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Summary 

The free (nonprotein) cystine content of human cystinotic fibro- 
blasts was found to vary with the pH of their culture medium. 
Intracellular cystine content was highest at alkaline medium pH's 
and lowest at acidic medium pH's. When maintained in medium of 
pH 6.3, cystinotic fibroblasts lost 50% of their free-cystine content 
in 6 hr and over 95% in 30 hr. Cystine was the only amino acid to 
show significant variation with changes in the pH of the culture 
medium. 

Children with nephropathic cystinosis develop several renal 
tubular malfunction during the first year of life and suffer from 
end-stage renal failure by 10 years age (I I, 12). This autosomal 
recessive disorder of metabolism, which is expressed in fibroblasts, 
is characterized biochemically by marked elevations of intracel- 
lular free (nonprotein) cystine content. While the biologic defect 
resulting in the accumulation of cystine has not been described, it 
is known that the increased cystine in these cells is localized in 
lysosomes and is at least partially derived from protein degrada- 
tion (14). Chloroquine, which accumulates in lysosomes leading 
to an increased lysosomal pH (3, 5, 9, 15) and the inhibition of 
lysosomal metabolism, also inhibits the accumulation of free- 
cystine by cystinotic fibroblasts (14). Since it is known that changes 
in extracellular pH may also affect lysosomal function (4, 6), we 
decided to study the effect of extracellular pH on the cystine 
content of cultured cystinotic fibroblasts. 

MATERIALS AND METHODS 

FIBROBLAST CULTURE 

Human fibroblasts obtained from skin biopsies of two children 
and a fetus with cystinosis were maintained and assayed for 
cystine and protein as previously described (8) except that the cells 
were grown in closed Falcon flasks (75 cm2). Unless otherwise 
stated, experiments were done using modified F-12 medium (2) 
supplemented with IWO fetal bovine serum. Before experiments, 
the pH was adjusted by changing the Pco2 or, to obtain higher 
pH's, by adding small amounts of 1 N NaOH. Experiments were 
also performed using Eagle's minimal essential medium with 25 
mM Hepes buffer and 10% fetal bovine serum. The pH of this 
medium was adjusted with I N HCI or 1 N NaOH and used with 
an atmosphere of room air. After incubation, each flask was 
opened and a sample of the medium was placed into a tube 
containing mineral oil. The pH was immediately determined by 
placing a pH electrode through the upper layer of oil and into the 
growth medium (10). 

PROTEIN DEGRADATION 

Protein degradation studies were performed according to the 
method of Bradley et al. (1) The long-lived, stable cellular proteins 
were labeled by incubating confluent cells in L-[l-'4C]-leucine 

1 

(0.25 pCi/ml, New England Nuclear Co.) for 48 hr. The short- 
lived proteins were labeled with L-[4,5-3H(N)]-leucine (40 pCi/ml, 
New England Nuclear Co.) which was added to the culture 
medium and the cells incubated for 30 min. Isotope-containing 

, medium was removed and the cells washed rapidly four times 
with serum free medium followed by the addition of 3 ml of fresh 
medium of the appropriate pH, supplemented with 1% fetal bovine 
serum. At each time point, the medium was removed and both the 
pH and the trichloroacetic acid (5%, w/v)-soluble radioactivity 
were measured. Three milliliters of fresh medium of the appro- 
priate pH was immediately added for the continuation of the 
incubation. The total radioactivity of the system was determined 
for each flask as described (I). 

INTRACELLULAR AMINO ACIDS 

Cells were grown in flasks at different pH's as described. After 
24 hr, cells were harvested by scraping with a rubber policeman 
and the cellular pellet collected by centrifugation for 4 min at 
1000 x g. The medium was withdrawn and one microcurie of 

, [6,6(n)-3H]sucrose (3 Ci/mmole, Amersham Co.) was added to 3 
ml of the medium. The cells were resuspended in the labeled 
medium by gentle mixing and then centrifuged again. The labeled 
medium was removed and a portion acid precipitated with 12% 
sulfosalicylic acid. Forty-five microliters of 5 mM N-ethyl-mal- 
eimide were added to the cell pellet which was then broken by 
sonification (Kontes Cell Disrupter). Cellular protein was precip- 
itated by the addition of 15 pl of 12% sulfosalicylic acid. Aliquots 
of the cellular and medium supernatants were counted in Aquasol 
(New England Nuclear Co.). The remaining supernatants were 
analyzed for amino acid content using a Durram D-500 automated 
amino acid analyzer. The amount of medium remaining in the 
cellular supernatant was determined based on the amount of 
radiolabel in the supernatant. The levels of amino acids deter- 
mined to be in this zmount of medium were subtacted from the 
cellular supernatant levels, yielding values for intracellular amino 
acids. The cellular protein was estimated using the procedure of 
Lowry et al. (7). 

Cystinotic fibroblasts were depleted of their cystine content by 
treatment with I mM mercaptoethylamine (13) and then incubated 
for 48 hr in media ranging in pH from 6.7 to 8.1. The amount of 
cystine reaccumulated by the cells varied directly with pH, being 
lowe4 t at acid pH and highest at basic pH (Fig. IA). Cystine values 
varied in a similar manner (Fig. 1 B) when the cells were placed in 
media of different pH for 24 hr without prior depletion of their 
cystine content. Figures. 1A and B were obtained with a bicarbon- 
ate buffering system. Similar results were obtained using Hepes 
buffer. When maintained in medium of pH 6.3, cystinotic fibro- 
blasts lost 50% of their cystine content in approximately 6 hr and 
over 95% in 30 hr (Fig. 2). Cell viability, when studied by either 
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Fig. 2. The effect of acid pH (6.3) on the free-cystine wntent of 
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Fig. I .  The effect of media pH on the free-cystine wntent of cultured 
cystinotic fibroblasts at wnfluency. Cystine values were determined by a L 3 0 -  - 
binding protein assay ("Materials and Methods"). Cystinotic cells were 0 

either treated with cysteamine before incubation at various pH's (A) or I- 
z 

were placed directly into media of different pH's (B). Each value represents - 
an individual flask of cells. 

trypan blue dye exclusion or "C-amino acid incorporation into 
- 

protein, was not affected by the extremes of pH used in this 
investigation. Surprisingly, the appearance of the cells by phase 
microscopy was also not remarkable at these pH's. The uptake of 

I _ 
"S-cystine by these fibroblasts was not affected by the range of 
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pH's described (data not shown). TIME ( h r s )  

Protein degradation studies showed that the degradation of both Fig. 3. The effect of media pH on the degradation of rapidly (A) and 
rapidly (A) and slowly (B) turning over proteins was inhibited slowly (B) turning over intracellular proteins. Confluent monolayers of 
when cells were placed in acidic medium (Fig. 3). The degradation cystinotic fibroblasts in 25-cmZ Falcon flasks were incubated at 37" with 
of rapidly turning over proteins is inhibited by a constant per- isotope as described in "Materials and Methods". In A, pH 7.4 medium 
centage once the cells have been in acidic medium for 6 hr. The (0) and pH 6.8 medium (0) were added. In B, pH 7.1 medium (0) and 
degradation of slowly turning over proteins is inhibited by an ever pH 6.4 medium (0) were added. Each point is the average of triplicate 
increasing percentage during the time that the cells are in acidic plates (A)  or duplicate plates (B). 
medium. 

The levels of intracellular amino acids determined in cystinotic acids at each medium pH. Cystine is the only amino acid which 
fibroblasts grown for 24 hr in minimal essential medium with shows significant variation with the change in medium pH. As- 
Hepes buffer at different pH's are shown in Table I .  The data partic acid could not be measured in this study due to interference 
presented are based on three determinations of cellular amino by the N-ethylmaleimide adduct of glutathione. 
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cystinotic cells. Each point is the average of duplicate flasks. The media 
pH measurements were all within 0. I units of the described value (6.3 f 
0.02, mean * S.E.). 
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Table 1. Amino acid concentrations in cystinotic fibroblasts after 
incubation for 24 hr at difirent pH's 

(nmole/ (mean -f 
Amino  acid: m g  protein) S.D.) (Student's t test) 

Threonine 
Serine 
Glutamic(ine)' 
Glycine 
Alanine 
Valine 
Cystine 
Methionine 
Isoleucine 
Leucine 

Tyrosine 
Phenylalamine 
Lysine 
Histidine 
Arginine 

N . S 2  
N.S. 
N.S. 

N.S. 
N.S. 
N.S. 

c o . 0  1 
N.S. 
N.S. 
N.S. 

N.S. 
N.S. 
N.S. 
N.S. 
N.S. 

' Results for glutamine a n d  glutamic acid a re  combined. 
Nonsignificant ( P  > 0. I). 

DISCUSSION 

The lysosomal degradation of protein has been shown to be an 
important source of the cystine found in cultured cystinotic fibro- 
blasts (14). The decreased turnover of both long- and short-lived 
intracellular proteins at lowered medium pH is consistent then 
with the finding that, under the same conditions, the cystine 
content of cystinotic fibroblasts is lowered. Not only is a lesser 
amount of cystine reaccumulated by cells in medium of acid pH, 
but cells actually lose cystine when the pH of their medium is 
lowered. This loss of cystine from cells at low medium pH is 
presumably secondary to a pH dependent equilibrium between 
the lysosomal eftlux and deposition of cystine. The wide range of 
intracellular cystine content observed at varying pH levels of 
extracellular growth media occurred while the cystine content of 
the medium remained constant at 133 pM. 

Cystine is the only cellular amino acid to vary significantly with 
medium pH. The isolated effect of pH on cystine in cystinotic cells 
may be a reflection of the localization of cystine in lysosomes. 
Other amino acids that are more widely distributed are apparently 
not as affected by medium pH. The variation of cystine concen- 
tration with pH does not seem to be related to a generalized loss 
of amino acids from the cells when they are incubated at lowered 
pH. 
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