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Communicated by Arnold Munnich 

The synthesis of the ubiquitous tripeptide glutathione is impaired in patients with 
glutathione synthetase deficiency. The defect is inherited in an autosomal recessive manner, 
and the diagnosis is based on clinical, biochemical, and genetic criteria. In seven of our 30 
index cases, however, no disease causing mutations could be identified in the coding exons or 
exon-intron boundaries of the glutathione synthetase gene GSS. These patients had severely 
decreased glutathione synthetase activities in lysates of cultured fibroblasts, and the levels of 
the enzyme were undetectable using a polyclonal antibody raised against human glutathione 
synthetase. RT-PCR mediated sequence analysis revealed previously not reported splice 
mutations in all patients. Thus, we conclude that in the investigation of patients with 
glutathione synthetase deficiency, and probably other genetic diseases as well, it might be 
time saving to initiate mutation analysis with sequencing of mRNA. © 2003 Wiley-Liss, Inc. 
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INTRODUCTION 

Glutathione (GSH) has multiple essential functions in mammalian cells, e.g. as a co-factor for several enzymes 
and in the defense against oxidative stress. The tripeptide GSH is synthesized in two sequential steps of the γ-
glutamyl cycle. In the first step, catalyzed by γ-glutamylcysteine synthetase, glutamate and cysteine form γ-
glutamylcysteine. In the second step, catalyzed by glutathione synthetase (GS), glycine is added to form the 
tripeptide. We and others have described inherited defects in both steps, and the diagnosis can be established based 
on a combination of biochemical, clinical, and genetic data (Shi et al., 1996; Dahl et al., 1997; Al-Jishi et al., 1999; 
Ristoff et al., 2001). 

Glutathione synthetase deficiency (MIM# 266130) is inherited in an autosomal recessive manner, and more 
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than 60 patients have been reported (c.f. Larsson and Anderson, 2001). Although the diagnosis can be established 
without genetic data, identification of the disease-causing mutations offers a fast and reliable method of diagnosis, 
which can also be used for prenatal diagnostics. In the era of molecular medicine, a rapidly growing number of 
inherited diseases are ascribed to mutations in specific genes. Frequently, however, sequence analyses of coding 
regions of the involved genes fail to identify the cause of the disease. This may be due to methodological problems 
to detect mutations, promoter mutations leading to decreased expression, mutations affecting RNA splicing or 
processing, or genetic heterogeneity (e.g. mutations in different genes resulting in similar clinical phenotype). The 
gene encoding for GS (GSS, MIM# 601002) is located on chromosome 20q11.2 and contains 13 exons (Webb et 
al., 1995; Whitbread et al., 1998). In seven of the 30 index patients we have investigated, no mutations could be 
demonstrated using conventional amplification and sequencing of the exons and exon-intron boundaries from 
genomic DNA. Thus, the aim of the present investigation was to elucidate the molecular mechanisms leading to 
insufficiency of enzyme activity in patients with GS deficiency in whom mutations in the coding exon sequences 
of GSS could not be identified.  

MATERIALS AND METHODS  

Subjects 

The patients were numbered in the order of registration in our sample bank. The clinical descriptions of patients 
GS 23 and GS 33 have been reported elsewhere (Ristoff et al., 2001). All seven patients were unrelated as far as 
known by the investigators and presented with hemolytic anemia, metabolic acidosis, and 5-oxoprolinuria in the 
neonatal period (Ristoff et al., 2001). The study was approved by the Ethical Committees of Karolinska Institutet 
and the Animal Care and Ethics Committee, Uppsala University. 

Fibroblast culturing and enzyme activity in crude lysates 

Fibroblasts were cultured in MEM culture medium supplemented with 10% fetal calf serum, penicillin, and 
streptomycin. The cells were harvested in late log phase of growth by means of trypsin digestion, washed three 
times with phosphate buffered saline, and stored in liquid nitrogen until analyzed. Enzyme activity was measured 
as described (Njålsson et al., 2000). Protein content was determined using the Bradford method (Bio-Rad, 
Sundbyberg, Sweden). The coefficient of variation (CV) in the determination of enzyme activity in fibroblasts 
from healthy control individuals was below 10%. In cells from carriers and from patients the CV was 20% and 
65%, respectively. 

Production of a polyclonal antibody 

A polyclonal antibody was produced at the National Veterinary Institute, Uppsala, Sweden. Two rabbits were 
immunized with 100 µg of human wild type GS (Njalsson et al., 2001) in Freunds complete adjuvant medium and 
boosted every fourth week after immunization. After the fourth booster dose, serum was collected from the rabbits 
and shown to be specific for GS in immunoblot experiments. The antiserum consistently produced a single band of 
expected size in Western blot analyses of lysates from fibroblasts and human liver tissue. 

Western blot analysis 

Samples containing 30 µg of cellular protein were separated by electrophoresis on a 9 % polyacrylamide gel. 
Glutathione synthetase was detected using the specific polyclonal GS antiserum and visualized using Enhanced 
ChemiLumincence Western blotting reagents (Amersham Pharmacia Biotech, Uppsala, Sweden). 

Isolation of RNA and DNA 

Total RNA was extracted from cultured fibroblasts using an RNeasy Mini Kit (Qiagen, Crawley, UK). Genomic 
DNA was isolated from fibroblasts and peripheral blood using a standard salt precipitation method (Miller et al., 
1988). 

Southern blot 

Genomic DNA (20 µg) was digested with BclI or HindIII (New England Biolabs, Hitchin, UK) before Southern 
blot analysis using a biotin labeled GS cDNA probe (BrightStar™ Psoralen-Biotin Nonisotopic labeling) and 



Mutations in GSH Deficiency 3 

BrightStar™ BioDetect™ kits (Ambion, Huntingdon, UK). From patient GS 35, there was sufficient DNA for only 
one digestion (BclI).  

PCR and RT-PCR  

Exons were amplified as described previously (Shi et al., 1996). For reverse transcription (RT), 1-2 µg of total 
RNA was annealed to 3 pmol primers specific for GS RNA using One Step RT-PCR Kit (Qiagen, Crawley, UK). 
The mRNA and cDNA syntheses were performed as recommended by the supplier in a single 50 µl reaction 
volume. In the patients from whom no, or minimal product could be visualized, a semi-nested PCR was conducted 
using a 3’-internal primer and the product from the first reaction as template. All primers used on genomic level 
were positioned to give readable sequences 50-100 bp before and after exons. Primer information is available upon 
request.  

Sequencing 

Templates produced by RT-PCR or PCR were purified using a QIAquick PCR Purification Kit (Qiagen, 
Crawley, UK). The cyclic sequencing reaction included 50-100 ng of template and 1 pmol of primer in a total 
volume of 10 µl. Sequencing was performed using a Big Dye Terminator Cycle Sequencing Ready Reaction Kit 
and an ABI PRISM automated DNA sequencer (Applied Biosystems, Stockholm, Sweden). 

Mutation nomenclature, numbering of exons, and splice site analysis 

In this study, the GenBank accession numbers AL133324.13 and NM_000178.2 were used for sequence 
referencing, and the nomenclature reflects the guidelines set by den Dunnen and Antonarakis (den Dunnen and 
Antonarakis, 2000) and the Mutation Nomenclature Homepage at the Human Genome Variation Society website 
(http://www.hgvs.org/mutnomen/). Exons are numbered starting with the 5’ non-coding exon upstream of the 
translation start site in exon 2 (Whitbread et al., 1998). The mutated sequences were analyzed for splice sites 
consensus regions using the Splice Site Predictor available at http://www.fruitfly.org/. 

RESULTS 

Patients are diagnosed with GS deficiency based primarily on clinical findings and enzyme activity data. In 
seven of 30 index patients, sequence analysis of coding exons and exon-intron boundaries failed to identify 
disease-causing mutations. All seven patients exhibited drastically reduced enzyme activity in lysates from 
cultured fibroblasts (Table 1). From two patients (GS 41 and GS 48), fibroblast cultures were available from the 
heterozygous parents who exhibited approximately half the enzyme activity of healthy control individuals. A 
polyclonal antibody raised against human GS was used to determine the levels of GS by Western blot analysis of 
lysates from cultured fibroblasts. Thus all seven patients exhibited undetectable levels of GS (Fig. 1A), and the 
heterozygous parents of patients GS 41 and GS 48 clearly exhibited intermediate GS levels (Fig. 1, B and C). 

The mechanism behind the poor enzyme expression was investigated. Southern blot analysis revealed only the 
previously reported RFLPs (Webb et al., 1995) and no gross rearrangement at the GSS locus (data not shown). The 
pedigrees of the families were so small that linkage analysis could not yield significant evidence for linkage of the 
disease to the GSS locus. Next, we investigated GS RNA in cultured fibroblasts. Glutathione synthetase RNA 
could be detected by RT-PCR in fibroblast samples from all patients, but cDNA sequence analyses demonstrated 
exclusively abnormal splicing products in all patient samples. The mutation phenotypes included exon skipping, 
inclusion of pseudoexons, and activation of cryptic splice sites (Table 1 and Fig. 3). The lengths of the RT-PCR 
products corresponding to the two abnormal splice variants in patients GS 23, GS 33, and GS 35 differed by 70 
bases (Figure 3) and were separated on an agarose gel before sequencing. These three patients were unrelated but 
at least patient GS 23 was born to consanguineous parents. However, following identification of the non-coding 
exon upstream of the coding exons (Whitbread et al., 1998), a base substitution was identified in a homozygous 
state in patients GS 23, GS 33, and GS 35. All were homozygous for a transition five bases downstream of the 
non-coding exon 1 (c.-9+5G>A) in the splice donor site. Splice site analysis of the mutated sequence did not reveal 
any novel splice site consensus sequences. Genomic DNA was available from the parents of two of these patients 
(GS 23 and GS 33), and the parents were all heterozygous for the same transition. Unfortunately, no enzyme 
activity data or fibroblast cultures were available from the parents. However, we have sequenced 12 additional 
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alleles in patients with GS deficiency and 28 alleles from relatives of the patients and control individuals without 
observing this transition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Western blot analyses were performed on 30 µg protein extract from cultured fibroblasts (A). Lanes 1 and 9: 
healthy control individuals; lanes 2-8: patients; lane 10: unstained ladder; lane 11: heterozygous parent. Fibroblasts were 
available from two families: Patient GS 41 with parents (B), and patient GS 48 with parents (C). Lane 1: healthy control 
individual; lane 2: patient; lane 3: mother (heterozygous); lane 4: father (heterozygous). 

 
 
 

 
Table 1. Patient Data, Enzyme Activity, and Splicing Pattern 

Patient 
no. 

Sex (M/F) Consangunitiy GS activity 
(%) 

RNA splicing patternb Genomic mutationsb 

GS 23 F yes 5 [r.-21_-9del, r.-9_-8ins 
-9+1_-9+57; r.-9+5G>A] 

[c.-9+5G>A] +  
[c.-9+5G>A] 

GS 33 M ? 2 [r.-21_-9del, r.-9_-8ins 
-9+1_-9+57; r.-9+5G>A] 

[c.-9+5G>A] +  
[c.-9+5G>A] 

GS 35 M ? 11 [r.-21_-9del, r.-9_-8ins 
-9+1_-9+57; r.-9+5G>A] 

[c.-9+5G>A] +  
[c.-9+5G>A] 

GS 41 F ? 4 r.1112_1301del [?] + [?] 
GS 46 F yes 17 r.129_130ins129+1570_ 

129+1663 
[c.129+1663A>G] + 
[c.129+1663A>G] 

GS 47 M yes 2 r.129_130ins129+1570_ 
129+1663 

[c.129+1663A>G] + 
[c.129+1663A>G] 

GS 48 M yes 8 r.129_130ins129+1570_ 
129+1663 

[c.129+1663A>G] + 
[c.129+1663A>G] 

ain cultured fibroblasts, % of mean control values, nmol/h/min.  
bGenBank accession numbers AL133324.13 and NM_000178.2 (mRNA) were used for sequence referencing. Mutation 
nomenclature reflects the guidelines set by den Dunnen and Antonarakis (den Dunnen and Antonarakis, 2000) and the Mutation 
Nomenclature Homepage at the Human Genome Variation Society website (http://www.hgvs.org/mutnomen/). 
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Patient GS 41 showed skipping of exon 12. The entire introns preceding and following this exon were 
sequenced. The patient was homozygous for a nucleotide change downstream of exon 11 (c.1111+876G>A), but 
this change did not create a consensus splice site or disrupt a branch site. Further more, the same sequence change 
was identified in a homozygous state in the healthy father. 

In patients GS 46, GS 47, and GS 48, a homozygous mutation was identified: c.129+1663A>G. DNA was 
available from the parents of all of these patients, and the sequence change was identified in all six in a 
heterozygous state. The mutated sequence introduced a splice donor site immediately downstream of the 
pseudoexon activating a cryptic consensus splice acceptor site immediately upstream of the same pseudoexon. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The aberrant splicing patterns identified in the patients. The genomic 
elements are not drawn to scale. Patients GS 23, GS 33, and GS 35 exhibited (A) an 
inclusion of the first 57 bases of intron 1 and (B) a deletion of the last 13 bases of exon 
1; (C) patient GS 41 was homozygous for a mutation leading to skipping of exon 12; 
(D) patients GS 46, GS 47, and GS 48 were homozygous for a mutation leading to the 
inclusion of a pseudoexon from the intronic sequence between exons 2 and 3. 

 

DISCUSSION 

Diagnostic investigation of index patients with suspected disorders in GSH metabolism will most likely 
continue to rely on a combination of clinical, biochemical, and genetic data. For additional pregnancies in the same 
families, genetic investigation is likely to be the preferable technique to establish the diagnosis. The most 
important findings of the present investigation are that (1) a considerable fraction of families with GS deficiency 
exhibit mutations that are not detected by amplification and sequence analysis of individual exons from genomic 
DNA and (2) disease-causing mutations in intron sequences leading to aberrant splicing patterns as opposed to 
missense mutations are associated with undetectable protein levels and lysates from cultured fibroblasts.  

RT-PCR analysis of GS mRNA offers several diagnostic advantages. Screening methods such as single strand 
conformational polymorphism (SSCP) with a sensitivity of approximately 70-90 % to detect mutations in the 
analyzed exons is likely to detect merely 50-70 % of the mutations in families with GS deficiency, considering the 
present report of seven of 30 families exhibiting intronic mutations. Given the large number of different mutations 
in the GSS gene (Shi et al., 1996; Dahl et al., 1997), screening for already reported mutations in new patients, by 
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e.g. allele specific PCR, is of limited value. Also, sequence analysis of exons and exon-intron boundaries in 
genomic DNA may fail to detect mutations activating cryptic splice sites that may lead to e.g. exon skipping or 
inclusion of pseudoexons in the processed mRNA. In addition to this, splice mutations can be situated within 
coding sequences and therefore be misclassified as missense mutations (Cooper and Mattox, 1997). The decreased 
enzyme activity may thus result from the splice defect rather than from the substitution of a single amino acid 
residue. RT-PCR analysis of RNA from cultured fibroblasts offers a powerful approach to detect such splice 
mutations. However, this method may be less sensitive in the detection of missense mutations associated with 
lower levels of RNA expression. Compound heterozygous patients with one missense mutation and one mutation 
rendering the corresponding mRNA unstable may erroneously be identified as homozygous for the missense 
mutation. In fact, we have experienced that heterozygous missense mutations in our patients are not reproducibly 
detectable by RT-mediated sequence analysis. Presently, we prefer sequencing of exons in genomic DNA and RT-
PCR of RNA from cultured fibroblasts in all patients. 

In the present investigation, all patients exhibited undetectable protein levels of GS in cultured fibroblasts while 
heterozygous parents exhibited approximately half of the protein levels in control samples. This is in marked 
contrast to patients with missense mutations who exhibit levels readily detectable through Western blot analysis. 
Future studies will address whether the enzyme activity of in vitro expressed mutant enzymes or lysates of cultured 
fibroblasts is correlated to the type of mutation or clinical phenotype. As evident from the present investigation, 
data regarding GS level and activity in cultured fibroblast can indicate the type of mutation involved. 

In three of the patients, GS 23, GS 33 and GS 35, two different RNA splice products were identified. However, 
only one sequence change was identified at the genomic level, and in a homozygous state (c.-9+5G>A). No 
additional changes could be detected within the 0.4 kb intronic sequence downstream of this change. All six 
parents were heterozygous for the same transition. Forty alleles from additional GS patients, their relatives, and 
controls were without this sequence change. We suggest that the homozygous base change in the splice donor 
region causes the two alternatively spliced transcripts. The facts that the patients are unrelated, no correctly spliced 
mRNA could be detected, the residual enzyme activities were in the homozygous range, and no enzyme could be 
detected by Western blot analysis support this. 

Patient GS 41 showed skipping of exon 12. The homozygous G>A transition detected 1 kb in front of the 
spliced out sequence was also found on both alleles in the healthy father, and therefore not disease-causing. 

The last three patients, GS 46, GS 47, and GS 48 exhibited a pseudoexon between exons 2 and 3. A 
homozygous mutation (c.129+1663A>G) was identified introducing a consensus splice donor site activating a 
cryptic splice acceptor site 95 bases upstream, producing the 94 nucleotide insert. 

The central role of GSH in many essential cellular functions has raised the question whether a complete lack of 
GS activity is compatible with life. Previous analyses of missense mutations have not identified patients with 
homozygous mutations leading to a null phenotype as all mutant enzymes have shown some residual activity. 
Interestingly, three patients of the present investigation exhibited an insertion between exons 2 and 3 resulting in a 
frame shift and introduction of a premature stop codon (GS 46, GS 47, GS 48). Although this severely truncated 
and aberrant peptide has not been expressed and analyzed in vitro, this genotype is most likely associated with a 
GS null phenotype. GS activity as measured by the present methodology in crude fibroblast lysates from these 
patients was low, albeit detectable and quite variable. A possible explanation for their residual activity might be 
that the splice mutation is in fact leaky, and that minute amounts of normally functioning enzyme is produced. 
However, this could not be detected with our current arsenal of methods. 

We had speculated that some of the patients in the present investigation lacking detectable enzyme levels might 
have carried promoter mutations causing the poor expression. Little is known about the regulatory elements of 
GSS. Consequently, the search for anomalities was focused on the protein and RNA levels. Based on our results, 
promoter changes appears to be a rare cause of disease, at least in comparison to missense and splice mutations, as 
all patients were identified as having splice aberrations. The possibility to upgrade the expression of the GSS gene 
may be limited as indicated by enzyme level and activity in healthy heterozygotes. However, it remains to be seen 
whether heterozygous healthy individuals under certain conditions, e.g. increased oxidative stress, may develop 
symptoms of GS deficiency and then increase the expression of the wild type allele to compensate.  

In conclusion, a considerable fraction of patients with inherited GS deficiency exhibit splice mutations that are 
not readily detected by PCR-mediated sequence analysis of individual exons and exon-intron boundaries from 
genomic DNA. Instead, these patients carry mutations leading to abnormal splicing patterns and can be diagnosed 
using RT-PCR.  
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