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ABSTRACT. Cultured fibroblasts from mucolipidosis I1 
(ML-11) patients demonstrated an elevated cystine content 
which increased with time in culture compared to fibro- 
blasts from cystinotic patients or normal controls under 
the same conditions. In both cystinotic and ML-I1 cells the 
increased levels of cystine could be derived either from 
endogenous proteolysis or from in vitro supplementation 
of the cultured cells with cysteine-glutathione mixed disul- 
fide. Cystine was depleted from both cell types by cysteam- 
ine. When cysteamine was replaced with complete medium, 
the cystine reaccumulated in both cystinotic and ML-I1 
cells within 24 h, although a lag of 4 h was seen with ME- 
I1 cells. The intracellular location of the increased cystine 
in cultured fibroblasts was examined utilizing free-flow 
electrophoresis and found to be in the purified population 
of secondary lysosomes of both cystinotic and ML-I1 cells. 
White blood cell and hepatic cystine, which was greatly 
increased in cystinotic patients, was not elevated in ML-I1 
patients. Compared to normal control fibroblasts the efflux 
of cystine from isolated granular fractions was virtually 
absent in cystinotic fibroblasts and considerably reduced 
in ML-I1 fibroblasts. The examination of such similarities 
and differences in cystine accumulation and transport in 
tissues from cystinotic and ML-I1 patients has provided 
some insight into the defects in these diseases. (Pediatr 
Res 19: 1170-1174,1985) 

Abbreviations 

ML-11, mucolipidosis type I1 
PBS, phosphate buffered saline 

The autosomal recessive disorder, cystinosis, is characterized 
by the lysosomal storage of the disulfide amino acid cystine in 
many different tissues including kidney, liver, leucocytes, and 
cultured skin fibroblasts (1-3). Cystine efflux from the lysosomes 
has been found to be defective in cells from cystinotic patients 
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(4-9). The inability to transport cystine appears to be the result 
of a defect in a cystine transport protein (10). Cystine also 
accumulates in cultured fibroblasts from individuals with ML-I1 
(1, 11). When first reported this raised the possibility that the 
defect causing cystine accumulation was the same in both dis- 
eases. It is now known that the defect in ML-I1 is a diminished 
activity of N-acetylglucosamine I-phosphotransferase which ca- 
talyzes the addition of the mannose-6-phosphate marker to en- 
zymes targeted for the lysosomes. Such a marker might also be 
required for delivery of the cystine transport protein to the 
lysosomal membrane. A recent report by Steinherz et al. (1) 
concludes that although cystine accumulates in ML-I1 cultured 
fibroblasts, the ability to clear cystine is not impaired. In contrast 
to this report (I) we find that lysosomal cystine efflux is defective 
in cultured ML-I1 fibroblasts although not to the degree found 
in cystinotic cells. 

METHODS 

All chemicals and enzyme substrates, unless otherwise noted, 
were obtained from Sigma Chemical Co. L-35S-cystine, 119 mCi/ 
mmol, was obtained from Amersham Co. Omnifluor was ob- 
tained from New England Nuclear. Coon's modified F12 me- 
dium (12) was purchased from K. C. Biological and Imine 
Scientific. Fetal bovine serum was obtained from How Labora- 
tories and Armour Pharmaceutical Co. Trypsin (0.05%) in buff- 
ered saline with 0.02% EDTA was purchased from Irvine Sci- 
entific. "S-cystine dimethyl ester was prepared as previously 
described (8). Inorganic reagents for the leucocyte preparation 
were obtained from Mallinckrodt and the dextran (molecular 
weight 200,000-275,000) from Polyscience. Cysteine glutathione 
disulfide was prepared by the reaction of cystine thiosulfonate 
with glutathione and purified by ion exchange chromatography 
(13). Cysteamine, chloroquine, and the mixed disulfide of cys- 
teine and glutathione were added to culture medium as freshly 
prepared, neutralized solutions. Culture medium was sterilized 
by filtration through a 0.22 p Millipore filter. 

Cell lines were established from skin biopsies of four patients 
homozygous for ML-11, three patients homozygous for infantile, 
nephropathic cystinosis, and three normal, age-matched controls. 
Cells were grown in either 100-mm plastic dishes or glass roller 
bottles using Coon's modified F12 medium supplemented with 
2.0 mM glutamine and 10% fetal bovine serum (12). The cells 
were placed in a 37" C incubator with an atmosphere of 10% 
C02  and 90% air. 

Except for transport studies, cells were harvested using trypsin 
and were prepared for cystine analysis as previously described 
(14). Cystine was measured using a specific binding protein assay 
(14), and cellular protein was dissolved in 0.1 N NaOH and 
determined spectrophotometrically (1 5) .  Cells to be depleted of 
cystine were first washed with PBS (16) and then placed in 
cystine-free, serum-free medium containing cysteamine. After 
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treatment with cysteamine, the culture medium was removed RESULTS 
and the cells washed with PBS prior to harvest. 

Highly purified lysosomes were prepared from approximately 
4 x 1 O7 cells grown for 24 h in medium containing 1 mCi/ 100 
ml of 35S-cystine. The cells were harvested and fractionated as 
previously described (1 7). Lysosomal purification was performed 
using a Bender and Hobein, VaP5 free-flow electrophoretic 
apparatus (1 7). Fractions obtained from free flow electrophoresis 
were assayed for protein content spectrophotometrically (1 8, 19). 
Lysosomal fractions were identified by P-glycerophosphatase 
(E.C. 3.1.3.2) activity (20) which is not decreased in ML-I1 cell 
lysosomes (2 1) while succinate-3-(4-iodopheny1)2-(4 nitro- 
pheny1)-5-phenyl-2H-tetrazolium chloride(1NT) reductase (E.C. 
1.3.99.1) activity (22) was used to identify mitochondrial frac- 
tions. Lysosomal fractions were pooled and collected by centrif- 
ugation at 20,000 x g for 10 min at 4" C. The lysosomal pellet 
was sonicated in 100 p1 of 10 mM potassium phosphate, pH 7.2 
with 5 mM N-ethylmaleimide and mixed with 50 PI of 12% 
sulfosalicylic acid. The acid-soluble labeled compounds were 
separated by high voltage paper electrophoresis (23). Compounds 
of interest were cut out of the chromatogram and quantitated by 
scintillation counting using Omnifluor. 

Leucocytes were prepared by mixing fresh, heparinized blood 
with an equal volume of dextran-acid citrate dextrose solution. 
The dextran-ACD solution consisted of 3 g dextran, 2.1 g dex- 
trose, 0.33 g sodium citrate, and 0.1 1 g anhydrous citric acid in 
100 ml of normal saline. After settling for 30 min at room 
temperature, the supernatant was removed and centrifuged at 
450 x g for 10 min. The leucocyte pellet was saved and suspended 
in 0.22% NaCl for 90 s to lyse hypotonically any remaining red 
cells. The salt concentration was then adjusted to 0.9% by the 
addition of 3.6% NaC1. The cells were collected by centrifugation 
at 450 x g for 3 min. The hypotonic lysis was repeated if 
necessary. The leucocyte pellet was washed twice more with 3 
ml of normal saline. The pellet was sonicated in 0.3 ml H 2 0  and 
mixed with 0.1 ml of 12% sulfosalicylic acid. Cystine determi- 
nations were performed on the acid-soluble fraction (14) while 
protein was measured on the acid-insoluble fraction (1 5). 

Human liver was obtained from autopsy specimens and stored 
frozen at -20" C. A portion of each liver was weighed and then 
dispersed by sonication in 0.9 ml of 10 mM potassium phosphate 
buffer, pH 7.2 with 10 mM N-ethylmaleimide. The resulting 
suspension was mixed with 0.3 ml of 12% sulfosalicylic acid and 
centrifuged at 20,000 x g for 20 min at 4" C. The supernatant 
was analyzed for cystine content while the pellet was assayed for 
protein content as above. 

Cystine transport studies were performed on partially purified 
lysosomes. Normal cells, grown to confluency in roller bottles, 
were washed and harvested by scraping in PBS at 30" C. Cells 
were collected by centrifugation and resuspended in serum-free 
Coon's modified F12 without cystine with 0.5 or 1.0 mM cystine 
dimethyl ester. The cells were incubated at 37" C, for 15 min 
while shaking. The cells were pelleted, washed twice with cold 
PBS, and used for preparation of granular fractions as previously 
described (9). Cystinotic cells were prepared as above except no 
cystine dimethyl ester was present during the incubation at 37" 
C. Cellular cystine level of cystinotic cells was lowered prior to 
harvesting by incubation for 14 h in cystine free medium with 
10% dialysed fetal bovine serum. ML-I1 cells were grown 2-8 wk 
past confluency, then prepared as the normals, but without 
cysteine dimethylester. Cystine efflux studies were performed as 
described previously (9). Lysosomal cystine was expressed as 
nmol of cystine per mg of protein. Latency was assessed by 
measurement of P-hexosaminidase (E.C. 3.2.1.20) activity of the 
pelleted and resuspended granules at the beginning and end of 
the efflux period. Cystine values were corrected for any lysosomal 
breakage by normalizing to constant P-hexosaminidase. Al- 
though diminished in ML-I1 cells, p-hexosaminidase is still useful 
as an indicator of lysosomal integrity. 

The cystine content of ML-I1 cultured fibroblasts increased 
with time in culture, between 1 and 3 wk after passage, approx- 
imately 7-fold to the range found in cystinotic fibroblasts (Table 
1). The cystine content of cystinotic and normal control fibro- 
blasts did not increase significantly during the same period. 

Fibroblast lysosomes from cells grown in 35S-cystine were 
purified 12- to 16-fold by free flow electrophoresis. The pattern 
of distribution of radiolabel, protein, and various enzyme activ- 
ities in normal, ML-11, and cystinotic cell organelles is seen in 
Figure I .  The peak corresponding to lysosomes in the ML-I1 
electrophoretic pattern runs closer to the anode compared with 
that of the normal and cystinotic reflecting a more negative 
surface charge analogous to previous results (24). Lysosomal 
cystine was 50-fold higher in ML-I1 cells than in normal cells 
(Table 2). 

Exposure to 5 mM cysteamine for 1 h induced an 80% loss of 
cystine in ML-I1 cells and a 90% loss in cystinotic cells. Micro- 
scopic examination of cells exposed to 5 mM cysteamine revealed 
normal morphology. Following cysteamine treatment, cells were 
washed and placed in fresh, complete culture medium with 10% 
fetal bovine serum. Over the next 4 h, cystinotic cells rapidly 
reaccumulated cystine while ML-I1 cells reaccumulated little or 
no cystine (Fig. 2). Over the next 4-20 h, however, the rates of 
cystine reaccumulation were similar in both cell types. The 
reaccumulation by both cystinotic and ML-I1 fibroblasts was 
enhanced in the presence of the cysteine-glutathione mixed 
disulfide and inhibited by 50 PM chloroquine (Table 3). 

Leucocyte cystine levels of a child with ML-I1 were within the 
normal range of <0.1 nmol/mg protein. In contrast, leucocyte 
cystine in cystinotic individuals ranges from 3-10 nmol/mg 
protein. 

Liver cystine levels of three ML-I1 patients were also in the 
range of a control done at the same time (0.1-0.2 nmol/mg 
protein), whereas the hepatic cystine content of a cystinotic 
sample was 10.9 nmol/mg protein. 

ML-I1 cells were grown under conditions which enhanced the 
accumulation of cystine. The lysosomal cystine efflux from ML- 
I1 cells was then compared with that from cystinotic cells of 
comparable cystine content as well as with that from cystine 
loaded normal cells (Fig. 3). As a control, cystinotic and some 
of the ML-I1 cell preparations were carried through the loading 
procedure in the absence of the cystine dimethyl ester. 

The rate of cystine loss from normal control fibroblast lyso- 
somes was greater than the loss from ML-I1 fibroblast lysosomes 
and much greater than that from cystinotic fibroblast lysosomes 
(Fig. 3). The emux of cystine from normal and ML-I1 fibroblast 
lysosomes was approximately proportional to the cystine level. 
ML-I1 cell strains differed in amount of cystine accumulated and 
efflux rates. The cell strain MD could not be distinguished from 
cystinotic cells with respect to efflux, yet this strain never accu- 
mulated more than 2 nmol cystine/mg even after 52 days past 
confluence. 

DISCUSSION 

Although this study demonstrates that lysosomal cystine egress 
is defective in ML-I1 fibroblasts, it does not pinpoint any one 

Table 1. Cvstine content o f  cultured ML-II fibroblasts 

Cellular cystine 
(nmol cystinelmg protein) 

Normal 0.2 ? 0.1* 0.2 + 0.1 
Cystinosis 1 1  +- 1 1 5 ? 4  
ML-I1 0.9 k 0.4 6.3 t 3.4 

* Mean ? SD. 



1172 GREENE ET /11.. 

FRACTION FRACTION 

FRACTION 

Fig. I. Free flow electrophoretic separation of ML-11 fibroblast intracellular organelles. Cells had been grown for 24 h in 35~-cyst ine before 
separation. Mitochondria1 and lysosomal fractions enzymatic activities and counts as '*S-cystine were determined as described in methods. A, 
normal; B. ML-11; ('. cystinosis. (M) acid 0-glycerophosphatase mU/ml,  (0) 0-N-acetylglucosaminidase mU/ml. (0) succinate-INT-reductase m u /  
ml. (0) protein Irg/ml, (A) total radioactivity. (A) acid soluble radioactivity cpm/ml X 

specific cause for this defect. The first possibility to consider is fibroblasts and cystinotic fibroblasts which are defective in cys- 
that the cystine transport protein, like many lysosomal enzymes, tine transport activity (1-1 1). The cystine in ML-I1 cells is 
may not be normally targeted to lysosomes in ML-I1 fibroblasts. lysosomal and, like cystinotic cells (4, 26), the cystine accumu- 
This study has demonstrated many similarities between ML-I1 lation is increased by cysteine glutathione disulfide and inhibited 
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Table 2. Free flow electrophoretic purification of 35S-labeled 
lysosomes* 

(3-Glycerophosphatase Lysosomal cystine 
(U/mg protein) (cpm X 10-3/mg protein) 

Normal 110 3 1 
Cystinosis 60 2400 
ML-I1 153 1500 

* Lysosomes from fibroblasts grown in medium containing 35S-cystine 
were purified by free flow electrophoresis. Purified lysosomes were as- 
sayed for (3-glycerophosphatase and protein as in "Methods." Acid soluble 
lysosomal contents were assayed for cystine by high voltage paper elec- 
tropohoresis. 

Fig. 2. Cystine reaccumulation by ML-I1 ( 0 )  and cystinotic (0) cells 
was examined following treatment for 1 h with 5 mM cysteamine in 
cystine-free medium without serum. Cells were washed with 5 ml of 
phosphate-buffered saline and then placed in complete medium with 
10% fetal bovine serum. The cystine content of duplicate plates of cells 
was determined during a 24-h period. Each value represents the observed 
cystine content minus the cystine content immediately following treat- 
ment with cysteamine. Cystine is expressed as nmol/mg of cellular 
protein. Zero-time values for cystinotic cells were 0.1 and 0.3 nmol 
cystinelmg protein and for ML-I1 cells were 0.2 and 0.8 nmol cystinel 
mg protein. 

by chloroquine. Furthermore, the cystine in ML-I1 cells is de- 
pleted by cysteamine, albeit less completely than in cystinotic 
cells (27). The major difference in cystine accumulation between 
these cell types is that many weeks are required for the accu- 
mulation to occur in ML-I1 fibroblasts whereas the cystine con- 
tent of cystinotic fibroblasts is always elevated. Since it is difficult 
to imagine how a specific defect in the targeting of the cystine 
transport protein to the lysosome could require this time to 
express itself, we do not favor this possibility. 

A more plausible explanation is that one or more lysosomal 
enzymes which are required for normal lysosomal membrane 
integrity are defective in these ML-I1 fibroblasts. This would lead 
to an altered lysosomal membrane which could retard cystine 
efflux. Specific vectorial transport of a molecule across a mem- 
brane may require, in addition to a transport protein, properly 
charged and oriented functional groups at or near the binding 
site, mobility within the membrane, and a pH or potential 
gradient (28). One or more of these conditions may be abnormal 
in ML-I1 lysosomes. With regard to charged groups which might 
affect substrate binding or membrane potential, the lack of 
neuraminidase activity in ML-I1 cells (24,25) leads to an increase 
in the quantity of sialic acid-containing residues and hence of 
negative charges. Our observation (Fig. 1) that the position of 

the lysosome peak in the pattern from free-flow electrophoresis 
is somewhat shifted toward the anode with respect to the normal 
and cystinotic lysosome peaks is consistent with a more negative 
surface charge. Further evidence in support of an altered mem- 
brane structure has been provided by Sly et a/. (29) who showed 
that after passage through ML-I1 cells, Sindbis virus became 
unstable to freezing and hypersensitive to inactivation by Triton 
X-100. The sensitivity to freezing was attributed to viral envelope 
components derived from the host ML-I1 cell plasma membrane 
which carried an excess of sialic acid residues (30). The incom- 
plete cysteamine-mediated depletion of ML-I1 cystine might be 
explained by a difference in membrane charge or permeability. 
Cysteamine has been shown to deplete lysosomal cystine b y  
forming cysteamine-cysteine mixed disulfide (3 1) and then exit- 
ing the lysosome either by diffusion through the membrane or 
by utilizing the lysine transport system (32). A more negativle 
charge might retard the positively charged disulfide or alter its 
binding for transport. A similar argument could be invoked to 
explain the reduction of the transport of cystine itself. 

Another possible explanation for the cystine accumulation 
that occurs after prolonged culture of ML-I1 fibroblasts is that 
cystine egress is blocked by the presence of undigested inclusions. 

Table 3. Cystine reaccumulation after cysteamine depletion* 

Cystinosis ML-I1 
(%) (%) - 

Medium alone 70 110 
50 fiM chloroquine 29 45 
30 mM cvsteine dutathione disulfide 300 172 

* Cells were depleted of cystine with a I h exposure to 5 mM cysteam- 
ine. They were then rinsed in PBS, placed in complete culture medium, 
and assayed for cystine content 24 h later. Values represent the amount 
of cystine accumulated after 24 h compared to the undepleted controls. 
Each value is the mean of two ML-I1 cell types and two cystinotic cell 
types. 

INITIAL LYSOSOMAL CYSTINE ( nmol C y s t i n e h g  Prote~n ) 

Fig. 3. Cystine loss from granular fractions of normal, ML-11, ancl 
cystinotic fibroblasts. Fibroblasts were harvested by scraping from con- 
fluent roller bottles, the granular fraction prepared, emux in the presence 
of 2 mM ATP, 5 mM MgClz performed as described in "Methods," ancl 
the rate plotted against lysosomal cystine content at the initial time point. 
The dotted line represents the slope generated by linear regression from 
all data points regardless of cell line. A, normal fibroblasts from twc~ 
donors (0 ,  A) were treated as above, but following scraping, the cells 
were suspended in cystine-free medium without serum and incubated 15 
min at 37" C in 0.5 or 1.0 mM cystine dimethyl ester. B, ML-I1 fibroblasts 
from three cell lines, M.D. (A), L.T. (0), L.M. (0) were treated as above., 
but without a step for loading with cystine dimethyl ester. Filledsymbol>: 
represent experiments in which a mock-loading step was included. C., 
cystinotic fibroblasts from three cell lines were treated as above including: 
a mock-loading step. The two points at low initial cystine content were: 
obtained by incubation 14 h in cystine-free medium with dialyzed fetal1 
bovine serum before harvesting. 
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This would be consistent with the time course of the appearance 
of both the inclusions and cystine in these cells. In addition, this 
concept might explain the 4-h lag which is observed in cystine 
reaccumulation which ML-I1 cells demonstrate following cys- 
teamine depletion of cystine. The undigested inclusions may 
provide thiol groups available to form disulfide linkages with 
either cysteine or cysteamine. As cystine and protein-bound 
cysteine is released from the lysosome by the formation of 
cysteine-cysteamine, the inclusions may form disulfides with 
cysteamine. When cysteamine is subsequently replaced by com- 
plete medium, the accumulation of free cystine is not detected 
until residual disulfide-bound cysteamine is displaced by ex- 
change with cystine and exits the lysosome. In addition, the 
extensive membrane layers observed in residual, secondary ly- 
sosomes from ML-I1 fibroblasts (24) may sequester part of the 
cystine between the layers so that it can neither efflux nor react 
with cysteamine. Furthermore, if the cystine transport protein is 
retained in these layers, it may bind cystine but be unable to 
bring about translocation if no pH or potential gradient exists 
between the inner layers. This would explain our observation 
that ML-I1 cells are not depleted of cystine as completely as 
cystinotic cells and that cystine efflux is slow. The inclusions 
may also block access of cystine to the transporter sites by 
nonspecific binding. 

The variance both in accumulation of cystine and in efflux 
capacity seen within the three ML-I1 cell lines studied may be 
the result of differences in any of the aspects discussed above. 
Since the ML-I1 condition arises from more than one mutation 
as revealed by complementation studies (33,34), such differences 
may arise because the phenotypes determine membrane altera- 
tions, lysosomal enzyme levels, and amounts of unhydrolyzed 
inclusions. These, in turn, may affect the transport of cystine. 

The failure of Steinherz et al. (1 )  to find impairment in cystine 
clearance from ML-I1 fibroblasts may be caused by the meth- 
odology they used. Their cultured ML-I1 fibroblasts were loaded 
with 35S-cystine dimethyl ester followed by a 60-min chase. These 
studies show comparable ratios of 35S-cysteine-N-ethylmaleimide 
to 35S-cysteine following the chase period for both normal and 
ML-I1 cells. The ML-I1 cells, however, failed to hydrolyze com- 
pletely the cystine dimethyl ester. In our preliminary studies we 
also found that cystine dimethyl ester was not completely hydro- 
lyzed by ML-I1 fibroblasts. Therefore, we utilized a method that 
did not require use of this ester. Another possible reason that 
Steinherz et al. ( 1 )  did not observe defective lysosomal cystine 
transport in ML-I1 fibroblasts is that their cells may have been 
at an early stage of growth at which cystine accumulation was 
not yet evident. 

The reason for the exclusively in vitro accumulation of cystine 
by ML-I1 cells remains uncertain. Upon reaching confluency, 
more protein is degraded via the lysosomal pathway in both 
normal and ML-I1 fibroblasts (35). In addition, the accumulation 
of undigested inclusions is progressive. These facts may explain 
why increased cystine is only observed in extended tissue culture. 

In conclusion, we consider the most likely explanation of our 
observations is that altered membrane structure, the presence of 
undigested inclusions, and the increase in the lysosomal pathway 
of protein degradation after confluence all contribute to the 
accumulation of cystine in ML-I1 cell lysosomes. 
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