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ABSTRACT

Cell lines established from donors with the inherited disorder ataxia-
telangiectasia (A-T) exhibit exceptional sensitivity to ionizing radiation
and chemicals known to produce increased levels of intracellular Ilo
suggesting a deficiency in glutathione-dependent detoxication reactions.
Glutathione (GSH) biosynthesis in fibroblast and lymphoblast cultures
derived from individuals known to be clinically unaffected, homozygous,
or heterozygous for A-T was assessed. Following GSH depletion by
diethylmaleate, fibroblasts (GM 3492) from a clinically unaffected indi
vidual resynthesized GSH at a rate approximately twice that observed in
fibroblasts from known hÃ©tÃ©rozygotes(GM 3488 and GM 3489). Unre
lated A-T homozygote fibroblast lines GM 3487B and GM 5823 resyn
thesized GSH only very slowly. GM 3492 cells repleted intracellular
GSH by 6 h after depletion, the hÃ©tÃ©rozygotelines by 18 h. The A-T
homozygotes replaced only 30% of the intracellular GSH pool by 24 h.
A lymphoblast cell line from the A-T homozygote (GM 3189) also
exhibited slow resynthesis after depletion. However, if these cells were
permeabilized by treatment with digitonin, GSH synthesis proceeded at
a rate exceeding synthesis in permeabilized or untreated normal lympho-
blasts (GM 3323). The first enzyme in GSH synthesis, T-ghitamyl-
cysteine synthetase, was found to be elevated about 2.7-fold in A-T
homozygote fibroblasts, suggesting that a substrate for GSH synthesis
may be rate limiting. A-T homozygote lymphoblasts contained about 2-
fold more -y-cystathionase activity over other cell lines tested suggesting
increased flux through the transsulfuration pathway for cysteine produc
tion in response to reduced cysteine supply. Transport of cysteine and
cystine was found to be 8- and 5-fold slower in A-T homozygotes that
did not affect fibroblasts while glutamate and methionine transport V.,.,
did not differ among the cell lines tested. These experiments demonstrate
that cells from A-T homozygotes are deficient in cysteine transport, thus
limiting GSH resynthesis after a depleting challenge such as radiation
or GSH-depleting xenobiotic compounds.

INTRODUCTION

A-T,2 also known as Louis-Bar syndrome, was described as

early as 1922 and independently several times up to 1957 when
Boder and Sedgwick combined the most descriptive signs,
ataxia and oculacutaneous telangiectasia, to name the condition
(1). A-T is inherited as an autosomal recessive trait (2). In
addition to ataxia and telangiectasia, recurrent sinopulmonary
infection, variable immunodeficiency states, and pronounced
incidence of neoplasia, A-T-homozygotes also exhibit an ex
treme sensitivity to ionizing radiation (3-5).

Not only do A-T homozygotes show an increased proneness
toward cancer, individuals heterozygous for A-T are also pre
disposed toward cancer. Among the cancer-associated autoso
mal recessive syndromes, Fanconi's anemia, xeroderma pig-
mentosum, Bloom's syndrome, and Werner's syndrome, A-T
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has the most dramatic excess cancer death rate for hÃ©tÃ©rozy
gotes (6). The effect is most striking in the under 45 age group,
where A-T hÃ©tÃ©rozygotecancer death rate is, conservatively,
three times the expected level. Leukemia, lymphoma, and ovar
ian cancer were in statistical excess as was cancer of the stomach
and biliary tract. The data also suggested a predisposition
toward breast and colon cancer (2, 7). In addition to predispo
sition toward cancer, insulin-dependent diabetes, idiopathic
scoliosis, and spina bifida have been suggested to occur in excess
of expected levels in A-T hÃ©tÃ©rozygotes(7). The latter two

conditions indicate a possibility of developmental neural tube
defects. Longitudinal studies of obligate A-T hÃ©tÃ©rozygotes
show that an excess death rate from ischemie heart disease is
as prominent as cancer death in this group (8).

The radiation sensitivity observed in vivo has been further
studied in cultured cells of A-T hÃ©tÃ©rozygoteand homozygote
origin. By measuring clonogenic survival, Chen et al. (9) found
that the D0 values for normal lymphoblast lines were approxi
mately three times higher than A-T homozygote lymphoblasts
and 40% higher than hÃ©tÃ©rozygotelines.

The molecular defect in A-T has been assumed to be a
deficiency in the DNA processing systems (10). However, sin
gle- and double-strand DNA breaks appear to be repaired at
the same rate in A-T and normal cell lines. The most extensively
documented characteristics of A-T are sensitivity to ionizing
radiation in vivo and the lack of depression of DNA synthesis
after irradiation in vitro (11, 12). Current hypotheses propose
that both initiation of DNA synthesis and/or elongation may
be affected by mechanisms as yet unclear. Production of acti
vated oxygen species (hydroxyl radical, Superoxide aniÃ³nradi
cal, and ultimately hydrogen peroxide) by ionizing radiation is
well documented (13). Detoxication of hydrogen peroxide via
glutathione peroxidase provides a significant degree of protec
tion against the oxidative challenge presented by these radia
tion-produced cytotoxins. Studies on the biochemical mecha
nism of A-T were started based on the hypothesis that the
inability of A-T cells to deal with radiation damage was a result
of breakdown in the defense against oxidative challenge, posed
acutely by radiation-initiated hydroxyl radical and Superoxide.
Further support is added to the hypothesis that some aspect of
GSH metabolism is central to A-T by the observed sensitivity
of A-T cells to generators of activated oxygen such as bleomy-

cin, Adriamycin (14, 15), and direct addition of hydrogen
peroxide to cultured fibroblasts (15). Previous studies (16, 17)
have shown that Adriamycin toxicity in isolated hepatocytes is
due to mitochondria! glutathione depletion and initiation of
lipid peroxidation.

In these experiments we have shown that the rate of GSH
resynthesis in A-T fibroblasts and lymphoblasts after depletion
by diethylmaleate (18) is significantly lower than in A-T unaf
fected cells. Heterozygous lines resynthesized at rates interme
diate between wild type and A-T homozygote fibroblast lines.
Our studies show that cysteine transport is impaired in the A-
T homo- and hÃ©tÃ©rozygotecells, limiting the maximal rate of
synthesis achievable after depletion. Furthermore, -y-GCS ac
tivity is increased in A-T homozygotes, suggesting increased
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synthesis of this enzyme in an attempt to maximize available
cysteine utilization for GSH synthesis. The presence of in
creased 7-cystathionase activity in A-T lymphoblasts, cells de
rived from lymphocytes normally exhibiting transsulfuration
(19), synthesis of cysteine from methionine sulfur, also suggests
that performed cysteine supply is depressed in the A-T hom
ozygote and hÃ©tÃ©rozygote.These cells, and by analogy the A-T
patient, are stripped of a major defense mechanism during the
expected re-synthesis period, explaining the sensitivity to agents,

including ionizing radiation, generating activated oxygen spe
cies or depleting GSH directly.

MATERIALS AND METHODS

Fibroblast and lymphoblast cell lines were obtained from the Genetic
Cell Repository, Camden, NJ. The following fibroblast lines were
investigated: A-T homozygotes GM 3487B (proband), GM 5823 (un
related); hÃ©tÃ©rozygotelines GM 3488 (mother) and GM 3489 (father);
unaffected sibling (presumed normal) GM 3492. Lymphoblast lines
studied were GM 3189, from the homozygous individual producing
GM 3487B, and GM 3323 from the unaffected sibling producing GM
3492.

Fibroblast cultures were maintained in 150-cm2 Costar tissue culture
flasks in a 5% CO2 atmosphere at 37Â°Cin Dulbecco's modified Eagle's

medium (20) pH 7.3 containing 20% supplemented calf serum (Hyclone
Laboratories) and a 2x concentration of amino acids and vitamins.
Lymphoblasts were maintained in 500-ml Erlenmeyer flasks with
sponge closures at 37Â°Cunder 7.5% CO2 in RPMI 1640 (21), pH 7.1

with 15% supplemented calf serum. Culture media, amino acid, and
vitamin supplements were obtained from Gibco.

Both fÃ¯broblastsand lymphoblasts were also cultured in 1538-cm2

glass roller bottles for production of large quantities of material. Roller
bottles were maintained at 37Â°Cand rotated at 2 rpm. Medium pH was

maintained by gassing the flasks with air/5% CO.- and tightly sealing
the tops. Media were identical to those described above. Medium pH
was stable for 3 days if the bottle remained closed. GSH content did
not differ in cells cultured in roller bottles versus flasks.

Depletion-resynthesis experiments were conducted by subculturing
fibroblast lines into 60-mm tissue culture plates and allowing growth
to confluence. Diethyl malÃ©ate(98%; Alfa Products) was dissolved in
culture medium to a final concentration of 200 Â»AIand added to the
cells with a medium change to initiate GSH depletion. DEM is known
to have other cellular effects, such as depletion of cysteine and coenzyme
A pools. However, other GSH depleting agents exert more dramatic
and wide-spread disturbances of normal metabolism. Buthionine sul-
foximine not only irreversibly inhibits -y-GCS, thus blocking any resyn-
ihe-sis, but is known to inhibit cysteine transport (22). Both of these

properties make buthionine sulfoximine unsuitable for these studies.
After 1 h, the DEM-containing medium was removed by aspiration,
and the cultures were washed with fresh medium to remove residual
DEM. Fresh medium was added to start resynthesis, and the cultures
were replaced in the incubator for the duration of the experiment. At
the predetermined intervals, plates were removed, washed with warm
HEPES buffered saline (0.5 g/liter KC1-8.3 g/liter NaCl-2.4 g/liter
HEPES, pH 7.4), and 1 ml of 10% (v/v) perchloric acid was added to
lyse the cells and release the acid soluble thiol pool. The cell residue
was removed by scraping into the acid, and the precipitated proteins
were removed by centrifugation at 13,000 x g for 3 min at room
temperature. Analysis of -y-GCS synthetase was done under the condi

tions described by Richman and Meister (23) using the HPLC method
for GSH analysis described below (24) to quantitate â€¢y-glutamylcysteine.
Activity of-y-cystathionase was measured by the radiochemical method

of Inglehart et al. (19). Enzyme extracts were prepared from cells
cultured in 1538-cm2 glass roller bottles. Following release by trypsin-

ization or collection by centrifugation, the cells were rinsed with
HEPES buffered saline and then homogenized in 100 HIMpotassium
phosphate, pH 8, using a motor-driven Teflon pestle and glass homog-
enizer kept on ice. Activity was determined in freshly prepared extracts
after a 9000 x g, 10-min centrifugation at 4Â°C.

GSH resynthesis in the anchorage-independent lymphoblast cultures
was measured by resuspending 3 x IO6 cells/ml in fresh RPMI 1640

medium containing 200 H.MDEM. After 1 h, lymphoblasts were re
moved by centrifugation at 1000 x g for 3 min and quickly washed in
fresh medium and sedimented again by centrifugation. Cells were then
resuspended in culture medium to begin the timed resynthesis period.
At timed intervals, l-ml samples of cell suspension were taken and the
cells removed by centrifugation at 13,000 x g for 5 s. After aspiration
of the medium, 500 ^1 of 10% perchloric acid containing the HPLC
internal standard were added and the acid soluble fraction prepared by
centrifugation at 13,000 x g for 4 min. Acid soluble supernatant
solution was prepared for GSH assays as described below. Glutathione
values were normalized to cellular protein.

Specific extraction of cholesterol from membranes by digitonin elim
inates permeability barriers and cytoplasmic reliance on cellular trans
port systems (25, 26). Lymphoblast lines to be tested for resynthesis
ability after permeabilization by digitonin were processed as follows.
GSH depletion was done by direct addition of 98% DEM to a final
concentration of 200 ^M followed by a 60-min incubation period at
37'C. Depleted cells were harvested by centrifugation at 500 x g for 5
min and resuspended in HBSS with 3 x 10" cells/ml. EDTA (pH 8.1)

and digitonin in HEPES buffered saline were added to final levels of 2
mM and 0.08% (w/v), respectively. After gentle mixing, the cells were
incubated for 2 min at room temperature. An equal volume of 2x GSH
resynthesis cocktail was added producing final concentrations of 5 mM
ATP, 10 mM MgCI2, 5 mM glutamate, 5 mM glycine, and 5 mM cysteine,
the amino acid components of glutathione. Resynthesis cocktail was
prepared fresh immediately before use. Samples were removed at 0, 30,
and 60 min after initiation of resynthesis. The reaction was stopped by
addition of perchloric acid, precipitating cellular proteins and prevent
ing oxidation of the 7-glutamylcysteine product, and the samples proc

essed as described below for GSH analysis by HPLC.
Transport of amino acids by fibroblast cultures was monitored by

the multiwell plate method of Gazzola et al. (27). Confluent cultures
were rinsed twice with warm HBSS; then the radioactive amino acid to
be tested was added in HBSS. The plate was returned to the incubator
transport to be carried out at 37'C. After termination of the transport

reactions, transported amino acid was determined as described (27).
Protein was determined by dissolving the remaining cell monolayer in
l N NaOH, and transport velocity was corrected for well-to-well varia
tion in protein content. Kinetic parameters, Km and Vrax were deter
mined by linear regression analysis of the resulting double reciprocal
plots of velocity (in nmol per min per mg protein) versus amino acid
concentration (mM). Transport of cysteine, cystine. and methione glu
tamate was tested over the concentration range from 0.005 to 2 mM.
Each concentration was tested in quadruplicate in each of three exper
iments.

The intracellular content of GSH was determined by the HPLC
method of Reed et al. (24) as modified by Freeman et al. (28). This
method quantitates simultaneously 7-glutamylcysteine, GSH, oxidized
glutathione, and cysteinyl-glutathione mixed disulfide. In no assay did
oxidized glutathione plus cysteinyl-glutathione mixed disulfide exceed
2% of the total glutathione pool. Therefore, all results are listed as
changes in GSH content. The internal standard, 7-glutamylglutamate,
was added with the 10% perchloric acid. Acid-insoluble cell pellets were
dissolved in l N NaOH and protein determined by the method of Layne
(29). GSH content varied slightly with the age of the culture (passage
number), time after subculturing. and to some extent, cell number.
Every effort was made to produce identical cultures for duplication of
experimental conditions. The extent of depletion of intracellular GSH
by diethyl malÃ©ateexhibited normal variation between experiments.
Between 85 and 95% of the intracellular pool of GSH was depleted in
all experiments. All data shown represent the mean of at least two
experiments, and duplicate determinations were done for each point
within each experiment. SE between duplicates and among replicates
was less than 10% in all cases. GSH resynthesis was converted to nmol
per h per mg cellular protein prior to any further data reduction.
Student's / test was used to determine significant differences (30).
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RESULTS

The working hypothesis was that A-T is a condition in which
homozygous individuals were deficient in some aspect of de
fense or detoxication of radiation-induced damage. From the
data of Shi loh et al. (15) demonstrating increased sensitivity of
A-T fibroblasts to peroxide/peroxidation generating condi
tions, it was reasonable to begin the investigation with gluta-
thione metabolism and utilization. The cell lines selected for
study were from a family with an A-T homozygote offspring
(GM 3487B). An unrelated A-T homozygote fibroblast line was
also examined (GM 5923). Fibroblast and lymphoblast lines
were tested. Fibroblast GSH levels rar vd from 15 to 25 nmol
GSH/mg protein. Lymphoblast GSH ranged from 20 to 30
nmol/mg protein (Table 1). In Fig. 1, rates of GSH resynthesis
in fibroblast cultures are displayed. Over the 24-h course tested
after DEM depletion, GM 3492 exhibited a rate of resynthesis
approximately 2-fold greater than the known hÃ©tÃ©rozygotecul
tures GM 3488 and GM 3489, suggesting that this sibling was
unaffected by A-T and does not carry the defective A-T gene.
A-T homozygote fibroblast lines GM 3487B and GM 5923,

Table 1 Glutathione content of cultured ataxia-telangiectasia cells
GSH levels were determined as described in "Materials and Methods" in three

separate experiments. Duplicate determinations within triplicate replications were
performed. Data entries are mean Â±SD.

Ceilline*GM

3492
GM 3488
GM 3489
GM 3487B
GM5823GM3189

GM 3323
GM 3188Cell

typeFibroblast

Fibroblast
Fibroblast
Fibroblast
FibroblaslLymphoblast

Lymphoblast
LymphoblastGenotype

(A-T)+/?(+)

+/-
+/-
-/-
-/--/-

+/(?)+
+/-GSH*

(nmol/mg

cellprotein)25.1

Â±1.0
22.7 Â±1.1
25.2 Â±0.8
22.1 Â±1.2
15.1Â±0.326.0

Â±1.3
20.0 Â±0.7
29.5 Â±1.1

J Designation by the Genetic Cell Repository, Camden, NJ. GM 3492 and

GM 3189 are from the unaffected sibling of the proband represented by lines
GM 3487B and GM 3323. GM 5823 is an unrelated A-T homozygote.

''(.SII was measured on four separate occasions from cells with passage

numbers 7 to 20.

o a 12 IB 24
INCUBATION TIME (HRS)

Fig. 1. Glutathione resynthesis in A-T fibrobiast cultures after diethylmaleate
depletion. Confluent cultures were treated with 200 /JM DEM as described in
"Materials and Methods" and were then allowed to replenish GSH supplies in
OEM-free medium. The cell lines tested were A-T homozygote lines CM 3478B
(O) and GM 5823 ( :>.hÃ©tÃ©rozygotelines GM 3488 (â€¢)and GM 3489 (O), and
the unaffected sibling line GM 3492 (â€¢).Zero time was designated as immediately
after removal of DEM. Percentage of initial GSH was based on GSH levels in
untreated cultures tested coincident with zero time. GSH in untreated cultures
changed less than 5% over the 24-h experimental time course. GSH content was
normalized to protein prior to calculation of percentage of initial GSH. GM
3487B and GM 5823 are unrelated, clinically affected A-T homozygotes.

lines established from unrelated individuals, exhibited initial
resynthesis rates similar to the measured rates in wild type cells.
However, resynthesis ceased and intracellular stores were not
replaced. Other experiments showed that this GSH deficiency
persisted through at least 48 h after depletion, with the cell
recovering only 30% of the undepleted GSH content. Recovery
time for the hÃ©tÃ©rozygotelines was about 18 h while the GM
3492 cells replenished GSH within 6 h. Homozygote fibroblast
lines GM 3487B and GM 5823 did not replete intracellular
GSH within 24 h, recovering only about 30% of the initial
levels.

Lymphoblast cultures were found to exhibit the same relative
patterns of resynthesis as fibroblast cultures. Fig. 2 displays the
results of experiments examining resynthesis in intact lympho-
blasts and in lymphoblasts permeabilized by specific complex
ation of membrane cholesterol with digitonin. As expected,
GM 3189 cells rapidly resynthesized GSH after DEM depletion
while resynthesis in GM 3323 (lymphoblasts corresponding to
GM 3487B fibroblasts) did not occur in any significant amount
over 1 h. When cells were treated with 0.08% (w/v) digitonin,
removing permeability barriers to cytoplasmic uptake, and pro
vided with substrates for GSH biosynthesis, both cell lines
produced significant amounts of GSH, with the GM 3323 cells
showing a more rapid and extensive accumulation of GSH.
These data suggest that the observed inhibition of GSH biosyn
thesis in the A-T cells, both fibroblast and lymphoblasts, is due

wnÂ»

2*
H
7,
H
U
WÂ»
ÃŸ.

30 80

INCUBATIONTIME(MINS)
Fig. 2. Glutathione resynthesis in A-T lymphoblast cell lines with and without

digitonin treatment. Resynthesis after diethylmaleate depletion in A-T homozy
gote lymphoblast line GM 3189 (O) and the presumed wild type lymphoblast
cells of GM 3323 (â€¢)was measured. Permeabilization with 0.08% digitonin was
done as described in "Materials and Methods." , resynthesis in untreated
cultures; , digitonin-treated cultures. Lymphoblast lines GM 3189 and
GM 3323 were derived from the same individuals as fibroblast lines GM 3487B
and GM 3492, respectively.

4578

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/17/4576/2428648/cr0470174576.pdf by guest on 19 M

ay 2023



CYSTEINE TRANSPORT AND GSH SYNTHESIS IN RADIATION SENSITIVE CELLS

to insufficient supply of a required precursor. This supposition
was further supported by the data in Table 2. Cell-free extracts

of both homozygote lines were found to contain about three
times more 7-glutamylcysteine synthetase activity than the

presumed normal cell line.
Figs. 1 and 2 suggest that A-T homozygote cell lines do not

resynthesize GSH after depletion at a rate comparable to that
measured in a presumed wild type line. However, the permea-

bilized cell data in Fig. 2, and the enzyme activity data in Table
2 show that the enzymatic capacity is not only present in the
homozygote lines but exceeds the synthetic capacity in the
normal cells for GSH biosynthesis, specifically at the regulated
step in the GSH biosynthetic pathway, 7-glutamylcysteine syn

thetase (23). The transport of the sulfur amino acids cysteine
and cystine was examined. Table 3 shows that although the Km
for transport of cysteine and cystine did not differ significantly,
0.45 and 0.29 for cysteine and 0.13 versus 0.16 HIMfor cystine
in the GM 3492 and GM 3487B lines, respectively, the Vmâ€ž
values were clearly different. As estimated from a double recip
rocal plot (27) of transport velocity (nmol per min per mg
protein) versus amino acid concentration ranging from 0.05 to
2.0 HIM, the wild type GM 3492 cells transported cysteine 8-
fold faster than did the A-T homozygote GM 3487B. Cystine
transport was found to be 5.6-fold greater in the normal cells.

Kinetic parameters for glutamate transport did not differ sig
nificantly between the GM 3492 and GM 3487B cell lines.
Moreover, the lack of effect on methionine transport shows

Table 2 i-Glutamylcysteine synthetase activity in ataxia-telangiectasia cell lines
Enzyme activity was measured as described in "Materials and Methods" by

measurement of [3H)glutamate into -y-glutamylcysteine as determined in the

HPLC analysis. Two different preparations of enzyme extract were tested for
each cell type.

CelllineGM

3492
GM 3487B
GM 5823y-GCS

activity
Genotype (nmol/h/mgprotein)+/?(+)

17.3Â±1Â°
-/- 45.9 Â±3
-/- 42.4 Â±4

" Mean Â±SD.

Table 3 Transport of cysteine, cystine, and glutamate in ataxia-telangiectasia
ftbroblast lines

Amino acid transport in confluent fibroblast cultures was measured as de
scribed in "Materials and Methods" at concentrations from 0.005 to 2 HIM.

Transport at each amino acid concentration was tested in quadruplicate and the
results normalized to protein content in each well. Transport experiments were
performed twice for each cell type and amino acid. Therefore, each entry repre
sents the mean Â±SD of eight measurements. Unless designated, differences in
transport parameters for the same amino acid are not statistically significant.

CelllineGM

3492GM

3488GM

3487BGM

5823Genotype

Aminoacid+/?(+)

Cysteine
Cystine
Glutamate

Methionine+/-

Cysteine
Cystine
Glutamate

Methionineâ€”

/â€” Cysteine
Cystine
Glutamate

Methionineâ€”

/â€” Cysteine
Cystine
Glutamate
MethionineA

,â€ž( HIM)0.45

Â±0.02"

0.13 Â±0.01
0.33 Â±0.02
0.10Â±0.030.41

Â±0.03
0.18 Â±0.03

Not determined
0.11Â±0.080.29

Â±0.01Â°

0.16 Â±0.01
0.30 Â±0.03
0.10 Â±0.090.21

Â±0.08"

0.18 Â±0.09
0.38 Â±0.08
0.15 Â±0.06Vâ€žâ€ž

(nmol/
min/mgprotein)1.60

+ 0.03*

0.85 Â±0.02
5. 10 Â±0.01
0.30 Â±0.081.05

+ 0.02
0.57 Â±0.02

Not determined
0.36 Â±0.070.20

+ 0.02*
0.15 + 0.03
6.20 Â±0.03
0.32 +0.090.18

Â±0.04*

0.17 Â±0.03
5.17 Â±0.06
0.32 Â±0.06

that there is not a generalized sulfur amino acid transport
problem in these cell lines.

Transsulfuration of methionine sulfur to serine, producing
cysteine is characteristic of high GSH utilizing tissues such as
liver (22), kidney (22), and WBC (19). Assay of 7-cystathionase
in the lymphoblast cell lines (Table 4) showed an increased
specific activity in the A-T homozygote and hÃ©tÃ©rozygotecells
when compared to the unaffected cell line.

DISCUSSION

In these experiments we have demonstrated that two cell
types, fibroblasts and lymphoblasts, derived from persons
homozygous for ataxia-telangiectasia do not resynthesize GSH
in response to a GSH-depleting challenge. Cells of both types
from an unaffected individual replete GSH faster than either
A-T homo- or hÃ©tÃ©rozygote.As seen in Table 1, the GSH
content is not greatly different in unstressed cells homozygous,
heterozygous, or presumed to be unaffected by A-T. Resynthesis
as a cellular phenomenon in this context can be divided into
two segments, synthesis and substrate accumulation. A-T hom
ozygote cells are not only fully competent in GSH synthesis,
they exhibit about 3-fold greater 7-glutamylcysteine synthetase
activity (Table 2) and a superior rate of GSH synthesis in
digitonin permeabilized cells when compared to normal cells
(Fig. 2). However, accumulation of the limiting substrate for
GSH synthesis, cysteine, by the A-T homozygote cells is defec
tive. Table 3 clearly shows that the A-T homozygote fibroblasts
transport cysteine at a significantly slower rate than wild type
cells. Although A",,,values differ statistically, a 2-fold difference

in this first approximation for substrate affinity probably does
not offer a significant physiological difference. However, the
differences in Vmaxfor transport of cysteine and cystine are of
sufficient magnitude to produce physiological consequences.
Since plasma cystine content is generally higher than for cys
teine (31) and cultured cells in general rely greatly on cystine
reduction for cysteine (32), it was important to demonstrate
whether cystine transport was affected. The data in Table 3 also
show that cystine uptake is markedly reduced in the A-T hom
ozygote cells. GM 3492 cells exhibited rates of transport com
parable to those observed in other normal fibroblast lines (33).
The transport parameters determined in these experiments were
consistent with data on fibroblast amino acid transport from
other sources (31, 33). Although these experiments do not
differentiate between Na+-dependent and independent systems,

the data do provide a sufficient basis for comparison with
known normal cell lines. The depressed ability of the A-T cell
lines (homo- and hÃ©tÃ©rozygote)is clearly shown by comparison
of the Vmaxvalues. 1 he presence of higher levels of CNase in
both A-T homozygote and hÃ©tÃ©rozygotelymphoblasts (Table
4) also supports the contention that cysteine is limiting. In
creased consumption of cysteine could act to increase the flux
through the transsulfuration pathway, compensating for de
creased cysteine transport by increased cystine synthesis. Be-

Table 4 y-Cystathionase activity in ataxia-telangiectasia lymphoblast cell lines

Extracts were prepared in triplicate in two different experiments for each cell
type and assayed for -y-cystathionase activity as described in "Materials and
Methods" (19). Data are presented as mean Â±SD.

" Differ significantly, at P< 0.01 by Student's t test.
4 Differ significantly, at P < 0.05 by Student's r test.

CelllineGM

3323
GM3188
GM3189Genotype+/?(+)-/+-/-CNase

activity
(nmol/h/mgprotein)0.19

+ 0.01Â°
0.35 Â±0.03Â°
0.65 Â±0.05"

Â°Differ significantly, at P < 0.05.
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cause CNase is not normally found in fibroblasts, this hypoth
esis could not be tested in GM 3487B or GM 5328.

In addition, it is important to note that the A-T hÃ©tÃ©rozygote
line GM 3488 exhibited decreased levels of cysteine and cystine
transport intermediate between homozygote and normal cell
rates. It should also be noted that glutamate and methionine
transport kinetic parameters were virtually identical in the
normal and homozygote fibroblast lines. Therefore, the differ
ences observed are not due to a generalized deficiency in amino
acid transport in the A-T cells.

Although most research in the area of A-T has centered on
the apparent abnormality in DNA synthesis and/or repair,
earlier suggestions of deficiencies in defense against oxidative
challenge are present in the literature. The most noted of these
is the extreme sensitivity of A-T homozygotes to ionizing
radiation (34, 35) and cancer proneness of A-T patients (2, 35).
Formation of hydroxyl radicals in the trail of ionized water
produced by ionizing radiation is well documented (13), as is
the major role of glutathione peroxidase in detoxication of the
resultant peroxides (36, 37). Shiloh et al. (15,38) have reported
the extraordinary sensitivity of A-T cell in culture, both hom
ozygote and hÃ©tÃ©rozygotelines, to agents known to generate
intracellular activated oxygen species, inducing oxidative stress
and lipid peroxidation. In the case of Adriamycin (15), it has
been shown that in hepatocytes, depletion of the mitochondrial
pool of GSH with temporally related induction of lipid perox
idation is instrumental in the production of cytotoxicity (16,
38).

The data presented here are the first documentation of a
biochemically defined abnormality in ataxia-telangiectasia. The
connection between GSH deficiency and radiation hypersensi-
tivity is obvious. However, it makes a less obvious point about
A-T. In the absence of challenge, GSH content can reach
normal levels in A-T cells, as seen in Table 1. Analysis of GSH
pool size would not reveal that the problem lies in response to
abnormal challenge. As seen in Fig. 2 and Table 2, A-T cells
are capable of rapid GSH and -y-glutamylcysteine synthesis
when substrate, namely cysteine. is available. Oxidative chal
lenge producing a transient depletion in normal tissue produces
longer-term GSH deficiency and therefore longer-term sensitiv
ity to toxicants that would normally be dealt with by GSH-

dependent routes.
The extended window of vulnerability to oxidative challenge

due to GSH deprivation includes A-T hÃ©tÃ©rozygotes,although
to a lesser extent. As seen in Fig. 1, hÃ©tÃ©rozygotelines are
retarded in complete GSH resynthesis by several hours. This
result is consistent with transport data in Table 3 showing GM
3388 to be somewhat slow in cysteine and cystine transport.
However, because the A-T hÃ©tÃ©rozygoteoccurs in between 1
and 2% of the general population (7, 14) the increased health
risks attendant on the A-T heterozygous condition (6) take on
a significant public health and cancer detection overtone.

The observations that cultured A-T cells (a) exhibit higher
CNase activity, and therefore transsulfuration capacity, than
unaffected tissue and (b) contain higher levels of -y-GCS are

mutually supportive and consistent with the hypothesis that
GSH synthesis is depressed in A-T tissues due to an inability
to support cysteine. These experiments present a divergence
from the current trend to ascribe the increased tumor rate
observed in A-T to improper or incomplete DNA repair. The
data presented here do not detract from this possibility. How
ever, abnormalities in DNA biosynthesis or repair may not be
at the level of repair of synthetic machinery but at the point of
regulation of these processes.

Considering the diversity of signs and symptoms attributed
to A-T [neural degeneration, increased cancer incidence, an IgA
immunodeficiency (1, 3-5)], it should not be surprising that a
molecule of such general importance and diversity of function
as GSH should be involved in the pathology of the condition.
However, the mechanism by which GSH function and content
are related to the other aspects of A-T is not clear.
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