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Summary. In order to permit future characterization and possible
isolation Of the Na*-H* exchanger from the apical membrane of
proximal tubular cells, studies were performed to solubilize and
reconstitute this transporter. Rabbit brush border membranes
were prepared by a magnesium aggregation method, solubilized
with the detergent octyl glucoside, and reconstituted into artifi-
cial phospholipid vesicles. In the presence of a pH gradient (pH;,
6.0, pH,. 8.0), the uptake of | mm “Na* into the proteolipo-
somes was five- to sevenfold higher than into liposomes. Ami-
loride (2 mm) inhibited proton gradient-stimulated uptake of so-
dium by 50%. As compared to proton gradient conditions, the
uptake of sodium was lower in the absence of a pH gradient but
was significantly higher when the outside and inside pH was 6.0
than 8.0. The K, for sodium in reconstituied proteoliposomes
studied under pH gradient conditions was 4 mmM. The uptake of
sodium in proteoliposomes prepared from heat-denatured mem-
brane proteins was significantly decreased. These studies dem-
onstrate that proteoliposomes prepared from octyl glucoside-so-
lubilized brush border membrane proteins and asolectin exhibit
proton gradient-stimulated, amiloride-inhibitable, electroneutral
uptake of sodium. The ability to solubilize and reconstitute the
Na*-H* exchanger from the apical membrane of the proximal
tubule will be of value in isolating and characterizing this trans-
porter.
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Introduction

The brush border membrane of the proximal convo-
luted tubule contains a transport protein(s) that ex-
changes sodium ions in the lumen for hydrogen ions
in the cells [1, 9, 15]. This electroneutral cation ex-
changer is important in the reclamation of filtered
bicarbonate and in the regulation of the acid-base
balance of the organism. Recent evidence has been
advanced that a sodium-proton exchange transport
system is present in a variety of other cells. Opera-
tion and activation of the Na*™-H* exchanger has
been suggested to be involved in the defense of cell

volume, cell growth and tumor formation, and in
the generation of systemic hypertension [14]. A
number of recent studies have examined the factors
that modulate the activity of this transporter protein
[5].

In renal brush border membranes, the presence
of a Na*-H"* exchanger has been inferred from the
findings that the uptake of 22Na* into brush border
membrane vesicles is stimulated by the presence of
an oppositely directed proton gradient [9, 15]. This
stimulation is not due to electrical coupling and can
be inhibited by amiloride in millimolar concentra-
tions. While the functional characteristics of the re-
nal Na*-H* exchanger have been defined, little is
known about the nature of the transport protein it-
self [4, 18]. Study of the Na*-H* exchanger would
be facilitated greatly by development of methodol-
ogy to solubilize the transporter and to examine its
activity in a reconstituted system. The present com-
munication reports results of studies designed to
achieve these aims.

Materials and Methods

Brush border membranes were obtained from the rabbit kidney
by a magnesium precipitation method as previously described {7,
8]. As assessed by comparison of alkaline phosphatase activity in
the brush border membranes and the whole homogenate, the
membrane preparation was enriched 10-fold or more.

Brush border membrane proteins were extracted by mixing
one part of the membrane preparation (5 mg/ml) with 1.25 parts
of 8% octyl glucoside at pH 6.0 for 15 min at 0°C. In the reaction
mixture, the protein concentration was 2.2 mg/ml and the con-
centration of octyl glucoside was 4.4%. The membrane-detergent
mixture was centrifuged at 100,000 X g for 30 min. 1.6 parts of
the supernatant was then mixed with one part of asolectin (35
mg/ml) (crude soybean phospholipid) (Associated Concentrates,
Woodside, L.I., N.Y.) which had been sonicated to translucency
for 10 min at 22°C. The final measured concentration of the pro-
teoliposomes-octyl glucoside mixture was 0.5 mg/ml protein.
The final mixture contained 2.73% octy! glucoside, and 13.5 mg/



ml asolectin. The proteoliposomes were then dialyzed for 18 hr
at 0°C using 6,000-8,000 dalton cutoff dialysis membranes. The
dialysis solution was changed at 12 hr. The dialyzed proteolipo-
somes were used for transport studies. In the assayed samples
there were 17 ug of protein and 459 png of asolectin.

The original brush border membranes were suspended in a
solution containing 254 mM mannitol, 10 mm Tris, 16 mM
HEPES and 10 mm MgSO, (pH 7.6). The MgSO, was removed
by washing and resuspending the brush border pellet to a final
concentration of 5 mg/ml in 274 mM mannitol, 10 mMm Tris, and 16
mm HEPES (pH 7.6). The 8% octy! glucoside and the sonicated
asolectin (35 mg/ml) were prepared in the dialysate buffer which
contained 250 mM mannitol, 50 mM MES/Tris (pH 6.0). The
dialysis procedure removed the detergent and set the internal pH
of the proteoliposomes. In studies where the internal pH was
other than 6.0, the dialysate was adjusted to obtain the desired
pH.

The uptake of ?Na* was determined in the proteoliposomes
and liposomes. Except where indicated otherwise, the final up-
take solution contained 1 mM Na*, 250 mM mannitol, 50 mm
Tris/MES (pH 8.0). 100 p! of the reaction mixture was applied to
1 ml Dowex 50 x 8 (Tris), 100-mesh column and rapidly eluted
with vacuum suction with 1 ml of 300 mm sucrose (pH 8.0) at
0°C. The elugnt containing the vesicles was collected directly
into scintillation fluid and the radioactivity determined. To moni-
tor the changes in intravesicular pH, liposomes and proteolipo-
somes were incubated in solutions containing acridine orange (6
pM). After the pH-sensitive dye partitioned into the intravesicu-
lar space, the change in fluorescence in response to different
extravesicular solutions was monitored as a function of time.
The data were fitted by computer analysis to the general equation

AF =(C-e™¥

where AF is the difference between final fluorescence and fluo-
rescence at time ¢ after mixing, and C and k are constants. The
value k& was taken to represent the first-order rate constant for
dissipation of the hydrogen ion gradient. Protein concentrations
were determined by the method of Lowry et al. [13]. Statistical
comparisons were performed using Peritz analysis of variance

[6].

Results

In initial experiments, brush border membranes
were incubated in varying concentrations of octyl
glucoside, and the partition of membrane proteins
into the soluble and particulate fractions was deter-
mined. When studied under proton gradient condi-
tions, the uptake of ZNa* into proteoliposomes pre-
pared with the solubilized membrane proteins was
16.0 nmol - 2 min~! - mg protein~! when the octyl
glucoside concentration was 4.4%, 14.1 nmol - 2
min~! - mg protein~! when the octyl glucoside con-
centration was 2%, and 4.3 nmol + 2 min~! - mg
protein~! min at octyl glucoside concentrations of
0.5 and 1%. Exposure of the brush border mem-
branes to 4.4% octyl glucoside resulted in solubili-
zation of 70% of the membrane protein. Based on
initial rates of amiloride inhibitable, proton gradi-
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ent-stimulated sodium uptake in natural brush bor-
der membranes from the rabbit kidney and in
proteoliposomes reconstituted with detergent solu-
bilized proteins from these membranes, approxi-
mately 70% of Na*-H* exchange activity was re-
covered in the detergent solubilized proteins. As
compared to proton gradient-stimulated (pH;, 6.0,
pHow 8.0), amiloride-inhibitable, sodium uptake in
natural brush border membranes, 60 to 80% of
transport activity was recoverable in the solubilized
fraction assayed in reconstituted proteoliposomes.
In all subsequent studies, the brush border mem-
branes were solubilized in 4.4% octyl glucoside and
the solubilized proteins used to prepare the pro-
teoliposomes.

Under proton gradient conditions (pHj, 6.0,
pHou 8.0), the uptake of sodium by the proteolipo-
somes was linearly related to the concentration of
protein up to protein concentrations of 1 mg/ml. All
remaining studies were performed using a protein
concentration of 0.5 mg/ml. If the proteoliposomes
formed after overnight dialysis were left at 0°C for
an additional 24 hr, there was a significant loss of
Na*-H* exchange activity. If the solubilized pro-
teins, in the presence of octyl glucoside, were left
for 24 hr at 0°C, there was also a significant loss of
Na*-H* exchange activity. However, if the solubi-
lized proteins were dialysed overnight to remove
the detergent, subsequent reconstitution of these
proteins into proteoliposomes resulted in demon-
strable transport activity. If the solubilized pro-
teins, in the presence of octyl glucoside, were fro-
zen at —80°C, activity remained at the same or
higher levels as freshly prepared proteoliposomes
for at least two weeks. Subsequent studies were
performed using either freshly prepared proteins or
rapidly frozen membrane proteins stored at —80°C.

Figure 1 is the time course of uptake of 2Na*
from a 1 mM sodium solution into proteoliposomes
and liposomes studied under proton gradient condi-
tions. The results are expressed as pmol/mg lipid to
permit direct comparison between proteoliposomes
and liposomes. Also shown is the effect of amiloride
(2 mM) on sodium uptake. As compared to lipo-
somes, the uptake of sodium in the proteoliposomes
was five- to sevenfold higher. The presence of ami-
loride resulted in slightly higher rates of sodium up-
take in the liposomes. Amiloride inhibited the up-
take of sodium into the proteoliposomes at two
minutes by approximately 50%. If the results are
corrected for the effect of amiloride on the lipo-
somes, the inhibitory effect of amiloride in
proteoliposomes was over 70%. The uptake of so-
dium in the presence of amiloride in proteolipo-
somes approximated that observed in the liposomes

~ studied under similar conditions.
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amiloride was the consequence of a nonspecific ef- =

fect on the integrity of the vesicles, the uptake of

rubidium was determined in proteoliposomes. The

uptake of rubidium was determined under proton 0ol 05 1 2 3 2

gradient conditions where K;, = K, = 33 mM and
in the presence of valinomycin. Equilibrium uptake
of rubidium was attained by 30 min and was not
affected by the presence of amiloride (2 mMm). The
vesicular volumes, calculated from the rubidium
uptake at equilibrium, averaged 1.57 = 0.07 ul/mg
lipid in the absence of amiloride and 1.52 + 0.18 ul/
mg lipid in the presence of amiloride.

Figure 2 is the dose-response relation between
the uptake of 1 mm 2Na* and the concentration of
amiloride. The uptake of sodium is expressed as
nmol + 2 min~! - mg protein~!. Amiloride inhibited
the proton gradient-stimulated uptake of sodium in
a dose-dependent manner. Maximum inhibition of
sodium uptake was observed at concentrations of
amiloride of 2 to 4 mM. The K; for amiloride was
0.75 mM. In all subsequent studies in proteolipo-
somes, amiloride was used in a concentration of 2
mMm.

To examine the possibility that the higher X, for

Amiloride Concentration (mM)

Fig. 2. Effect of amiloride on proton gradient (pHi, 6.0, pHyu
8.0) stimulated uptake of 2Na* in proteoliposomes. The extrave-
sicular sodium concentration was 1 mm. Sodium uptake is ex-
pressed as nmol - 2 min~' - mg protein~!. Values are the means =
SeM for three preparations

amiloride in reconstituted proteoliposomes as com-
pared to natural brush border membranes was the
secondary consequence of partitioning of amiloride
into a vesicular space with a reduction in the exter-
nal concentration of the drug, additional studies
were performed. The K; for amiloride was deter-
mined in natural brush border membranes and in
brush border membranes to which liposomes were
added in the same concentration as in the proteolip-
osome studies. The uptake of ?Na* was determined
under pH gradient conditions (pH;, 6.0, pHoy: 8.0)
using Dowex columns. Uptake was measured at 10
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Fig. 3. The pH dependence of 2Na* uptake into proteoliposomes, in the absence (—A) and presence (+A) of amiloride (2 mM). The
extravesicular sodium concentration was | mM. Values are means % SeM for four preparations. The internal and external pH's are

indicated above each panel

sec in the 4bsence and presence of a range of con-
centrations of amiloride from 1 uM to 2 mm. Under
the conditions of study, the K; for amiloride aver-
aged 37 uM in natural membranes and 62 uM in
membranes containing added liposomes (n = 2).

To explore further the relation between the
Na*-H* exchanger in recoastituted proteolipo-
somes and amiloride, studies were performed using
amiloride analogues with greater or less affinity for
the exchanger as determined in other systems [17].
Phenamil, an analogue 100-fold more potent than
amiloride for inhibition of the sodium channel but 10
times less potent for inhibition of Na*-H* ex-
changer, did not affect the proton gradient-stimu-
lated sodium uptake in the reconstituted proteo-
liposomes in concentrations up to 1 mm. 6-iodoami-
loride and 5-(N-ethyl-N-isopropyl) amiloride both
have greater affinity for the Na*-H* exchanger than
amiloride but differ in their effect on sodium chan-
nels. 6-iodoamiloride inhibits sodium channels with
a K; similar to amiloride while 5-(N-ethy}-N-isopro-
pyl) amiloride is 100 times less potent. In reconsti-
tuted proteoliposomes, both 6-iodoamiloride and 5-
(N-ethyl-N-isopropyl) amiloride in maximal
concentrations, inhibited the proton gradient-stimu-
lated sodium uptake to a degree equal to that of
amiloride. The K; for 6-iodoamiloride was 40 um.
The K; for 5-(N-ethyl-N-isopropyl) amiloride was 10
uM. Thus, the rank order of potency was -5-(N-
ethyl-N-isopropyl) amiloride >6-iodoamiloride >
amiloride > phenamil.

Figure 3 summarizes the results of studies de-
signed to determine the effect of a pH gradient, per
se, on the uptake of sodium. Figure 3a is the uptake
of sodium in the presence of a pH gradient (pH;,

6.0, pH,.: 8.0). Figure 36 and ¢ are the uptakes of
sodium in the absence of a pH gradient where the
internal and external pH was either 6.0 (Fig. 356) or
8.0 (Fig. 3¢). The uptake of sodium is higher in the
presence of a pH gradient than in its absence. The
uptake of sodium was higher in the presence of an
acidic environment (pH 6.0) than in an alkaline en-
vironment (pH 8.0).

Additional studies were performed to determine
if the pH gradient-stimulated uptake of sodium was
occurring by a Na*-H* exchange mechanism or was
the secondary consequence of a voltage coupling
due to the diffusion of hydrogen ions from the in-
travesicular space. The uptake of ?Na* was mea-
sured under voltage clamped conditions whereby
the internal and external potassium concentration
was 30 mM and valinomycin (10 pg/ml) was present.
When the internal and external pH was 8.0, ?Na*
uptake averaged 7.6 = 0.4 nmol - 2 min~! - mg pro-
tein~! (n = 4). As compared to results obtained at
internal and external pH 8.0, sodium uptake was
100.6 + 17.7% higher when the internal and exter-
nal pH was 6.0, and 303.2 = 17.9% higher under pH
gradient conditions (pHi, 6.0, pHo.: 8.0). Thus, un-
der presumed voltage clamped conditions, the pres-
ence of an acidic intravesicular solution stimulated
the uptake of sodium. To explore further the possi-
ble role of voltage coupling on sodium uptake under
pH gradient conditions, #Na™ uptake was mea-
sured in the presence of 4 um FCCP to create an
intravesicular negative potential difference. *Na*
uptake averaged 22.3 = 0.6 nmol - 2 min~' - mg
protein~! and 24.5 = 0.5 in the absence and pres-
ence of FCCP, respectively (£ = NS, n = 3).

Acridine orange fluorescence measurements
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were made to determine if sodium in the bathing
media could increase the efflux of protons from the
intravesicular space. In a manner analogous to that
observed using natural renal brush border mem-
brane vesicles, the addition of proteoliposomes at
pH 6.0 to a solution containing acridine orange at
pH 8.0, resulted in rapid quenching of acridine or-
ange fluorescence followed by a recovery phase as
protons exited the intravesicular space. Under pH
gradient conditions (pHi, 6.0, pHow 8.0) and in the
presence of potassium (Ki; = Koy = 30 mm) and
valinomycin, the rate constant for dissipation of the
proton gradient was 216 = 7% higher when the out-
side solution contained sodium (50 mM) as com-
pared to N-methylglucamine gluconate (NMG) (50
mM) (P < 0.01) The rate constant for dissipation of
the proton gradient (pH;, 6.0, pH,,. 8.0) using acri-
dine orange fluorescence was also used to explore
other aspects of the conductive properties of the
reconstituted proteoliposomes (n = 4). In separate
experiments and in the absence of a voltage clamp,
the rate constant for dissipation of the proton gradi-
ent averaged 0.048 = 0.005 sec™! when the outside
solution contained 100 nM NMG and 0.062 * 0.005
when the outside solution contained 100 mM potas-
sium gluconate (P < 0.05). The increase in the rate
constant for dissipation of the proton gradient when
the outside solution contained potassium would
suggest the presence of a potassium conductive
pathway in the proteoliposomes. In the presence of
the proton ionophore FCCP, the rate constant for
dissipation of the proton gradient when NMG was
present in the external solution was 0.050 = .006
sec™!; a value not significantly different from that
observed in the absence of the ionophore. In the
presence of FCCP and 100 mM. potassium in the
external solution, the rate constant was significantly
increased to 0.102 %= 0.014 sec™!. This result con-
firms the presence of a significant potassium con-
ductance in the proteoliposomes. The failure of
FCCP to increase the rate of hydrogen ion move-
ment out of the vesicle was probably the result of a
negative intravesicular potential difference gener-
ated by proton diffusion. When the potential differ-
ence was shunted by imposition of an oppositely
directed potassium gradient, the rate of dissipation
was significantly accelerated. Thus, FCCP was be-
having as a proton ionophore and, in the absence of
potassium, resulted in an intravesicular negative
potential difference. In the presence of FCCP, va-
linomycin, and potassium in the external solution,
the rate of dissipation of the proton gradient was
increased further and averaged 0.320 = 0.021 sec™!.
To examine in greater detail the proton conductive
properties of the reconstituted proteoliposomes, the
rate constant for dissipation of the proton gradient
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Fig. 4. Effect of external sodium concentration on the amiloride
(2 mM) inhibitable component of 2Na* uptake studied under
proton gradient conditions. Values are the means + SeM for four
preparations. The inset is a double reciprocal plot of sodium
concentration and amiloride-sensitive 2Na* uptake

was determined in the presence of a voltage clamp
and in the presence of an inwardly directed potas-
sium gradient. As compared to control conditions
with 100 mM NMG in the outside solution (0.048 *
0.005 sec™!), the rate constant was significantly
higher in the presence of valinomycin and equal
concentrations of potassium (100 mMm) inside and
outside the vesicles (0.140 = 0.020 sec™!). In the
presence of valinomycin and potassium in the out-
side solution only, circumstances designed to in-
duce an intravesicular positive potential difference,
the rate constant for dissipation of the proton gradi-
ent averaged 0.278 = 0.030 sec™!.

Figure 4 plots the relation between the concen-
tration of sodium in the external uptake solution
and the amiloride-sensitive component of sodium
uptake. The uptake of sodium from an external so-
lution containing 1 or 20 mM sodium was linear for
at least 2 min. The uptake of sodium at 2 min, there-
fore, was taken as an approximation of an initial
rate. A double reciprocal plot of sodium concentra-
tion and sodium uptake is shown in the inset. The
K, for sodium was 4 mm. Additional studies were
performed to determine if other monovalent cations
affected the amiloride-sensitive uptake of 1 mMm
ZNa* under proton gradient conditions (n = 4).
Studies were performed in the presence of potas-
sium (30 mm) in the internal and external solutions
and valinomycin. To the 1 mmM #Na* uptake solu-
tion, lithium, sodium, or tetramethylammonium
(TMA) as the chloride salts, were added in concen-
trations of 5, 10, or 20 mMm. Under the conditions of
study, TMA did not affect the uptake of ?Na*. At
all concentration of TMA tested, 2Na* uptake av-
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four preparations

eraged 105 = 8% of control values. Unlabeled so-
dium or lithium in the external solution, inhibited
the uptake of isotope in a concentration-dependent
manner. There were no differences between the ef-
fects of lithium or sodium. The uptake of ?Na*,
expressed as a percent of control values, averaged
44.7 = 1.7, 34.3 = 0.4, and 21.3 = 4.3% when the
external solution contained 5, 10, or 20 mM unia-
beled sodium, respectively. When the external solu-
tion contained 5, 10, or 20 mM lithium, the uptake of
ZNa* averaged 48.5 + 2.5, 31.5 = 3.5and 17.0 =
3.7% of control values, respectively. To provide an
additional control for the effect of the differences in
the internal and external osmolalities of the above
solutions and to examine if the proteoliposomes re-
sponded to osmotic differences, additional studies
were performed under voltage clamped conditions
whereby additional mannitol was added to the up-
take solution to increase the osmolality by an addi-
tional 12.5 to 200 mOsm/kg H,0. The addition of
mannitol to increase the osmolality of the external
solution by up to 100 mOsm/kg H,0O had no effect
on sodium uptake. Increases in the osmolality of the
external solution by an additional 200 mOsm/kg
H,O resulted in only a 10% decrease in sodium up-
take. .

To determine if transport was occurring into an
intravesicular space, liposomes and proteolipo-
somes, with and without amiloride, were incubated
in 1 mM 2Na* under proton gradient conditions for
60 min and then exposed to octyl glucoside (5.3%)
to completely solubilize the lipid. As compared to
the uptake into the proteoliposomes and liposomes,
only 5% or less of the total number of counts were
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present after exposure to the detergent. The binding
of sodium to the extracted proteins was determined

by dialysing the octyl glucoside-solubilized proteins

and comparing ?Na* eluting from the Dowex

column after incubation of the proteins for 2 min in

the 1 mm Na* uptake solution. Virtually no ?Na*

was recovered in the eluent, indicating the absence
of direct binding of sodium to the proteins. To de-

termine the thermal lability of the transporter, the

solubilized proteins were placed in a boiling water
bath for 10 min and then rapidly cooled on ice prior
to incorporation into proteoliposomes (Fig. 5). The

process of boiling and cooling resulted in rates of
ZNat* uptake into proteoliposomes of 3.3 = 0.5

nmol - 2 min~! - mg protein~}. Proteoliposomes pre-

pared with nondenatured brush border proteins had
uptakes of 18.0 = 1.7 nmol - 2 min~! - mg protein~!.

A final series of reconstitutions were performed us-

ing bovine serum albumin instead of octyl gluco-

side-solubilized brush border membrane proteins.

The uptake of sodium under proton gradient condi-

tions in the albumin-containing proteoliposomes av-
eraged 4.9 = 0.6 nmol - 2 min~! - mg protein~'. If
the albumin was heat denatured, the uptake of so-
dium averaged 4.9 = 1.1 nmol - 2 min~' - mg pro-

tein~!. These values are significantly lower than
those obtained in proteoliposomes prepared with
proteins from renal brush border membranes. Ami-
loride had no significant effect on the uptake of so-
dium in proteoliposomes prepared with the dena-
tured membrane proteins, albumin, or denatured al-
bumin.

Discussion

The Na*-H* exchanger in the brush border mem-
brane of the kidney has been well characterized in
terms of its transport properties and its regulation
[9, 15]. A full understanding of the nature of the
transporter itself awaits isolation of the specific pro-
tein or protein complex which mediates this ex-
change process. As a step toward isolation of the
Na*-H* countertransporter, it was considered im-
portant to develop a functional assay for the activity
of the solubilized transporter by reconstitution into
artificial membranes.

Renal brush border membrane vesicles, pre-
pared from the kidney of the rabbit by a magnesium
aggregation technique, were utilized as the source
of the Na*-H* exchanger. Many prior studies have
indicated the presence of electroneutral, proton gra-
dient-stimulated, amiloride-inhibitable sodium up-
take in these membranes [8, 9, 15]. The membranes
were extracted with 4.4% octyl glucoside which re-
sulted in solubilization of approximately 70% of the
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brush border membrane proteins. The solubilized
proteins were then reconstituted into artificial lipo-
somes of asolectin. After dialysis to remove the de-
tergent, the rate of ?Na* uptake was measured un-

der a variety of experimental conditions. As shown

in Fig. 1, the formation of proteoliposomes using
solubilized membrane proteins from renal brush
border membranes resulted in uptakes of sodium
that are five- to sevenfold higher than that observed
in liposomes studied under the same experimental
conditions. The uptake of sodium represents trans-
port into a vesicular space since dissolution of the
artificial vesicles with detergent reduced the sodium
uptake by more than 95%. This method of determin-
ing that sodium was transported into a vesicular
space was chosen in lieu of the more traditional
method of osmotic shrinkage used in natural mem-
branes, -based on the evidence that asolectin pro-
teoliposomes were resistant to changes in volume
consequent to alterations in the external osmolality.
There was virtually no binding of sodium to the
extracted proteins. Several additional lines of evi-
dence suggest that the uptake of sodium occurred
by a mediated transport process. The uptake of so-
dium was significantly decreased if the solubilized
proteins were denatured by boiling followed by
rapid cooling. Albumin proteoliposomes had only
low rates of sodium transport. These findings indi-
cate that the soluble extract contains heat labile pro-
teins which result in high rates of sodium transport.
The kinetics of sodium uptake when studied under
proton gradient conditions demonstrated first-order
saturation kinetics. Under the conditions of study,
the K, for sodium was approximately 4 mM. The
uptake of sodium was inhibited by amiloride and
some amiloride analogues in a dose-dependent fash-
ion. While amiloride may have several independent
effects, it is also known to inhibit Na*-H* exchange
transport and sodium channels [2, 3, 9. Collec-
tively, these experiments support the conclusion
that sodium uptake into the reconstituted proteolip-
osomes represent movement into a vesicular space
by a mediated transport process.

In the absence of other known co-transported
or countertransported substances in the-intravesi-
cular space or in the uptake solution, the mediated
uptake of sodium could be occurring by a Na*-H*
countertransporter or by a conductive pathway for
sodium. The uptake of sodium was higher in the
presence of an outwardly directed proton gradient
than in the absence of a proton gradient. This result
could be explained by Na*-H* exchange or by volt-
age coupling if the proteoliposomes contain a con-
ductive pathway for proton exit from the vesicular
space. From the studies with acridine orange, it
would appear that the proteoliposomes do have a

conductive pathway for protons. In addition, the
proteoliposomes have a conductive pathway for po-
tassium. The presence of these leak pathways are
important in considering the mechanism by which a
proton gradient stimulates the uptake of sodium.
The uptake of sodium was higher when the internal
and external pH was 6.0 than 8.0. In the absence of
a gradient for hydrogen ions, a circumstance in
which there will be no diffusion potential generated
by protons, the presence of an intravesicular acid
environment stimulated the uptake of sodium. In
the presence of equal concentrations of potassium
in the internal and external solutions and valinomy-
cin, presumed voltage clamped conditions, sodium
uptake was stimulated when a pH gradient was im-
posed and was higher when the internal and exter-
nal pH was 6.0 than 8.0. Incubation of the proteolip-
osomes with FCCP, a proton ionophore, resulted in
only a small increase in the apparent permeability to
protons. The effect of FCCP on dissipating the pro-
ton gradient was increased greatly when the exter-
nal solution contained potassium and valinomycin.
It is probable that in the presence of FCCP alone,
the intravesicular negative potential generated by
proton diffusion limited the exit of protons as moni-
tored by acridine orange fluorescence. When this
potential difference was shunted by potassium and
valinomycin, FCCP greatly accelerated the rate of
dissipation of the proton gradient. FCCP did not
affect the uptake of sodium when studied under pro-
ton gradient conditions. [t seems reasonable to con-
clude, therefore, that the presence of an intravesi-
cular negative potential difference did not affect the
uptake of sodium. Taken together, despite the pres-
ence of a hydrogen ion conductive pathway in the
reconstituted proteoliposomes, the proton gradient-
stimulated uptake of sodium does not appear to be
the consequence of indirect electrical coupling, but
rather represents the operation of a Na*-H* ex-
changer.

Based on the evidence presented, it would ap-
pear that artificial proteoliposomes prepared from
solubilized brush border membrane proteins of the
rabbit kidney exhibit proton gradient stimulated,
electroneutral, amiloride-inhibitable sodium up-
take. The K, for sodium is 4 mm. These findings
would appear to define, functionally, a sodium for
proton exchange transport system. While there are
obvious similarities between the characteristics
noted above and those reported in natural renal
brush border membranes, there are also some dif-
ferences. In natural membranes, it is not possible to
demonstrate stimulation of sodium uptake by pro-
tons in the absence of a pH gradient and the X; for
amiloride in the reconstituted proteoliposomes is
higher than that observed in natural membranes [9].
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Several aspects of the effect of amiloride are worthy
of some additional comment. In natural brush bor-
der membrane vesicles, the K; for amiloride is at
least 10-fold lower than in the reconstituted pro-
teoliposomes. In other systems, however, the K; for
amiloride inhibition of Na*-H* exchange has been
~reported to be in the range observed in the present
studies {2, 10]. In an attempt to determine the rea-
son for the shift in amiloride sensitivity in the recon-
stituted proteoliposomes, studies were performed
to explore the possibility that amiloride, a lipophilic
base, may have diffused across the proteoliposomes
and liposomes with a consequent reduction in the
free concentration of drug in the external solution.
This proved not to be a valid explanation for the
decreased amiloride sensitivity in the reconstituted
proteoliposomes, given the findings that the K; for
amiloride in natural brush border membranes was
only minimally changed when the membranes were
mixed with liposomes. It is likely, therefore, that
other factors, such as the differences in lipid com-
position, specific protein composition, orientation
of the transporter, and/or conditions of study, may
account for the altered amiloride sensitivity in pro-
teoliposomes as compared to natural membranes.
Being a weak base, amiloride in high concentrations
may decrease sodium uptake, when studied under
proton gradient conditions, by dissipating the pro-
ton gradient [3]. While a possible contribution of
this property of amiloride to the inhibition of so-
dium uptake in the present experiments is not defi-
nitely excluded, a number of considerations render
this mechanism unlikely. First, if it is assumed that
sodium uptake in the liposomes is the result of so-
dium diffusion by virtue of the sodium gradient and
the intravesicular negative potential generated by
proton diffusion, amiloride, if it were to have any
effect, should decrease sodium uptake. Under the
conditions of study, however, amiloride did not in-
hibit sodium uptake in liposomes, but rather re-
sulted in a small but consistent increase in sodium
uptake. Second, amiloride significantly inhibited so-
dium uptake when studies were performed at pH
6.0 in the absence of a pH gradient. Amiloride, un-
der these conditions, would be predicted to be more
protonated that at pH 8.0 and, hence, less likely to
diffuse into and be trapped in the intravesicular
space. It would seem more likely that amiloride was
directly inhibiting the Na*-H™* exchanger.

To date, there have been relatively few success-
ful attempts to solubilize and reconstitute Na*-H*
exchange activity [10-12, 16]. In bacteria for exam-
ple, the Na*-H* or related proton/cation exchange
systems are important in regulation of cell pH, and
Na*-H* exchange activity has been reconstituted
[16]. It is not clear at the present time, however,

whether or not such exchange systems are identical
with that present in the apical membrane of the
proximal tubule of the kidney. LaBelle and co-
workers have reported solubilization and reconsti-
tution of an amiloride-inhibitable sodium trans-
porter from the kidney [10-12]. These latter
studies, while consistent with some of the findings
of the present investigations, differ in a number of
important aspects. First, the starting material in the
studies of LaBelle were microsomes obtained from
the medulla of the kidney. Na*-H* exchange activ-
ity was present in these medullary microsomes. The
functional significance and cellular location of this
transport system is uncertain. By contrast, the
present studies employed renal brush border mem-
branes where Na*-H* exchange activity has been
well established and characterized. Second, La-
Belle and co-workers were unable to demonstrate
that the imposition of a proton gradient stimulated
the uptake of sodium in the reconstituted proteolip-
osomes. The effect of a proton gradient on sodium
uptake is clearly demonstrated in the present stud-
ies. The reasons for the differences between the two
studies are not known but may be related, at least in
part, to differences in the types of proteins reconsti-
tuted into the asolectin liposomes.

In the current experiments, octy! glucoside was
used to solubilize the brush border membranes and
asolectin used to prepare the proteoliposomes. Fu-
ture studies will examine the applicability of other
detergents and the role of other phospholipids in
solubilizing and reconstituting Na*-H* exchange
activity from renal brush border membranes. The
ability to solubilize and reconstitute the Na*-H* ex-
changer enables future efforts to isolate and charac-
terize this transporter.
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