Increased Cystine in Leukocytes
from Individuals Homozygous and
Heterozygous for Cystinosis

Abstract. In patients with cystinosis,
the concentration of free cystine in
leukocytes was 80 times greater than
normal, and six times the normal con-
tent for their parents. This is the first
demonstration of an abnormality in
heterozygotes for this rare inherited
disease of childhood. Three-quarters of
the cystine was recovered in the granu-
lar fraction of cystinotic leukocytes.

The chemical abnormality leading to
‘the accumulation of cystine crystals in
bone marrow, cornea, and internal or-
gans in children with the rare hereditary
disease cystinosis is not known (7).
It is thought that cystine causes both
the renal tubular defects of the Fan-
coni syndrome, which is the first symp-
tom of this disease, and the progres-
sive renal glomerular damage leading to
their death in late childhood (2). While
an extracellular origin for the crystals
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Fig. 1. Free-cystine content of leukocytes.
From 5 to 40 ml of blood was mixed with
20 times its volume of normal saline (4°C)
to prevent clotting (I3). The cells were
separated by centrifugation at 700g for 20
minutes and then were given two hypo-
tonic shocks and one wash in normal sa-
line. Care was taken to remove erythrocyte
ghosts which were found on the surface of
the final leukocyte pellet. The leukocytes
were lysed by sonication, and the protein
was precipitated with 3 percent sulfosali-
cylic acid. The cystine was assayed with a
Beckman model 120B amino acid analyzer
by means of a gradient elution technique
(8). Protein was determined by the method
of Lowry (I4). Children are represented
by open circles, and adults are represented
by filled circles.
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is suggested by their occurrence in or-
gans rich in reticuloendothelial cells
where they might be trapped by pha-
gocytosis, the fact that the cystine con-
centration in the plasma of these chil-
dren is within the normal range and
far below the saturation concentration
disputes this possibility (3).

An intracellular origin for the crystals
was suggested by Barr after careful his-
tological study of postmortem tissue
(4), and a high content of cystine has
been reported in such tissue (3, 5).
These high values, however, undoubted-
ly reflect the presence of crystalline
cystine deposits. Evidence of a high
intracellular cystine concentration, re-
quired for crystal formation, has not
been previously presented.

The free cystine content of peripheral
leukocytes was substantially higher than
normal in patients with cystinosis and
moderately increased in their parents
(Fig. 1). The cystine content of leuko-
cytes from nine infants and children
with cystinosis was 6.44 &= 2.76 pmole
of 1/2 cystine per gram of protein
(mean = 1 S.D.) as compared to the
normal value of 0.081 = 0.064 (6). The
cystine content of leukocytes in nine
obligate heterozygotes (parents) was
0.490 = 0.280. Only one heterozygote
showed a value in the normal range
(Fig. 1). The difference between the
normal and heterozygous values was
highly significant (P < .001).

Occasional cystine crystals are seen
in leukocytes from simple buffy-coat
preparations from blood of patients
with cystinosis (7), but careful search
by phase microscopy of the leukocyte
preparations used in these measure-
ments revealed no crystals. The fact
that leukocytes from heterozygotes, in
whom cystine crystals have never been
seen, contain increased amounts of this
amino acid is additional evidence for a
primary derangement of metabolism
rather than phagocytosis of crystals.

In most studies, a sample of the
leukocyte preparation was lysed in the
presence of an excess of N-ethylmale-
imide (NEM) so that any of the re-
duced form, cysteine, could be mea-
sured separately from cystine. Although
we used a system of analysis that could
detect as little as 1 mupmole of the
cysteine-NEM derivative (8), none was
identified in 100 mg (wet weight) of
normal or heterozygous cells or 25 mg
of homozygous cells. This was unex-
pected because cystine transported into
other mammalian tissue is found in-
tracellularly primarily in the reduced
form (9). One explanation for this

Table 1. Subcellular fractionation of cystin-
otic leukocytes. Approximately 100 mg (wet
weight) of leukocytes was lysed in 4 ml of
0.25M sucrose with a Branson Sonifier, model
LS75, 2.5 amperes for 20 seconds. The
nuclear fraction was separated by centrif-
ugation at 1000g for 10 minutes, and the
granular fraction was separated by centrifu-
gation at 27,000g for 10 minutes. No crystals
were seen in the granular fraction by phase
microscopy. Each fraction was brought to 4
ml with 0.25M sucrose, and 0.020 ml Triton
X-100 (I1) was added; 0.020 ml of each
fraction was assayed for acid phosphatase
(I5), and the remainder was prepared for
amino acid analysis (8). Acid phosphatase is
expressed in mictomoles of p-nitrophenol lib-
erated per 30 minutes per milligram of pro-
tein; cystine is expressed in micromoles of 2
cystine per gram of protein. Numbers in pa-
rentheses represent percent of total.

Acid

Fraction phosphatase Cystine
Nuclear 1.8  (0.9) 31.8 (4.8)
Granular 12.5 (53.5) 59.0 (78.8)
Supernatant 2.9 (45.6) 3.3 (16.4)

could be that cysteine is leached out
of the cells during their preparation.
However, these cells were prepared at
4°C, a temperature at which there is
very. little efflux of cysteine from leuko-
cytes (10).

Possibly, cysteine is rapidly metabo-
lized in vivo, but small amounts of the
oxidized form, cystine, might exist in
subcellular locations which are not ac-
cessible to the usual reductive mecha-
nisms. The defect in cystinosis might
then be an excessive compartmentali-
zation of this amino acid. To test this
hypothesis, cystinotic leukocytes were
subjected to a simple fractionation of
subcellular components (Table 1). In
five fractionations of cystinotic leuko-
cytes, 75.4 = 6.0 percent of the intracel-
lular cystine was found in the granular
fraction, while 60 percent of the small
amount of cystine in normal leuko-
cytes was found in this fraction. In
another fractionation experiment (Table
2), the supernatant and granular frac-
tions were incubated at 37°C for 30
minutes, and then NEM was added.
In the granular fraction, no cysteine-
NEM was subsequently found, but in
the supernatant, 80 percent of the
cystine or cysteine was then found as
cysteine-NEM (8). Thus, cystine was
reduced in the soluble portion of the
cystinotic cell, but not in the granular
fraction where most of the cystine
resides.

The total recovery of cystine in the
fractionation experiments was greater
than in simultaneous measurements of
intracellular cystine. Because Triton X-
100 (Z1) had been added to each frac-
tion to facilitate the release of acid
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Table 2. Effect of incubation on the state of cystine or cysteine in fractions from cystinotic
leukocytes. Approximately 50 mg (wet weight) of leukocytes were lysed (as in Table 1) in a
solution which was 0.25M in sucrose, 0.1M in tris buffer, pH 7.4, and 10-*M in ethylenediaminete-
traacetate. The fractions were prepared as described in Table 1, and samples were assayed for
acid phosphatase. The remainder of the granular and supernatant fractions, toc which no
detergent had been added, were incubated in 4 ml of the buffer at 37°C for 30 minutes, and
then an excess of NEM was added. The samples were then prepared for the amino acid
analyzer (8). The smallest amount that could have been detected in the granular fraction is
0.1 ymole of cysteine per gram of protein. Acid phosphatase is expressed in micromoles of
p-nitrophenol liberated per 30 minutes per milligram of protein; cystine is expressed in micro-
moles of 12 cystine per gram of protein; cysteine-NEM is expressed in micromoles per
gram of protein. Numbers in parentheses represent percent of total.

Total of
. Acid . Cysteine- cystine and
Fraction phosphatase Cystine NEM cysteine-NEM
(%)
Nuclear 17 (44) 14.0 122
Granular 8.5 (70.8) 22.3 <0.1 62.7
Supernatant 1.0 (24.8) 0.53 2.59 25.1

phosphatase from lysosomes, we per-
formed an experiment in which this
compound was added to only a por-
tion of each fraction. In the presence
of this detergent, the cystine content
increased from 33.5 to 56.6 umole of
1/2 cystine per gram of protein in the
granular fraction, but only from 2.10
to 2.25 ymole of 1/2 cystine per gram
of protein in the supernatant fraction.
When NEM was added after Triton X-
100, no cysteine-NEM was found;
hence, the new cystine uncovered had
been in the oxidized state.

This evidence suggests that the cystine
stores in these leukocytes are separated
from the soluble portion of the cyto-
plasm by a lipid-containing structure.
This would explain why therapeutic
measures which lower the cystine con-
centration in the plasma fail to control
this disease. Treatment with D-penicil-
lamine for 3 years or a low cystine
diet for over 1 year lowered the cystine
concentration in the plasma of children
with cystinosis by more than 50 per-
cent but failed to alter either the ap-
pearance of crystalline deposits in bone
marrow or the clinical course of the
disease (3). In addition, the cystine con-
tent of leukocyte was not influenced
by either form of therapy (12).

These data suggest, but do not
prove, that the primary defect in
cystinosis is an abnormal subcellular
compartmentalization of cystine. An-
other explanation of these observations
could be that microcrystals of cystine
form in these leukocytes and are sub-
sequently surrounded by a lipid mem-
brane. More exact fractionations com-
bined with electron microscopy in leu-
kocytes and other tissues, as well as
a better understanding of the fate of
cystine in normal tissues, is necessary
to confirm this hypothesis. The presence
of significantly higher concentrations of

1322

cystine in leukocytes from the parents
of these children is compatible with a
recessive mode of inheritance of this
disease, as suggested by family pedi-
grees (/), and may allow the detection
of the heterozygous carriers.
JERRY A. SCHNEIDER
KATHRYN BRADLEY
J. E. SEEGMILLER
National Institutes of Health,
Bethesda, Maryland 20014

References

1. H. Bickel, H. S. Barr, R. Astley, A. A.
Douglas, H. Harris, E. M. Hickmans, W.
C. Smallwood, J. M. Smellie, C. G. Teall,
Acta Paediat., Suppl. 90 42, 7 (1952); H.
G. Worthen and R. A. Good, Amer. J. Dis.
Children 95, 653 (1958); K. Schirer and
I. Antener, Ann. Paediat., Suppl. 1 203, 1
(1964).

2. A. D. Patrick, Clin. Sci. 28, 427 (1965); H.
E. Harrison, J. Chron. Dis. 7, 346 (1958).

3. J. C. Crawhall, P. S. Lietman, J. A. Schnei-
der, J. E. Seegmiller, Amer. J. Med., in
press. Cystine solubility at 37°C, pH 7.3,
was 303 umole of 152 cystine per 100 ml of
plasma from a normal control, and 341
pmole of V5 cystine per 100 ml of plasma
from a child with cystinosis. The fasting
plasma concentration is about 7 umole of
1 cystine per 100 ml in both normals and
cystinotic patients.

4. H. S. Barr, Monatsschr. Kinderheilk. 99, 35
(1951).

5. F. Linneweh, in Erbliche Stoffwechselkrank-
heiten, F. Linneweh, Ed. (Urban and
Schwarzenberg, Munich, 1962), p. 141; C. P,
Mahoney, G. B. Manning, R. O. Hickman,
Amer. J. Dis. Children 112, 65 (1966).

6. In five control children of comparable age
to the cystinosis patients, the value was
0.059 # 0.072 as opposed to 0.103 == 0.051 in
five control adults (P> .2).

7. D. Korn, New Engl. J. Med. 262, 545 (1960).

8. J. C. Crawhall, C. J. Thompson, K. Bradley,
Anal. Biochem. 14, 405 (1966); R. W. Hub-
bard and D. M. Kremen, ibid. 12, 593 (1965).

9. J. C. Crawhall and S. Segal, Biochem. J. 99,
19C (1966); L. E. Rosenberg, J. C. Crawhall,
S. Segal, J. Clin. Invest. 46, 30 (1967).

10. L. E. Rosenberg and S. Downing, ibid. 44,
1382 (1965); J. A. Schneider, XK. Bradley,
J. E. Seegmiller, unpublished.

11. Rohm and Haas, Philadelphia.

12. J. A. Schneider and J. E. Seegmiller, in
preparation,

13. W. B. Chodirker, J. Block, J. H. Vaughan,
Arthritis Rheum. 9, 498 (1966) (Abstr.).
14, O. H. Lowry, N, J. Rosebrough, A. L.
Farr, R. J. Randall, J. Biol. Chem. 193, 265

(1951).

15. O. H. Lowry, in Methods in Enzymology, S.
P. Colowick and N. O. Kaplan, Eds. (Aca-
demic Press, New York, 1957), p. 371.

14 June 1967

Growth of a Thermophilic
Bacterium on Hydrocarbons: A New
Source of Single-Cell Protein

Abstract. A species of the genus
Bacillus, capable of growth on normal
alkanes at 70°C, was isolated by the
method known as enrichment culture.
Preliminary analyses of its amino acid
composition indicate that it would be
a good source of protein for human
nutrition. Possible advantages of the
use of such organisms for the produc-
tion of single-cell protein include sim-
plification of fermentor cooling and
asepsis.

Recent reports (I) have dealt with
the possibility of producing single-cell
protein (SCP) by culturing yeasts or
bacteria on hydrocarbon substrates.
One of the technological problems
to be overcome, if such production is
to be economic, is the relatively large
amount of heat evolved per pound of
cells produced—a consequence of the
large amounts of oxygen required for
oxidation of hydrocarbons. It has been
estimated (2) that, with a hydrocarbon
substrate, heat production per unit
mass of cells is about double what
would be evolved if a carbohydrate
substrate were used. Heat of fermenta-
tion is normally removed by circulat-
ing water for cooling through coils or
the fermentor jacket. For this method
to be effective, the water must be sub-
stantially cooler than the operating
temperature of the fermentor, and this
gradient must be larger when the rate
of heat evolution is greater. Previous
proposals for the production of SCP
by growth on hydrocarbons have de-
scribed growth temperatures in the
range of 25° to 37°C, which would
require cooling water of a temperature
lower than 30°C. However, in many
parts of the world for many months
of the year, water temperatures exceed
30°C, and even evaporative cooling
towers are ineffective because of high
atmospheric humidity. Therefore, me-
chanical refrigeration, with conse-
quent higher operating costs, would
have to be considered.

If thermophilic organisms could be
obtained, the problem of fermentor
cooling would be simplified, since a
large gradient between the operating
temperature of the fermentor and the
temperature of the cooling water would
be available. Unfortunately, reports of
the growth of thermophiles on hydro-
carbons are scanty. Allen (3) failed
to obtain organisms from paraffin en-
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