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Abstract

The ionic fluxes associated with the ATP-dependent acidification of endocytic
vesicles were studied in a preparation isolated from rabbit reticulocytes
enriched for transferrin-transferrin receptor complexes. No vesicle acidifi-
cation was observed in the absence of intra- and extravesicular ions (sucrose;, /
SUCrose,,, ), while maximal acidification was observed with NaCl,, /KCl . K}
was a poor substitute for Naj, and Cl, could be replaced by other anions
with the following efficacy of acidification: C1- > Br~ > I~ > PO}~ >
gluconate > SOZ~. Flux studies using *Cl~ and *Na* showed that the
vesicles had a permeability for C1~ and Na*, and that ATP-dependent
H* pumping was accompanied by a net influx of CI- and a net efflux
of Na* provided that there was a Na® concentration gradient. After
3mins, the time necessary to maximal acidification, the electrical charge
generated by the entrance of H* was countered to about 45% by the Cl™
influx and to about 42% by the Na™ efflux. These studies demonstrated
that both Cl~ and Na* fluxes are necessary for optimal endocytic vesicle
acidification.

Key Words: Acidification; endocytic vesicle; Na* fluxes; Cl~ fluxes; H™ fluxes;
H* -ATPase.

Introduction

Acidification of the endosome is an important event in the routing of
internalized ligands and receptors. An NEM?-sensitive, H" -translocating
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ATPase is present in endocytic vesicles (Choe er al, 1987; Yamashiro
et al., 1983; Forgac et al., 1983; Galloway et al., 1983; Stone et al., 1983a;
Van Dyke et al., 1984) as well as cellular organelles such as lysosomes
(Schneider, 1981; Harikumar and Reeves, 1983; Dell’Antone, 1984), Golgi
vesicles (Glickman er al., 1983), neurosecretory vesicles (Russell, 1984),
and chromaffin granules (Njus and Rodda, 1977; Apps and Scaz, 1979;
Johnson et al., 1985). The ATPase from bovine brain coated vesicles has
been purified and reconstituted in lipid vesicles (Xic ez al., 1984, 1986a).
Studies on the H*-ATPase indicates a complex subunit composition (Arai
et al., 1987a; Xie et al., 1986b). A 73,000 molecular weight peptide has
been identified as the catalytic subunit (Arai er «l., 1987a), and a 17,000
molecular weight peptide as the proton channel subunit (Arai ez al., 1987b;
Sun et al., 1987). Although the effect of anions on acidification has been
studied (Yamashiro er al., 1983; Van Dyke et al., 1984; Xie ef al., 1983;
Xie et al., 1989), demonstration of ionic permeability and quantification of
ionic fluxes associated with the influx of protons has not been addressed.
Because of the dependence of acidification on C1™ in the incubation medium
(Yamashiro ez al., 1983; Van Dyke et al., 1984; Xie et al., 1983, 1989) and
of the sensitivity of acidification to DIDS (Yamashiro ez al., 1983; Xie
et al., 1983), it is thought that the H" -pump is electrogenic, and that
the charges generated by the influx of H are compensated by an influx
of CI~.

In the particular case of the ligand ferrotransferrin, it has been proposed
that acidification of the endocytic vesicle is necessary for the delivery of iron
to the cell by (1) promoting the dissociation of iron from transferrin (Lestas,
1976); (2) facilitating the translocation of the dissociated iron through the
endosome membrane (Nufiez and Glass, 1985); and (3) allowing apotrans-
ferrin to remain bound to the transferrin receptor, which in turn allows the
recycling of the complex to the plasma membrane (Escarot-Charrier et al.,
1980; Klausner er al., 1983). Using endocytic vesicles isolated from rabbit
reticulocytes, we have recently reported that vesicle acidification and iron
reduction were necessary and sufficient for the mobilization of iron originally
present in transferrin (NUfiez ez al., 1990). During the course of the above
experiments we observed that dissociation of iron from transferrin was
dependent on acidification which in turn was dependent on the intra- and
extravesicular ionic composition. Here we report on the process of acidifi-
cation and quantitate the related ion fluxes in endocytic vesicles. Using
FITC-labeled transferrin, and a novel approach to measure H* pumped, we
quantitated the acidification in vesicles devoted to iron transport. Using *Cl~
and ®Na*, we quantitated the CI™ and Na™ fluxes associated with the
movement of H .
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Experimental

Labeling of Transferrin

Purified rabbit ferrotransferrin was labeled with FITC as described by
Musgrove et al. (1984), stored at 4°C, and used within one week of prep-
aration. The FITC: transferrin molar ratio ranged between 4 and 5. In
control experiments, FITC-labeled *Fe-transferrin underwent a normal
endocytic and * Fe delivery cycle when incubated with reticulocytes.

Vesicle Preparation

Endocytic vesicles were prepared as reported (Nufiez et al., 1990). When
acidification was determined, the cells were incubated with FITC-labeled
transferrin for Smin at 37°C prior to vesicle preparation. The preparation
buffer contained 10mM HEPES-Tris (pH 7.0), ImM EGTA-Tris, 1 mM
MgSO,, 3mM NaN;, and 100 mM either of NaCl, KCl, a mixture of both,
or 200 mM sucrose. The salt composition of the preparation buffer depen-
dended on the desired internal ionic composition for the particular exper-
iment. The vesicles were used the same day of isolation.

Measurement of Vesicle Acidification

The internal pH of endocytic vesicles was determined as the decrease in
the fluorescence of FITC-transferrin measured upon the addition of ATP
(Van Renswoude et al., 1982). A normal incubation mixture contained, in a
final volume of 1.5ml, 30-50 ug (5~15 ul) of vesicle protein and lysis buffer
(pH 7.0} in which the content of NaCl, KCl, or sucrose was adjusted for the
experimental conditions. The reaction was started by the addition of 1 mM
ATP-Tris and 1mM MgSO, (ATP-Mg) (pH 7.0), and fluorescence was
followed in a Perkin-Elmer MPF-2A spectrofluorimeter with the detection
chamber thermostated at 25°C. Calibration of fluorescence as a function of
pH was determined for every vesicle preparation, with the vesicles solubilized
with 0.2% Nonidet P-40 and suspended in isolation buffer at various pHs in
the pH range 7.0-5.0. The last precaution was necessary because (1) the
fluorescence at all pHs in the presence of sucrose-containing buffers was
slightly quenched compared to fluorescence in KCl- or NaCl-containing
buffers; and (2) FITC-transferrin fluorescence was quenched when bound to
the transferrin receptor in vesicles compared to FITC-transferrin in solution.

ATPase Activity

The ATPase activity of intact vesicles was detected spectrophotometric-
ally at 25°C using the pyruvate kinase/lactate dehydrogenase enzyme system
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as reported (Yamashiro er al., 1983). Prior to use the enzyme mixture was
filtered through a small Sephadex G-25 column to eliminate the (NH,),SO,
present in the enzyme mixture.

$CI~ Fluxes

%Cl™ influx was determined by incubation of 120-150 ug of vesicles in
100 gl final volume of a buffer containing: 10 mM (pH 7.0) Hepes-Tris, 1 mM
EGTA-Tris, 1mM MgSO,, 3mM NaN,, 80mM KCl, and 20mM (5 uC)
Na*Cl, with or without 1 mM ATP-Mg. The interior of the vesicles con-
tained: 10 mM Hepes-Tris (pH 7.0), 1 mM EGTA-Tris, 1 mM MgSO,, 3mM
NaNj, and 100 mM NaCl. Aliquots of the incubation mixture were taken at
different times of incubation and filtered through 0.22-um Millipore GSWP
filters pretreated with the incubation buffer. Control experiments using
'»1-transferrin containing vesicles indicated a greater than 98% retention of
vesicles by the filters. In experiments of *Cl~ efflux, the vesicles were pre-
loaded with 100 mM Na**Cl for 60 min at 37°C and then diluted 100-fold in
80mM KCl and 20 mM NaCl buffer at 25°C. Aliquots were taken at different
times of incubation at 25°C and filtered as above.

2Na* Fluxes

Unless otherwise stated, the ionic composition of the intravesicular
medium established for influx and efflux experiments was 10 mM Hepes-Tris
(pH 7.0), 1 mM EGTA-Tris, | mM MgSO,, 3mM NaN,, and 100 mM NacCl;
and the ionic composition of the external medium was 10mM Hepes-Tris
(pH 7.0), | mM EGTA-Tris, | mM MgSO,, 3mM NaN;, 80 mM KCl, and
20mM NaCl, with or without 1 mM ATP-Mg. In experiments of ?Na*
influx, the external medium contained 5 uCi of *NaCl in a total volume of
100 ul. In experiments of effiux the vesicles were preloaded for 60 min at 37°C
in a 100 mM NaCl medium containing 5 uCi *Na*, and then diluted 250-
fold in a medium so as to give the final external ionic composition stated
above. Aliquots of the incubation medium were taken at different times of
incubation at 25°C and filtered as described above.

Determination of the H"|ATP Ratio

To quantitate the movement of charges associated with ATP-induced
acidification, it was necessary to determine the amount of protons pumped
into vesicles under experimental conditions similar to those used for deter-
mination of *Cl~ and *Na™* fluxes. This was achieved by determining the
ratio of protons pumped into the vesicles to the ATP hydrolyzed by the
NEM-sensitive ATPase. To calculate the ratio of H* pumped to ATP
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hydrolyzed, the following approximation of the equation derived by Thayer
and Hinkle (1973) was used:

In(H*/ATP) = Inh — k¢

in which ¢ is the time of incubation, 4 is the stoichiometry of protons pumped
to ATP hydrolyzed, H* is the measured moles of protons accumulated in the
vesicle at time £, ATP is the moles of ATP hydrolyzed at time ¢, and k, is the
rate constant for proton leak from the vesicles. A semilogarithmic plot of
H* /ATP vs. time gives a line with a slope of —k, and an intercept at t = 0
equal to A, the H™ /ATP stoichiometry. The experimental protocols of Thayer
and Hinkle (1973) were modified to allow measurement of the stoichiometry
of proton pumping at pH 7.0, the same external pH at which the ionic fluxes
were measured. At pH 7.0 the release of protons from the hydrolysis of ATP
(Alberty, 1968; Nishimura et al., 1961) prevented the direct measurement of
pH change to determine the kinetics of H™ pumping, and induced the design
of an alternative method to determine pH changes. Vesicles suspended at
I mg of vesicle protein/ml in a medium that contain 0.5mM MES-Na
(pH 7.0), ImM EGTA-Na, 1 mM MgSO,, 3mM NaNj, and 100mM NaCl
were equilibrated in a buffer containing 0.5mM MES-Na (pH 7.0), I mM
EGTA-Na, I mM MgSO,, 3mM NaN,;, 80mM KCI, and 20mM NaCl.
After about 5 min necessary for pH equilibration, the reaction was started by
the addition of 1mM ATP-Mg. The reaction was allowed to proceed for
3min at 25°C, at which point it was stopped with 0.2% Nonindet P-40. The
addition of detergent produced an acidification of the medium corresponding
to the protons accumulated within the vesicles during the 3 min interval.
Further additions of detergent did not produce further pH changes. No pH
change occurred if the vesicles were incubated in the presence of 2mM NEM.
The buffer capacity of the medium was determined by the addition of
aliquots of a | mM HCl standard solution with a total pH change of 0.045 pH
units after three additions. The above procedure allowed determination of
the total protons pumped into the vesicles during a 3-min interval. In parallel
experiments, the kinetics of acidification were determined in vesicles contain-
ing FITC-transferrin as described above. Both procedures taken together
allowed estimation of the amount of protons pumped as a function of time.
The pH changes were followed with a Beckman 71 pH meter attached
to an operational amplifier and recorder to give 10 mV full scale (Thayer
and Hinkle, 1973). The quantification of ATP hydrolyzed by | mM NEM-
sensitive ATPase was as described above (Forgac er al., 1983).

Reagents

H*CI (15.07 xCi/g), ?NaCl (1071.56 mCi/mg), and * FeCl, (20.17 mCi/
mg) were from Dupont (Wilmington, Delaware). Carrier-free Na I was
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from Comision Chilena de Energia Nuclear (Santiago, Chile). FITC, isomer
I, was from Calbiochem (San Diego, California). Percoll, DIDS, DCCD,
ATP, and other biochemical reagents used were of analytical grade.

Results

ATPase Activity and Acidification

The ATPase activities of reticulocyte endocytic vesicles have been
partially characterized (Choe ef al., 1987). The overall initial ATPase activity
of these vesicles was 3.10 + 0.78 x 10~*moles/min/mg of protein (mean
+s.d.,, n = 11). In order to determine which of the ATPases present in
reticulocyte endocytic vesicle was responsible for the acidification process,
the effect of different inhibitors was tested in the overall ATPase activity and
in the acidification process. The results are shown in Table I. The ATPase
activity was unaffected by oligomycin and strophanthidin. As with the
ATPase of rat liver and bovine brain coated vesicles (Dell’ Antone, 1984; Sun
et al., 1987), the ATPase activity of reticulocyte vesicles was sensitive to
NEM, with 1 and 2mM NEM inhibiting the ATPase activity 25.5 and 46%,
respectively. As 1 mM NEM almost completely inhibited acidification, it is
clear that the vesicles contain additional ATPase activities not sensitive to
NEM. The ATPase responsible for acidification was also inhibited by DIDS,
since this compound affected the acidification. As in coated vesicles from calf
brain (Sun ez al., 1987), DCCD affected mildly the total ATPase activity, but

Table I.  Effect of Various Compounds on ATPase Activity and Acidification

ATPase activity Acidification
Inhibitor (% of control)
1-5 uM oligomycin 96.2 + 7.2 (4) 1044 + 13.6 (3)
50 uM strophantidin 942 + 6.8 (4) N.D.
10 uM DCCD N.D. 72.7 £ 33 (2)
100 uM DCCD 829 + 8(4) N.D.
lmM NEM 745 + 7.3 (4) 12.7 £ 54 (3)
2mM NEM 542 £ 17.6 (7) N.D.
10 uM DIDS 299 + 0.9 (2) 55.3 + 15.3(2)
100 uM DIDS . 7.8 £ 042 (2)

z7
i)

0.5-1 mM amiloride 85.1 £ 10.2 (5)

“The intravesicular composition of vesicles was 10 mM Hepes-Tris (pH 7.0), I mM EGTA-Tris,
ImM MgSO,, 3mM NaN;, and 100mM NaCl. In the extravesicular buffer, NaCl was
substituted by KCl. Prior to detection of ATPase activity or acidification, the vesicles were
incubated with the various inhibitors for 30 min at 4°C. The temperature of the experiments was
25°C. The means + standard deviation are presented; in parentheses is the number of deter-
minations. N.D., not determined.
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acidification was strongly inhibited. Acidification was slightly inhibited by
1 mM amiloride, while 1 uM tetrodotoxin and 10 nM caribdotoxin did not
produce inhibition (data not shown).

Effect of the Internal and External Ionic Composition on the Generation of
the H* Gradient

In an attempt to determine the ions involved both in cotransport and
countertransport processes of charge compensation, the extent of acidifi-
cation was determined in vesicles with various internal and external ionic
compositions. The effects of various ionic compositions are seen in Table II.
No acidification was observed in the absence of ions (sucrose;, /[sucrose,, ),
and a cation was needed in the intravesicular medium, with Na* (NaCl,,/
sucrose,,,) better than K+ (KCI,, [sucrose,, ). The intermediate degrees of
acidification obtained with the other conditions listed in Table II allow
conclusions to be drawn regarding the relative influence of ions in the
acidification of endocytic vesicles. The presence of Cl™ in the external
medium was necessary, but not enough, to support maximal acidification: it
allowed for 59% of maximal acidification for the condition sucrose,, /[KCl,,,
and 65% for sucrose,, /NaCl,,. Similarly, the contribution of a Na* gradient
to acidification was about 44% (NaCl,, /sucrose,,, ). In contrast, little acidifi-
cation was observed with (KCl,,/sucrose,, ). From the above analysis it can
be concluded that maximal acidification of the vesicles required CI™ in the
extravesicular medium and Na* inside the vesicles.

The role of Cl™ in supporting acidification was further explored in exper-
iments in which the extravesicular anion was changed. ClI~ was the anion
that best supported acidification. The relative efficiency of various anions
was: chloride = 1, bromide = 0.71, iodide = 0.30, phosphate = 0.28,

Table II.  The Effect of Ionic Composition on Acidification”

External Internal pH change
Sucrose Sucrose 0.04 + 0.03
Sucrose KCl 0.09 + 0.01
Sucrose NacCl 0.34 + 0.03
KCl Sucrose 0.46 + 0.05
KCl KCl - 0.46 + 0.11
KCl NaCl 0.78 + 0.10
NaCl Sucrose 0.51 + 0.05
NaCl KCl 042 + 0.16
Na(l NaCl 0.63 + 0.12

“The internal and external ionic composition of the vesicles was 10 mM Hepes-Tris (pH 7.0),
1 mM MgSO,, 1 mM EGTA-Tris, 3mM NaN;, and 100 mM KCl or NaCl, or 200 mM sucrose.
The change in pH upon the addition of 1 mM Mg-ATP was determined for 3 min; the mean
pH =+ s.d. of three experiments is presented.
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gluconate = 0.19, and sulfate = 0.14. These results are in agreement with
data obtained in endocytic vesicles isolated from rat liver (Van Dyke et al.,
1984) and bovine brain (Stone ez al. 1983b).

“Na* Fluxes in Endocytic Vesicles

As indicated by the experiments of Table 11, a Na* efflux may also be
involved in the acidification process. In order to determine net Na* fluxes,
parallel studies of ?Na™* influx and efflux in the presence and absence of ATP
were done (Fig. 1). Under conditions of a Na*t gradient, there was a consider-
able net 2Na™ efflux, considered as the difference between efflux and influx,
both in the presence and in the absence of ATP. An increased Na™ influx was
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Fig. 1. Sodium fluxes. The ionic composition of the intravesicular medium was 10 mM Hepes-
Tris (pH 7.0), I mM EGTA/Tris, | mM MgSO,, 3mM NaN; and 100 mM NaCl. The ionic
composition of the external medium was 10 mM Hepes-Tris (pH 7.0), 1 mM EGTA/Tris, l mM
MgSO,, 3mM NaNNj;, 20 mM NaCl, and 80 mM K.Cl. Influxes: Vesicles were incubated at 25°C,
with 5 uCi of 2NaCl in a total volume of 100 ul in the presence (filled circles) and absence (empty
circles) of | mM Mg-ATP. Aliquots were taken at different times between 0.5 and 3 min and
filtered through Millipore filter. Effluxes: Vesicles were preloaded for 60 min at 37°C in 100 mM
NaCl buffer, containing 5uCi 2NaCl, and then diluted in 100mM KCl buffer so as to give
20mM Na(Cl, 80 mM KCI buffer. Incubation times were between 0.5 and 3 min at 25°C, in the
presence (filled triangles) and absence (empty triangles) of 1 mM Mg-ATP. The resuits are from
a representative experiment.
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observed in the presence of ATP. Therefore, these vesicles contain a Na*
pump, capable of pumping Na™ into the vesicular lumen.

Electrogenicity of the H" -Pump and the Intravesicular pH
at the Equilibrium

To corroborate the electrogenic character of the H* pump, vesicles
containing 100 mM KCI,, were suspended in a sucrose buffer and its acidifi-
cation determined after the addition of ATP (Fig. 2A). The acidification was
minimal, but when a K* conductance was established by the addition of
valinomycin, the acidification was similar to that obtained with vesicles
containing NaCl,, and KCl , (Fig. 2B). This experiment clearly indicated
that the pump was electrogenic, and demonstrated the requirements of

A: @ sucrose

ATP Valinomycin

l
uw-«q
W

0 1
Time,min

fluorescence

Relative
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Fig. 2. Acidification dependence on ionic conductance. (A) FITC-transferrin containing
vesicles prepared with 100mM KCl,,, as described in Experimental were suspended in an
external medium of 10 mM Hepes-Tris (pH 7.0), | mM EGTA-Tris, | mM MgSO,, 3mM NaN;,,
and 200 mM sucrose. Upon the addition of 1 mM Mg-ATP, little fluorescence quenching was
detected; however, with the addition of 1 uM valinomycin significant quenching was observed.
(B) As a control for the extent of acidification that could be expected in (A), vesicles prepared
in parallel containing 100 mM NaCl were suspended in the same medium with 100 mM KCl and
acidification initiated with 1 mM Mg-ATP.
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charge dissipation to obtain acidification. The fact that the same pH was
achieved with K -valinomycin as with NaCl,,/KCl,,, indicated that these
ions were sufficient to fulfill the charge dissipation needed to allow for
maximal acidification.

Quantification of Protons Pumped per ATP Hydrolyzed

Figure 3 shows the parallel determinations of proton pumping and
NEM-sensitive ATP hydrolysis as a function of time. As shown in the inset,
the plot of In(H" pumped/ATP hydrolyzed) vs. time allows the calculation
of both A, the H* /ATP ratio, from the intercept and k,, the H* leak rate
constant, from the slope (Thayer and Hinkle, 1973). The mean values of three
independent experiments (4 standard deviation) were £ = 0.93 + 0.07 and
k, = 3.29 + 1.13 x 1073 sec™!. The value obtained for 4 could then be
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Fig. 3. Determination of H* /ATP ratio. The kinetics of proton pumping and of NEM-
sensitive ATPase activity were determined as described in Experimental. The inset is the plot of
In(H* /ATP) vs. time with the intercept representing 4 and the slope k,. Shown are the means
of three independent experiments.
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Table III.  Stoichiometry of Charges during Proton Pumping®

H* pumping Cl™ influx Na* efflux
Time
(sec) (moles x 10* x mg protein™')
30 1.05 + 0.22 0.67 + 0.30 0.41 + 0.08
60 2.09 + 045 1.20 £+ 0.35 0.79 + 0.21
90 2.56 + 0.37 1.29 + 0.59 1.07 + 0.31
120 2.84 + 0.39 1.35 £ 0.61 1.23 + 042
150 3.05 + 0.44 1.40 + 0.63 1.28 + 0.55
180 3.15 + 0.46 .42 + 0.62 1.32 + 0.59

“The stoichiometry of proton pumping was derived from the NEM-sensitive ATPase activity
utilizing a H* JATP ratio of 0.93 as derived from the data in Fig. 3. Net C1~ and Na™* fluxes
were calculated from the differences in influx and efflux of the respective ions in the presence
of ATP using the following ionic conditions: internal: 10mM Hepes-Tris (pH 7.0), 1| mM
MgSO,, 3mM NaN;, 100mM NaCl; external: 10mM Hepes-Tris (pH 7.0), | mM MgSO,,
3mM NaNj,, 20 mM NaCl, 80 mM KCl, and I mM ATP-Mg. The experimental conditions used
were as described in Experimental. Data shown are means of three independent experiments.

used to calculate the number of protons pumped from the data of NEM-
sensitive ATP hydrolysis.

Balance of Charges in the Process of Acidification

As both ClI™ influx and Na* efflux are involved in obtaining maximal
acidification, it was of interest to quantify both fluxes in relation to the
amount of H* pumped into the vesicles after the addition of ATP. To
quantitate these processes, all the fluxes under study were measured in the
same preparation using the same tonic conditions, i.e., equal Cl~ concen-
trations inside and outside the vesicle, a higher Na* concentration inside the
vesicle, and a higher K* concentration outside the vesicle. Table IIT lists the
values for H™, C1™, and Na™ fluxes as a function of incubation time. After
3min of incubation, by which time more than 95% of the acidification has
occurred, the charges from H* influx had been balanced to about 45% by the
Cl™ influx and 42% by the Na™ efflux.

Discussion

The experiments presented here show that endocytic vesicles from rabbit
reticulocytes have a proton pump that is similar to that described for bovine
brain and rat liver coated vesicles (Choe ef al., 1987; Yamashiro et al., 1983;
Forgac et al., 1983; Galloway et al., 1983; Stone et al., 1983a; Van Dyke
et al., 1984). The studies are unique in several regards, however. First, the use
of a preparation of endocytic vesicles dedicated mainly to the transport of a
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particular ligand, in this case transferrin, allowed us to determine the ionic
fluxes required for acidification of that particular compartment. Second, our
studies indicate that in order to optimally neutralize the electric potential
generated by proton pumping, both a net C1~ influx and a net Na™* efflux are
required, with each of these fluxes by itself supporting submaximal acidifi-
cations. As far as we know, this is the first demonstration that Na™ efflux is
required for maximal vesicle acidification and that a net Na* efflux and a net
Cl™ influx can occur in the presence of ATP.

The Na* pump activity observed in the present report can be attributed
to the Na*, K*-ATPase activity, described in endocytic vesicles from other
systems (Fuchs et al., 1989; Cain et al., 1989). Under conditions of a Na*t
concentration gradient (inside > outside), the Na™ flow was outward, even
in the presence of ATP. The Na*t, K" -ATPase could have the inhibitory role
described by others (Fuchs et al., 1989; Cain et al., 1989) in the absence of
a Na® concentration gradient. In this case, inhibition of the acidification
mediated by the Na™ pump should be through the generation of a positive
membrane potential (Fuchs ez al., 1989).

The experiment shown in Fig. 2 illustrated the essential requirement of
ionic conductances for acidification to occur. In the absence of ions little or
no acidification occurred. Both C1~ and Na* fluxes seem essential for the full
expression of H* pump activity. As % Rb fluxes were two orders of magnitude
less than Cl1- and Na* fluxes (data not shown), potassium fluxes were
considered to be too small to account for charge balance, a conclusion
corroborated by the negligible effect of K" in acidification (Table II). These
experiments also indicated that the intravesicular pH at equilibrium was a
function of the intrinsic properties of the vesicle, and not of a positive
potential generated within the vesicles: since with acidification of the vesicles
the proton pump ATPase activity decreased and the proton leak increased
(Fig. 3), the intravesicular pH stabilized when the rates of proton pumping
and proton leak from the vesicle were balanced.

In studying the dependence of acidification on ionic composition,
maximal acidification was observed with KCl in the extravesicular and NaCl
in the intravesicular medium, suggesting a possible role for both C1~ and Na*
fluxes in the process of acidification. C1~ has been proposed as the ion that
could dissipate the electrical gradient generated by H* pumping (Stone et al.,
1983a; Xie et al., 1983, 1989; Ecarot-Charrier et al., 1980). The data presented
here indicate that the addition of ATP generates a transient Cl~ influx that
can dissipate part of the electrical gradient produced by the entrance of
protons. The question arises about the nature of the transport system
involved. It is unlikely that the influx of C1™ occurs through the C1~ /HCO;
antiport since the latter process is electroneutral (Sachs ez al., 1982). Experi-
ments of fusion of endocytic vesicles with planar lipid bilayers performed in
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our laboratory using techniques previously described (Latorre ez al., 1985)
have detected an anion selective channel with a conductance of 130 pS, as
determined by ifv curves in the presence of 500 mM KCI on the cis side and
100 mM KCl on the trans side (X. Cecchi, personal communication). The
above results, and the anion selectivity in supporting acidification, strongly
suggest an anion channel with selectivity for Cl™ as the entity responsible for
the Cl~ fluxes.

It was possible to demonstrate that endocytic vesicles had a Na*
permeability and that Na* inside the vesicles increased the amount of
acidification. Since no net Na* efflux was found in the absence of a Na*
gradient, the capacity of Na*t to support acidification will depend on
a concentration gradient favoring Na't efflux. Although no evidence is
provided here that such a gradient exists in situ, the gradient would be
expected if extracellular fluid is trapped during the process of vesicle
formation.

Acidification was not inhibited by tetrodotoxin, a potent inhibitor
of voltage-dependent Na* channels, and was just slightly inhibited
by 1mM amiloride, an inhibitor of the Na®/H™ antiport, per se an
electroneutral process (Sachs er al, 1982). It is therefore unlikely that
Na® fluxes occur through the above pathways. Na® fluxes could be
mediated either by a Na' channel not regulated by voltage or by the
electrogenic Ca’"/3Na® antiport (Reeves and Hale, 1984; Slaughter
et al., 1983).

The net sum of the Cl~ and Na* fluxes accounts for a considerable
portion of the proton flux. The proton flux was determined using an adap-
tation of the methods of Thayer and Hinkle (1973). This method assumes a
constant buffering capacity both of the extravesicular medium and the
intravesicular space, an assumption that is actively being investigated. It is
possible that the H* -ATPase activity was overestimated as we lack a specific
inhibitor for the enzyme and as 1 mM NEM sensitivity may include other
ATPases. However, the calculated proton fluxes and the sum of the net Cl~
and Na* fluxes were similar (see Table III) and therefore we assume that the
contribution of nonproton pumping ATPase activities to our calculations
was relatively small, and that the flux of H is approximately balanced by the
Cl~ and the Na* fluxes.
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