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Abstract. To investigate the role of acidification in 
cell proliferation, several cell lines resistant to chloro- 
quine were isolated with the expectation that some 
would express altered endocytic acidification. The pre- 
liminary characterization of one of these lines, 
CHL60-64, is described. In contrast to endocytic mu- 
tants described previously, the initial phase of endo- 
cytic acidification, as measured by transferrin acidi- 
fication, is normal in this cell line. However, a differ- 
ence in subsequent endocytic acidification was ob- 
served in CHL60-64. In the parental cells, internalized 
dextran was fully acidified to approximately pH 5.5 
within 1 h. In CHL60-64, the pH in the endocytic 
compartment was only 6.1 after 1 h and remained as 
high as 5.8 for at least 4 h. After an 8-h incubation, 
the pH decreased to 5.5, indicating that the second 

phase of acidification is only slowed in CHL60-64, 
and not blocked. Consistent with this retarded acidi- 
fication, ATP-dependent acidification in vitro (as mea- 
sured by acridine orange accumulation) was reduced in 
both the lysosomal fraction and the endosomal fraction 
isolated from CHL60-64. A decrease in the in vivo 
rate of acridine orange accumulation after perturbation 
with amine was also observed. In addition to amine 
resistance and defective acidification, CHL60-64 was 
found to be resistant to vacuolation in the presence of 
chloroquine and ammonium chloride, and was resis- 
tant to ouabain. Further studies on this new class of 
endocytosis mutant, in combination with existing mu- 
tants, should help to clarify the mechanisms responsi- 
ble for the regulation of endocytic acidification. 

M 
^Nv viruses and toxins require internalization and 
exposure to an acidic pH in order to penetrate into 
the cytosol (8, 20, 24). A number of cell lines that 

are defective in endocytosis and/or endocytic acidification 
have been isolated by taking advantage of this fact. Robbins 
et al. (6, 15, 16, 19) have described a number of cell lines, 
selected for diphtheria toxin resistance and impaired man- 
nose-6-phosphate receptor activity, that are resistant to infec- 
tion by Sindbis virus and vesicular stomatitis virus, as well 
as protein toxins. Some mutants were found to be defective 
in the uptake of iron from transferrin, a phenotype linked to 
their defect in vacuolar acidification, and some exhibited al- 
tered Golgi apparatus functions as well. Selection for resis- 
tance to both modeccin and diphtheria toxin enabled Draper 
and co-workers (7, 22) to isolate Chinese hamster ovary cell 
lines that were temperature sensitive for viability, resistance 
to protein toxins (diphtheria toxin, modeccin, Pseudomonas 
exotoxin A), and ATP-stimulated acidification of endocytic 
vesicles. The temperature-sensitive lesion in viability could 
be overcome by the addition of FeSO4 to the growth media. 
Merion et al. (9) have characterized Chinese hamster ovary 
acidification mutants resistant to Pseudomonas exotoxin A, 
which were found to be cross-resistant to diphtheria toxin 
and several animal viruses. Monensin-resistant mutants have 
been isolated that are cross-resistant to vesicular stomatitis 

virus (13); however, this resistance appears to be unrelated 
to acidification. With the exception of one of the mutants 
characterized by Merion et al. (9), which showed decreased 
acidification of both compartments, all of the acidification 
mutants described to date were found to have defects in early 
(endosomal) but not late (lysosomal) acidification. 

There is considerable biochemical evidence, in support of 
this genetic evidence, indicating that the mechanisms of en- 
dosomal and lysosomal acidification have distinct features. 
Although both endosomes and lysosomes maintain an acidic 
pH through an ATP-dependent process, the extent of acid- 
ification in endosomes is less than that in lysosomes both 
in vivo (11, 17, 18) and in vitro (15, 22). In vivo acidification 
of endocytosed ligands by 3T3 cells is biphasic, with a rapid 
early acidification to pH 6.1, and a subsequent late acidifica- 
tion to below pH 5.5. The two phases are differentially sensi- 
tive to reduced temperature, as only the second phase of 
acidification is inhibited between 13 ~ and 17~ (17). 

A common factor in the mutant selection schemes de- 
scribed previously is the use of selective agents which must 
be endocytosed. This may favor selection of mutants in the 
early stages of endocytosis and acidification. We have previ- 
ously shown that weak bases, such as chloroquine and am- 
monium chloride, exert both a growth inhibitory and toxic 
effect on cell cultures; these effects show a strong correlation 
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with an increase in pH in endocytic vesicles (2). In order to 
obtain new types of acidification mutants, chloroquine resis- 
tance was used as a selection. The initial characterization of 
chloroquine-resistant mutant CHL60-64 is described in this 
paper. Unlike acidification mutants previously described, 
this cell line is not defective in the initial phase of endocytic 
acidification, but shows a defect in subsequent endocytic 
acidification, providing further evidence that the acidifica- 
tion mechanisms in these two phases are distinct. 

Materials and Methods 

Mutant Isolation 
All reagents were obtained from Sigma Chemical Co. (St. Louis, MO) un- 
less otherwise indicated. 

To enrich for chloroquine-resistant mutants, Swiss albino 313 fibroblasts 
were grown continuously in Dulbecco's modified Eagle's medium (Gibco, 
Grand Island, NY) supplemented with 10% fetal bovine serum (Gibco), 
100 U/ml penicillin, 100 ~tg/ml streptomycin, and 2 mM L-glutamine 
(cDMEM) l supplemented with 30 I~M chloroquine. All cultures were 
refed at 2-3-d intervals. To select for resistant cells, subcultures were plated 
at 1.5 x 105 cells per 75 cm 2 flask, and refed 1 d later with cDMEM con- 
taining 60 IxM chloroquine. Resistant colonies were harvested (after 2 wk) 
by trypsinization, and cultured continuously in cDMEM with 60 I~M chlo- 
roquine. Clones were obtained by limiting dilution. All subsequent experi- 
ments were done using cultures of one of these clones, CHL60-64, which 
had been grown in the presence of 60 IxM chloroquine for 4 too, then pas- 
saged without chloroquine for 2-4  wk. To control for possible effects of the 
high passage number of this cell line (,,o160), a parental cell line with the 
same passage number was used in the characterization experiments. 

Growth Curves 
Amine resistance was determined essentially as described previously (2). 
Cells were plated at a density of 1 x 104 per 60 mm plate in 5 mi 
cDMEM. The cultures were refed with cDMEM supplemented with various 
concentrations of amine 1 and 3 d later. Initial counts were made 1 d after 
plating to determine the plating efficiency (,x,65%) and the samples in- 
cubated with amine were counted 4 d after plating. The number of cell divi- 
sions was calculated relative to the number of cells at the time of amine ad- 
dition. 

To determine ouabain resistance, cells were plated as described above. 
Fresh media containing appropriate concentrations of ouabain was added 1 
and 4 d after plating, and cell counts were made 1 d later. 

Dextran Acidification 
Late endocytic acidification was measured using the fluorescein-rhodamine 
method described previously (2, U). Dextran conjugated with both FITC 
and substituted rhodamine isothiocyanate (XRITC) (FITC/XRITC-dextran) 
was prepared by the dibutyltin-dilaurate method (3) with a molar ratio of 
2:1 XRITC/FITC. Cells were plated at a density of 1 x 105 on 60 mm 
plates in 5 mi cDMEM 2 d before use. The cultures were incubated with 
either a mixture of I mg/ml FITC-dextran and 2 mg/mi XRITC-dextran, or 
with 4 mg/ml FITC/XRITC-dextran in 1.5 ml incubation media, washed 
eight times with PBS containing 0.9 mM Ca 2+ and 0.5 mM Mg 2+ 
(PBS/Ca/Mg), and incubated for various times in the absence of dextran. 
Cells were harvested by scraping and analyzed at room temperature by flow 
cytometry. Data for 20,000 live cells (selected on the basis of a forward scat- 
ter threshold) were collected for each sample. The signal to autofluores- 
cence ratio was at least 10:1 for the rhodamine fluorescence and 5:1 for the 
fluorescein fluorescence. 

Transferrin Acidification 
The acidification kinetics of transferrin wore used as a measure of early endo- 
cytic acidification. The method used has been described in detail elsewhere 
(21). Briefly, cells were labeled at 40C for 30-40 min with 10 Ixg/ml FITC- 

1. Abbreviations used in this paper: AO, acridine orange; cDMEM, com- 
plete Dulbecco's modified Eagles medium; LRSC, lissamine rhodamine sul- 
fonyl chloride; XRITC, substituted rhodamine isothiocyanate. 

transferrin and lissamine rhodamine sulfonyl chloride-conjugated transfer- 
fin (LRSC-transferrin). Excess transferrin was removed by washing the sam- 
ple with PBS/Ca/Mg, the cells were harvested by scraping, and initial 
fluorescence was determined by flow cytometry. The samples were then rap- 
idly warmed to 37~ and analysis continued. Average values for all 
parameters were calculated over 30-s intervals (,'04,500 cells per interval). 
The percent of transferrin remaining external was determined using poly- 
clonal FITC-conjugated goat anti-human transferrin antibody (a kind gift 
of Tago, Inc., Burlingame, CA) in a parallel experiment. 

In Vitro Acridine Orange Uptake 
To measure the acidification phenotype of CHLtO-64 in vitro without re- 
quiring endocytosis of a probe, the accumulation of the metachromatic dye 
acridine orange (AO; Kodak Laboratory and Specialty Chemicals, Eastman 
Kodak Co., Rochester, NY) was measured in isolated vesicles. Cells were 
plated on 150 mm dishes and grown to confluence with refeeding every 
3 d. After 7 d, the cells were harvested by scraping, washed, and homog- 
enized at 4~ with a Potter-Elvehjm homogenizer, then spun at 1,000 g for 
10 min to remove unbroken cells and nuclei. Postnuclear supernatants from 
4-8 • 107 cells in 7 ml homogenization buffer (HB; 0.25 M sucrose, 
2 mM EDTA, 10 mM Hepes, adjusted to pH 7.3 with NaOH) were mixed 
with a Percoll stock solution in FIB for a final concentration of 27% (vol/vol) 
Percoll 14 mi gradient. The gradients were centrifuged at 25,000 g (maxi- 
mum) for 151 min with a SA600 rotor in a RC5C centrifuge (Sorvall Instru- 
ments Div., E. I. Du Pont de Nemours & Co., Inc., Newtown, CT), 0.4 
ml fraction were collected; lysosomal fractions (fractions 1-6; average den- 
sity 1.09) and endosomal fractions (fractions 24-29; average density 1.05) 
were determined as the heavy and light peaks of acid phosphatase activity. 
Protein concentrations of the pooled fractions were measured as the absor- 
bance at 280 nm corrected for the scatter due to the Percoll in the fractions. 

AO uptake was determined using the method of Marnell et al. (7). Vesicle 
fractions (800 gg protein) were diluted to 2 ml in histidine buffer (30 mM 
histidine, 130 mM NaC1, 20 mM KCL, 2 mM MgCI2, pH 7.0) and in- 
cubated at room temperature for 1 h. 5 gl of 1 mM AO in histidine buffer 
were added (final concentration of 2.5 llM), and the sample further in- 
cubated for 5 min to allow equilibration. AO uptake into vesicles was mea- 
sured as the change in the difference between the absorbance at 492 and 540 
nm (AA49:_uo) at 15-s intervals using a Gilford Response spectrophotome- 
ter (Ciba-Corning Diagnostics Corp., Oberlin, OH) or an 8452A diode ar- 
ray spectrophotometer (Hewlett-Packard Co., Palo Alto, CA). After initial 
values for the two absorbances were determined, 5 gl of 800 mM Mg-ATP 
were added (final concentration, 2 mM), and analysis continued for 30 min. 
After analysis, 5 Ixl of 4 mM monensin were added to dissipate any pH 
gradients. 

In Vivo Acridine Orange Uptake 
The procedures used will be described in detail elsewhere (Yaacobi, M., 
C. C. Cain, D. McCaslin, and R. E Murphy, manuscript in preparation). 
2 • 105 cells were plated on 25 cm 2 flasks 2 d before use. Cells were sus- 
pended by trypsinization, diluted to 1 • 106 cells/ml in PBS/Ca/Mg, and 
20 ~tl/ml unlabeled 7.5 ~tm polystyrene beads (Flow Cytometry Standards 
Corporation, Research Triangle Park, NC) were added. After a baseline 
(autofluorescence) was determined for the sample, AO was added to a con- 
centration of 200 ng/ml (0.663 ~tM), and AO uptake monitored for 15 min. 
Ammonium chloride was added from a 10-fold concentrated stock in 
PBS/Ca/Mg and the sample further analyzed for 15 min. Logarithmic am- 
plifiers were used for all fluorescence parameters in order to accurately re- 
cord the large changes in fluorescence observed (data were converted to lin- 
ear scale before further analysis). Sample temperatures were maintained at 
37~ while ,,o150 events/s were collected. A threshold on side scatter was 
used to record data for both cells and beads. Upper and lower forward scat- 
ter gates were used in the analysis of the data in order to separately analyze 
the fluorescence from live cells and beads. Background fluorescence from 
the AO in solution was determined by analysis of the apparent fluorescence 
of the unlabeled beads, and was •2 % of the green signal. No red signal 
due to AO fluorescence was seen for the beads at this concentration. The 
signal to autofluorescence ratio was --7:1 for the red fluorescence, and 
>1,000:1 for the green fluorescence. 

Flow C ytometry 
A modified FACS 440 with a Consort 40 computer system (Becton Dickin- 
son FACS Systems, Mountain View, CA) was used for all flow cytometric 
analyses. Excitation was with the 488-nm line (40 mW) from an argon ion 
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laser and the 568-nm line (60 mW) from a krypton ion laser. Green fluores- 
cence was measured using a 530-rim band-pass filter (30 nm bandwidth) and 
a photomultiplier tube (model 9924A; EMI, Inc., Clinton, c-'r) with a high 
voltage of either 700 (FITC/XRITC-dextran) or 400 V (AO). Red fluores- 
cence was measured using a 625-nm band-pass filter (35 nm bandwidth) and 
a photomultiplier tube (model 4001-06-300; Hamamatsu Corp., Middle- 
sex, NJ) with a high voltage of either 700 (FITC/XRITC-dextran) or 800 
V (AO). 

Microscopy 

Cells were plated at a density of 2 • 104 cells per well on two-chamber tis- 
sue culture chamber slides (Lab-Tek; Miles Scientific Div., Miles Laborato- 
ries, Inc., Naperville, IL) in 2 ml cDMEM 1 d before use. NI-I4C1 or chlo- 
roquine was added from 10-fold concentrated stocks, and the cells incubated 
at 37"C for the indicated times. Phase contrast micrographs were taken 
using a 40• water immersion objective. 

Results 

Isolation of  Chloroquine-resistant Cell Lines 

To enrich for potential chloroquine-resistant cells, Swiss al- 
bino 3T3 cell cultures were grown continuously in the pres- 
ence of  30 IxM chloroquine. This concentration inhibited cell 
growth '~,40% in continuously growing cultures (Fig. 1). Af- 
ter 3 mo of  enrichment, subcultures were refed with 60 I~M 
chloroquine, a concentration that caused death in the paren- 
tal cell line. The frequency of resistant cells in the enriched 
population was ,~10 -6. Stable cell lines resistant to higher 
concentrations of  chloroquine (100-300 gM) have not yet 
been obtained. One of the clones resistant to 60 ~tM chloro- 
quine, CHLt0-64,  was chosen for further characterization. 

As shown in Fig. 1 A, the cell line CHLt0-64  is sig- 
nificantly more resistant to chloroquine than the parental 
cells. This cell line grew well in 60 g M  chloroquine, while 
there was cell death in the parental samples after only 3 d. 
CHL60-64 was also able to grow in 100 I~M chloroquine. 
The chloroquine resistance is a stable phenot-ype, as CHLt0 -  
64 exhibited comparable resistance when cultured without 
selective pressure for up to 2 mo (data not shown). CHL60- 
64 also exhibits enhanced resistance to ammonium chloride 
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Figure L Chloroquine and ammonia resistance of CHL60-64. Ac- 
tively growing cultures of high passage Swiss 3"1"3 (e) or CHL60- 
64 (A) were incubated in the presence of chloroquine (,4) or am- 
monium chloride (B) for 3 d, and the number of cell divisions 
calculated relative to the number of cells at the time of amine addi- 
tion. Each point represents the average and standard deviation of 
tv~ counts each on duplicate plates. 

(Fig. 1 B),  suggesting that the mechanism of chloroquine re- 
sistance is not specific for chloroquine. 

Acidification of  Endocytosed Probes 

Since the uptake of chloroquine requires acidic intracellular 
organelles, one of the anticipated phenotypes of  resistant cell 
lines was defective intravesicular acidification. CHL60-64 
exhibited a number of alterations related to acidification. The 
first was in the kinetics of  the acidification of the fluid phase 
endocytic marker, dextran (Fig. 2 A). After a 30-min pulse 
and a 30-min chase, endocytosed dextrans were acidified to 
pH 5.6 by the parental cells. The pH remained essentially un- 
changed for up to 8 h. In the CHL60-64 samples however, 
the pH was only 6.1 after 1 h, and remained as high as 5.8 
after 4 h. Eventually (after 8 h) the pH reached the same level 
as that of  the parental cells. 

To determine if  this represented a general defect in acidi- 
fication or a defect specific to late (lysosomal) acidification, 
early endocytic acidification kinetics were measured using 
fluorescent derivatives of  transferrin according to procedures 
described previously (21). Cells were surface labeled with 
FITC- and LRSC-transferrin at 4~ then warmed to 37~ 
to initiate synchronized endocytosis of  the probes. The 
fluorescence values were corrected for the fluorescence due 
to transferrin remaining on the cell surface, and the ratio of  
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Figure 2. Endocytic acidification measurements. (A) Average 
lysosomal pH was calculated from measured FITC/XRITC fluores- 
cence ratios for high passage Swiss 313 (I ,  0) or CHL60-64 (A, 
zx). Cells were incubated for 30 rain (solid symbols) or 2 h (open 
symbols) in cDMEM supplemented with labeled dextrans, then 
washed, and the dextrans chased into lysosomal compartments by 
further incubation for various periods of time. Points represent the 
average and standard error of the mean of two to six samples. No 
difference in the total uptake of dextrans by these two cell lines was 
observed, (B) Transferrin acidification kinetics were determined 
for samples of Swiss 3T3 (i) or CHL60-64 (A). The cells were 
cooled to 4~ and incubated with a mixture of FITC and LRSC 
transferrin at 4~ washed, scraped, and analyzed. After establish- 
ing a baseline value for green and red fluorescence at the external 
pH, the cells were warmed to 37~ To determine the pH of the in- 
ternalized transferrin, the total fluorescence was corrected for the 
percent of the transferrin remaining on the celt surface, and the ratio 
of green fluorescence to red fluorescence was converted to pH using 
a standard curve. Points represent average values calculated for 30-s 
intervals. The data presented are representative of eight separate ex- 
periments for each cell type. 
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Figure 3. Acidification in isolated vesicles in vitro. The quenching 
of AO absorbance at 492 nm due to accumulation of the dye in 
acidic vesicles was measured for isolated lysosomes (top panel) and 
endosomes (bottom panel) in CHL60-64 (upper curves) and paren- 
tal samples (lower curves). After incubation at room temperature 
for 1 h to dissipate existing proton gradients, samples were 
equilibrated with 2.5 pM AO and initial absorbanee values were de- 
termined. ATP was added to a concentration of 2 mM in order to 
initiate acidification. Monensin was added to a concentration of 
10 pM in order to collapse the pH gradients after 30 min. The lines 
show average values for two (endosomal) or three (lysosomal) sepa- 
rate experiments (standard deviations are shown at 25 min). The 
change in absorbance (AA492-54o) was calculated relative to the ab- 
sorbance recorded immediately after AO addition. 

green fluorescence (FITC-transferrin) to red fluorescence 
(LRSC-transferrin) was converted to pH using a standard 
curve. Upon warming, the internalized transferrin was rap- 
idly exposed to a pH of ,x,6.1 within 5 min (Fig. 2 B). The 
pH then rapidly increased to neutrality as the transferrin was 
recycled. No difference was seen in the transferrin acidifica- 
tion and alkalinization kinetics for the two cell lines, or in 
the kinetics of internalization of the ligand (data not shown). 
In contrast, the endosomal acidification mutant G.7.1 (7, 22) 
showed negligible acidification of transferrin at the nonper- 
missive temperature using the same procedure, while its pa- 
rental cell line showed normal acidification (data not shown). 

Acidification in Isolated Vesicles In Vitro 

Since transferrin acidification in CHL60-64 is normal, the 
acidification defect would appear to be specific for late 
acidification. However, the decreased rate of late acidifica- 
tion observed in CHL60-64 could also be due to a decreased 
rate of transport of endocytosed material from mildly acidic 
endosomal compartments to more acidic lysosomal com- 
partments. To distinguish between these two possibilities, 
and to more rigorously determine the acidification mecha- 
nism affected in CHLt0-64, AO accumulation was measured 
in vitro in isolated endosomal and lysosomal fractions. This 
method does not require endoeytosis of a probe for delivery 
to acidic intracellular compartments. AO is a weak base 
which accumulates in acidic vesicles via the same mecha- 
nism as vacuologenic amines such as chloroquine and am- 
monia. The protonated form of the base is much less mem- 
brane permeant than the unprotonated form. As a result, the 
protonated form of the base is trapped in any compartments 
that are acidic relative to the incubation media. The concen- 
tration of AO within a vesicle is dependent on the magnitude 
of the pH gradient across the vesicular membrane. At high 
concentrations, AO forms dimers and higher order mul- 
timers resulting in a spectral shift in absorbance and fluores- 
cence from green to red. The difference between the absor- 
bance at 492 and 540 nm is a measure of the accumulation 
of AO in the vesicles within the fractions. We have found in 
vitro that a concentration >15 pg/ml is required for the for- 
marion of the red fluorescent form of AO. 

Postnuclear supernatants from 7-d confluent cells were 
prepared, and endosomal and lysosomal fractions were sepa- 
rated by density gradient centrifugation. The two fractions 
were identified as heavy and light peaks of acid phosphatase 
activity. No difference was seen in the relative distributions 
or extent of accumulation of either acid phosphatase or 
13-hexosaminidase in the two cell lines (data not shown). A 
reduction in the extent of acidification was seen for both the 
lysosomal and endosomal fractions from CHL60-64 (Fig. 
3). The rate and extent of acidification after ATP addition 
were estimated by least squares exponential fitting. The 
average values for the maximum change in absorbance 
(AA492-54o), rate constants (t1/2 -t min-t), and initial rates are 
shown in Table I. In both vesicle fractions, the rate constants 
were similar for the parental cell line and CHL60-64. How- 
ever, the maximum change in absorbance was 2.8-fold higher 
in the parental lysosomal fraction than it was in the mutant 
lysosomes, and 2.6-fold higher in the parental endosomal 
fractions than in those from the mutant. 

Amine-induced Vacuolation 

In addition to increasing the intravesicular pH, both chloro- 

Table L In Vitro Acidification of Vesicles Isolated from CHL60-64 and Parental Cells 

Lysosomes Endosomes 

Celt Line AA492-$4o k (min-~) * Initial rate AA49:-~,0 k (min-~) * Initial rate 

x 1 0  2 x 1 0  2 x 1 0  4 x 1 0  2 x 1 0  2 • 1 0  4 

Parental 3.6 + 1.5 5.3 + 2.2 18 + 9.7 1.3 • 0.3 4.3 • 0.7 5.2 • 0.4 
CHL60-64 1.3 + 0.9 5.0 • 1.9 5.3 + 1.9 0.5 • 0.03 4.8 + 0.1 2.3 + 0.1 

* First order rate constant. 
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quine and ammonium chloride induce the formation of large 
cytoplasmic vacuoles. This is a result of the accumulation of 
large concentrations of the protonated form of the amines 
due to the active acidification of vesicles in response to an 
increase in intravesicular pH (14). Since AO accumulates 
within acidic vesicles in a manner identical to the vacuolo- 
genic amines, low concentrations (200 ng/ml) of AO were 
added with the amines in order to estimate the kinetics of 
amine accumulation in vivo. This was measured in whole 
cells using flow cytometry. 

To measure the in vivo AO accumulation for the parental 
and CHL60-64 cell lines, monolayers were suspended in 
PBS/Ca/Mg by scraping, and AO was added to a concentra- 
tion of 200 ng/ml. Accumulation was monitored on a cell by 
cell basis as the increase in red and green fluorescence with 
time. The green fluorescence (excitation 488, emission 530) 
is a measure of the total cell-associated AO (a function of 
both the pH of the vesicles and the total volume), while the 
red fluorescence (excitation 568, emission 625) is a measure 
of the extent to which the AO has been concentrated within 
the cell. Although the concentration of AO within the cells 
cannot be calculated directly, the appearance of red fluores- 
cence indicates that some organelles within the cell concen- 
trate AO at least 75-fold (from 200 ng/ml to 15 gg/ml). (This 
corresponds to a pH of 5.5 relative to an external pH of 7.4.) 
In the absence of perturbation by amine, the rate and extent 
of AO uptake were quite similar in the two cell lines. This 
result is consistent with the dextran acidification data, as the 
initial uptake of AO is dominated by the steady state pH of 
all acidic vesicles (this result eliminates the possibility that 
the amine and drug resistance of CHL60-64 is the result of 
a change in membrane permeability). 

When a high concentration of a vacuologenic amine (e.g., 
100 mM ammonium chloride) was added, the red fluores- 
cence dropped immediately to background levels and re- 
mained there for at least 15 min. This was observed for both 
cell types. The green fluorescence also dropped in both cell 
types but only transiently. In the parental cell cultures, the 
green fluorescence began almost immediately to increase ex- 
ponentially, recovering within 15 min to a value 79 % higher 
on average than the initial value (Fig. 4). This recovery above 
the initial value was also seen when 100 mM methylamine 
was used to perturb the pH gradients in the parental cells 
(Yaacobi, M., C. C. Cain, D. McCaslin, and R. F. Murphy, 
manuscript in preparation). The initial levels of AO fluores- 
cence were similar in the wild-type and CHL60-64 cells, and 
the fluorescence decreased to the same extent upon addition 
of ammonium chloride. However, the initial rate of recovery 
was approximately threefold higher in the parental samples 
than in the mutant samples (Fig. 4). 

The decreased recovery of AO (green) fluorescence ob- 
served in CHL60-64 in vivo suggested that amine-induced 
vacuolation might be reduced in this cell line. This hypothe- 
sis was tested by microscopic examination of amine-treated 
cells. Vacuolation was monitored over time by phase contrast 
microscopy. Small vacuoles were observed within 20 min af- 
ter addition of the amines in both cell types. With longer in- 
cubations, the parental cells developed large cytoplasmic 
vacuoles. The effect of 30 mM ammonia after 3 h is shown 
is Fig. 5 b. In contrast, much less vacuolation was seen in 
CHL60-64 (Fig. 5 d). Similar results were obtained with 
100 mM ammonia and 60 gM chloroquine (data not shown). 
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Figure 4. Effect of ammonium chloride on AO accumulation in 
vivo. The recovery of AO fluorescence (green) after the addition of 
NH4C1 was measured for parental cells (upper trace) and CHL60- 
64 (lower trace). Cells were suspended in PBS/Ca/Mg by trypsin- 
ization, and AO was added to a concentration of 200 ng/ml (0.663 
ItM). The sample was incubated at 37~ until the AO fluorescence 
had stabilized (15 min). NI-LCI was then added to a concentration 
of 100 mM, and fluorescence (488 nm excitation, 530 nm emis- 
sion) monitored for 15 min. Green fluorescence decreased dramati- 
caUy after NH4CI addition, then began to recover within 2 min. 
The data for multiple (five to seven) separate experiments are shown 
with fluorescence values normalized to percent of initial fluores- 
cence. The data have also been aligned so that the start of the recov- 
ery period is plotted at 0 min. Each point represents the average 
of all events over a 10-s interval (,,ol,500 cells) for a single experi- 
ment. The line is an exponential function drawn using the average 
values for extent of recovery, extent of loss, and the average rate 
constant (it is not a least squares fit for the combined data for each 
cell type). 

Although vacuolation was more extensive in both cell types 
with these higher concentrations of amines, vacuolation was 
always observed to be less in CHL60-64 than in the parental 
cells. 

Ouabain Resistance 

One possible mechanism for the observed reduction in 
acidification in CHL60-64 is through overexpression or mis- 
sorting of pH-regulatory factors. The sodium- and potas- 
sium-activated adenosinetriphosphatase (Na+/K+-ATPase) 
has been postulated to be such a regulator (5). The presence 
of this ATPase in the very early, transferrin-containing endo- 
cytic compartments may limit the extent of acidification in 
these vesicles due to induction of an interior-positive mem- 
brane potential. Transport of these ATPases back to the 
plasma membrane along with recycling receptors would then 
allow acidification to proceed below pH 6 in late endosomes 
and lysosomes. I f  the sorting of the Na+/K+-ATPase were 
altered in CHL60-64 such that some ATPases were trans- 
ported to lysosomes (as might result from overexpression of 
the ATPase), one might expect a decrease in the extent of 
acidification in the late, but not in the early, endocytic com- 
partments. One prediction of this model is that CHL60-64 
would have elevated levels of Na+/K+-ATPase. As an initial 
test of this possibility, the effect of ouabain (a potent inhibitor 
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Figure 5. Amine induced vacuolation in parental and mutant cell lines. Parental cells (a and b) or CHL60-64 (c and d) were grown on 
slides and incubated in cDMEM with (c and d) or without (a and b) 30 mM ammonia for 3 h. Note the pronounced vacuolation in the 
parental cells in the presence of ammonia (b). Bar, 10 gm. 

of  the Na+/K+-ATPase) on the growth of  CHL60-64 was ex- 
amined (Fig. 6). This cell line is resistant to ouabain, relative 
to the parental cell line, as no cell death was seen at concen- 
trations as high as 6 mM. In comparison, there were no sur- 

viving cells in the parental cultures at 3 mM ouabain. The 
correlation between acidification defects and ouabain resis- 
tance provides support for the postulated role of  the Na+/ 
K+-ATPase in endosomal pH regulation. Further support is 
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found in the observations that treatment with 1 mM ouahain 
eliminated the resistance of CHL60-64 to 60 ~tM chloro- 
quine, and that short-term coincubation with both ouabain 
and chloroquine resulted in normal vacuolation (Cain, C. C., 
and R. E Murphy, manuscript in preparation). 

Discussion 

Previous results have shown that an increase in intravesicular 
pH, caused by weak bases such as chloroquine, inhibits 
growth of cell cultures (2). This observation was used to iso- 
late cell lines that were resistant to an increase in intravesicu- 
lar pH. The isolated cell lines were resistant to chloroquine 
concentrations up to 60 tiM, a concentration that increases 
the intravesicular pH to 6.0. Cell lines resistant to higher con- 
centrations of chloroquine have been isolated, but were un- 
stable with sudden cell death sometimes occurring after 
weeks of culture in 100 ItM chloroquine. It is interesting that 
pH 6.0 is the apparent threshold for growth inhibition by 
chloroquine, tributylamine, benzylamine, and ammonium 
chloride (concentrations of the amines that increase the pH 
above 6.0 are toxic) (2). 

Acidification of insulin (11), H-2K (12), epidermal growth 
factor (18), and dextran (17) has been shown to be biphasic, 
with an initial rapid acidification to approximately pH 6 
(within 5 rain), and a subsequent slow acidification to below 
pH 5.5. Transferrin follows the same initial kinetics of acid- 
ification but is recycled before the second phase of acidifica- 
tion (21). CHL60-64 exhibits normal early endocytic acid- 
ification, as shown by rapid acidification of transferrin after 
endocytosis to an extent equal to that in normal cells. How- 
ever, subsequent acidification is slowed in this cell line. After 
1 h, the average pH of endocytosed dextran in CHL60-64 is 
>6, while the dextrans are fully acidified in the parental cells 
by this time. The pH remains >5.8 for at least 4 h. However, 
late acidification is slowed, and not blocked, as the pH de- 
creases to <5.5 by 8 h. This phenotype is different than those 
observed in other endocytic acidification mutants, which 
have been shown to have a defect in early acidification but 
not in lysosomal acidification. 

Measurements of AO accumulation in whole cells and in 
isolated fractions indicate that there is a defect in CHL60-64 
that decreases the extent to which some vesicles can be acid- 
ified. Although the extents of initial accumulation of AO by 
CHL60-64 and parental cell lines are very similar, the rates 
of uptake of AO after perturbation by 100 mM NI-I4CI are 
quite different. This is consistent with the defect seen in dex- 
tran acidification. The initial accumulation is due to the 
steady state proton gradient within the cell, and does not 
measure the rate of generation of these gradients. AO accu- 
mulation after perturbation, on the other hand, is an indirect 
measure of the rate of proton accumulation within cellular 
vesicles. The initial rate of recovery of green fluorescence af- 
ter perturbation with 100 mM NI-hC1 in wild-type samples 
was three times the rate seen in the CHL60-64 samples. Vesi- 
cles isolated from CHL60-64 cells also exhibited an acid- 
ification defect in vitro. The initial rate of AO accumulation 
was 3.4-fold higher in lysosomal fractions, and 2.3-fold high- 
er in endosomal fractions isolated from parental cells com- 
pared with fractions isolated from CHL60-64. Although this 
type of analysis does not measure the acidification of endo- 
cytic compartments per se, the acidification defect detected 

5 

;5 

'S 

E 

-3 

0 I 2 3 4 5 6 
[ Ouaboin ] (mM) 

Figure 6. Ouabain resistance 
of CHL60-64. Actively grow- 
ing cultures of high passage 
Swiss 313 (.) or CHL60-64 
(,,) were incubated in the pres- 
ence of various concentrations 
of ouabain for 4 d, and the 
number of cell divisions cal- 
culated relative to the number 
of cells at the time of ouabain 
addition. Each point repre- 
sents the average and standard 
deviation of two counts each 
on duplicate plates; the data 
are representative of those 

from two separate experiments. Both cell types showed >90% via- 
bility (as judged by trypan blue exclusion) after treatment with 
1 mM ouabain. While the vast majority of parental cells were killed 
by incubation with 3 mM ouabain, ml x 104 CHL60-64 cells re- 
mained after this treatment (>90% of these were viable). 

supports the idea that the retarded lysosomal acidification 
observed using fluorescent dextrans is due to a defect in the 
acidification mechanism, not in transport. 

The fact that endosomal fractions isolated from CHL60- 
64 show altered acidification kinetics is not inconsistent 
with the transferrin acidification data. Transferrin is rapidly 
internalized with other endocytic ligands, with acidification 
occurring very rapidly after internalization. After a brief ex- 
posure to mildly acidic pH (pH 6 in 313 cells [21]), the trans- 
ferrin is sorted with its receptor into recycling vesicles, pre- 
sumably with a number of other recycling molecules, and 
delivered to the cell surface. The material remaining in the 
endosome is further acidified at a slower rate, and is gradu- 
ally found in dense lysosomes. It has previously been shown 
that the endosomal peak from a 27 % (vol/vol) Percoll gra- 
dient (such as we have used here) can be resolved into two 
endosomal populations, one at a modal density of 1.035 and 
one at a density of 1.043, with the majority of the acid phos- 
phatase activity of the endosome fraction found at 1.045 (10). 
Examination of the localization of epidermal growth factor 
in these endosomal fractions showed epidermal growth fac- 
tor shifting from the lightest peak (1 min) into the heaviest 
peak (5 min) with time. In fractionation studies using t25I- 
transferrin (23), internal transferrin migrated to a density of 
1.03 while surface bound transferrin was found at a density 
of 1.02. Therefore, the acidification defect in CHL60-64 is 
presumably a defect in the acidification of the late compart- 
ments (heavy endosomes and lysosomes), but not the earli- 
est, less dense endocytic compartments. 

de Duve et al. (4) demonstrated that in order for amines 
to concentrate within cells to the extent measured for chloro- 
quine, the loss of the proton gradient in lysosomes must be 
countered by active acidification. This is supported by our 
observations that the recovery of green AO fluorescence af- 
ter addition of ammonium chloride is inhibited by metabolic 
poisons, and is temperature dependent. One consequence of 
active acidification in the presence of certain amines (chloro- 
quine, methylamine, and ammonium chloride) is an increase 
in the osmotic pressure inside acidic vesicles due to trapping 
of the protonated forms of these weak bases. This leads to 
swelling of the vesicles, or vacuolation. Our data suggest 
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that the recovery of green fluorescence after amine perturba- 
tion is a measure of this swelling, and not regeneration of the 
proton gradient. First, the lysosomal pH as measured by 
FITC/XRITC-dextran does not recover within the same time 
period under the same conditions (data not shown). Second, 
no recovery of red fluorescence is seen, while the green 
fluorescence recovers to a level approximately twice the ini- 
tial level. This indicates that the total cell-associated AO in- 
creases after addition of NI-LCI, but that the concentration 
within each vesicle remains low. 

When cells are selected for resistance to ouabain, one of 
the resulting phenotypes is an increase in the number of 
Na+/K+-ATPases in the plasma membrane (1). The ouabain 
resistance of CHL60-64 suggests that its acidification defect 
may be caused by a similar increase in number of Na+/K +- 
ATPases. It has been suggested by Fuchs et al. (5) that the 
acidification of the early endosome is limited by the presence 
of Na+/K+-ATPases that create a limiting membrane poten- 
tial. It was further observed that the Na+/K+-ATPase does 
not seem to play a role in the acidification of late endosomes 
and lysosomes. If the recycling of these ATPases were par- 
tiaUy defective in CHL60-64 (as might be caused by an in- 
crease in the number of molecules per cell), Na§ - 
ases would be present in late endocytic compartments and 
the extent of acidification in those compartments would be 
reduced. As these ATPases are removed (through sorting or 
degradation), the pH would gradually decrease to the 
lysosomal value. 

To explain the amine resistance and acidification proper- 
ties of CHL60-64, we postulate that proton pumping by the 
endosomal/lysosomal proton pump can be limited by either 
membrane potential or absolute pH. In both parental and 
mutant endosomes, the pH is regulated by membrane poten- 
tial to pH 6. This is also the case for the majority of mutant 
lysosomes (as discussed above). In parental lysosomes, how- 
ever, the membrane potential limitation is removed (due to 
absence of Na+/K+-ATPases), and proton pumping is postu- 
lated to be limited by absolute pH (to pH 5-5.5). In the pres- 
ence of amine, parental lysosomes attempt to reestablish.the 
original pH gradient, leading to increasing amine concentra- 
tion and vacuolation. The mutant lysosomes, on the other 
hand, remain limited by membrane potential and do not 
vacuolate. Of course, those lysosomes in the mutant that have 
degraded (or otherwise removed) the Na+/K+-ATPases will 
behave like normal lysosomes and vacuolate; this explains 
the fact that the amine resistance (and resistance to vacuola- 
tion) of the mutant is not complete. In addition to protecting 
the mutant from vacuolation itself, the elimination of a futile 
cycle of attempted acidification may prevent the imposition 
of a large metabolic load on the cells. 

It should be pointed out that molecules other than the 
Na§ may be involved in the limitation of en- 
dosomal pH. It is anticipated that further characterization of 
the new class of mutants represented by CHL60-64, in com- 
bination with analysis of other acidification mutants, should 
provide information on the mechanism of endocytic pH regu- 
lation and allow the determination of the pH requirements of 
specific lysosomal functions in vivo. 
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