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ATPase (vacuolar ATPase), we studied the proton translocation and ATP hydrolytic capacity of endocytic
vesicles having different lipid composition obtained from rats fed with 18:1n-9 and 18:2n-6 fatty acid enriched
diets. The proton translocation rate decreases while the enzymatic activity increases in oleic acid-rich vesicles
(OAYV), revealing an uncoupled state of V-ATPase complex which was further demonstrated by Western
Blotting. A decrease of the very long fatty acyl chains length (C20-C24) and increase of the C16—C18 chains
length in OAV membranes was observed, concomitant with increased hydrolytic activity of the V-ATPase.
This response of the urothelial V-ATPase was similar to that of the Na—K ATPase when the activity of the
latter was probed in reconstituted systems with lipids bearing different lengths of fatty acid chains. The studies
describe for the first time a lipid composition-dependent activity of the urothelial V-ATPase, identified by
immunofluorescence microscopy which is related to an effective coupling between the channel proton flux
and ATP hydrolysis.
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Abstract The vesicle population beneath the apical
plasma membrane of the most superficial urothelial cells is
heterogeneous and their traffic and activity seems to be
dependent on their membrane composition and inversely
related to their development stage. Although the uropla-
kins, the major proteins of the highly differentiated urinary
bladder umbrella cells, can maintain the bladder perme-
ability barrier, the role of the membrane lipid composition
still remains elusive. We have recently reported the lipid
induced leakage of the vesicular content as a path of
diversion in the degradative pathway. To extend the
knowledge on how the lipid environment can affect
vesicular acidification and membrane traffic through the
regulation of the V-ATPase (vacuolar ATPase), we studied
the proton translocation and ATP hydrolytic capacity of
endocytic vesicles having different lipid composition
obtained from rats fed with 18:1n-9 and 18:2n-6 fatty acid
enriched diets. The proton translocation rate decreases
while the enzymatic activity increases in oleic acid-rich
vesicles (OAV), revealing an uncoupled state of V-ATPase
complex which was further demonstrated by Western
Blotting. A decrease of the very long fatty acyl chains
length (C20-C24) and increase of the C16-C18 chains
length in OAV membranes was observed, concomitant
with increased hydrolytic activity of the V-ATPase. This
response of the urothelial V-ATPase was similar to that of
the Na—K ATPase when the activity of the latter was
probed in reconstituted systems with lipids bearing
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different lengths of fatty acid chains. The studies describe
for the first time a lipid composition-dependent activity of
the urothelial V-ATPase, identified by immunofluores-
cence microscopy which is related to an effective coupling
between the channel proton flux and ATP hydrolysis.

Keywords  Urothelial vesicle acidification - V-ATPase
specific activity - Membrane proton flux - Fatty acids

Abbreviations

V-ATPase Vacuolar ATPase

AUM Asymmetric membrane unit

ATP Adenosine 5'-triphosphate

FITC Fluorescein isothiocyanate

PK/LDH Piruvate kinase/lactate dehydrogenase
NADH Reduced nicotinamide-adenine dinucleotide
PEP Phospho-enol-piruvate

Ccv Control vesicles

LAV Linoleic acid derived vesicles

OAV Oleic acid derived vesicles

VLCFAs Very long chain fatty acids
VLCPUFAs Very long chain unsaturated fatty acids
LCFAs Long chain fatty acids

Introduction

To investigate whether the urothelial endocytic vesicles
acidification can be affected by the lipid environment, we
studied both proton pumping and ATP hydrolytic activity of
a V-ATPase present in the umbrella cells of urinary bladder
whose membrane lipid composition was modified by dietary
treatment. Both ATPase activities were differentially
affected by oleic acid-rich diet compared with those of
control and linoleic acid-rich diets.
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The urothelium, a specialized epithelium covering the
lumenal surface of the urinary bladder mucosa is distin-
guished by two unique structural features of the superficial
umbrella cells in direct contact with the urine [1], the
asymmetric unit membrane (AUM) and the high density of
cytoplasmic vesicles, rendering the urinary bladder a dis-
tinctive functional organ [2]. At least two kinds of sub-
apical vesicles have been characterized: the discoidal/
fusiform vesicles (FVs) and the peripheral junction-asso-
ciated apical endosomes [3]. It has long been thought that
FVs undergo fusion with the apical plasma membrane thus
delivering crystalline plaques to the surface. The popula-
tion of FVs can be restored by retrieval of membrane from
surface of the umbrella cells. This mechanism has been
documented to respond to the increase—decrease of
hydrostatic pressure in the urinary bladder during the fill-
ing—voiding phases of the micturition cycle [2, 4]. The FVs
membrane recycling has been questioned on the basis of
the results suggesting that FVs can be regarded as exocytic
rather than endocytic vesicles delivering uroplakins, the
major protein of the surface membrane, to the apical
plasma membrane [5-7]. The peripheral junction associ-
ated vesicles proceeds from an apical membrane compen-
satory endocytosis [3] and represent an integrin-regulated
and RhoA-and dynamin-dependent pathway. These mem-
brane and fluid internalized were targeted to lysosomal
degradation [3]. This fate was not the classical lysosomal
pathway, since the internalized membrane and fluid mate-
rial were delivered to the junction-associated vesicles and
not to FVs or classical early endosomes, and the fate of the
cargo was the degradation in late endosomes/lysosomes.
Others authors provide evidences that membrane-bound
endocytotic marker after endocytosis is sorted to early
endosome compartment which matures in late endosome
and lately in lysosome [7]. Zhang et al. [8] also gave evi-
dences of the vesicle pathway toward the lysosomal deg-
radation demonstrating the surface “characteristic AUM
structure in multivesicular bodies, autophagosomes, and
lysosomes of umbrella cells. Truschel et al. [9] have also
reported that once the vesicles have been endocytosed,
their membrane protein content, specifically the uroplakin
III, could be degraded via lysosomes. Guo et al. [5] have
recently demonstrated ithe acidification of the endocytic
vesicle content and ‘its dependence of Vps33a, a Sec-1
related protein implicated in vesicular transport to the
lysosomal compartment. The toxins/inflammatory sub-
stances eliminated by urine may have a key role in the
urinary bladder cancer development. This prompted to
investigate the membrane permeability [10] and the ATP-
ase-dependent acidification of the uroepithelial subapical
endocytic vesicles to get insight into possible mechanisms
of urinary bladder cancer development induced by urine
content. On the basis of the previous data on the

@ Springer

biochemical, biophysical, and structural analysis of these
vesicles [10-14], we suggested that some membrane lipid
changes, may not only induce a loss of the proper mem-
brane organization but also a lipid-dependent lumenal
content leakage toward the cytoplasm [10].

Whatever the endocytosed material proceeds it is finally
targeted to the late endosome/lysosomal compartment
where the cargo is degraded [3, 7]. The endosomal interior
becomes acidified due to the presence of a Vacuolar
proton-ATPase pump (V-ATPase, EC 3.63.14) [15].
This V-ATPase controls the cytoplasmic and extracellular
pH as well as the acidity of diverse intracellular compart-
ments, besides other functions such as the cellular ener-
getic metabolism, intracellular membrane traffic, protease
activity, vacuole-vacuole fusion, metal homeostasis, and
cytoskeletal and morphological changes [15]. The acidifi-
cation of the umbrella cell compartments that presumably
belong to the lysosomal pathway has already been shown,
thus implying the presence of a proton- pump that was
demonstrated by immunofluorescence microscopy [16].
The V-ATPase is composed of two multisubunit domains:
the membrane proton channel V,, responsible for proton
translocation, and the peripheral catalytic sector V;, where
the ATP hydrolysis occurs [17]. It has also been reported
that the reversible physical disassembly of V-ATPase, into
V, cytoplasmic and V, intramembrane segments may
affect the normal functioning of the enzyme. Nevertheless,
even after the correct association of intra and extra mem-
brane subunits, a functional uncoupling can occur [17]. The
mechanism underlying this type of uncoupled state is
unclear. Although it could be assumed that the trans-
membrane V subunit can be affected by the lipid envi-
ronment, this has only been proven in a reconstituted
system [18]. With this system, it was demonstrated that
phospholipids are not essential for the basic ATP hydro-
lysis but rather are required for the functional coupling of
the enzyme. Moreover, some dependence of the V-ATPase
on the sphingolipids of the peripheral V| unit rather than on
the integral segment V, has been noted [19]. The depen-
dence of the lysosomal pathway on the acidification pro-
cesses is quite clear. However, what remains unknown is
whether different acidification grades could have a key role
for determining the directionality (pathway sorting) to one
or the other pathways occurring in the urinary umbrella
cells. The proton translocation (proton-pumping) across
biological membranes is driven by ATP hydrolysis which
in turn leads to the rotation of the V; domain. This means
that the proton translocation efficiency is dependent on the
coordination between both functions [17]. So far, the
coordination state between ATPase activity and proton
translocation of the urinary bladder V-ATPase has not yet
been studied. To elucidate this intriguing aspect, we stud-
ied first the V-ATPase functionality in different membrane
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organizations induced by changes of the membrane lipid
composition, using the diet protocol reported earlier
[10-14]. As an approach to understand how the mechanism
of organelle acidification could be affected by the mem-
brane environment we prepared urothelial endocytic vesi-
cles of varied membrane lipid composition from bladders
of rats fed with a commercial diet (control vesicles, CV)
and synthetic diets enriched in 18:1n-9 (oleic acid-rich
vesicles, OAV) and 18:2n-6 (linoleic acid-rich vesicles,
LAYV) fatty acids. The data presented in this study on those
diet-conditioned urothelial vesicles provide evidences,
using an endocytotic compartment of well characterized
membrane lipid composition, that the specific activity of
the proton-pump and the association/assembly of the two
subunits, Vg and Vy, are lipid regulated processes. We have
chemically characterized for the first time the V-ATPase
activity/proton translocation coupling in rat urothelium by
studying its differential functional state, relative to the lipid
environment, and we have additionally described some
new regulatory mechanisms based on common daily
nutrients.

Materials and Methods
Animals and Diets

After weaning, three groups of Wistar rats (both sexes), 25
each were fed ad libitum for 12 weeks with semi-synthetic
formulae containing (% w/w) 20.0 casein, 50.0 sucrose,
20.0 corn starch, 3.5 salt mixture, 1.0 vitamins mixture, 0.3
methionine, 0.1 choline, and 6% of one of the following
lipid sources: corn oil, enriched in 18:2n-6; and olive oil,
enriched in 18:1n-9 [10]. Another group was fed with
commercial animal diet (Cargil, Co) and used as a control.
Food and water were provided ad libitum. Animals were
kept in a light and temperature controlled room under the
rules of the Institutional Animal Care Guidelines (Animal
Care Comittee from National  University of Cordoba,
Argentina) and were fed fresh diet every day.

Identification of Urinary Bladder V-ATPase
by Immunofluorescence

Rat bladders were fixed in 4% paraformaldehyde, embed-
ded in paraffin .and sectioned (3 um thick slides). After
deparaffinization —and rehydration, the sections were
blocked with 10% normal bovine serum in phosphate
buffered saline (PBS), pH 7.4 for 1 h at room temperature.
After blocking, the slides were incubated with primary
antibody V-ATPase B1/2 (Santa Cruz Biotechnology, Inc)
1:50 at 4°C overnight. Anti-Rabbit Ig FITC conjugated
(Sigma, Co) 1:200 as secondary antibody was used. The

slides were mounted using DPX medium (Sigma, Co).
Confocal images were collected using a Carl Zeiss LSMS5
Pascal laser scanning confocal microscope (Carl Zeiss AG,
Germany) equipped with a multi-line Argon laser (458, 488,
and 514 nm) and two Helium Neon lasers (543 and 633 nm,
respectively) and 100x (numerical aperture = 1.4) oil
immersion objective (Zeiss Plan-Apochromat). Single con-
focal sections of 0.7 um were taken parallel to the coverslip
(xy sections). Final images were captured on a Zeiss mo-
chromatic CCD camera and compiled with Adobe Photo-
shop 7.0.

Isolation of Urothelial Endocytic Vesicles
and Determination of V-ATPase Proton Translocation

Two animals were used for each experiment. Ureters and
urethra were ligated in situ after bladder exposure. The
bladder interior was washed three times with phosphate-
buffered saline at 37°C and then filled with 10 mM HEPES
buffer, pH 7.5 containing 30 mM HPTS (hydroxypyrene-
1,3,6-trisulfonic acid, Sigma Co) a pH-sensitive probe [20].
The bladders were removed and quickly exposed for
60 min to wormed Ringer hypotonic solution (in mM:
111.2 NaCl, 25 NaHCO;_ 5.8 KCl, 2 CaCl,, 1.2 MgSO,, 1.2
K;HPOy, 11.1 glucose, pH 7.4; diluted 1:1 with distilled
water) which induces reinsertion of subapical vesicles to
the membrane surface [21]. Immediately, the bladders were
changed to an isotonic Ringer solution for 20 min to induce
the endocytosis of plasma membrane entrapping the pH
sensitive probe [10, 21]. This procedure mimics the pro-
tocol of Lewis and de Moura [22] designed to induce
maximal reinsertion and endocytosis of apical plasma
membrane successively. The remaining dye in the bladder
interior was drained and the cavity rinsed several times
with phosphate-buffered saline (PBS) at 4°C. The bladders
were cut open on an ice-containing dish and the urothelium
was obtained by scraping the lumenal surface, collected by
centrifugation and mechanically disrupted in homogeni-
zation solution (in mM: 10 N-2-hydroxyethylpiperazine-N-
2-ethanesulfonic acid, 10 KCI, 45 sucrose, 1 EDTA, 1
ethylene glycol-bis(2-aminoethyl ether)N,N,N,N tetracetic
acid, pH 8). The disrupted tissue was layered over a 1.6 M
sucrose cushion [10, 21] and centrifuged at 28,000x g at
4°C for 20 min in a L5-50B Beckman Ultracentrifuge.
The urothelial vesicle-enriched fraction was collected at
the water-sucrose interface and immediately assayed. The
suspension of HPTS-loaded urothelial endocytic vesicles in
saline solution was placed in a fluorometer cuvette and
5 mM each of Na*-ATP and CIMg, or 5 mM each of Na™-
ATP and CICa, was added (0 time). The fluorescence
signal was measured (Farrand Mk I-FOCI equipped with a
magnetic stirrer) at the emission wavelength of 515 £
3 nm (excitation wavelength 450 & 5 nm) and registered
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every 5 min using a time-window device. The integrity of
the loaded vesicles was always tested by treatment of a
separate aliquot with Triton X-100 (0.2%) and measuring
the increase of the fluorescence upon dilution that follows
the release of the trapped self-quenched pH sensitive probe.
All vesicles were loaded with the same buffer and amount
of HPTS fluorescent probe (30 mM). A calibration curve of
fluorescence emission intensity ratios (Agxaso and Agx 403)
as a function of pH was constructed using the fluorescence
spectra of the HPTS [20]. These Fg,, ratios are useful in
reporting physiological pHs (4.5-7.4) and were used to
control the initial pH and pH changes during the experi-
mental time. The initial intravesicular pH was essentially
identical (6.5-6.8) in all vesicle samples and the pH
changes were within the sensibility range of the probe
(unpublished results). All fluorescence measurements
(arbitrary units, A.U.) were normalized to 100 pg protein
and expressed as percentage of the value at 0 time (range
38-40 A.U.) taken as 100%.

ATP Hydrolytic Activity of Urothelial Endocytic
Vesicles V-ATPase

Two to three animals for each experiment were euthanized,
the bladders were cut opened, and urothelium and vesicles
were isolated as described above. The V-ATPase activity
was continuously assayed in triplicate at 37°C, using a PK/
LDH linked system in which the hydrolysis of ATP was
coupled to the oxidation of NADH [23]. The reaction was
monitored (oxidation of NADH) at 340 nm (&340am =
6200 M~" cm™', pH 7.5) in a Hitachi U-2000 spectro-
photometer equipped with thermostatic cell holders. For
the standard reaction, the vesicles were suspended in
50 mM HEPES buffer, pH 7.5, containing 3 mM ATP,
10 mM KCl, 5mM MgCl,, 50 mM NaCl, 0.14 mM
NADH, 2 mM PEP, 205 ng PK (123 U), and 275 pg LDH
(236 U) in a final volume of 1.0 ml [23]. The decrease of
the absorbance value at 340 nm was registered and the
increments at each time were expressed. as follow:

AADbs = Absy — Abs;

where Abs, corresponds to the initial absorbance and Abs,
the absorbance measured at subsequent times. By using the
extinction coefficient (&340n,m = 6200 M! cm_l) and the
absorbance changes, the nmoles of ATP hydrolyzed were
obtained. The ATP hydrolysis due to the presence of
P-ATPases such as Na—K ATPase was inhibited by previ-
ous incubation of the enzymatic system with ouabain and
sodium orthovanadate (5 mM and 3 puM, respectively)
for 1 h.' The mitochondrial F-ATPase was removed during
the centrifugation process. The background activity (deter-
mined in the absence of ATP) was subtracted from all of the
values shown.

@ Springer

Distribution and Quantification of V-ATPase
by Immunoblotting

Six rat bladders for each experiment were cut opened and
the vesicular enriched fraction was obtained from the
scraped urothelium, after centrifugation on a sucrose
cushion as described above. The sucrose-free-upper phase,
including the endocytic vesicle containing interphase, was
carefully separated and centrifuged at 100,000x g at 4°C
for 90 min in a L5-50B Beckman Ultracentrifuge. Thus,
the vesicular membrane associated V-ATPase (pellet) and
the cytosolic domain (supernatant) were isolated. Both
fractions isolated were submitted to Western-blotting to
detect the B subunit of the V| domain. To this purpose, the
fractions were separately treated as follow: the vesicular
membrane fraction was solubilized in cracking buffer (§ M
urea, 5% SDS, 1 mM EDTA, 50 mM Tris—HCI, pH 6.8,
5% [-mercaptoethanol) [24] and the supernatant (cytosolic
fraction) was precipitated with 10% trichloroacetic acid,
centrifuged at 10,000x g and the pellet solubilized with
cracking buffer [24]. Both preparations were kept apart for
immunoblotting analysis. Parallelly, sections of renal cor-
tex were incubated in lysis buffer (1 ml per 1 mg of tissue)
containing: 150 mM NaCl, 1.0% triton X-100, 50 mM
Tris, pH 8.0 and 1 mM EDTA, 1 mM EGTA, 1 mM
Leupeptin, ‘and 50 uM SPMF as protease inhibitors for
30 min at 4°C and homogenized. The homogenate was
centrifuged at 10,000xg at 4°C for 10 min. The superna-
tant containing the solubilized V-ATPase of renal tubules
was used as positive control. All preparations were run on
SDS-PAGE 7.5% and the resolved proteins bands were
electrophoretically transferred to nitrocellulose membranes
(Immobilon-NC, Millipore Co) for 1 h at 300 mA. After
blocking with 0.5% Non Fat Milk/TBS for 1 h at room
temperature, the membranes were incubated with V-ATP-
ase B1/2 antibody 1:200 overnight at 4°C. After washing,
the membranes were incubated with HRP-conjugated anti-
Rabbit secondary antibody (Santa Cruz Biotechnology
Inc.) 1:500 and the specific protein bands were developed
with H,O,—-DAB (Sigma Co.). The relative amount of
individual bands was calculated using the computer soft-
ware Sigma Scan Pro 5.0 (Spss Inc. 1987-1999) on scan-
ned films.

Fatty Acid Determination

Total lipids from vesicle membranes were extracted
according to Folch method [25]. Dried total lipid extracts
were treated with toluene (500 pl) and sodium methoxide
(1 ml, 0.5 M) at 4°C overnight [26]. The fatty acid methyl
esters were extracted with hexane and the fatty acid profile
was identified using a gas chromatographer (Perkin Elmer,
Waltham, USA) equipped with a capillary column. (BPX
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70.30 m length, ID 0.25 mm, film 0.25 pm, Phenomenex,
Torrance, USA). The temperature for the injector and
detector was 280°C, and the oven temperature was main-
tained at constant temperature (190°C). The fatty acids
were identified using commercial standards and expressed
as percentage of total fatty acid composition. Organic
solvents, such as chloroform, methanol, hexane, sodium
methoxide, and reagents, were provided by Sigma Chem-
ical Co.,St. Louis, USA and FA standards by Nu-Check
Prep Inc., Elysian, USA.

Protein Determination

All protein determinations were according to Lowry et al.
[27].

Statistical Analysis

All results are expressed as average of at least three inde-
pendent experiments. Data obtained were statistically ana-
lyzed by ANOVA-Bonfferoni test and a level of less than
P < 0.05 was chosen to detect significant differences using
the statistical software InfoStat Professional version 1.1.

Results

Identification of Urinary Bladder V-ATPase
by Immunohistochemistry

The presence of vacuolar ATPases (ATP-driven proton
pumps) has been identified in the plasma membrane of the
lower urinary tract [16] by fluorescence and electron
microscopy. We now report the presence of an urothelial
V-ATPase in three rat urinary bladder urothelia with dif-
ferent membrane lipid composition. The study revealed
that the V-ATPase was concentrated in both the plasma
membrane and cytoplasmic compartments of the umbrella
cells layer (Fig. 1). No labeling of intermediate and basal
layers was detected indicative of the absence of the
V-ATPase in most internal zones of bladder mucosa.

The Proton Transport Activity of Urinary V-ATPase
in Presence of Mg®' and Functional Uncoupling
in Presence of Ca*"

The vacuolar-type V-ATPases transports protons either
from the cytoplasm to the extracellular space or from the
cytoplasm to-the endomembrane system where the result-
ing acid pH is essential for the organelle functions. To
elucidate the dependence of V-ATPase enzymatic function
on the vesicular membrane lipid composition, we followed
the dynamics of proton transport across the membrane of

uroepithelial endocytic vesicles of different membrane
lipid composition. These vesicles, isolated by differential
centrifugation from the urothelium homogenate, have been
characterized earlier as cytoplasmic endocytic vesicles by
biochemistry and electron microscopy studies that revealed
a prominent presence of superficial uroplakin-containing
plaques [2, 4, 14]. The vesicles were loaded by endocytosis
with HPTS, a pH-sensitive probe whose fluorescence
emission at 520 nm (excitation 450—470 nm) [20] decrea-
ses as a result of reversible proton binding. The HPTS
fluorescent pH indicator has been-used for measuring the
intraorganelle pH in the endosomal-lysosomal pathway in
neurons [28] and to follow the endocytic pathway of
liposome-delivered HPTS .in cultured kidney cells [20].
This fluorescent dye has a pK, of 7.3 and responds with
high sensitivity to changes in pH regardless of organelle
size or dye concentration. It is membrane impermeant
preventing escape across biological membranes. Com-
pressively HPTS has been recognized as the most useful
probe for measuring pH at the physiological range
(4.5-7.6) [28]. This singular property of HPTS allows to
follow the proton transport across the vesicle membrane.
The fluorescence changes registered correspond to the
HPTS localized in the vesicle interior, since once the probe
has been internalized by endocytosis, it does not cross the
vesicle membrane due to its high negative charge. The
fluorescence registered after the addition of the substrate
(ATP) and the cofactor (Mg>") decreased to approximately
50% of the initial value at 5 min after the starting reaction,
both in commercial diet-derived vesicles (CV) and in the
corn oil-diet derived vesicles (LAV) (Fig. 2). However, the
fluorescence decrease in the olive oil-diet derived vesicles
(OAV) was slower and reached similar values to that of the
control only after 25 min of the ATP and Mg addition.
With the addition of Ca2+, the fluorescence decrease was
smaller in CV and LAV being almost the same as with
Mg2+ in OAV. The latter values, due to processes other
than the V-ATPase proton translocation, were subtracted
from those reached in presence of Mg”" thus obtaining the
“true” V-ATPase proton translocation activity: “true”
V-ATPase = AF,(Mg”>") — AF,(Ca*"). The fluorescence
changes were normalized to 100 pg protein and expressed
as percentage of the corresponding values at O time
(Fig. 2).

ATP Hydrolytic Activity of V-ATPase of Urothelial
Endocytic Vesicles

The ATP hydrolytic activity of V-ATPase in fatty
acid enriched endocytic vesicles was determined by con-
tinuously measuring the oxidation of NADH in the
PK/LDH linked system. The absorbance decrease at 340 nm
due to the oxidation of the NADH was expressed as the
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Fig. 1 Detection of urinary bladder V-ATPase by immunofluores-
cence. Sections of fixed rat urinary bladder were blocked and
incubated with primary antibody V-ATPase B1/2 (1:50) at 4°C
overnight. Anti-Rabbit Ig FITC conjugated (1:200, exc 488 nm) as
secondary antibody was used. The slides were mounted and examined
with an LSM5 Pascal Confocal Microscope). a the image shows the
three layers of bladder mucosa: the superficial umbrella cells (u),
intermediate cells (i), and basal cells (b).The presence of the
V-ATPase (green positive labeling) is viewed in the umbrella cell

increments measured at each time, and were taken to
determine the V-ATPase specific activity of each type of
vesicles studied (Fig. 3). The results showed that in the case
of OAV the hydrolysis of ATP (0.34 £ 0.023 nmoles/
pg prot/min) was 13.8 times higher than CV and LAV
(0.024 £ 0.004 and 0.02 £ 0.009 nmoles/pg prot/min,
respectively). The anomaly showed by V-ATPase in OAV,
where the ATPase activity did not parallel the rate of proton
translocation but rather increased with higher slope than that
of the proton movement, suggests a deficient coupling
between V, and V| domains of the enzyme complex. Two
probable determinant factors of the coupling/uncoupling
state, the physical dissociation (assembled/dissembled) and
the functional uncoupling of V, and V; domains were

@ Springer

layer. No positive signal was seen in the other two internal layers
(i) and (b) denoting the lack of the enzyme. The nuclei were stained
with propidium iodine, exc 546 nm; inset digital zoom of the zone
marked (10 X). Line indicates the basal membrane limit. b phase
contrast of a. ¢, d sections of renal cortex (positive control) with
(c) and without (d) primary antibody. Similar results were observed in
LAV and OAV. Bars 10 pm, magnification 1000x, immerse oil
objective 100x NA 1.4

studied. The coupling state was assayed with two different
approaches: first, the proton translocation in presence of
either Mg>" (coupled state) or Ca** (uncoupled state) was
measured as mentioned above. Second, to assess the phys-
ical association of the two domains Vy —Vj, the cytosolic V;
domain was followed by performing immunoblotting assays
probing the subunit B of the V| domain with the V-ATPase
B1/2 antibody. As illustrated in Fig. 4, we found the pres-
ence of the B subunit always associated to the membrane
fractions of the endocytic vesicles. Absence of the B subunit
in the soluble cytosolic fraction of all three membranes
studied was routinely observed. Note that soluble cytosolic
fraction is referred to the microsomal fraction obtained at
100,000x g and may contain vesicles smaller than 0.5 nm.
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Fig. 2 Acidification of the endocytic vesicle lumenal content®» A 1207

Endocytic vesicles loaded with HPTS, a pH sensitive fluorescence
probe, were isolated by centrifugation (see “Materials and Methods™).
The vesicle suspension was incubated at 37°C with Na-ATP and, after
the addition of either Mg 2+ or Ca®* (5 mM each), the fluorescence
emission was registered for the indicated time. The results are
expressed as percentage of the value at O time taken as 100%. a CV,
b LAV, ¢ OAV. A decrease of approximately 50% of fluorescence
emission was observed in CV and LAV due to HPTS protonation in
the presence of Mg2+. The acidification was slower in OAV, reaching
values similar to CV only after 25 min (P < 0.05). When Ca®"
instead of Mg2+ was added, the fluorescence decrease was lower
indicating the uncoupled V-ATPase state (impaired proton transloca-
tion) induced by this cation. When the V-ATPase was uncoupled by
the presence of Ca”", the fluorescence decay is taken as the kinetic of
the proton permeability in absence of V-ATPase activity. The true
V-ATPase proton translocation was expressed as the A fluorescence in
the presence of Mg>" at each time minus the A fluorescence in
presence of Ca 2% at the corresponding time. The values were
normalized to 100 pg of protein and expressed as percentage of the
respective value at O time. The results are the average of at least three
independent experiments and 7-9 animals were used for each diet

group

After densitometric analysis of the scanned membranes the
results were quantitatively expressed as density arbitrary
units/100 pg protein (Fig. 4).

Urothelial Endocytic Vesicles Fatty Acid Composition

The changes of lipid membrane composition under the diet
treatments were corroborated by the fatty acid analysis of
the respective vesicles preparations and are shown  in
Table 1. There were no significant differences in the total
amount of saturated fatty acids between the three diets
studied. Nevertheless, the content of 16:0 and 24:0 were
significantly different in OAV with respect to'CV. These
changes represented the decrease of very long chain fatty
acids, VLCFAs (C20-C24), in favor of the increase of
C16-C18 fatty acid chains. A similar changed pattern was
observed when the unsaturated fatty -acids were analyzed.
Again, the decreased amount of very long chain unsatu-
rated fatty acids (VLCPUFAs, C20-24) were concomitant
with the increase of long chain fatty acids (LCFAs, C16-
C18) in OAV. The degree of unsaturation was also dif-
ferentially affected by the diet being the U/Sat ratio in
OAV lower compared to the CV (3.1 £0.05 vs.
3.5 £ 0.013), respectively.

Discussion

For many years, it.-was believed that the subapical vesicle
population of the urinary umbrella cells had the exclusive
function to support the dramatic changes of the urine vol-
ume during filling and voiding cycle by means of mem-
brane internalization/reinsertion processes [1]. However,
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the lysosome-degradative pathway has independently been
shown by Zhang et al. [8] and Truschel et al. [9] in
superficial umbrella cells and was recently strengthened
with the demonstration of the acidified lumen of the
endocytic vesicles [5]. Other authors have recently reported
the development-related changes in the dynamics of
endocytosis [7]. Using primary urothelial cultures, they
showed that the membrane and fluid-phase endocytosis is
dependent on the differentiation stage of the bladder
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Fig. 3 V-ATPase specific activity. V-ATPase activity was measured
using the linked system PK/LDH (see “Materials and Methods”).
The decrease of NADH during the enzyme reaction was continuously
measured in the presence and absence of P-ATPase inhibitors (I):
ouabain and sodium orthovanadate by the decrease of absorbance at
340 nm. The absorbance changes (A Abs) of the values at 340 nm
were registered at each time according to the following formula; A
Abs = Absy — Abs,; where Abs, corresponds to the initial absor-
bance and Abs, the absorbance at the indicate times. Finally the
nmoles of ATP hydrolyzed, obtained from the absorbance changes,
were plotted as: nmoles of ATP hydrolyzed/pg protein as a function
of the indicated times. a the kinetics of the ATP hydrolysis of CV and
LAV (filled symbols) were similar with a specific activity of about
0.02 nmoles of ATP hydrolyzed/pg, protein/min. b the hydrolytic
activity shown by OAV (filled symbols) was 0.3 nmoles of ATP
hydrolyzed/pg, protein/min. The latter represents about 10.0 times
more activity than that of CV (P < 0.05, ANOVA-Bonferroni test).
The background activity (determined in the absence of ATP) was
subtracted from all of the values shown

superficial urothelial cells. These authors reported a
decrease of ‘43% of fluid-phase endocytosis as well as a
decrease of about 85% of membrane-bound endocytosis
in highly differentiated superficial urothelial cells. It is
likely that the endocytic compartment studied by us is
not quantitatively comparable to that of Kreft et al. [7]
since a stretch-induced endocytosis was obtained in the
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Fig. 4 Topological assembly of V-ATPase domains. a The assembly
of the V, and V, domains was determined by monitoring the 56 kDa
subunit B of V; domain on both, vesicles and cytosol (“soluble”)
fractions (see “Materials and Methods”). Western Blotting was
performed with the primary antibody V-ATPase B1/2 (1:200) at 4°C)
and Anti-Rabbit Ig horseradish-peroxidase conjugated (1:500) as
secondary antibody. Strong positive mark was always found in the
membrane fraction (Mb) of all three vesicles probed: CV, LAV, and
OAV. Only a very light positive mark in the corresponding cytosolic
(Cyt) fractions was observed. Kidney lysate (k lys) was used as a
positive control. Equal amounts of protein (100 pg) were seeded in
each lane. b Densitometric analysis: the density of the bands
(analyzed by the software Sigma Scan Pro 5.0, SPSS Inc.
1987-1999) were expressed as density (arbitrary units)/100 pg
protein

experimental system whereas the constitutive apical
endocytosis without mechanical stimuli in superficial uro-
thelial cells was studied by Kreft et al.

This prompted to investigate the membrane permeability
[10] and the ATPase-dependent acidification of the uroepi-
thelial subapical vesicles to get insight into possible mech-
anisms of urinary bladder cancer development induced by
urine content. We have systematically studied the structural
and functional roles of lipids on the dynamic properties of
the umbrella cell epithelium. The results concerning physi-
cal properties [12] as well as the structural analysis [14] of
the endocytic vesicle membrane, always exhibited a
dependence on the membrane lipid composition [11, 13].
More recently, we showed the leakage of the endocytosed
fluid marker (HPTS) out of the endocytic vesicle lumen [10].
This process, a new alternative route of the endocytic traf-
ficking during the bladder voiding/filling cycle, was again
dependent on the membrane lipid composition. The lyso-
somal degradative pathway described [9] implies the pres-
ence of a proton pump V-ATPase responsible for the
organelle acidification process. It was of particular interest
to know whether the V-pump, through the regulation of the
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Table 1 Endocytic vesicles fatty acid composition

Diet CvV LAV OAV
Fartty acids
Saturated
14:0 1.52 + 0.99 246 + 0.58 1.11 + 0.37
16:0 11.34 £ 379 13.06 £ 3.86 18.25 £+ 243
18:0 15.84 £2.85 12.63 £ 1.66 15.70 £ 2.75
20:0 ND 0.28 £+ 0.02 ND
22:0 ND ND 0.61 £ 0.12
24:0 11.01 £742 1547 £1.57 343 +044
Unsaturated
14:1 2.47 + 0.96 3.26 £ 0.31 2.36 = 0.98
16:1 0.46 + 0.12 1.43 £ 0.98 1.07 £ 0.04
18:1 N9 12.02 £ 3.51 1024 £ 3.54  17.77 £ 045
18:2 N6 11.73 £ 1.67 924 £ 1.15 13.73 £ 0.18
18:3 N6 0.82 £ 0.24 4.89 £ 1.35 394 + 1.22
18:3 N3 0.33 £ 0.12 048 £ 0.12 ND
20:1 N9 2.40 £+ 1.69 3.10 + 0.98 6.05 + 1.04
20:2 N9 0.60 £+ 0.12 529 +1.33 2.53 +0.82
20:3 N9 ND 6.02 + 2.30 0.59 £ 0.01
20:4 N6 0.48 + 0.18 10.43 + 2.30  10.39 + 3.27
20:3 N3 22.36 £ 6.55 0.70 £ 0.25 0.14 £ 0.06
22:1 N9 ND 0.15 £ 0.01 0.48 £ 0.02
20:5 N3 6.56 + 2.95 0.78 £ 0.09 1.76 + 0.50
22:6 N3 ND ND ND
24:1 ND ND ND
Sat % 39.72 £ 1.98 4392 +3.39 39.13 £ 0.19
Unsat % 60.27 £ 1.34  56.07 £ 9.03  60.86 +.0.42
DB U/Sat 3.51 £ 0.01 3.27 + 0.49 3.18 £ 0.05
N9 30.87 £ 3.80 37.84 £ 3.03 43.15 £ 4.53
N6 13.04 £ 2.28 2457 £2.82  28.07 £ 0.14
N3 29.26 + 2.38  1.96 + 0.39 1.90 + 0.56
N6/N3 ratio 0.44 + 0.01 1.47 £ 0.23 15.42 £ 4.61
VLC PUFAs 30.01 £ 2.63 2324 + 482 1293 + 245
LC-VLC MUFAs 1442 +1.28 13.50 £+ 4.38 24.32 £ 2.38
LCFA (C16-18) 52.56 £2.38 52.01 +4.39 70.48 + 2.39
VLCFA (C20-24) 43.43 £3.68 42.26 +£ 1.39. 26.03 £ 4.39

Esters of fatty acids prepared from the endocytic were analyzed by
gas chromatography. Values (average of three experiments) are
expressed as % of total fatty acid contents = SEM. ND not detected;
DB U/sat % of each fatty acid x number of double bonds/% of sat-
urated fatty acid; N9, N6, and N3 are the family derivatives,
respectively. VLC PUFAs very long chain polyunsaturated fatty acids;
LC-VLC MUFAs long-chain + very long chain monounsaturated
fatty acids; LC FA long chain fatty acids, 16-18 carbons; VLC FA
very long chain fatty acids, 20-24 carbons. Between 7-9 animals
were used for each diet group

acidification process, may function as a biochemical switch
controlling the “sorting” transport along the endocytosis
routes cited. Thus, the aim in this study was to find some bio-
physico-chemical tools to modulate the V-ATPase activity

“in vivo”, offering the possibility for future studies of the
effects of enzyme activities in the endocytic pathways. The
V-ATPase, similar to other membrane proteins, can be
affected by the lipid molecules that surround it; therefore,
we decided to study both the catalytic and proton-translo-
case activities of the urothelial V-ATPase in membranes
bearing different lipid compositions as a consequence of
dietary treatment. First, it was confirmed that V-ATPase was
present in both, plasma membrane and intracellular vesicles
of the superficial umbrella cells, in all three diet-differenti-
ated urothelia (CV, LAV, and OAV) (Fig. 1). When the
proton translocation activity was studied in the presence of
Mg**, the OAV could be clearly distinguished from the CV
and LAV for its delayed acidification rate (Fig. 2). Several
mechanisms are feasible for controlling the V-ATPase
function. Among those, the more extensively studied are the
reversible physical dissociation of the V; and V, domains
and the changes in the functional coupling efficiency of
proton transport and ATP hydrolysis [17]. Then we decided
to investigate three possible causes for the differential
kinetic behavior of OAV: the state of assembly/disassembly
of the Vo —V; complex (physical dissociation), the coupling
state of the Vo —V; complex, and the enzyme density in the
membrane [17, 29]. The physical association between V,
and V, is essential, but not sufficient, for the functional
coupling of V-pump. Ca>" but not Mg”™, is able to induce
the functional uncoupling, (with the consequent decrease of
proton translocation) without the topological disassembly of
the two V-ATPase domains, Vo and V; [18]. Using this
advantageous differential cation effect on the V-ATPase
function, we also explored the coupling state of the
V-ATPase domains performing the proton transport assay in
the presence of Ca®" as compared to Mg>". The results
(Fig. 2) showed that the Mg”" substitution partially inhib-
ited proton translocation in CV and LAV thus confirming the
uncoupling ability of the Ca?" on the V-ATPase-complex.
Nevertheless, the uncoupling effect of Ca** was not seen in
OAV. Keeping in mind that the kinetics of proton translo-
cation, as observed by the proton concentration in the lumen
of the vesicle, is the result of an interplay between V-ATPase
activity, proton permeability ,and probably proton counter-
transport, we uncoupled the V-ATPase by the addition of
Ca”" in an attempt to determine the level of proton trans-
location in the absence of the V-ATPase activity. Thus,
under such condition, and assuming that the proton con-
centration basal level obtained is independent of the
V-ATPase activity, the latter can be subtracted from the total
proton concentration (in presence of Mg>") and the “true”
V-ATPase proton translocation can be deduced (Fig. 2). The
results shown in Fig. 2 indicate that the V-ATPase is being
totally or partially uncoupled by Ca>* whereas no significant
fluorescence emission change was observed in the “true”
V-ATPase of OAV suggesting that the native state of the
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Vo =V, complex is at least partially uncoupled in these
vesicles which is probably the cause of the deficient proton
transport observed in OAV. When we studied the ATP
hydrolytic activity of the vesicle suspensions, the catalytic
activity in OAV was about 10 times higher than CV and
LAYV (Fig. 3). The lack of correlation between the increased
ATPase hydrolytic activity and the reduced proton translo-
cation was another indication of some degree of uncoupling
or slippage phenomenon analogous to that observed in
P-ATPase type ion pumps [30]. The Western-blotting
analysis performed to further explore the disassembling of
the Vo —V; complex revealed that the B subunit of the V;
domain was in a membrane-bound state in all the mem-
branes studied and that the cytosol fraction lacks free V;
units (Fig. 4). Together, the results argue in favor of a
functionally rather than structurally uncoupled state of the
V-ATPase pump in OAV which was related to the particular
membrane lipid composition of these vesicles. The mecha-
nism underlying this slippage is not clear, but changes of
lipid composition could induce a conformational change in
the proton channel resulting in impaired proton flow. As a
compensatory mechanism, the V-ATPase pump functioning
as a “pH sensor” [31] initiates the increase of ATP hydro-
lysis in a futile cycle. The lipid disorganizing effect on this
membrane protein seems to be plausible since various
ultrastructural changes that we have already reported occur
in OAV compared to CV and LAV [13, 14]. We have shown
that the olein-diet promoted the lowest fluoresce anisotropy
of the membrane urothelium when compared with mem-
branes derived from control or corn-oil diet indicating a
decreased lipid rigidity [14]. These results correlated with
changes of the structural organization observed after mor-
phometric analysis of EM images negatively stained. They
showed a statistically significant increase of the minimal
hexagonally packed particles size as well as an increased
interparticle spacing. Two other distances, the space
between two hexagonal packed particle arrays and that
between two neighboring super-arrays were also observed to
be higher in the olein-diet membrane when compared with
the control and corn-oil membrane [14]. It was concluded
that the lipid matrix surrounding the uroplakin particles
imposed by the olein diet may be “looser” than that of the
control or corn-oil diet.

As an alternative explanation we consider that the
membrane permeability alteration in OAV, reflected by a
preferential leakage of negatively charged ions or mole-
cules, as evidenced by the anionic HPTS fluorescent probe
[10], could generate a relative deficit of positive charges on
the exoplasmic side creating an electrical transmembrane
potential which' could finally be inhibitory for inward
proton pumping activity. By contrast, in CV and LAV, no
preferential leakage of the anionic HPTS was observed
[10]. Thus, the protonization of HPTS may generate a

@ Springer

proton deficiency maintaining the proton pumping of the
V-ATPase. It is possible to speculate, even if we do not
have experimental support as yet, an increased proton
leakage throughout FFAs (free fatty acids) flip across the
membrane in a protonated state as a proton back-transport.
Contrary to the membrane organization observed in CV
and LAYV, the olive-oil-rich diet may change the membrane
permeability in OAV, thus inducing a lipid dependent
unfavorable membrane potential with the consequent
inhibition of proton translocation while increasing the
ATPase activity. Even if the insertion of higher amount of
V-ATPase (Fig. 4) could be involved in the increased
hydrolytic ATPase activity observed in OAV, this would
not be favorable for increasing concomitantly the proton
pumping activity. The absence of free V; domain in the
cytoplasmic fraction of all three membranes studied is an
evidence that the assembled/disassembled (physical asso-
ciation) state of urothelial V-ATPase is not affected by the
lipid environment.

The polar head group ‘and the fatty acyl chain regions
can also alter the protein structural conformation and
therefore its functioning [32]. The complexity of effects
induced on the protein functions by the bilayer lipid
composition may be varied and we have only considered
those directly emerging from the results. One important
property of the lipid bilayer is the thickness of the hydro-
phobic core since many membrane protein activities
respond differently to hydrophobic mismatch; in general
the highest activities are observed with a chain length of
about C18, with lipids with shorter or longer chains sup-
porting lower activities [33, 34]. The behavior of proton
translocation of the urothelial membranes studied seems to
follow such general profile since the lower activity
observed in OAV compared with CV and LAV was con-
comitant with a decrease in the content of longer fatty acyl
chain length (see Table 1). Nevertheless, if the protein
conformational change is such that the hydrophobic
thickness of the protein is greater than that of the lipid, a
stretching of the lipids in the vicinity of the protein would
be necessary. The particular membrane conformation
adopted by lipids of OAV might thus not be optimal for a
proper proton pump function. An interesting report in this
regard is that of Chung [19] for the requirement of C26
acyl group for a fully functional V-ATPase that correlates
with the decreased percentage of VLCFAs and the
impairment of vacuolar acidification observed in the OAV
membranes.

By dietary manipulation, we have developed an experi-
mental biological-biochemical system in which a differen-
tial functional coupling of V-ATPase could be effectively
established. With different methodologies, we have previ-
ously shown [10-14] that an oleic acid-rich diet induces a
disorganized vesicular membrane of the urothelium which
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correlates with the results of this study reporting an
uncoupled state of the V-ATPase in this membrane. Fur-

umbrella cells.
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