
lated and microinjected with 50 nl water or cRNA samples (1Quf)g/  during the probe period to avoid photobleaching by the probe beam.
Oocytes were incubated at 18°C for 24 h and osmotic water permeabilitysignals were sampled before the bleach and at 1-2-s intervals (25-ms

Fluorescence recovery after photobleaching

Water permeability measurements
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FIGURE 1 Functional analysis and localization of GFP-aquaporins. (A) Water permeabiignopusocytes microinjected with water or 5 ng cRNA
encoding indicated aquaporins. Measurements were done at 10°C using the established swelling assay (see Bethudshoplot analysis of
microsomal membranes from GFP-AQP1 and GFP-AQP2 expressing LLK-PK1 cells using indicated anti-GFP or anti-aquaporin polyclonal agjibodies. (
Laser scanning confocal microscopy of transfected GFP-AQP1 and GFP-AQP?2 in LLC-PKledefladmiddle panels and GFP-AQP2 in MDCK cells

(right panel3. The micrographs includey (top) andxz (botton) reconstructions. Scale bar: L0n.

sampling time) after the bleach. Unless otherwise specified, measurementgas then described by the diffusion equation in one-dimension (Partikian

were done at 23°C in a temperature-controlled darkroom. et al., 1998), whose solution predicts,
f, [ (a2

Analysis of FRAP data _ __b —X

F(t) =Fo| 1 2 erf (D02
Recovery half-timetg,,), defined as the time when fluorescence recovered —dr
by 50%, was determined from fluorescence recovery curi#8, as
described by Swaminathan et al. (1996). Apparent diffusion coefficients d’2 + x
(D, cn?/s) were computed from,, using information about beam spot size + erf 2(Dt)1/2 dx|, (1)

(0.8-um-diameter spot for 100 lens) and bleach geometry. Because the

cell edge was targeted by the laser beam in the bleaching studies, it was

assumed that the bleached zone consisted of a rectangular strip of memwhere d is beam diameterf, is the prebleach fluorescencg, is the
brane oriented parallel to the beam axis. Recovery into the bleached zorfeactional bleach, and ew) is the error functionD values were computed

Biophysical Journal 78(2) 1024-1035
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FIGURE 2 Freeze-fracture electron microscopy of basolateral plasma membranes of GFP-aquaporin-expressing LLC-PXCeeitsol(LLC-PK1
cells (panel g and LLC-PK1 expressing GFP-AQPfanel B, and GFP-AQP2 beforgénel g and after panel g forskolin stimulation. Scale bar, 200
nm. At high magnification, IMP tetramers, typical of aquaporins, were observed for both GFP-4@Rdl @ inse) and GFP-AQP2anel ¢ inse)
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GFP-AQP1

FIGURE 3 Fluorescence recovery after photo-
bleaching of GFP-AQP1-expressing LLC-PK1

cells. Four serial images from a data set are
shown. The images displayed were recorded im-
mediately before and 1, 3, and 10 min after a
100-ms photobleaching pulse. The plasma mem-
brane bleach spot is located in the circle. Data
are shown fortop) control GFP-AQP1-express- + paraforma|dehYde
ing cells and (bottom) after a 60-min incubation

with 4% paraformaldehyde in PBS. Scale bar, 10
rm.

1 min 3 min 10 min

g N

before

from experimentat, , using an empiricaD versust,, calibration curve ~ GFP fusion had little effect on aquaporin-mediated water
generated from Eq. 1 witd = 0.8 um (Olveczki and Verkman, 1998). permeability or plasma membrane targeting in oocytes. Fig.
1 B shows immunoblot analysis of homogenates from stably
Confocal laser scanning microscopy transfected LLC-PK1 cells. The fusion proteins had the
_ _ _ expected molecular sizes when probed by GFP or aqua-
Confocal laser scanning microscopy was done on a Zeiss LSM 410 . if ibodi Th d bl f d
confocal microscope equipped with a Krypton-Argon laser using thex100 porin-specimc anF' 0 IeS: e_re was no detectable uniuse
objective lens. GFP fluorescence was excited at 488 nm and detected usifgFP or aquaporin protein. Fig.@ shows the cellular lo-
a 515-565-nm bandpass filter. Cells were grown on glass coverslips andalization of GFP by laser scanning confocal microscopy
mounted on microscope slides with Vectashield (Vector, Burlingame, CA)'(tOp xy sections;pottom xz sections). Nearly every clonal
Image reconstructions were done with Zeiss LSM or MetaMorph software.' "~ . ’ . : .
population of cells expressing GFP-AQP1 in LLC-PK1
cells showed plasma membrane fluorescence that was

RESULTS greater at the basolateral than the apical membrane (Fig.

LLC-PK1 cells were stably transfected with GFP-AQP1 or 1 C. €ft). Clonal populations of GFP-AQP2 transfected in
GFP-AQP2, and, for some experiments, MDCK cells were-LC-PK1 cells were heterogeneous with some clones show-
transfected with GFP-AQP2. The GFP-AQP1 and GFPIing GFP fluorescence inintracellular vesicles in the absence
AQP2 chimeras were evaluated for water transport functio®f CAMP stimulation as reported previously (Gustafson et
and membrane localization. Fig.Alshows water perme- al., 1998). For the measurements of membrane diffusion
ability in Xenopusocytes microinjected with cRNA encod- below, GFP-AQP2 clones were selected that showed mainly
ing AQP1, AQP2, and the corresponding GFP-labeled conplasma membrane localization both before and after cAMP
structs. Osmotically driven water permeability was stimulation (Fig. 1C, middlg. The GFP fluorescence was
significantly above that in water-injected oocytes, and theseen at the basolateral membrane, in agreement with the

(X430,000). See text for averaged IMP densiti&.Qistribution of IMP diameters of control LLC-PK1 cellsgen triangle}, and cells transfected with
GFP-AQP1 filled circles) and GFP-AQP2dpen circle}. Data were fitted to unimodal Gaussian distributions with mean diameters of 5.8 nm (control),
8.0 nm (GFP-AQP1) and 8.2 nm (GFP-AQP2).
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findings of Katsura et al. (1995) for AQP2-expressing LLC- characteristic tetrameric appearance of aquapoiiseis
PK1 cells. Some experiments were done using a clone gbanels band c) as reported previously (Verbavatz et al.,
MDCK cells stably expressing GFP-AQP2 (FigClright) 1993). Figure B shows a quantitative analysis of IMP
that showed GFP fluorescence in both apical and basolaterdlameters. In control cells, IMP densities were low, and the
plasma membranes. distribution of IMP greatest diameters fitted a unimodal
Membrane ultrastructure of the aquaporin-expressingsaussian function with mean diameter 5.8 nm. Compared to
cells was studied by freeze-fracture electron microscopythe nontransfected cells, the GFP-aquaporin-expressing
The basolateral plasma membrane of nontransfected LLCzells had a greater IMP density, The additional populations
PK1 cells showed relatively low densities of intramembraneof IMPs in the transfected cells were observed as unimodal
particles (IMPs) (Fig. 2, panel g 2151+ 352 IMPsfum?). size distributions with mean diameters of 8.0 nm (GFP-
IMP densities were significantly greater in cells expressingAQP1) and 8.2 nm (GFP-AQP2), in agreement with diam-
GFP-AQP1 panel h 3792 = 251 IMPsgim?) and GFP- eters reported for transfected and native cell membranes
AQP2 (anel ¢ 3137+ 355 IMPsfum?). IMP density inthe  expressing AQP1 (in the absence of GFP) (Verbavatz et al.,
GFP-AQP2-expressing cells after forskolin stimulation was1993; Van Hoek et al., 1995). These results suggest that
3231 + 368 IMPsfum? (panel ¢, indicating that GFP- GFP fusion to the aquaporin N-terminus does not alter
AQP2 is constitutively present at the cell basolateral plasmahe tetrameric association of aquaporins at the plasma
membrane in the clonal cell population used here. Apicamembrane.
membrane IMP densities in cells expressing GFP-AQP2 Figure 3A shows a sequence of fluorescence micro-
were identical to those in nontransfected cells (134842  graphs of LLC-PK1 cells expressing GFP-AQP1. The left-
IMPs/um? versus 1581 172 IMPsfum?, respectively) and most micrograph shows the cell before illumination by a
moderately increased in cells expressing GFP-AQPlarge 5um-diameter laser spot. Fluorescence was remark-
(2096 = 176 IMPsfxm?), consistent with the confocal mi- ably reduced in the bleached region after the laser pulse,
crographs. In cells expressing aquaporins, numerous largéollowed by progressive fluorescence recovery over 10 min
IMPs were seen, which, at higher magnification, had theo approximately the initial level. In contrast, a similar

A

GFP-AQPA1 B paraformaldehyde : _ x100 objective
1 min
| S——

-> ) x100 (defocus)

1 min —
W —x60

_ cytochalasin D
— x100 objective

1 min

1l

Fluorescence

— 23 0°C (average)

_37°C
longer acquisition ///_/.—\

> 3 min

\

FIGURE 4 Analysis of GFP-AQP1 diffusion in LLC-PK1 cells. The fluorescent cell edge was illuminated with a focused 488-nm laser beam using a
100x oil immersion objective to produce an0.8 um diameter spot. Bleach was accomplished by illumination at high laser intensity for 5 ms. Unless
specified, measurements were done at 23ALFRAP measurement of GFP-AQP1 diffusion in transfected LLC-PK1 cells. Shown are three representative
individual recovery curves@p curve$, an averaged recovery curve for 10 different celith(curvg and an averaged curve for 5 different cells recorded

over a longer time. Arrows denote a rapid fluorescence increase arising from reversible (nondiffusion-dependent) photobleaching Bje®ateret)asg

in A, except that cells were treated with paraformaldehyde (4%, 23°C, 1 h), filipin 1IL{P23°C, 10 min) or cytochalasin D (kg/ml, 37°C, 45 min).

Where indicated, FRAP was done on control cells at 37°C. Each curve is the average of 5-15 individual recovery curve from differetefédist (

of laser spot size and focus. Spot size was varied from 0.8 andrit.By using 10X and 60x objective lenses. Where indicated, the spot was defocused

by 2 um above the focal planeDj FRAP measurement of untreated GFP-AQP1 expressing LLC-PK1 cells showing high time-resolution data using
indicated objective lenses. See text for fitted time constants and explanations.
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measurement in paraformaldehyde-fixed cells showed ncomplexes (Feder et al., 1994). GFP-AQP1 diffusion was
fluorescence recovery over 10 min (FigBR confirming  not affected by the actin-disrupting agent cytochalasin D. At
that the recovery was related to translational GFP-AQPB7°C, GFP-AQPL1 diffusion was increased..6-fold over
diffusion in the plasma membrane. that at 23°C.

Quantitative analysis of GFP-AQP1 diffusion was carried To relate recovery rates to absolute diffusion coefficients
out by spot photobleaching in which an Qu8a-diameter (D, in cnt/s) a mathematical model was used that took into
spot was positioned at the brightly fluorescent cell edgeaccount beam and bleach zone geometry. As described in
representing primarily the basolateral plasma membranévethods, the diffusion equation was solved for bleaching of
Photobleaching was accomplished by a brief bleach time o& rectangular region corresponding to bleaching at the cell
5 ms using an acousto-optic modulator to produce a 20-edge. Computed values for GFP-AQP1 were 58 10 *
30% decrease in fluorescence intensity at the end of them?/s at 23°C and 9.% 10 ! cn?/s at 37°C.
bleach time. Fluorescence was then monitored in the same Several types of measurements were done to justify the
spot using intermittent illumination to avoid bleaching by quantitative accuracy of diffusion coefficient determination.
the probe beam. Figure A shows three representative re- First, fluorescence recovery was measured in GFP-AQP1-
covery curves from single celldop three curvesand an  expressing cells at 23°C using a large spot size produced by
averaged recovery curve from 10 different cells. At 23°C,a 60X objective (1.5um-diameter spot) (Fig. €). The
fluorescence recovered withtg, of 37.5 s, with>92%  computedD value was 6.0x 10 ** cn¥/s, in agreement
recovery by 300 s (see Fig. 8 for averaged results). Dataith that determined for the 100 objective. For experi-
recorded over a longer time showe®6% recovery, indi- ments in which the bleached spot size was very large (as in
cating that nearly all GFP-AQP1 was mobile (FigA4 Fig. 3A), similar D values in the range 4.2-5.2 10 **
bottom curvg It was consistently found that the recovery cmé/s were found. To determine whether a difference in cell
curves contained an initial very rapid increase in fluores-height could affect measurdd values, cells were osmoti-
cence over the first secondr(ows) (see below). Figure B cally swelled to double their volume just before photo-
shows that GFP-AQPL1 diffusion was abolished (except fobleaching. There was no effect on recovery time or deduced
the initial rapid fluorescence increase) by paraformaldeD value (data not shown). Finally, spot photobleaching
hyde. GFP-AQP1 diffusion was remarkably slowed by themeasurements were done using thex@bjective in which
cholesterol-binding agent filipin, as was reported previouslythe spot was defocused byu2n above the focus plane (Fig.
for the membrane diffusion of immunoglobulin E-receptor 4 C, middle curvé. There was<5% change in appareilt

GFP-AQP2

before 0 min 1 min 2 min 3 min 5 min 7 min 10 min

FIGURE 5 Fluorescence photobleaching of GFP-AQP2-expressing LLC-PK1 cells. Sequence of fluorescence micrographs taken before and after
photobleaching of a large spot-b-um diameter) in {op) control cells andlfotton) after 15 min incubation with forskolin. Scale bar, l@n.
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values. These data support the accuracy and robustnesstofthat of GFP-AQP1. However, incubation with the cell-
diffusion coefficient determination. permeable cAMP agonist forskolin for 15 min clearly re-
To further characterize the very fast fluorescence recoveuced the rate of fluorescence recovery (Figb&ttom).
ery process denoted by the arrows, FRAP measuremenkgure 6A shows the quantitative spot photobleaching mea-
were done with high temporal resolution using ¥Q@®0X, surements of GFP-AQP2 in unstimulated LLC-PK1 cells.
and 20x objective lenses (Fig. B). The time course of the The fluorescence recovered by98%, as found for GFP-
fast recovery was not affected by beam spot diaméfgr ( AQP1, with D values of 5.7x 10" ** cn/s at 23°C and
202 ms, 10&; 189 ms, 6(<; 196 ms, 2(X), indicating that 9.0 X 10 ! cné/s at 37°C. GFP-AQP2 diffusion was
it did not represent GFP-AQP1 diffusion. Together with abolished by paraformaldehyde and greatly slowed by fili-
related evidence (effects of bleach beam intensity and dysin, as was found for GFP-AQP1.
ration, data not shown), it was concluded that the fast Figure 6B shows the slowed membrane diffusion of
process is reversible GFP photobleaching probably involvGFP-AQP2 but not GFP-AQP1 after cAMP stimulation by
ing a triplet state relaxation process. We previously characforskolin. After washout of forskolin, the fluorescence re-
terized similar fast relaxation processes in studies of fluocovery of GFP-AQP2 became rapid, indicating reversible
rescein diffusion in viscous media (Periasamy et al., 1996jegulation of GFP-AQP2 diffusion by forskolin. Similar
and GFP diffusion in cytoplasm (Swaminathan et al., 1997¥orskolin-induced slowing of recovery was found in stably
and endoplasmic reticulum (Dayel et al., 1999). For thetransfected MDCK cells expressing GFP-AQP2 (Fig)6
measurements here of GFP-aquaporin diffusion in mem- A series of maneuvers was done to investigate the mech-
branes, the reversible photobleaching process was mudamnism by which forskolin treatment resulted in decreased
faster than the diffusion-related recovery. For subsequerBFP-AQP2 mobility. Representative original recovery
presentation and analysis, the first second of recovery dateurves for spot photobleaching measurements are shown in
is not shown or included in the analysis. Fig. 7 and the averaged fitted results are given in Fig. 8. The
Photobleaching experiments were next done on LLC<ell permeable cAMP agonist CPT-cAMP slowed GFP-
PK1 cells expressing GFP-AQP2 (Fig. 5). In unstimulatedAQP2 mobility (Fig. 7A), as was found for forskolin,
cells (Fig. 5top), the fluorescence recovery rate was similarconfirming that the slowed diffusion was a cCAMP effect. To

GFP-AQP2 23°C _ GFP-AQP2 GFP-AQP2, MDCK
— 1 min 1 min

_, + forskolin + forskolin

;

7 37°C —, washout
e //_.ﬁ'"\”m
| I
—, paraformaldehyde _, GFP-AQP1
MWWW /’,W‘A
1 min
—, filipin — + forskolin
W //M"‘WM

FIGURE 6 @A) Analysis of GFP-AQP2 diffusion in LLC-PK1 cells. Experiments were done using various maneuvers as done for GFP-AQP1 diffusion
in Fig. 4B. (B) Effect of forskolin treatment on GFP-AQP1- and GFP-AQP2-expressing LLC-PK1 cells. Where indi¢dteskplin), cells were treated

with 50 uM forskolin at 37°C for 15 min, and forskolin was present during FRAP measurements. Where indicasgad {}, after forskolin stimulation

cells were washed with PBS and incubated with PBS for 15 nijpMeasurements as i were done in MDCK cells stably transfected with GFP-AQP2.
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A forskolin stimulation (but during continued forskolin pres-
— GFP-AQP2 ence), reversed the forskolin slowing of wild-type GFP-
AQP2 diffusion. As was found for GFP-AQP1, cytochalasin
D did not itself affect GFP-AQP2 diffusion in the absence

of forskolin (see Fig. 8). Incubation of cells with low

— + CPT-cAMP K */hypotonic medium (during continued forskolin pres-

ence), which removes the majority of clathrin from plasma

membrane-coated pits (Madshus et al., 1987), resulted in a
partial reversal of the forskolin-induced slowing of GFP-

AQP2 fluorescence recovery.

B Figure 8 summarizes averaged fluorescence recovery
— GFP-AQP2-S256A rates for spot photobleaching measurements for the various
T experimental conditions examined in this study. Figuie 8
/,;-P"W-“ shows that the reciprocal recovery half-times (3ytwere

similar for GFP-AQP1 and GFP-AQP2 in unstimulated
4 forskolin cells, and effects of paraformaldehyde and filipin were
similar. Forskolin treatment produced significant slowing of

the fluorescence recovery of GFP-AQP2 but not GFP-

AQP1. Figure 8 summarizes the effects of the various

maneuvers in the GFP-AQP2-expressing cells. Recovery

C  GEpP-AQP2 + forskolin rates are given both astl) and 1t,,, (reciprocal quarter-
— + cytochalasin D times) because sometimes the maneuvers produced subtle
differences in recovery curve shapes suggesting biphasic
W responses. The forskolin effect was reversed by washout
and cytochalasin treatment, which, interestingly, resulted in
+ forskolin faster recovery than before forskolin treatment. The forsko-
- K+-depletion lin gffect was partially rever§ed by the*1<deplet|on(hypo—
tonic treatment. The forskolin effect was absent in AQP2-
/“"'NN\MVJ S256A-expressing LLC-PK1 but seen in MDCK cells
expressing wild-type GFP-AQP2. A schematic model that

incorporates these observations is presented in Fig. 9 and is

FIGURE 7 Mechanistic analysis of forskolin-regulated GFP-AQP2 dif- discussed below

fusion in transfected LLC-PK1 cellsA] FRAP measurements before and
after intracellular cAMP stimulation by a 15-min incubation with CPT-
CAMP at 37°C. Forskolin stimulation studies (as in Fig.Bj for
LLC-PK1 cells stgz)ly expressing GFP-SZSGA-AQPEZ) (.LC-P?(?ceIIs DISCUSSION
expressing wild-type GFP-AQPZwere stimglatedwith forskolinfor'15 min The regulation of collecting-duct water permeability by
at 37°C, and cytochalasin D (&g/ml, 45 min, 37°C) was added in the . . .
continued presence of forskolin, or cells were subjected to hypotonic shocrx/":lsopress'n_0_CCurS by the endocthSIS and ?XOCytOSIS of
in low K* medium for 15 min in the continued presence of forskolin. AQPZ2-containing vesicles. Several lines of evidence have
suggested that the cytoskeleton plays an important role in
this mechanism (reviewed in Brown and Stow, 1996;
determine whether phosphorylation at serine 256 was reBrown et al., 1998). The vasopressin-dependent increase in
quired for the forskolin effect, the mutant S256A was gen-water permeability is impaired by disruption of microtu-
erated, fused with GFP, and expressed in LLC-PK1 cellsbules or microfilaments both in amphibian urinary bladder
Stably transfected clones with a plasma membrane fluoresnd kidney collecting duct (Franki et al., 1992; Simon et al.,
cence pattern were selected as described above. FRAP me#®93; Marples et al., 1996). Preliminary evidence in col-
surements showed that GFP-AQP2-S256A diffusion wagecting-duct principal cells suggests that AQP2 phosphory-
similar to that of the wild-type GFP-AQP2. However, un- lation occurs in intracellular vesicles before exocytosis
like wild-type GFP-AQP2, forskolin treatment did not slow (Christensen et al., 1998). Finally, colocalization studies
GFP-AQP2-S256A diffusion. Therefore, AQP2 phosphory-suggest that the plasma membrane targeting of AQP2-con-
lation at serine 256 is required for the forskolin-inducedtaining vesicles to the plasma membrane might involve
slowing of GFP-AQP2 diffusion. VAMP-2 (Nielsen et al., 1995b), syntaxin-4 (Mandon et al.,
As described in the Introduction, actin filaments and1996), and Rab3a and heterotrimeric G proteins (Valenti et
clathrin-mediated endocytosis have been proposed to ba., 1998). However, there has been no direct evidence for
involved in AQP2 trafficking. Fig. T shows that the actin- an in vivo interaction between phosphorylated AQP2 and
disrupting agent cytochalasin D, when added at 15 min afteany other protein.
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A GFP-AQP1 GFP-AQP2
23 °C I I
37 oCc I L pa
paraformaldehyde k k
filipin Ik [ 3
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forskolin (NG - -
EI'GUE_E 8 Summatfy S’ftspﬁt photo- 0 002 004 006 O 002 004  0.06
eaching experiments. Data shown as re- - 9
ciprocal half-timestg,,) or quarter-times B W (87) M2 (57
(t,,4) for fluorescence recovery (mean )
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given in Figs. 4, 6 and 7. p < 0.001 ' wasljout I I
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We report here that the mobility of wild-type AQP2 in diated endocytosis (Hansen et al., 1993), partially blocked
plasma membranes was reduced after forskolin additiorthe decrease in AQP2 mobility in response to forskolin.
whereas the mobility of AQP1 was unaffected. The replaceTogether, these observation suggest that AQP2 phosphory-
ment of serine 256 of AQP2 with alanine resulted in the losdation during vasopressin challenge is associated with AQP2
of forskolin sensitivity, providing evidence for a direct interactions with the cytoskeleton and coated pits involved
interaction between phosphorylated AQP2 with other memin both exocytosis and endocytosis. We postulate that these
brane protein(s) or cytoskeletal elements during vasopressinteractions play a role in the vasopressin-stimulated recy-
stimulation. The cytochalasin D reversal of the forskolin-cling of AQP2 water channels in kidney collecting-duct
induced decrease in AQP2 mobility suggested a functionprincipal cells.
ally significant interaction between AQP2 and actin micro- The diffusion of the GFP-aquaporin chimeras in unstimu-
filaments by direct or indirect interactions. Immunogold lated cells was unrestricted and had diffusion coefficients of
electron microscopy of rat kidney has shown abundant-9 x 10 ! cn/s. Recently, GFP has been used to tag a
AQP2 localization in actin-rich apical plasma membranefew membrane proteins for diffusion measurements. The
microvilli during vasopressin stimulation (Nielsen et al., lateral diffusion coefficient of GFP-Ki-Ras expressed at
1995a; Yamamoto et al., 1995). AQP2 internalization isplasma membrane in Rat-1 cells was X490 ° cn?/s with
believed to occur by endocytosis of clathrin-coated vesicles: high mobile fraction of 94% (Niv et al., 1999). Similar
from plasma membrane-coated pits (Strange et al., 198&iffusion was found for a gonadotropin-releasing hormone
Katsura et al., 1995). We found that"Kdepletion/hypo- receptor-GFP chimera in CHO cells (1.2-X6L0° cn/s,
tonic shock, established maneuvers to inhibit clathrin-memobile fraction 76—-91%) (Nelson et al., 1999). The diffu-

phosphorylated

actin regulatory
protein

FIGURE 9 Model for GFP-AQP?2 diffusion in epithelial cell plasma membranes. In the basal state, AQP2 is depicted at the plasma membrane with little
or no interactions with regulatory or skeletal proteins. After CAMP stimulation, AQP2 and possibly various regulatory protein(s) become ftesphory
resulting in AQP2—protein interactions and a corresponding decrease in AQP2 lateral mobility in the plane of the membrane. Cytochalasin D treatment
disrupts actin interactions and permits unhindered AQP2 mobility. See text for further explanations.
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sion coefficient of3,-adrenergic receptor-GFP expressed atBichet, D. G. 1998. Nephrogenic diabetes insipidasa. J. Med.47:
the plasma membrane in HEK 293 cells was higher (4— 1344-1347.

X —9 i i 0 ) Brown, D., C. Cunningham, J. Hartwig, M. McLaughlin, and T. Katsura.
12 10 CmZ/S’ mobile fraction 75+ 20 /0) (Barak et ;.a'l " . 1996. Association of AQP2 with actin in transfected LLC-PK1 cells and
1997). These values are somewhat greater than the diffusionyat papilla.J. Am. Soc. Nephrolz:1265 (abstract).

coefficients measureq h_ere for GFP'AQP]- and G':I:"'A‘Q_I:)?Brown, D., and J. L. Stow. 1996. Protein trafficking and polarity in kidney
The tetrameric association and considerable hydrophobicity epithelium: from cell biology to physiologyPhysiol. Rev76:245-297.
of the integral membrane aquaporin proteins probably conBrown, D., T. Katsura, and C. E. Gustafson. 1998. Cellular mechanisms of
tributes to their low membrane diffusion. Cho et al. (1999) @auaporin traffickingAm. J. Physiol275:F328 -F331.
reported a FRAP measurement of AQP1 diffusion in intactcheng, A., A. N. van Hoek, M. Yeager, A. S. Verkman, and A. K. Mitra.

. . 1997. Three-dimensional organization of a human water chahtzel.
erythrocytes, in which membrane AQP1 was ﬂuor_escgntly ture. 387:627—630.
labeled by anti-AQP1 antibody. At 37°C, the diffusion cp, w, g, b. w. Knowles, B. L. Smith, J. J. Moulds, P. Agre, N.
coefficient was 3.1x 10~ ** cmé/s with a mobile fraction of Mohandas, and D. E. Golan. 1999. Membrane dynamics of the water
66 + 10%. The low AQP1 diffusion coefficient in erythro- transport protein aquaporin-1 in intact human red cefiphys. J.

: 76:1136-1144.

cytes may be related to the presence of the spectrin mem-

. . hristensen, B. M., M. Zelenina, A. Aperia, and S. Nielsen. 1998. Local-
brane skeleton or to interactions of the eXtema”y addeé: ization of phosphorylated aguaporin-2 in kidney collecting duct princi-

antibody with the erythrocyte glycocalyx. Further biochem- pal cells in response to dDAVP or V2-receptor antagonist treatment.
ical studies are needed to investigate these possibilities. ~ J- Am. Soc. Nephrob:16A (abstract).

A pictorial model summarizing the data for GFP-AQP2 is Dayel, M., E. Hom, and A. S. Verkman. 1999. Diffusion of green fluores-
given in Fig 9. Before cAMP stimulation unphosphory— cent protein in the aqueous lumen of endoplasmic reticuBiophys. J.

. . . . . 76:2843-2851.
lated AQP2 is shown as interacting little with skeletal or Deen, P. M. T., M. A. Verkijk, N. V. Knoers, B. Wieringa, L. A. Monnens,

other proteins, and thus relatively mobile in the plane of the c. H. van Os, and B. A. Van Oost. 1994. Requirement of human renal
membrane. After phosphorylation, AQP2 translocates spe- water channel aquaporin-2 for vasopressin-dependent concentration of

cialized membrane patches, such as clathrin-coated pits, in'ne- Science264:92-95.

: g : : Deen, P. M. T., H. Croes, R. A. van Aubel, L. A. Ginsel, and C. H. van Os.
which association with actin and/or other membrane pro- 1995. Water channels encoded by mutant aquaporin-2 genes in nephro-

teins occurs. The lateral mobility of actin-associated, phos- genic diabetes insipidus are impaired in their cellular routihgClin.
phorylated AQP2 is much lower than that of nonphospho- Invest.95:2291-2296.
rylated AQP2 in its basal state. After actin filament Deen, P.M.T., J. P. Rijss, S. M. Mulders, R. J. Errington, J. van Baal, and

- . o : ; _ C. H.van Os. 1997. Aquaporin-2 transfection of Madin—Darby canine
disruption, AQP2 mobility again becomes high. Interest kidney cells reconstitutes vasopressin-regulated transcellular osmotic

ingly, the lateral mobility of AQP2 after cytochalasin was water transportJ. Am. Soc. NephroB:1493-1501.

greater than that before forskolin stimulation, possibly bepeen, p. M. T., and C. H. van Os. 1998. Epithelial aquapofust. Opin.
cause of AQP2 accumulation in a more fluid membrane Cell Biol. 10:435-442.

patch during cAMP stimulation or because of weak actin—Feder, T. J., E. Chang, D. Holowka, and W. W. Webb. 1994. Disparate
AQP2 interactions before forskolin treatment. The cAMP- modulation of plasma membrane protein lateral mobility by various cell

- . . . permeabilizing agentsl. Cell. Physiol.158:7-16.
erendent slowed AQPZ mObIIIty ar.]d retention in Sp.ec.:lal_Franki, N., G. Ding, Y. Gao, and R. M. Hays. 1992. Effect of cytochalasin
ized membrane domains may be important for efficient p on the actin' cytoskeleton of the toad bladder epithelial cell.

AQP2 endocytic retrieval. Our results thus provide direct Am. J. Physiol263:C95-C100.
biophysical evidence for interaction of plasma membranerushimi, K., S. Sasaki, and F. Marumo. 1997. Phosphorylation of serine

AOP2 with one or more regulatory proteins. The challenge 25§ is required for cAMP-_dependent regulatory exocytosis of the aqua-
.Q . . 9 . yp 9 porin-2 water channell. Biol. Chem272:14800-14804.
will be to identify these proteins. . . .
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