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A marked increase in water permeability can be induced in Xenopus oocytes by injection of mRNA frot~ ~ that 
express water channels, suggesting that the water channel is a protein. In view of this and previous repocts wltkh 
showed that proteinases may interfere with mercurial inhibition of water transport in red blood cells (RBC), ve 
examined the influence of trypsin, cbymotrypsin, papain, pronase, subtilisin and thermelysin on water permeability 
as well as on ATPase activity, H +-pump, passive H + cenductance, and Ha +/H + evchange in apical brmit.bwd~ 
vesicles (BBMV) and endosomal (EV) veskles from rat renal cortex. H + transport was measured b~ Acridine 
orange fluorescence quenching and water transpert by stopped.flow light scattering. As measured by potentlai-drhm 
H + accumulation in BBMV and EV, proteinase treatment had little effect on vesicle integrity, in BBMV, 
ecto-ATPase activity was inhibited by 15-30%, Na+/H + exchange by 20.-$$%, and [] + conductance was m -  

changed. Osmotic water permeability (Pr) was 570/zm/s  and was inhibited 85-90% by 0.6 mM K6CI2; Wetetmne 
treatment did not effect Pr or the Ht~I 2 inhibition. In IN, NEM.sensitive [] + accumulation a~d ATPme activity 
were inhibited by > 95%. Pr (140 # m / s )  and HgCI 2 inhibition (75-85%) were not influenced by iweteimse 
treatment. SDS-PAGE showed selective digestion of multiple polypeptides by proteinases. These results ¢oMhlt the 
presence of water channels in BBMV and EV and demonstrate selective inhibition of ATPase function mid 
Na +/H ÷ exchange by proteinase digestion. The !~k  of dgc t  of protelr~ses on waier |~ansF.3rt contrasts with 
previous data in RIlE which shewed that proteinases prevent the inhibition of water transport by mercurials. We 
conclude that the water channel may be a small integra' membrane protein which, unlike the [] +-ATPase and 
Na ÷/[ ]  + exchanger, has no functionally important membrane domains that are sensitive to proteo~sis. 

Introduction 

Functional water channels are responsible for the 
high transepithelial water permeability of the mam- 
malian proximal tubule, thin descending limb, and va- 
sopressin-stimulated collecting duct (for reviews see 
Refs. I and 2). The presence of water channels that 
exhibit a high osmotic water pelmeability coefficient 
(Pr), low energy of activation (Ea), and sensitivity to 
mercurial sulfhydryl reagents, has been demonstrat,M 
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in luminal and contraluminal membranes isolated from 
mammalian proximal tubule [3-7]. Similar water chan- 
nels have been found in endosomal vesicles (EV) from 
kidney cortex [8] and papilia [9], and in clathrin-coated 
vesicles from kidney cortex [10]. Recent data showed 
that a population of EV (labe_!ed by cndocyt.osis of 
6.cafooxyfluorescein) with very high osmotic water per- 
meability is induced in renal papilla following vaso- 
prcssin treatment of Brattlcboro rats [9]. Labeled vesi. 
cles with high water permeability w~re not pre~nt in 
the papilla of vasopressin-deficient rats. The vaso- 
pressin-sensitive pool of EV that shuttles water chan- 
nels to and from the luminal membrane of the collect- 
ing duct principal cells is probably responsible for the 
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regulation of water permeability by vasopressin in the 
kidney collecting duct. Although EV from proximal 
tubule apical membrane also contain functional water 
channels [8], it [~ not known whether water permeabil- 
ity in proximal tubule is subject to physiological regula- 
lion. 

Although it has been proposed that water trans- 
porters represent proteins or special protein-lipid or 
lipid units 12], recent data that functional, HgCI2-sensi- 
tire water chanr:els are expressed in Xenopus ooc3'tes 
mieroinjeeted with mRNA from kidney and reticu- 
Iocytes suggest that water channels are proteins [11]. in 
red blood ceil (RBC) membranes, which also contain 
water channels, radiation and proteolysis did not affect 
water transport, but decreased its sensitivity to mcrcu- 
r.lal inhibition [12-14]. These results suggest the pres- 
ence of a protein subunit, sensitive to mercurials and 
proteinases, that regulates membrane water permeabil- 
ity. Based on these observations we have tested the 
effect of a series of proteinases on control and HgCI,- 
inhibited osmoiic water transport in rat re~al corlical 
brush-border vesicles (BBMV) and EV. These vesicles 
have either their extracellular (BBMV) or cytoplasmic 
(EV) membrane surface exposed. Whereas several 
transport (NaVH + exchange, H +-pump) and enzyme 
(H*-ATPase, ccto-ATPase) activities in these vesicles 
were partially or completely inhibited by some pro- 
teinases, the HgCl:-sensitive water permeability re- 
mained unaffected. 

Material and Methods 

Preparation of renal cortical resicles 
BBMV and EV were isolated from cortical ho- 

mogenates of Sprague-Dawley rat kidney by the Mg. 
aggregation method of Bibcr et ai. [15] and the differ- 
ential and Percoll density gradient centrifugation 
method of Saboli~ and Burckhardt [16], respectively. 
BBMV were enriched in leucine arylamidasc activity, a 
marker for luminal membranes, 16.9 + 0.2 times, and 
in the basolateral membrane marker, (Na÷+ K+). 
ATPase, 1.4 _+ 0.2 times (n = 4). in EV, the enrichment 
factors for the NEM-sensitive H+-pump and leucine 
arylamidase activity were 35.5 + 0.6 and 2.7 +_ 0.1 (n -- 
4), respectively. 

Vesicles were washed twice with KCi-buffer contain- 
ing 306 mM mannitol, 100 mM KCI, 5 mM MgSO 4, 5 
mM N-2-hydroxyethylpiperazine-N '-2-ethanesulfonic 
acid (Hepes)/tris(hydroxymethyl)aminomethane (Tris), 
pH 7.4, and were dilute:i with the same buffer to a 
protein concentration of 10 mg/ml. 

Proteinase treatment 
Vesicles were treated with the following proteinases: 

trypsin, chymotrypsin, papain, pronasc, subtilisin, and 
thermolysin (Boehringer-Mannheim, Indianapolis, IN). 

An aliquot of vesicles (100/~l, 1 mg protein) wa~ mixed 
with a stock proteinase solution to yield a final pro- 
teinase concentration of 1 mg/ml. The ,nixture was 
incubated for 60 min at 370C. The reaction was stopped 
by addition of 1 mM (final concentration) phenyl- 
methyl-sulfonylfluoride (PMSF) and cooling the sam- 
ples on ice. Control vesicles were treated identically 
but without proteinase. 

ATPase actirity 
ATPase activity was measured in the absence and 

presence of N-ethylmaleimide (NEM). As demon- 
strated previously [17,18], the NEM-insensitive ATPase 
in BBMV represents an ecto-ATPase, uh.:reas the 
NEM-sensitive ATPase in BBMV and EV repre.sents 
the vacuolar type H÷-ATPase. Vesicles were diluted 
with ice-cold KCI-buffer to a protein concentration of 
0.5 mg/ml (BBMV) or 1 mg/ml (EV) (not including 
the protein contributed by proteinase). The reaction 
mixture for the ATPase assay in a total volume of 0.2 
ml comprised: 150 mM KCI, 5 mM MgSO 4, 50 mM 
Hepes-Tris (pH 7.4), 1 raM levamisole, 2 mM ouabain, 
5 ~g /ml  oligomycin, 0.5 mM vanadate, with or without 
1 mM NEM, and i0/.tg (BBMV) or 20/.Lg (EV) vesicle 
protein. The inhibitors were present to abolish the 
activities of alkaline phosphatase, (Na++ K +)-ATPase, 
mitochondrial H+-ATPase, Ca-'+-ATPase, and the vac- 
uolar type H+-ATPase, respectively [17,18]. After 
preincubation of the mixture at 37°C for 10 rain, tile 
'.eaction was started by adding a stock solution of 
Tris-ATP (final concentration, 5 raM). The reaction 
was terminated after 1~ min by addition of I ml of an 
ic~:-co!d stop solution (2.9% aseorbic acid, 0.45% am- 
monium molybdate and 2.86% sodium dodecyl sul- 
phate (SDS) in 0.48 H HOD. Further processing of the 
samples and colorimetric measurement of liberated P~ 
was performed as described by Dean et al. [19]. 

F]lloromelric measHreme/ils 
The formation and dissipation of transmembrane 

proton gradicnts in control and proteinase-trcated vest- 
des were measured from the fluorescence of Acridine 
orange (AO), a pH-gradient sensitive dye that accumu- 
lates in acidic compartments [20,2~]. 

To measure the effect ef proteinases on vesicle 
integrity (vesiculation), 20 /zl BBMV or EV loaded 
with KCl-buffer (0.2 m$ vesicle protein, not including 
the proteinase content) was added to 2 ml of K+-free 
buffer (TMACl-buffer: 300 mM mannitol, 100 mM 
tetramethylammonium chloride, 5 mM MgSO4, 5 mM 
Hepes-Tris (pH 7.4)) containing 6 ~M AO, 2.5 ~M 
valinomycin, and 2.5 #M carbonyl cyanide p-ehloro. 
methoxyphenylhydrazone (CCCP). Under these condi- 
tions, i.e. in the presence of a high K ÷ and H* 
conductances, the outward K + gradient induced the 
development of an inside.negative K+.diffusion poten- 



tial. This potential was a driving force for the CCCP- 
mediated intravesicular H + uptake measurable by the 
quenching of AO flt~orcsccncc. The quenching signal 
required the presence of seale0 vesicles [2(}]. in some 
experiments, vesicles were washed two times with pro- 
teinase-free, KC[-buffer and the protein concentration 
was adjusted to 10 mg/ml before fluorescence mea- 
surements in order to remove proteinases. 

H ÷ conductance and Na+/H ÷ exchange in BBMV 
were measured as described previously [20,221. Briefly, 
proteinase-treated vesicles were washed twice with 
proteinase-free, KCI-buffer and the protein concentra- 
tion was adjusted to 10 mg/ml.  An aliquot of vesicles 
(20 pl, 0.2 mg protein) was added to 2 ml TMACl-buffer 
containing 6 /~M AO and 2.5 /zM valinomycin. The 
rate of intravesicular acidification driven by the in- 
duced K+-diffusion potential, observed as the time-de- 
pendent quenching of AO fluorescence, provides a 
measure of the intrinsic H + conductance of the vesicle 
membrane [20]. The H + conductance was estimated 
from the initial linear rate of fluore~ence decrease. 
The rate of the fluorescence decrease in the presence 
of the outward K + gradient was subtracted for the rate 
observed in its absence (the reaction measured in 
KCi-buffer), and was expressed as fluore~ence change 
per min (dF/min~. After the intravesicular acidifica- 
tion was fully developed, 25/~1 stock solution of TMACi 
or NaCI (final cation coucentration 12.2 raM) was 
added, and the rate of ApH dissipation (fluorescence 
ree~=vely) was recorded. The initial rate of fluorescence 
recovery in the presence of Ha*, corrected ior the 
recovery observed with TMACi, represented Na* /H + 
antiport [22]. Initial rates were estimated from the 
fluorescence during the first 3 s following addition of a 
cation, and were expressed as AF/min. In some exper- 
iments, amiloride wa~ added from an aqucous stock 
(final concentration 0.5 raM) before addition ~,f NaCI 
or TMACI. 

H+-pump activity in control and proteinase-treated 
EV was measured by ATP-driven, CI--stimulated 
quenching of AO fluorescence [21]. An aliquot of EV 
(10 pl, 0.1 mg protein ~, was added to 2 ml KCI-buffer 
which contained 6 pM AO, 2.5 pM valinomycin, and 
1.5 mM Tris-ATP. When required, CCCP was added 
from ethanol stock (final concentration in the assay, 2.5 
pM) to dissipate the l;ansmembrane H + gradient. 

Fluorescence was monitored at 37°C over 1 s inter- 
vais in an SLM-Aminco 80l~ fluorot,leter (Urbana, IL) 
interfaced to an IBM/PC computer. Fluorescence was 
excited at 485 nr~, a~ld emission was filtered by two 
Schott glass OG.~:.I5 cut-on filters in series. Samples 
were stirred contf~luously. 

Osmotic water permeability 
Osmotic water permeability in BBMV and EV was 

measured by stopiJed-flow light scattering [7]. Control 
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and proteinase-treated vesicles were washed twice in a 
Iow-osmolality buffer which comprised: I(M) mM man- 
nitol, 5 mM Hepes-Tris (pH 7.4). Stopped-flo~ experi- 
ments were performed at 23°C on a Hi-Tech SF-51 
apparatus (Wiltshire, UK) that has a l-ms dead time. 
An aliquot of vesicles was mixed with an aliquot of 
hyperosmolar solution of sucrose to give a 100 mM 
inwardly directed sucrose gradient. The tinge course of 
• F light scattering at 5(~) nm was recorded by a 
MINe/23 computer IDigital Equipment, Maynard, 
MA) for subsequent analysis. No significant change in 
the intensity of scattered light was observed when the 
vesicles were mixed w:,th L~)osmotic buffers. The calcu- 
lation of osmotic water permeability (Pf) fr¢,m the time 
course of ,~attcrcd light intensity and vesicle surface- 
to-volume ratio was de~ribed previously [7]. Vesicle 
geometry was evaluated by electron micr(~copy (see 
below). 

Ek'ctron microscopy of isolated resicles 
Ultrathin frozen ~ctions of isolated vesicles were 

stained with uranyl acetate according to the method of 
Tokuyasu [23]. Briefly, vesicles were fixed with 0.5% 
g!utaraldehyde, washed with PBS, and embedded in 
3% agar. The small ~l id agar blocks were infiltrated 
wit|', 2.3 M sucrose overnight. The blocks were frozen 
in liquid nitrogen and ultrathin sections (60 nm) were 
cut and mounted on carbon/Parlodion-coated copper 
grids. The specimen-containing grids were washed with 
PBS, further fixed with I% glutaraldehyde, washed 
with water, and stained with 2% Uranyl acetate for 5 
rain. Thereafter, the grids were destained with and 
embedded in 2% methyl cellulose, dried, and viewed in 
a Philips CMI0 electron micro~ope. 

Morphometric analyses were made from the elec- 
tronmicrographic images of isolated vesicles by using a 
calibrated eye-piece. In round vesicles, the diameter 
was estimated by measuring the greatest distance be- 
tween two opposite points at the external surface of 
the vesicle membrane, in oval vesicles, diameters along 
short and long axes of the vesicle were measured, 
averaged, and the result was used as a reference diam- 
eter in calculations of vesicle surface and volunte. 

SDS.polyac~.,lamide electrophoresis 
Control or proteinase-treated vesicles were washed 

twice with proteinase-free buffer. Membrane proteins 
were solubilized by boiling for 5 rain in sample buffer 
[i% SDS, 30 mM Tris/ ' tCi,  pH 6.8, 12% (vol/vol) 
glycerol]. Aliquots of 150 mg protein were loaded onte 
13% Laemmli SDS-polyacrylamide gels (SDS-PAGE) 
and electrophoresed at 15 mA for 12 h. The gel was 
stained with 0.2% Coomassie blue in acetic acid/  
methanol/water (10: 50: 40, v.v), and destained with 
dye-free solution. The molecular weight mar!(ers (Be- 
thesda Research Laboratories, MD, USA)were :  
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lysozyme (14300), /3-1actoglobulin (18400), carbonic 
anhydrase (29000), ovalbumin (43000), bovine serum 
albumin (68000), phosphorylase B (97400), and myosin 
(H-chain) (200000). 

Statistics 
The recordings, electronmicrographs, and S DS- 

PAGE gels are representative of two or more experi- 
ments performed on different vesicle preparations. 
Other data are expressed as mean _+ S.E. Statistical 
differences between defined groups of the data were 
evaluated by the Student's t-test. 

Results 

Electron microscopy oJ isolated t'esMes 
Electron micrographs of negatively-stained apical 

and endosomal membrane vesicles isolated from rat 
renal cortex are shown in Fig. 1. The membrane bilay- 
ers in both types of vesicles are clearly visible. BBMV 
(A) are large~' in size and exhibit greater variation in 
size and shape than EV (B). Morphometric analysis 
revealed a broader size distribution of BBMV diame- 
ters then EV diameters (Fig. 2). The average diameter 
of BBMV was 274 _+ 6 nm. The calculated surface, 
volume, and surface-to-volume ratio of BBMV were 
~ 6 . 1 0  -3 #m 2, 10.7.10 -3 pm 3, and 2.2.10 "s cm -I, 
respectively. The average diameter of EV was 175 4- 4 
nm, surface 96- 10 -~ #m' ,  volume 2.8.10 -~ #m 3, and 
surface-to-volume ratio 3.4- 10 "s cm-t. 

Before testing of the effect of proteir, ases on os- 
motic water transport in isolated vesicles, a series of 
experiments was performed to demonstrate the posi- 
tive action of proteinases in the membranes, in BBMV 
we tested the effect of proteinases on (a) ecto-ATPase 
activity, an enzyme with a catalytic site of broad nu- 
cleotide specificity at the external domain [18,24], (b) 
membrane H + conductance, and (c) Na+/H + an- 
tiporter activity. H + conductance and Na+/H + an- 
tiport are intrinsic properties of the luminal membrane 
[20]. In EV, we measured the activity of a vacuolar-type 
H+-pump and the co)responding NEM-sensitive AT- 
Pase activity (H+-ATPase). The effect of proteinases 
on vesicle integrity (vesiculation) and the protein pat- 
tern by. SDS-PAGE was also examined. 

Proteinase effect on brash-border membrane vesicles 
The integrity of proteinase-treated BBMV was tested 

by monitoring K ÷ diffusion potential-driven, CCCP- 
mediated intravesicular acidification (Figs. 3A, B, and 
4). We first tested whether A n  fluorescence quenching 
is sensitive to the number of sealed BBMV. Vesicles 
were diluted with KCI-buffer, incubated at 37°C for 60 
min, and the quenching amplitude was measured in 
response to addition of different a~nounts of vesicle 

protein. Fig 3A shows that increasing amounts of 
BBMV (0-0.2 mg protein) gave a progressively larger 
amplitude of fluorescence quenching curves. No 
quenching was observed in the absence of vesicles in 
the: buffer (record 0) or in the presence of BBMV and 
0.1% Triton X-100 (not shown). The relative quenching 
amplitudes in Fig. 3 B indicate that a 50% decrease in 
BBMV (from 0.2 to 0.1 mg protein) gave about 30% 
decrease in quenching amplitude. With fewer vesicles 
(< 0.I mg vesicle protein), a steep and nearly linear 
decrease in quenching amplitude was obtained. 

Compared with control vesicles (Fig. 4A, recording 
I), the vesicles treated with proteinases (recordings 
2-7, see legend) exhibited a siightly smaller fluores- 
cence quenching, suggesting that proteinase treatment 
had a small effect on BBMV integrity. However, the 
majority of ves;cles remained sealed. 

Ecto-ATPase activity, measm'cd in these vesicles, is 
shown in Table !. As shown previously [25], BBMV 
isolated by aggregation with divalent cations are ori- 
ented right-side-out. We have recently demonstrated 
that these membranes possess an ecto-ATPase activity 
that is insensitive to NEM [18,24]. In the present 
studies, in the absence of NEM, BBMV had an AT- 
Pase activity of 734 + 30 nmol Pi/min mg protein in -- 
o). In the presence of 1 mM NEM, ATPas¢ activity 
decreased to 654 4- 13 nmol Pl/min mg protein (Table 
1, Control). The small NEM-sensitive component of 
ATPase activity is due to the vacuolar-type ATPase 
present in contaminating intracellular and/or  unsealed 
brush-border membranes [18,21|. As shown in Table !, 
all proteinase-treated vesicles exhibit a decrease in 
ecto.ATPase activity compared to control BBMV. The 
decrease ranged from 10% (chymotrypsin) to 30% 
(prc'nase). 

A limited effect of proteinases on vesiculation, ob- 
served in Fig. 4A, may effect the measurement of H + 
conductance and Na +/H + exchange. To eliminate this 
possibility, BBMV were washed with proteinase-free 
buffers following incubation with proteinases. In 
washed vesicles, the extent of acidification in control 
and p:oteinase-treated BBMV was similar (Fig. 4B), 
possibiy due to removal by washing of the nonvesicu- 
lated membranes. 

The representative set of recordings demonstrate 
the development of a K + diffusion potential-driven 
intravesicular uptake of H + due to intrinsic H + con- 
ductance of the membrane, followed by dissipation of 
the ApH via Na+/H + exchange (Fig. 5). In accord 
with previous observations [26], 0.5 mM amiloride 
added after development of the pH gradier~t caused a 
limited additional fluorescence quenching due to non- 
specific interaction of A n  fluorescence with amiloride. 
Subsequent addition of Na + caused no fluorescence 
recovery, indicating the presence of amiloride-sensitive 
Na+/H + antiport. 



As shown in Table l, the H ÷ conductance in pro. 
teinase-treated BBMV did not differ significantly from 
control. N a + / H  + a,t iport  was not inhibited by trypsin 

la! 

and chymotrypsin. Papain =nd subtilisin inhibited 
N a * / H  + antiport by 20%, whereas thcrrnt, lysin, and 
prona~ inhibited by 30%, and 55%, respectively. 

A . _ . _ .  

Fill. I. Electron microBraphs ot uitrathin (~1! rim) tro~n seclions of isolated rat renal conical brush-border (A) and endosomal membrane 
v©si¢les (B) nesalively stained wilh uranyl acetate. The vesicles are sharply delinea!ed by a double mem~::~.:. ~h-border membrane vesicles 

are larjer and more heterolleneo'Js in size and shape than endoua~al vesicles. Bar - 0.25 ~m. 
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Fig. 2. Histograms of diameters of brush-border (BBMV) and cndo- 
c/tic vesicles (EV) calculated from analysis of electron micrographs. 
The average diameter of BBMV and EV is 274+_6 nm (n = 14(I) and 

175 + 4 nm in = 150L respectively. 

Proteinase effect on endoo'nc resicles 
Fig. 3C and D show that the AO fluorescence 

quenching amplitude in the presence of outwardly di- 
rected K* gradients, valinomycin, and CCCP, is sensi- 
tive to the amount of EV. Comparing Figs. 3A and C it 
is noticeable that the dissipation of the pH gradients in 
EV was slower than in BBMV. 

Fig. 6A shows that trypsin had little effect on the 
integrity of EV whereas the integrity of vesicles treated 
with other protcinases was significantly affected com- 
pared to control, the greatest effect being on pronase- 
treated EV. The data indicate ',hat, unlike BBMV, the 
integrity of EV is significan.qy comp~c, mi~cd ~ .,,umc 
proteinase treatments, but not completely lost. in such 
vesicles we measured the H +-pump activity, an intrin- 
sic marker for endosomal membrane [16,21]. As shown 
in Fig. 6B in control vesicles there was a significant 
ATP-driven intravesicular accumulation of protons. 
However, EV treated with proteinases showed no H +- 
pump-mediated acidification. The absence of ATP- 
driven H + accumulation in intact or partially vesicu- 
lated endosomal membranes may mean that the pro- 
teinases increased H ÷ conductance of the vesicle mem- 
brane and thus dissipated the pump-mediated ApH. 
and/or inhibited H *.-ATPasc activity. Fig. 6A indicates 
that the dissipation of the pH gradients wa3 not af- 
fected by proteinase treatment. The latter imssibility 
was tested by measuring NEM-sensitive ATPase activ- 
ity in control and proteinase-treated EV (Table IlL In 
the absence of NEM, the isolated EV contained an 
ATPas¢ activity of 147 ± 8 nmol P~/min mg protein 

(n = 6). About 45% of this activity was sensitive to 
NEM (Table Ii, Control), and represented intrinsic 
vacuolar-type H+-ATPase [17]. As shown in Table It, 
NEM-sensitive ATPas¢ activity was abolished in pro- 
teinase-treated EV. Therefore, the removal of H +- 
ATPase activity accounts for the absence of ATP-dc- 
pendent acidification. 

SDS-PAGE of proteinase-treated t'esicles 
Experiments were performed with control and pro- 

teinase-treated vesicles that had been washed with 
proteinase-free buffers. As shown in Fig. 7, chymo- 
trypsin, subtilisin and thermolysin had little effect on 
the protein pattern in BBMV. In contrast, in trypsinized 
and pronase-treated vesicles, the majority of the pro- 
tein bands with MW above 43 kDa decreased in stain- 
ing. In vesicles treated with papa(n, no clear protein 
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Fig. 3, Dependence of Acridine orange quenching amplitude on 
amotbttt of BBMV and EV. Vesicles were preincubated at 3"/°C for 
60 rain, Aliquols (20 el) of eilhcr brush-border (BBMV) or endoso. 
real vesicles (EVL preloaded with KCbbuffer and containing indi- 
cated amounts of vesk.l¢ protein (0-0.2 rag). were diluted in 
TMACI-huffer containing Acridi~le orange, valinomycin and CCCP 
{~e Methods). The quenching amplitudes were recorded (A and C) 
-pz~ plotted a,~ ~ r=:b, tlv¢ a,~p!itud~ (E ~,~d D). Each point represents 
the mcan+_S,E, of three to four measurements in vesicles pooled 

from three different preparations. 
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Fig. 4. Effect of pr,~teinasu treatment on inlegrt,y of BBMV befi)re 
(At and after washing with pn~teinase-frec buffers (B). Vesicles were 
~,dded to K(.'l-buffer (Kin = K~',u I) or TMACI-buffc; (K,' n > K,~ut) 
which contained Acridine orange, wdinomycin and CCCP. At the 
indicated lime (;,rrow), a I M stock solutkm of KCI was injected into 
outside buffer (final concentration of K ' .  25 mM) In dissipate the 
ApH. In this and subsequent figures the proteinases were: 1. control 
(no proteinase): 2, trypsin: 3. chymotrypsin- 4, papain; 5, prom.se; h, 

sublilisin ;,nd 7, thermolysin. 

band was stained. The effect of papain was not due to 
interaction of papain with Coomassie blue staining 
because no bands were observed als~'~ by silver staining 
(not shown). * 

in EV, trypsin decreased the intensity of several 
bands of apparent MW above and below 43 kDa (Fig. 
7, EV). As in BBMV, papain treatment resulted in loss 
of the protein band pattern. The effect of other pro. 
teinases in EV w~:s limited to a few protein bands. 

The majority of the preceding experiments clearly 
show that the proteinases had an effect on transport 
and enzyme systems pr.':.sent in BBMV and EV and 
proved therefore that proteinases are able to act from 

* The preceding experiments showed that the papain-trcalment of 
BBMV and EV had only minimal effect on vesiculation. The 
activities of ecto-ATPase, an enzyme of the MW about 100 kDa 
[271, and of N a * / H  ~ exchanger were only partially inhibited. 
These findings ,'learIy contrast with the complete disappearance of 
protein bands on SDS-PAGE of papain-lreated vesicles, in a 
separate experiment (results not shown) we examined the mocha 
nism of papain action by incubating BBMV either (at as aly.we, in 
the presence of papain at 37"C for 60 rain, followed by the 
addition of PMSF and washing of the vesicles with papain-free 
buffer, or (b) by addition of papa~;n after incubation of the vesicles 
in the papain-free buffer, followed by the addition of PMSF and 
washing, or (c) by addition of PMSF after incubation of BBMV in 
a papain-fr~e medium, followed by the addition of papain and 
washing. All three conditions yielded a similar protein pattern of 
the vesicles on SDS.PAGE. with loss of the protein bands. There- 
fore the main action of papain occurred after the incubation of 
vesicles with papain was completed, probably during the pr~para- 
llon and boiling of the membranes in sample buffer before SDS- 
PAGE, 
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TABI.E I 

Ecto-ATPuse actirit~; ! ! '  cmuhtcmm'c aml N a ' / l l  " exchange in 
p.'oteinaw.ln'awd hru.~h.tmrder rm.mhram, r<...h h'x 

Shown are means±S.E, obtained with fi~ur to six vesicle prepara- 
tions. The ecto-ATPase activity w~,s mea.~ared by the Pi liberation 
:~s~ay in unwashed vesicles and represt.n:s the residual ATPa~ 
activily in the presence of ! m M  NEM. 11 ° conductance and 
N a ' / l l '  exch~,nge were measured by the quenching method of 
Acridine ~range fluorescence in ~esicles fide,wing rem~wal of pro- 
leinases by w:tshing as described in the Materials and Method 
section. Statistic;d signific.',nce vs. Control: * P < IL¢t5. and * * P < 
O.Ol 

Enzyme Ecto-ATPase" H '  Comtuc- N a ' / l l '  
l:mce h Exchange ~" 

{'ontnd 654_+ 13 0A3tl+-{Ll|15 0.tl5+1L013 
Trypsin 560+_ I~ ** 0.156±{LI)I0 1t.110_+0.O27 
('hymotrypsin 5P;9_+_ 13 ** {LISq+l}.lll4 I).l.'lt).+(ILlll2 
Papain 560± 7 ** 11.148 +- (I.il18 11.l193±(L(t16 * 
Pnmase 4h5± 7 ** l).12l+(I.(tl5 I).l153+_(I.(llM ** 
Sublilisin 574+_ 8 ** l|.13t)±O.I)llt 11.l189+_t).OI9 * 
Thermolysin 572_+ 7 ** 0.139±0,1114 tl,llS(l+_l),ll(i9 ** 

" nmo] P,/min mg protein. 
t, 3F/min. 

BBMV 

O;l AMliOfllDE Na+ (TMA'I') 

1 rain 
Fig. 5. H ° conductance and Na+/tf ' exchange in brush-border 
membrane vesicles. BBMV, preioaded with KCl-buffer, were added 
to same (Kin -- K,~ut ) or TMACI-baffer (K,~ > K,~, ) which contained 
A n  and valinomycin. The rate of fluor¢~ence quenching in the 
presence of outward K + gradient is a measure of a H + conductance. 
At the indicated time (am~) .  concentrated chloride sails of either 
Na + or TMA ~" were added into outside buffer to induce a di:~sipa- 
lion of the ~tpH via Na +/H* ¢:xchange. Final concenlralions of 
added cations was 12.2 raM, Amiloride I '~al  con,:entr~fion 0.5 raM, ~ 
was added about I rain before cations in order In block tP.e N a + / H  + 

antiporter activity. Transport rates are ~umm;,rized in Table L 



144 

A 
EV 

~' K" =KL. K" 

I 

1 K* 

* "~in 

EV B 

1 min CCCP 
F,g. O. Vcsiculation (A) and [I '-! ,ump activity (B) in control and pmteinasc-trcat¢d cndtv=ytic vesicles. (A) Vcsiclc.~ were added to KCI-buffer 
(K ;,1 = K,~,,t) or TMACkbuffer { K ,'n > K ~,) which c~mtained Acridine (}range (AO), valim)mycin and CCCP. At the arrow, a I M stock solution 
of K(.'t was injected into uutside buffer (final concentration <ff K' .  2.5 mM) to dissipate the 3pH. (B) Vesicles were :lddcd to KCI-buffcr which 
contained AO. valinomyci~ and ATP. At the arrow, CCCP was added to dissipate the 21pit. NEM = the ll'-pump activity in control vesicIes 
preincubated with I mM NEM at a~m temperature fi~r 5 rain. and measured in a buffer c~mtaining the same concentratMn of the inhibitor. The 

recordings arc labeled as in Fig. 4. 

both the external and cytoplasmic sides of  the vesicle 
membrane.  

l=ffect of proteinases on osmotic water transport 
Fig. 8 shows the time course of  light .~cattcrin~ in 

response to a l{X) mM inwardly directed sucrose ~;radi- 

cnt  in control  BBMV (A) and EV (B) in the presence 
and absence of  0.6 mM HgCI 2. HgCI 2 strongly inhib- 
ited water  transport  as reported previously [3-8]. in 
the absence of  HgCi2, the calculated osmotic water  
permeabili ty in control BBMV and EV was 571 + 83 

and 141 +_ 14 p.m/s, respectively. As shown in Table  

200 4 "  

97.4 

38 

43 

29 ' ~  

BBMV EV 

1 2 3 4 5 6 7 1 2 3 4 5 6 7 

t ,  ~ V , T  V V , ~  T T T t  

• =.;.~..:~/. 

18.4 

14.3 ~ =~ 

Fi~ 7..DS-,~..~.e., ........ gel cleclrophoresis of control and proteinase.treated brush-border (BBMV) and endosomal vesicles (EV). The 
labeling of the lanes corresponds to the recordings in Fi~. 4, The ~ets are typical of two to three separate st~dics, 



TABLE II 

Effect ¢~ proteinases m! NEM-sensiti~v ATPase actirit.v #t rat nvta/ 
cortical ordocytic resicles 

ATPa~e activity was measured by the P. liberation assay in unwashed 
vesicles ;ts described in the Materials and Meth,ds section. The 
NEM-sensitive ATPase is the difference between the ATPase activ- 
ity in the absence and presence of I mM NEM. Shown are means_+ 
S.E. of the data obtained with four to six vesicle preparations. 
Statistical significance vs. Control: * P < IH)I 

Enzyme NEM-sensitive ATPase 
(nmo| Pi/rain mg protein) 

Control 63.5 _+ 6.56 
Trypsin 0.1 +_(LOS * 
Chymotrypsin 0.7 + I).52 * 
Papain 2.t~ + (I.28 * 
Pronase 2.0_+ 0.85 * 
SubtilMn 2.7 +_ 0.92 * 
Thermolysin 5.0:t: 1.72 * 

Ill, in the absence of HgCIz, the water permeability 
following proteinase treatment in BBMV and EV re- 
mained unchanged. HgCI 2 inhibited water permeabil- 
ity in BBMV and EV by 90% and 80%, respectively. 
There was no significant effect of proteinase treatment 
on control and HgCI2-inhibited water permeability in 
BBMV and EV. 

Our data in isolated vesicles conflicts with a previ- 
ous report of Benga et al., who ft,uad that the mercu- 
rial inhibition of water transport in human RBC can be 

BBMV . H g C I 2 ~ . . . . ~ , , , , , . ~  

EV 

~ ÷HgC~ 

I o.s, 

Fig. 8. Time course of osmotic water transport measured by the 
stop-flow light scattering in BBMV and EV. Each time course 
corresponds to a 100 mM inwardly directed sucrose gradient in the 
absence {-HgCI 2] or presence of 0.6 mM HgCt:. Pr values are 

summarized in Table Ill. 
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TABLE III 

O.s'moth" water In'ran'ability (l~ ~ in rat c~wal cortwul hrtt*h-border 
eBBMF~ and emlosomal t esirh's ¢EF9 tn'ated with rariou~ prot¢inases 

!'~ (meim +_ S E ) was measured in three to l'our vesicle prcparalkms 
in the absence or presence uf 11.6 mM Ilg('l:  and is expr¢.,zsed in 
# m / s  

Enzyme BBMV EV 

- tlgCl: + tlgCl: - t lg(' l : + IIgCi, 

Control 571 +83 63+ 18 141 -+ 15 29-+3 
Trypsin 596-+78 74+26 130-+ 0 28±1 
('hymnlrypsin 652 +93 ~l±3h 15(1_+ 19 ~-+4 
Pap;fin 623442 70_+ 18 153+ q ~ + 4  
Pronasc 548_+55 hT+ 18 1311+ 2 ":'9±3 
Subtilisin 527+h1 67+ I0 t5(1+ 3 24_+2 
Thermolysin q": , .~,; ~5+23 136_+ 4 35±3 

inactivated by papain [12]. We th'refore reexamined 
the effect of papain on osatotic water permeability in 
human RBC and on the inhibit(era of water permeabil- 
ity by p-chloromercurybenzcnc sulfonate (pCMBS). For 
this purpose, human RBC were obtained lyj vein- 
upuncture, washed twice in phosphate-buffered .saline, 
and diluted to 0.2 vol% for incubation with papain and 
stopped flow measurements. When present, pCMBS 
was added in a final concentration of ! m M  30 rain 
prior to stopped-flow studies. In three seh of experi- 
ments performed as reported previously [28], Pr at 
23°C was 0.021 _+ 0.001 cm/s  in the ~b~nce, and 
0.0024+0.0003 cm/s in the presence of pCMBS. 
Preincubation of the cells with papain (I mg/ml) for I 
h had no significant effect on control water transport 
(0.023 + 0.003 cm/s), and did not prevent the inhibi- 
tion of water transport by pCMBS (0.(~126 ± 0.00113 
cm/s). 

Discussion 

Our data show that multiple preteinases caused 
marked inhibition of the NEM-sensitive ATPa~ (H +- 
pump) in EV, and a significant inhibition of the 
Na~'/H + exchanger and ecto-ATPase in BBMV. The 
vacuolar H +-ATPase in EV has 9-10 different subun;:s 
1"29]. A subunit with MW of 70-73 kDa has a nu- 
cleotide bipding site and has been assumed to possess 
ATPase catalytic activity. Strong inhibition of NEM- 
sensitive ATPasc and H+-pump activity by multiple 
proteinases confirms that the 70-73 kDa subunit is a 
peripheral m"mbrane protein exposed at the outside 
membrane sun face [30]. The effect of proteinases on 
ecto-ATPase activity was limited (10-YJ%). Similar 
limited effects of proteinases (trypsin, chymotrypsin, 
papa(n) on ccto-ATPase activity were also reported in 
hepatocytes in primau cultt~re [31]; therefore the cat- 
alytic domain of this ATFase is less susceptibIe t.9 
proteolysis than that of the vacuolar-type H+.ATPa~e. 
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Na+/H "~ exchange was inhibited by several pro- 
teinases but notably not by trypsin. Weinman ct al. [32] 
found that trypsin at low concentrations ( < 50 pg/mi) 
and brief incubation times (< 10 rain) stimulated 
Na+/H * antiport in ,,;olubilized ar.d reconstituted 
BBMV, whereas at higher concentrations {.~ 100 
pg/ml)  and after prolonged incubation (> 20 rain), 
trypsin strongly inhibited activity of the exchanger, 
Taken together, these findings suggest that in solubi- 
lized membranes the antiporter is exposed to trypsin 
from the cytoplasmic surface, ~,he~ca~ in our closed 
right-side-out BBMV, the antiporter has no domain 
~nsitive to t;ypsin. H* conductance was not affected 
by proteinase treatment, supporting the conclusion that 
passive (non-ion coupled) tl + transport, in these mem- 
branes is mediated by lipidic and non-specific protein* 
lipid pathways [33]. 

fin accordance with previous studies [3-8], we con- 
firmed the prcsencc of mercurial-sensitive water trans- 
porters in renal cortical brush-border and endosomal 
membranes. The presence, of water channels in proxi- 
mal tubule endocytic (Re|. 8, and this papcr) and 
clathrin-coated vesicles [10] suggests that the water 
channels that facilitate the transcellular reabsorbtion 
of water driven by small osmotic gradients are inserted 
into "and retrieved from apical membranes, lt~,wcver, it 
is not known whether the number of ware: channels 
pre.,cnt in the proximal tubule apical membrane is 
subiect to physiological regulation. Also, the physical 
nature of the water transporting pathway remains un- 
certain. Whereas ion channels and membrane trans- 
porters such as the Na+/H + exchanger and H*- 
ATPase are clearly proteins (as demonstrated also in 
this paper by thcir sensitivity to proteolysis), several 
lines o~" evidence have raised the possibility that the 
water transporting pathway may be composed, in part, 
of non-protein elements such as specialized membrane 
lipids. In human red cells, osmotic water permeability 
was not inhibited by proteinases [22] or by high energy 
radiation up to 4 M~., o [13], whereas inhibition by 
mercurials was prevented by these treatments. In api- 
cal membrane vesicles from rabbit pro;:imal tubule, 
osmotic wate~ p=,meability was not inhibited by radia- 
tion [14]. The radiation inactivation findings are consis- 
tent with the water channel being a small protein, an 
oligomeric assembly of proteins, or a nonprotein path- 
way. Recent data showed that mRNA from kidney, 
toad bladder a,~d reticulocytes resulted in the expres- 
sion of functional water channels when injected into 
Xer, opus oocytes l1 l]. These data suggest that mRNA 
directs the translation of protein(s) which may com- 
prise the water channel h.~elf, or which direct the 
synthesis of other components, such as lipids, that 
might form the water channel, 

in view of the data that suggest the proteinaccous 
nature of the watc~ ~.;,anael ',l I], we measured pro- 

teinase effects on brush-horde1' membrane and endoso- 
mal water transport to exandnc whether the water 
transpmter has functional peptide domains thai are 
acce~,fible to proteinase digestion. Surprisingly, high 
concentrations of proteinases, which caused significant 
protein digestion on gels and inhibition of other pro- 
tein-mediated processes, did not affect osmotic water 
permeability or the ability of HgCl 2 to inhibit water 
permeability. Because the orientation of the water 
transporter in BBMV is probably right-side-out and in 
EV is cytoplasmic-side-out, it is concluded that neither 
the external nor the cytoplasmic surface of the water 
transporter is sensitive to proteinase treatment. 

In contrast to a study by Benga et al. [12]. we did not 
find ~n effect of papain on osmotic water transport or 
on the pCMBS inhibition of water transport in human 
erythrocyles. The experimental procedures were the 
same, except that Benga et al. measured diffusional 
water permeability by nuclear magnetic resonance 
whereas we measured osmotic water permeability. Be- 
cause of the high ratio of osmotic-to-diffusional water 
permeability in RBC, the measuremeqt of osmotic 
water transport has significantly better sensitivity to 
resolve inhibitory effects. RBC osmotic water perme- 
ability is > 90% inhibited by pCMBS whereas diffu- 
sional water permeability is inhibited b~, 50% [34]. In 
addition, the measurement of proton relaxation times 
by nuclear magnetic resonance requires very concen- 
trated cell suspensions (50% v/v in the study of Benga 
et ai. [12]) and can be seriously confounded by small 
changes in cell volume and the permeation of extraeel- 
lular paramagnetic quenchers. 

in summary, in our hands, proteinases had a signifi. 
cant inhibitory effect on several transport and enzyme 
systems in right-side-out BBMV and ~toplasmic-side- 
out EV. However, the water transport itself, and the 
mercurial inhibition of water transport in these vesicles 
remained unaffected by protein~ses. We thus conclude 
that the water channel in renal cortical membranes 
may be a small integral membrane protein with no 
functionally important membrane domains that are 
sensitive to proteolysis from either side of the cell 
membrane. Our data, however, do not exclude the 
possibility that the water channel is a lipoprotein or a 
special lipid arangcment in the water permeable mem- 
branes. 
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