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Summary 

Cystinotic fibroblasts contain highly amounts of intra­
ellular non-protein cystine within lysosomes compared to normal 
ibmblasts. Both the rate of rcaccumulation by cystinl'­
lepleted cystinotic fibroblasts and the steady-state C)'Stine content 
•f nondcplcted fibroblasts can be modulated by thl• 
tddition of bovine serum albumin to the culture medium. This 

is not seen in cultures of normal and cystinotic heterozygote 
ibroblasts. The cystinotic homozygote cells accumulate 
mdcr these conditions from proteol)·sis of the albumin. An in­
:rcased rate of pinol·ytosis or proteolysis of albumin docs not 
tccount for the ohsen·ed cystine accumulation by the cystinotic 
ihroblasts. Comparison of the amount of cystine accumulated to 
he amount of albumin degraded shows that less than one percent 
1f the cystine moieties released pmteolysis is retained within 
hese cells. 

Speculation 

The metabolic defect leading to cystine storage in C)'Stinosis 
remains to be identified. Study of the relationship between the 
rate of accumulation and the cystine and cysteine content 
of proteins degraded by cystinotic fibroblasts may help to deter­
mine if the defect is related to an abnormality of l)·sosomal 
disulfide reduction. 

Nephmpathic cystinos is is an autosomal recessive condition 
which results in the intralysnsomal storage of the disulfide amino 
acid cystine in most body tissues (X). The cause of the intralyso­
somal cystine accumulation is not known : however. the demon­
stration -that cystine storage occurs in fibroblasts cultured from 
patients with cystinosis (7) has permitted in 1•i1ro investiga tion into 
the metabolic derangement in this condition. We have previously 
shown that treatment of cys tinotic fibroblast s with cysteamine 
produces rapid and complete cystine depletion ( 10). Study of 
cystine-depleted cystinotic fibroblasts incubated in cystine-free 
medium showed that cystine reaccumulates under these wnditions 
to about 3() ' ; of control levels from the degradation of endogenous 
prole.: in (I I) . The.: eurrc.:nt rc.:po rl pres<: nls data which dcmnn s tratc 

that cvstinotic fibroblasts can also accumulate cystine from the 
degradation of extracellular cystine-containing pr;>tein . 

MATERIALS AND METIIODS 

Skin fibroblasts derived from patients with nephropathic cys ti­
nosis and obligate heterot.ygotes were established in culture and 
maintained as previously described ( 10). Fibroblasts from no rmal 
control individuals were obtained from the Human Genetic Mu­
tant Cell Repository. A modified Ham's F-12 medium was pre­
pared without cystine and supplemented with I()"; dialyzed fetal 
bovine serum (cystine-free medium). Complete medium contained 
133 11M r-cystine and was supplemented with nondialyzed fetal 
bovine serum . 

Cells were harvested by trypsinit.ation after washing twice 111 

phosphate-buffered saline (PBS). Cell number was determined by 
a Coulter counter model ZF. and protein was determined colori­
rnetrically with bovine serum albumin (BSA) as the standard (3). 
The intracellular nonprotein cystine content of fibroblasts was 
measured hy a cystine binding protein assay (5). Cystine-depleted 
cystinotic fibroblasts were prepared by incubation for one hr in I 
mM cys tcamine ( 10). 

( 'ys-tine accumulation experiments were performed by adding 
test proteins to cys tine-depleted cultures prepared as described . 
Reduced. reoxidit.ed BSA was prepared by incuba ting a solution 
of BSA (50 mg/ ml) in 1.6 mM dithiothreitol (OTT) at pH X.5 
under Nc for 2 hr at 37 °C. The solution was then dialyzed under 
room air for 4X hr against (l.OI M Tris butTer (pH 11.5) at 4°C and 
finall y dialyzed against cystine-free medium for 24 hr. A control 
BSA solution was prepared identically except that DTT was 
omitted. 

Cysteamine and horseradish peroxidase type II ( H RP) were 
obtained from Sigma Chemical Co. Na 1"''1 was purchased from 
Amersham/Searle Corp. BSA was supplied by Armour Pharma­
ceutical Corp. Allot her reagents were of the best available grade. 
Radio-iodination of BSA was accomplished by the chloramine-T 
method (4). The specific activity of the lc'· l-labeled BSA was 3.15 
X 10'' cpm/ mg and was 9!1.2''( acid precipitable. To measure the 
rate of degradation of BSA. cells were incubated in medium 
containing labeled BSA. and the increase in total 6'·; sulfosalicylic 
acid-soluble radioactivity present in the medium was determined 
at each time point. All procedures were done in duplicate . To 
ensure that iodination had not produced significant denaturation 
of the protein. the circular dichroism spectrum of native and 
iodinated BSA was determined . Both spectra showed a single 
trough at 230 nm. and the molar ellipticities were the same within 
the limits of experimental error. 

The rate of pinocytosis was determined by incubating cell 
cultures in complete medium co ntaining H R P (I mg/ ml) (9). At 
harvest. each plate was washed 4 times in PBS. incubated an 
additional 30 min in complete medium lacking HRP. and washed 
twice in PBS. and the cells were removed from the plate with 
trypsin and subjected to sonic disruption in 0.3 ml of distilled 
water. The intracellular HRP content was measured using the o­

dianisidine method (9) . 

RFSlii.TS 

Table I shows the effect of BSA supplementation in cystine­
free medium on the intracellular nonprotein cystine content of 
normal. cystinotic heterozygote. and cystinotic fibroblasts . The 
cystinotic cells double their intracellular cystine content within 24 
hr: the other cell types do not demonstrate significant increases in 
intracellular cystine content. However, all three cell types survive 
in this medium for periods of 4 to 14 days. Such cells incubated 
in cystine-free medium lacking BSA supplementation become 
detached in 24 to 4X hr. 

Figure I shows the effect of the addition of various amounts of 
BSA and fetal bovine serum on the rate of cystine accumulation 
by cystine-depleted cystinotic fibroblasts . The data arc expressed 
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Tahle I. The uccrmrulalion o( cr.Hine hr flhrohlus/s inmh£llcti in 
cr.Hincfrcc medium suppiet;lt'llled ,;.iih BSA (50 mg/ m/) 1 

lntra..:dlular non-protein cvstine wntenl tnnwl/ J()' ' .:dis) 

Cell type () hr 24 hr 4X hr oO hr 72 hr 

Normal ()jt) 0 .25 Oil 0. 11 
(;sl!!lllll<.: hetermygote 0 I X 022 IUO 

Cystinoti.: hnmozygote 3.56 7 X) 7.'13 

1 The BSA was added Ill non-.:ystine-depleted lihrohlast cultures. the 
n:ll.s were harvested at the limes ind1..:ated . and the intra.:ellular non­
protein ..:ystine <.:ontent was determined . See text for details . The data 

represent the mean .:ystine cllntent determined from 3 e\periments using 

2 normal ..:ell lines: 2 expaiments using I hetenvygtlle .:ell line and I 

experiment u.sing I homozygote cell line. 
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Fig. I . The efle..:t nf ASA nn the rate pf ..:ystine rea..:<.:umulatinn hy 
.:ystine-dcpleted ..:ystinllti<.: lihrnhlasts. '· BSA (50 mg/ mi); 6. BSA (25 
mg / ml): e. nn ASA : [ ). ASA {50 mg / ml) and 100 11M .:hlorPyuine. All nf 

the pre.:eeding were supplemented with J()• ; dial yt.ed ktal ..:alf 
BS :\. l .fl' ; J.i;tl y.t cJ. fetal ..:all Data arc as a pc:n.:cntagc 

nf lflitial tpredepktion) cysune wntent. This value was I .X ± 0 .2 nmnles 
.:ystine per Ill" cells. Poims. mean of duplicate plates . Similar data were 
ohtained in tW<> ..:ys tinnti<.: .:ell lines. 

as a percentage of predepletton cystine content to hKilttate com­
parison between experiments. The rate of cystine accumulation 
, ·aries with the amount of BSA present in the medium. Addition 
of 100 l'hloroyuine to medium supplemented with BSA (50 
mg/ ml) abolished cystine accumulation. The fetal calf serum used 
mntained BSA ( 15 mg/ ml): reduction of the serum content from 
I 0 to I '1,. in the absence of BSA further reduced the rate of cystine 
accumulation. Measurement of the nonprotein cystine content of 
the cystine-free medium supplemented with BSA (50 mg/ ml) 
showed no increase in cystine content: 0.22 J.LM initially and 0.1 X 
J.LM at 24 hr. 

Tt> a'<:ertain if the enhanced rate of cystine an:umulation 
observed in Figure I was due to the cystine content of the BSA 
and not due either to (I) a nonspecilic effect due to the high 
concentration of exogenous protein in solution. or (2) the presence 
of exogenous cystine moieties associated with the BSA. experi­
ments were performed using gelatin. a cystine-free protein. and 
BSA which had been subjected to disullide reduction by dithio­
threitol to remove exogenous disullides. The amount of cystine 
accumulation observed at 24 hr in cells incubated with gelattn (25 
mg/ ml) was 34% of the initial value . This was comparable to that 
observed in cells incubated in cystine-free medium with 10% 
dial y1.ed fetal calf serum lacking BSA ( 30'; of initial value) (Fig. 
I). Incubation of cystine-depleted cells in BSA which had been 
'uhjected to priur reduction and reoxidation did not result in a 
signilicant diminution in the amount of cystine accumulation 

produced. At 24 hr. the cells incubated in control BSA mediurr 
(20 mg/ ml) accumulated 1.02 nmole cystine per 10" cells. wherea! 
those incubated in reduced . reoxidized BSA (20 mg/ ml) accu· 
mutated 0.97 nmole cystine per 10" cells. 

To determine if an exn:ssive rate of pinocytosis could he relatec 
to the cystine accumulation in cystinotic cells. this function wa! 
measured using H R P. The rate of pinocytosis as measured by 
uptake of H R P was not greater in the cystinotic cells than in 
normal cells. Normal cells took up HRP at a rate of 26.4 ng/ 10' 
cells / hr. and cys tinotic cells took up HRP at a rate of 17.0 ng/10' 
cells/ hr. 

To determine if an excessive rate of degradation of BSA 
responsible for the cystine accumulation observed in cystinotic 
lihroblasts. the rate of degradation of 11''1-lahcled BSA was mea­
sured in cultures of normal and cystinotic lihroblasts. The results 
are shuwn in Table 2 and Figure 2. There is a dose correlation 
between the amount of BSA degraded and the amount of cystine 
accumulated by cystinotic fibroblasts: however. normal cells do 
not accumulate cystine regardless of the amount of BSA degraded. 
Cystinotic cells accumulate cystine even when BSA degradation 
proceeds at a rate one-fifth that of normal cells. 

DISCUSSION 

Cystinosis is an unusual example of lysosomal storage disease 
in that the retained material. cystine. is an end product of the 
degradation process rather than a large. partially digested precur­
sor. The cause for the retention of cystine within lysosomes of 
cystinoti<: tissue is not known: however. proteolysis may be a 
m ·.,or source of the stored cystine. Accumulating evidence has 
de1110nstrated that lysosomes arc active in the proteolysis of cel­
lular and extracellular proteins. and the amino acids produced by 
this prtlcess form a noneyuilibrating subcellular cumpartment 
( 12). Study of the subcellular distribution of valine in perfused rat 
liver demonstrated that 40'( of total intracellular valine was 

Table 2. The degrudalion of '"-'1-lahe/ed BSA hr m/wrcs of 
normal and crs/inolicflhroh/a.l·f.\

1 
· - _ 

Time (hr) 

0 (after ..: vsteamine) 

4 
24 

BSA degradation 
tmg / to' · .:elhi 

Normal 
Cystm-

otic 

() 15 0.03 
0 '!2 ll.l 0 

Intracellular cyst 
( 1( / I()' ' II.-.) 

Normal 
Cystin-

lHit: 

O.ll7 0.03 
0 Oo 0. 12 
{).(J'I 0.40 

1 See text for details of method. These results were found in 2 cystinntic 
and 2 normal cell lines . 
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Fig. 2. The relationship hetween the degradation nf ' " '1-lahcled BSA 
and cystine accumulation hy ..:ystinnti<.: fibroblasts. Similar data were 

<>htained in twn cystinntic cell lines . 
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esent in the lysosomal and mitochondrial fraction and was 
rived from protein degradation ( 12). It has been suggested that 
ilure of the protein-derived intralysosomal amino acid pool to 
uilibrate with the cytosol is due to a transport mechanism within 
e lysosomal membrane ( 12). No data have yet been presented to 
taracterize the properties of the proposed lysosomal transport 
stem, and data on the relative distribution of cystine in subcel­
lar fractions of normal tissue are lacking. It is known that the 
nino acid content of the granular fraction ofcystinotic leukocytes 
not different from normal for any amino acid except cystine (I\). 
Cystinotic fibroblasts have been shown to accumulate cystine 
J m the degradation of cellular protein (II). The current report 
:monstrates that a disulfide-containing extracellular protein can 
so contribute to the lysosomal cystine pool. The addition of 
SA, which contains 17 moles of cystine and 0.4 mole of cysteine 
:r mole of protein, to cultures of normaL cystinotic heterozygote 
1d cystinotic homozygote cells in cystine-free medium results in 
doubling of the cystine content of the cystinotic cells. hut no 

1ange in the normal and heterozygous cells (Table I). This 
tJservation suggests that cystinotic cells degrade BSA within 
·sosomes following pinocytosis and then retain some fraction of 
1e cystine released via proteolysis. The observation that all three 
:II types can survive for periods of several days in cystine-free 
1edium supplemented with BSA suggests that the cystine released 
ia proteolysis of the BSA can be used for protein synthesis. The 
ossibility of utilization of degradation products of extracellular 
tacromoletules by cells under stepdown conditions has been 
reviously ra ised (':I). If this is true, then in these experiments the 
tilization of cystine was apparently directly from lysosomes to 
te site of protein synthesis because the nonprotein cystine content 
f the medium supplemented with BSA (50 mg/ml) did not 
tcrease after 24 hr incubation. 
The rate of cystine accumulation in BSA-supplemented medium 

y cystine-depleted cystinotic fibroblasts is dependent on the 
oncentration of BSA in the medium (Fig. I). Addition of 100 J..!M 
hloroquine to medium containing BSA (50 mg/ml) results in no 
ystine accumulation . This further supports the lysosomal char­
cter of the proteolysis because chloroquine has been shown to 
.1hibit intra lysosomal proteolysis ( 13) and also to inhibit the 
ccumulation of cystine from the degradation of cellular protein 
II). 
To further establish the relationship between the degradation 

,f BSA by cultures of cystinotic fibroblasts and the accumulation 
of cystine, studies using radio-iodinated BSA were performed. 
'able 2 shows the degradation of BSA by both normal 
. nd cystinotic fibroblasts . The amount of protein degraded per 
nillion cells is greater in the normal than in the cystinotic fibro­
,lasts: however, only the cystinotic fibroblasts accumulate cystine. 
!ecause the rate of degradation of extracellular protein is depen­
lent upon a number of uncontrolled variables (I, 2), no conclusion 
·an be drawn from these data regarding the relative rate of 
:xtracellular protein degradation by normal and cystinotic fibro­
>lasts. However. an excessive rate of protein degradation by the 
:ystinotic fibroblasts cannot account for the cystine accumulatio n 
>ecause the cystinotic fibroblasts accumulated cystine while de­
\rading protein at a slower rate than the normal cells which did 
101 accumulate This finding was further substantiated by 
neasuring the rate of pinocytosis using HRP. Previous study of 
he uptake and degradation of macromolecules in solution by 
:ultured cells has shown pinocytosis to be the rate-limiting step 
:6). Thus, an abnormally rapid rate of pinocytosis of extracellular 
proteins by the cystinotic cells could conceivably lead to cystine 
Kt:umulation by overwhelming the lysosomal egress mechanism 
with cystine derived from proteolysis. The results of the current 
;tudy show that pinocytosis is not greater in cystinotic fibroblasts 
than in normal fibroblasts. 

The relationship between BSA degradation and cystine accu­
mulation in cystinotic fibroblasts is shown in Figure 2. The data 
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are taken from experiments using two cystinotic cell lines and two 
BSA concentrations. A close correlation between BSA degradation 
and cystine reaccumulation is seen (r = 0.97) . Previous work has 
shown that lysosomes degrade BSA to single amino acids (6). By 
comparing the amount of cystine accumulated to the number o f 
cystine moieties presumably released via proteolysis (I mg BSA 
contains 260 nmoles of cystine), it is possible to calculate that the 
cystinotic cells in these studies retained 0.003 cystine moieties for 
each cystine moiety released by proteolysis. This ratio has been 
obtained in four separate experiments using two cell 
lines. It would appear to indicate that the cystine accumulation 
may be the result of a system which is only marginally defective . 
This could explain the difficulty experienced in previous attempts 
to delineate the defect. 

The data presented in this report demonstrate that t:ystinotic 
fibroblasts accumulate cystine from the degradation of extra­
cellular. cystine-containing proteins. Comparison of the rates of 

and proteolysis of extracellular proteins by normal 
and cystinotic cells does not indicate that these processes are 
directly involved in producing the abnormal cystine storage: how­
ever, the current demonstration that the rate of cystine accumu­
lation by cystinotic cells can be modulated by the concentration 
of BSA in the culture medium may provide an effective tool for 
further investigation. It has been previously suggested that cystine 
storage in this condition is due to a defective intralysosomal 
disulfide however, direct evidence to support this hy­
pothesis is lacking. Study of the amount of cystine accumulation 
produced by proteins in the disulfide and sulfhydryl state may 
yield indirect evidence regarding this possibility. Such studies are 
in progress. 
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