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A marked increase in water permeability can be induced in Xenopus cocytes by injection of mRNA froin tissues that
express water channels, suggesting that the water channel is a protein. In view of this and previous reports which
showed that proteinases may interfere with mercurial inhibition of water transport in red blood cells (RBC), ve
examined the influence of trypsin, chymotrypsin, papain, pronase, subtilisin and thermolysin on water permeability
as well as on ATPase activity, H *-pump, passive H* conductance, and Na*/H* evchange in apical brush-horder
vesicles (BBMV) and endosomal (EV) vesicles from rat renal cortex. H* transport was measured by Acridine
orange fluorescence quenching and water transport by stopped-flow light scaltering. As measured by potential-driven
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 20-55%, and H* conductance was un-
changed. Osmotic water permeability (P,) was 570 pm /s and was inhibited 85-90% by 0.6 mM L..Cl,; proteinase
treatment did not effect P, or the HgCl, inhibition. In FV, NEM-sensitive H* accumulation and ATPase activity
were inhibited by > 95%. P, (i40 pm/s) and HgCl, inkibition (75-85%) were not influenced by profeinase
treatment. SDS-PAGE showed selective digestion of muitiple polypeptides by proteinases. These results confirm the
presence of water channels in RBEMV and EV and demonstrate selective inhibition of ATPase fumction and
Na*/H™* exchunge by proteinase digestion. The Iack of effect of profeinases on waier ivansport contrasts with
previous data in RBC which showed that proteinases preveni the inhibition of water transport by mercurials. We
conclude that the water channel may be a small integral membrane protein which, unlike the H -ATPase and
Na*/H™ exchanger, has no functionaily important membrane domains that are sensitive to proteolysis.

Introduction

Functional water channels are responsibie 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. 1 and 2). The presence of water channels that
exhibit a high osmotic water peymeability coefficient
(P, low energy of activation (E,), and sensitivity to
mercurial sulfhydryl reagents, has been demonstrat:d
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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]. Reccnt data showed
that a population of EV (labeled by cindocytosis of
&-carboxyfluorescein) with very high osmotic water per-
meability is induced in renal papilla following vaso-
pressin treatment of Brattiecboro rats [9]. Labeled vesi-
cles with high water permeability ware not present 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 ;s not known whether water permeabil-
ity in proximal tubule is subject to physiological regula-
tion.

Although it has been proposed that water trans-
porters represent proteins or special protein-lipid or
lipid units {2], recent data that functional, HgCl,-sensi-
tive water chanrels are expressed in Xenopus oocytes
microinjected with mRNA from kidney and reticu-
locytes suggest that water channels are proteins [11]. In
red blood cell (RBC) membranes, which also contain
water channels, radiation and proteolysis did not affect
water transport, but decreased its sensitivity (o mercu-
riai inhibition [12-14). These results suggest the pres-
ence of a protein subunit, sensitive to mercurials and
proteinascs, that regulatcs membrane water perncabil-
ity. Based on these observations we have tested the
cffect of a scries of proteinases on control and HgCl ,-
inhibited osmotic waier transport in rat renal cortical
brush-border vesicles (BBMV) and EV. Thesc vesicles
have either their extraccllular (BBMV) or cytoplasmic
(EV) membrane surface exposed. Whereas several
transport (Na*/H* cxchange, 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 werc isolated from cortical ho-
mogenates of Sprague-Dawley rat kidney by the Mg-
aggregation method of Biber et al. [15] and the differ-
ential and Percoll density gradient centrifugation
method of Saboli¢ and Burckhardt [16], respectively.
BBMYV were enriched in leucine arylamidase 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 355 2 0.6 and 2.7+ 0.1 (n=
4), respectively.

Vesicles were washed twice with KCl-buffer contain-
ing 306 mM mannitol, 100 mM KCI, 5 mM MgSO,, §
mM  N-2-hydroxyethylpiperazine-N "-2-ethanesulfonic
acid (Hepes)/ tristhydroxymethyljaminomethane (Tris),
pH 74, 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, pronase, subtilisin, and
thermolysin (Bochringer-Mannheim, indianapolis, IN).

An aliquot of vesicles (100 ul, 1 mg protein) was mixed
with a stock proteinase solution to yield a final pro-
teinase concentration of 1 mg/mi. The ixture was
incubated for 60 min at 37°C. The reaction was stopped
by addition of 1 mM (final concentration) phenyl-
methyl-sulfonylfluoride (PMSF) and cooling the sam-
ples on ire. Control vesicles were treated identically
but without proteinase.

ATPase activity

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 ccto-ATPase, #hcreas the
NEM-scusitive ATPase in BBMV and EV represents
the vacuolar type H*-AT¥asc. Vesicles were diluted
with ice-cold KCl-buffer to a protein concentration of
0.5 mg/mi (BBMV) or 1 mg/m! (EV) {not including
the protein contributed by proteinase). The reaction
mixture for the ATPasc assay in a total volume of 0.2
m! comprised: 150 mM KCI, 5 mM MgSO,, 50 mM
Hepes-Tris (pH 7.4), 1 mM levamiscle, 2 mM ouabain,
5 ng/ml oligomycin, 0.5 mM vanadate, with or without
1 mM NEM, and 10 pg (BBMV) or 20 ug (EV) vesicle
protein. The inhibitors were prescnt 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 min, the
veaction was started by adding a stock solution of
Tris-ATP (final concentration, 5 mM). The reaction
was terminated after 12 min by addition of 1 ml of an
ice-cold stop solution {(2.9% ascorbic acid, 0.45% am-
monium molybdate and 2.86% sodium dodecyl sul-
phate (SDS) in 0.48 H HCI). Further processing of the
samples and colorimetric measurement of liberated P,
was performed as described by Dean et al. [19].

FIN()I‘OI"L’"‘I-C measurements

The formation and dissipation of transmembrane
proton gradients in control and proteinase-treated vesi-
cles 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 of proteinases on vesicle
integrity (vesiculation), 20 ul BBMV or EV loaded
with KCl-buffer (0.2 mg vesicle protein, not including
the proteinase content) was added to 2 ml of K*-free
buffer (TMACI-buffer: 300 mM mannitol, 100 mM
tetramethylammonium chloride, 5 mM MgSQO,, 5 mM
Hepes-Tris (pH 7.4)) containing 6 uM AQ, 25 uM
valinomycin, and 2.5 pM carbonyl cyanide p-chloro-
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 fluorescence. The quenching signal
required the presence of sealed vesicles [20]. In some
experiments, vesicles were washed two times with pro-
teinase-free, KCl-buffer and the protein concentration
was adjusted to 10 mg/ml! before fluorescence meca-
surements in order to remove proteinases.

H* conductance and Na*/H"* exchange in BBMV
were measured as described previously [20,22]. Briefly,
proteinase-treated vesicles were washed twice with
proteinase-free, KCl-buffer and the protein concentra-
tion was adjusted to 10 mg/ml. An aliquot of vesicles
(20 u1, 0.2 mg protein) was added to 2 mt TMAC!-buffer
containing 6 pM AO and 2.5 uM valinomycin. The
rate of intravesicular acidification driven by the in-
duced K*-diffusion potential, observed as the time-de-
pendent quenching of AQ 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 fluorescence 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
KCl-buffer), and was expressed as fluorescence change
per min (4F /min}. After the intravesicular acidifica-
tion was fully developed, 25 u1 stock solution of TMACI
or NaCl (final cation concentration 12.2 mM) was
added, and the rate of ApH dissipation (iluorescence
reccvery) was recorded. The initial rate of fluorescence
recovery in the presence of Na*, corrected for the
recovery observed with TMACIH, 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 was added from an aqucous stock
{final concentration 0.5 mM) before addition wf NaCl
or TMACL

H*-pump activity in control and protcinase-treated
EV was measured by ATP-driven, Cl -stimulaied
quenching of AO fivorescence [21). An aliquot of EV
(10 ul, 0.1 mg protein’ was added to 2 m! KCl-buffer
which contained 6 uM AO, 2.5 uM valinomycin, and
1.5 mM Tris-ATP. When required, CCCP was added
from ethanol stock (final concentration in the assay, 2.5
uM) to dissipate the t;ansmembrane H* gradient.

Fluorescence was monitored at 37°C over 1 s inter-
vals in an SEM-Aminco 8000 fluorometer (Urbana, IL)
interfaced to an IBM/PC computer. Fluorescence was
excited at 485 nr1, and emission was filtered by two
Schott glass OGE15 cut-on filters in series. Samples
were stirred continuously.

Osmotic water per-neability
Osmotic water permeability in BBMV and EV was
measured by stopped-flow light scattering [7]. Control
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and proteinase-treated vesicles were washed twice in a
low-osmolality buffer which comprised: 100 mM man-
nitol, 5 mM Hepes-Tris (pH 7.4). Stopped-flow experi-
ments were performed at 23°C on « Hi-Tech SF-51
apparatus (Wiltshire, UK) that has a 1-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 timc course of
90° light scattering at 500 nm was recorded by a
MINC/23 computer (Digital Equipment, Maynard,
MA) for subscquent analysis. No significant change in
the intensity of scattered light was observed when the
vesicles were mixed with isoosmotic buffers. The calcu-
lation of osmotic water permeability (P;) from the time
course of scattered light intensity and vesicle surface-
to-volume ratio was described previously {7]. Vesicle
geometry was evaluated by electron microscopy {see
below).

Electron microscopy of isolated resicles

Ultrathin frozen sections of isolated vesicles were
stained with uranyl acetate according to the method of
Tokuyasu [23]. Briefly, vesicles were fixed with 0.5%
glutaraidehyde, washed with PBS, and embedded in
3% agar. The small solid agar blocks were infiltrated
with 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 fised with 1% glutaraldehyde, washed
with water, and stained with 2% Uranyl acetate for 5
min. Thereafter, the grids were destained with and
embedded in 2% methyl cellulose, dried, and viewed in
a Philips CM10 electron microscope.

Morphometric analyses were made from the elec-
tronmicrographic images of isolated vesicles by using a
calibrated eve-piece. In round vesicles, the diameter
was estimated by measuring the greatest distance be-
tween two opposite points at ihe 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 volurie.

SDS-polyacrvlamide electrophoresis

Control or proteinase-treated vesicles were washed
twice with proteinase-free buffcr. Membrane proteins
were solubilized by boiling for 5 min in sampie buffer
[i% SDS, 30 mM Tris/Ci, pH 6.8, 12% (vol/vol}
glycerol]. Aliquots of 150 mg protein were loaded onte
13% iLaemmli 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 markers (Be-
thesda Research Laboratories, MD, USA) werc:
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lysozyme (14300), B-lactoglebulin (18400), carbonic
anhydrasc (29000), ovalbumin (43000), bovinc scrum
albumin (68 000), phosphorylase B (97 400), and myosin
(H-chain) (200000).

Statistics

The recordings, electronmicrographs, and SDS-
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 #-test.

Results

Electron microscopy of isolated vesicles

Electron micrographs of negatively-stained apical
and endosomal membranc 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 iarger 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
236-107% pm?, 10.7-107* gm®, and 2.2-10° em~",
respectively. The average diameter of EV was 175+ 4
nm, surface 96- 10~° um?, volume 2.8- 10°% pm?, and
surface-to-volurne ratio 3.4- 10° cm ™!,

Before testing of the effect of proteinases 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-ATPasc
activity, an enzyme with a catalytic site of broad nu-
cleotide specificity at the external domain {18,24], (b)
membrane H* conductance, and (¢) Na*/H* an-
tiporter activity. H* conductance and Na*/H* an-
tiport are intrinsic propertics of the luminal membrane
[20]. In EV, we measured the activity of a vacuolar-type
H*-pump and the corresponding 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 brush-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 AO fluorescence quenching
is sensitive to the number of scaled BBMV. Vesicies
were diluted with KCl-buffer, incubated at 37°C for 60
min, and the quenching amplitude was measured in
response to addition of different awounts of vesicle

protein. Fig 3A shows that increasing amounts of
BBMYV (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: bufier (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
BBMYV (from 0.2 to 0.1 mg protein) gave about 30%
decrease in quenching amplitude. With fewer vesicles
(< 0.1 mg vesicle protein), a steep and nearly linear
decrease in quenching amplitude was obtained.

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

Ecto-ATPase activity, measurcd in these vesicles, is
shown in Table 1. As shown previously [25], BBMV
isofated by aggregation with divalent cations are ori-
ented right-side-out. We have recently demonstrated
that these membrancs possess an ccto-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 P;/min mg protein (n =
6). In the presence of | mM NEM, ATPase activity
decreased to 654 + 13 nmol P,/min mg protein {Table
1, Control). The small NEM-sensitive component of
ATPasc activity is due to the vacuolar-type ATPase
present in contaminating intracellular and /or unsealed
brush-border membranes [18,21]. As shown in Table 1,
all proteinase-treated vesicles exhibit a decrease in
ecto-ATPase activity compared to control BBMV. The
decrease ranged from 109 (chymotrypsin) to 30%
(prcnase).

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 proteinase-treated BBMV was similar (Fig. 4B),
possibly 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 tv 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 gradient caused a
limited additional fluorescence quenching due to non-
specific interaction of AQ fluorescence with amiloride.
Subsequent addition of Na* caused no fluorescence
recovery, indicating the presence of amiloride-sensitive
Na*/H* antiport.
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As shown in Table I, the H* conductance in pro- and chymotrypsin. Papain and subtilisin inhibited
teinase-treated BBMYV did ot differ significantly from Na*/H* antiport by 20%, whercas thermolysin, and
control. Na*/H™* antiport was not inhibited by trypsin pronase inhibited by 30%, and 55%, respectively.

Fig. 1. Electron micrographs of ultrathin (6)) nm) frozen sections of isolated rat renal cortical brush-border (A) and endosomal membrane
vesicles (B) negatively stained with uranyl acetate. The vesicles are sharply delineated by a double membrzaz. Biush-border membrane vesicles
are larger and more heterogeneous in size and shape than endosomal vesiclkes. Bar = 0.25 wm.
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Fig. 2. Histograms of diameters of brush-border (BBMV) and cndo-
cytic vesicles (EV) calculated from analysis of electron micrographs.
The average diumeter of BBMV and EV is 274 + 6 nm (n = 140} and
175+ 4 am (n = 150, respectively.

NUMBER OF VESICLES COUNTED

Proteinase effect on endocync vesicles

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 protecinases was significantly affected com-
pared to control, the greatest effect being on pronase-
treated EV. The data indicate that, unlike BEMV, the
integrity of EV is signicantly compromizad by some
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 contro! 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*-ATPase activity. Fig. 6A indicates
that the dissipation of the pH gradients was not af-
iected by proteinase treatment. The latter possibility
was lested by measuring NEM-sensitive ATPasc activ-
ity in control and proteinase-treated EV (Table 11). In
the absence of NEM, the isolated EV contained an
ATPase activity of 147 £ 8 nmol P,/min mg protein

(n=26). About 45% of this activity was sensitive to
NEM (Table 1, Coatrol), and represented intrinsic
vacuolar-type H*-ATPase [17]. As shown in Table I,
NEM-sensitive ATPase activity was abolished in pro-
teinasc-treated EV. Therefore, the removal of H*-
ATPase activity accounts for the absence of ATP-de-
pendeni acidification.

SDS-PAGE of proteinase-treated vesicles

Experiments were performed with control and pro-
teinase-treated vesicles that had been washed with
proteinase-free buflers. 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 papain, no clear protein

BBMV
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Fig. 3. Dependence of Acridine orange quenching amplitude on
amount of BBMV and EV. Vesicles were preincubated at 37°C for
60 min, Aliquots (20 ul) of either brush-border (BBMV) or cndoso-
mal vesicles (EV), preloaded with KCl-buffer and containing indi-
cated ameunts of vesicle protein (0-0.2 mg). were dilnted in
TMACI-buffer containing Acridine orange. valinomyein and CCCP
{see Methouis). The quenching amplitudes were recorded (A and C)
~pi! plotted as & relative amplitude (E zad D). Each point represents
the mean+S.E. of three to four measurements in wesicles pooled

from three different preparations.
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Fig. 4. Effect of proteinase treaiment on integrity of BBMV before
{A)Y and after washing with proteinase-free buffers (B). Vesicles were
added to KCl-buffer (K =K} or TMAC-buffe: (K) > K,)
which contained Acridine orange, valinomycin and CCCP. At the
indicated time Girrow), a | M stock solution of KCI was injected into
outside buffer (final concentration of K, 25 mM) 1o dissipate the
ApH. In this and subsequent figures the proteinases were: 1, control
(no proteinase): 2. trypsing 3, chymotrypsin: 4, papain; 5. pronase; 6,
sulstilisin and 7, thermolysin,

band was stained. The cffect of papain was not duc to
interaction of papain with Coomassic blue staining
because no baads were abserved also 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 BBMYV, papain treatment resulted in loss
of the protein bard pattern. The effect of other pro-
teinases in EV was 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 przsent in BBMV and EV and
proved therefore that proteinases are able to act from

* The preceding experiments showed that the papain-treatment of
BBMV and EV had only minimal effect on vesiculation. The
activities of ecto-ATPase, an enzyme of the MW about 100 kDa
[27). and of Na*/H" exchanger were only partially inhibited.
These findings ~learly contrast with the complete diszppearance of
protein bands on SDS-PAGE of papain-lreated vesicles. In a
separate experiment (results not shown) we examined the mecha-
nism of papain action by incubating BBMV either () as above, in
the presence of papain at 37°C for 60 min, followed hy the
addition of PMSF and washing of the vesicles with papain-free
buffer, or (b) by addition of papain after incubation of the vesicles
in the papain-free bufter, followed by the addition of PMSF and
wdshlng. or (¢} by dddllmn of PMSF after incubation of BBMV in

fi 1 | by the addition of pupain and
washmg All three conditions yielded a similar protein patiern of
the vesicles on SDS-PAGE, with loss of the protein bands. There-
fore the muin action of papain occurred after the incubation of
vesicles with papain was completed. probably during the prepara-
tivn and boiling of the membranes in sample buffer before SDS-
PAGE.
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TABLE]

Ecta-ATPase activity, H*' comductance and Na " /11 exchange in
proteinase-treated brusi-border membrane re.icles

Shown are means + S.E. obtained with four 10 six vesicle prepar-
tions, The ccto-ATPase activity was measared by the P, liberation
Bt in unwashed vesicles and represenis the residual ATPase
activity in the presence of 1 M NEM. H' conductance and
Na ' /H’ exchange were measured by the quenching method of
Acridine orange fluorescence in sesicles folowing remaoval of pro-
teimuses by washing as described in the Materials and Method
section. Statistical significance vs, Control: * P < D05, and ** P <
il

Enzyme Ecto-ATPase * H' Conduc- Na'/H*

tance Exchange ®
Control 654+ 13 (LI39+0M5 NS +0.013
Trypsin 509+ 16 ** LS6 £0.010 A +£0.027
Chymotrypsin = 389+ 13 ** WIS+ 0.0 013040012
Papain o+ 7 A48 0018 G093+ 0016 *
Pronase 05+ 7T DA2E+0.015 Q053+ **
Subtilisin 574+ B ** 013040010 .089+0.019 *
Thermolysin - 572+ 7 ** DA3G+0.014 0080+ 0.000 **

* amal P, /min mg protein.

" AF /min.
BBMV
_ AMILOAIDE Na® (TMA*)
S i l
n
w
"af
% I
™A+

1 min

Fig. 5. H* conductance and Na*/H" exchange in brush-border
membrane vesicles. BBMV, preloaded with KCl-buffer, were added
to same (K}, = K}, ) or TMACI-buifer (K, > K_,,,) which contained
AQ and valinomycin. The rate of ﬂuorcw:ncc quenching in the
p e of 1 K* gradientis a ofaH* i
At the indicated time (arvow), concentrated chloride salts of either
Na* or TMA* were added into outside buffer to induce a dissipa-
tion of the dpH via Na"/H" exchange. Final concentrations of

added cations was 12.2 mM., Amiloride (Fral copcentretion 0.5 mM}
was added about 1 min before cations in order to block te Na* /H™

antiporter activity. Transport rates are sumymerized in Table L
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Fip. 6. Vesiculation (A} and H '-rump activity (B) in controi and proteinase-treated endocytic vesicles. {A) Vesicles were added 1o KCl-buffer

(K = Ko) or TMACEbuffer (K, > K., ) which contained Acridine orange (AO), valinomyein and CCCP. At the arrow, a 1 M stock solution

of KCI was injected into vutside buffer (fina) concentration of K. 25 mM) to dissipate the 3pH. (B) Vesicles were added 10 KCl-buffer which

¢ ined AO, vali in and ATP. At the arrow, CCCP was added to dissipate the JpH. NEM = the 1" -pump activity in control vesicles

preincubated with | mM NEM at coom temperature for § min. and 1 in a buffer containing the same concentration of the inhibitor. The
recordings arc labeled as in Fig. 4.

both the external and cytoplasmic sides of the vesicle ent in control BBMV (A) and EV (B) in the presence

membrane. and absence of 0.6 mM HgCl,. HgCl, strongly inhib-
ited water transport as reported previously [3-8]. In
Effect of proteinases on osmotic water transport the absence of HgCl,, the calculated osmotic water

Fig. 8 shows the time course of light scattering in permeability in control BBMV and EV was 571 + 83
response to a 10 mM inwardly directed sucrose gradi- and 141 + 14 um/s, respectively. As shown in Table

BBMV EV

200 =

97.4

68 =

MW (kDa)

18.4 &

14,3 5 e

Fie 7. SDS-polyucrylumide gel electrophoresis of control and proteinase-treated brush-border {BBMV) and endosomal vesicles (EV). The
labeling of the tanes corresponds to the recordings in Fig. 4, The gels are typical of two to three separate studies.



TABLE Il

Effect of protcinuses on NEM-sensitive ATPase activity i rat renal
cortical endocytic vesicles

ATPuse activity was measured by the P, liberation assay in unwashed
vesicles as deseribed in the Materials and Methads section. The
NEM-sensitive ATPase is the difference between the ATPase activ-
ity in the absence and presence of | mM NEM. Shown are means +

145

TABLE 111

Osmotic water permeability (P)) in rat cenal cortieal brush-border
(BBMV) and endosomal vesicles (EV) treated with varions proteinases
£, (mean + S.E.) was measured in three to four vesicle preparations
in the absence or presence of 0.6 mM HeCl, and is expressed in
pm/s

SE. of the data obtained with four to six vesicle preparations. Enzyme BBMV EV
Statistical significance vs. Control: * P <001
Entiteanes vs. L4 —Hg(l,  +Hg(l, -HgCl, +HeCl
Enzyme NEM-sensitive ATPase Control STI+R3  63+18 HI+15  29+3
{nmol P, /min mg protcin) Trypsin M6+78 T+26 130 9 4]
Chymotrypsin -~ 652493 9+ 36 150 +19 27+4
g""'ff" e Papain 623442 TFIRE 153+ 9 3644
C;“‘"'“l . 071059+ Pronuse SIBESS ATHIR 130+ 2 1943
Pa;:?: TYRSin v i g+ Subtitisin 527561 67419 IS0+ 3 2442
o - g sin 87 L4 S+23 3 543
Pronase 204 0.85 * Thermolysin + ¥+ 136+ 3 5+
Subtiliszin 274092
Thermolysin SO+172*

I, in the absence of HgCl,, the water permeability
following proteinase treatment in BBMV and EV re-
mained unchanged. HgCl, inhibited water permeabil-
ity in BBMV and EV by 90% and 80%, respectively.
There was no significant effect of proteinase treatment
on control and HgCl,-inhibited water permeability in
BBMYV and EV, R

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

LIGHT SCATTERING

Fig. 8. Time course of osmotic water transport measured by the

stop-flow light scattering in BEMV and EV. Euch time course

corresponds to a 100 mM inwardly directed sucrose gradient in the

absence {-HgCl,) or presence of 0.6 mM HgCl,. P values are
summarized in Table H1.

inactivated by papain [12]. We th-refore reexamined
the effect of papain on vsmotic water pcrmeability in
human RBC and on the inhibiticn of water permeabil-
ity by p-chloromercurybenzene sulfonate (pCMBS). For
this purpose, human RBC were obtained by vein-
upuncture, washed twice in phosphate-buffered saline,
and diluted to 0.2 vol% for incubation with napain and
stopped flow measurcments. When present, pCMBS
was added in a final concentration of 1 mM 30 min
prior to stopped-flow studies. In three scts of experi-
ments performed as reported previously [28], P, at
23°C was 0.021 +0.001 cm/s in the absence, and
0.0024 £0.0003 cm/s in the presence of pCMBS.
Preincubation of the cells with papain (1 mg/ml) for 1
h kad no significant cffect on control water transport
(0.023 + 0.003 cm/s), and did not prevent the inhibi-
tion of water transport by pCMBS (0.0026 + 0.0003
cm/s).

Discussion

Our data show that multiple proeteinases caused
marked inhibition of the NEM-sensitive ATPase (H*-
pump) in EV, and a significant inhibition of the
Na*/H* exchanger and ecto-ATPasc in BBMV. The
vacuolar H*-ATPase in EV has 9-10 different subunits
291 A subunit with MW of 70-73 kDa has a nu-
cleotide birding site and has been assumed to possess
ATPase catalytic activity. Strong inhibiticn of NEM-
semsitive ATPasc and H*-pump activity by multiplc
proteinases confirms that the 70-72 kDa subunit is a
peripheral membrane protein exposed at the outside
membrane swmface [30). The effect of proteinases on
ecto-ATPasc activity was limited (10-39%). Similar
limited effects of proteinases (trypsin, chymotrypsin,
papain) on ccto-ATPase activity were also reported in
hepatocytes in primary culture [31}; thercfore the cut-
alytic domain of this ATFase is less susceptible to
proteolysis than that of the vacuolar-typc H*ATPase.
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Na*/H"* exchange was inhibited by several pro-
teinases but notably not by trypsin. Weinman et al. [32)
found that trypsin at low concentrations { < 50 pg/mb
and brief incubation times (<10 min} stimulaicd
Na*/H* antiport in solubilized ard reconstituted
BBMYV, whercas at higher concentrations {. 100
ug/mhb) and after prolonged incubation (> 20 min),
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, wheieas in our closed
right-side-out BBMV, the antiporter has no domain
sensitive to tiypsin. H* conductance was not affected
by proteinase treatment, supporting the conclusion that
passive (non-ion coupled) 1Y transport in these mem-
branes is mediated by lipidic and non-specific protein-
lipid pathways {33].

in accordance with previous studies [3-8], we con-
firmed the presence of mercurial-sensitive water trans-
porters in renal cortical brush-border and endosomal
membranes. The prescnce of water channels in proxi-
mal tubule endocytic (Ref. 8, and this paper) and
clathrin-coated vesicles [10] suggests that the water
channels that facilitate the transcellular reabsorbtion
of water driven by small osmotic gradicnts are inserted
into and retricved from apical membranes. Hewever, it
is not known whether the number of wate. channels
present in the proximal tubule apical membrane is
subject 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 of evidence have raised the possibility that the
water transporting pathwav 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, (13], whereas inhibition by
mercurials was prevented by these treatments. In api-
cal membrane vesicles from rabbit proximal tubule,
osmotic waler pereability was not inhibited by radia-
tion [14]. The radiation inactivation findings are consis-
tent with the water channel being a small protein, an
uligomeric assembly of proteins, or a nonprotein path-
way. Recent data showed that mRNA from kidney,
toad bladder and reticulocytes resulted in the expres-
sion of functional water channels when injected into
Xeropus vocytes [11]. These data suggest that mRNA
directs the translation of protein(s) which may com-
prise the water channel iiseif, 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 water channel (11}, we measured pro-

teinase effects on brush-border membrane and endoso-
mal water transport to cxanline whether the water
transporter has functional peptide domains that are
accessible 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, 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 scnsitive to proteinase trcatment.

In contrast to a study by Benga et al. {12}, we did not
find an effect of papain on osmotic water transport or
on the pCMBS inhibition of water transport in human
erythrocytes. 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 mcasuremcnt 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 by 50% [34], In
addition, the measurement of proton relaxation times
by nuclear magnetic fesonance requires very concen-
trated cell suspensions (50% v /v in the study of Benga
et al. [12]) and can be seriously confounded by small
changes in cell volume and the permeation of extracel-
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 cytoplasmic-side-
out EV. However, the water transport itself, and the
mercurial inhibition of water transport in these vesicles
remained unaffected by proteinuses, We thus conclude
that the water channe! in renal cortical membranes
may be a small integral membrane protein with no
functionally important membrane domains that are
sensitive 1o proteolysis from cither side of the cell
membrane. Our data, however, do not exclude the
possibility that the water channel is a lipoprotein or a
special lipid arangement in the water permeable mem-
branes,
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