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Background: We describe the genetic profiles of Korean patients with glucose-6-phosphate 
dehydrogenase (G6PD) deficiencies and the effects of G6PD mutations on protein stability 
and enzyme activity on the basis of in silico analysis. 

Methods: In parallel with a genetic analysis, the pathogenicity of G6PD mutations detected 
in Korean patients was predicted in silico. The simulated effects of G6PD mutations were 
compared to the WHO classes based on G6PD enzyme activity. Four previously reported 
mutations and three newly diagnosed patients with missense mutations were estimated.

Results: One novel mutation (p.Cys385Gly, labeled G6PD Kangnam) and two known mu-
tations [p.Ile220Met (G6PD São Paulo) and p.Glu416Lys (G6PD Tokyo)] were identified in 
this study. G6PD mutations identified in Koreans were also found in Brazil (G6PD São Paulo), 
Poland (G6PD Seoul), United States of America (G6PD Riley), Mexico (G6PD Guadalajara), 
and Japan (G6PD Tokyo). Several mutations occurred at the same nucleotide, but resulted 
in different amino acid residue changes in different ethnic populations (p.Ile380 variant, 
G6PD Calvo Mackenna; p.Cys385 variants, Tomah, Madrid, Lynwood; p.Arg387 variant, 
Beverly Hills; p.Pro396 variant, Bari; and p.Pro396Ala in India). On the basis of the in silico 
analysis, Class I or II mutations were predicted to be highly deleterious, and the effects of 
one Class IV mutation were equivocal. 

Conclusions: The genetic profiles of Korean individuals with G6PD mutations indicated 
that the same mutations may have arisen by independent mutational events, and were 
not derived from shared ancestral mutations. The in silico analysis provided insight into 
the role of G6PD mutations in enzyme function and stability. 
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INTRODUCTION 

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the 

most prevalent X-linked enzymopathy. G6PD is the first enzyme 

in the pentose phosphate pathway, and NADPH generated by 

the pathway provides an important source for intracellular re-

duction, particularly for red blood cells (RBCs) [1]. Since G6PD 

is the only NADPH-producing enzyme in RBCs, its activity in 

these cells provides defense against oxidative damage. Acute 

hemolytic anemia is a common clinical symptom of the defi-

ciency, but G6PD-deficient individuals usually have no clinical 

manifestations and remain asymptomatic until they are exposed 

to a hemolytic trigger. The triggers include various exogenous 

agents, such as infection and hemolysis-inducing drugs, and 
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can each cause jaundice, hyperbilirubinemia, and hemoglobin-

uria. When a G6PD deficiency is suspected, a patient receives 

various tests, including a complete blood count (CBC) with re-

ticulocyte count, direct and indirect bilirubin levels, lactate de-

hydrogenase (LDH), Coombs test, and G6PD enzyme activity. A 

genetic analysis by G6PD sequencing is also available. 

According to the WHO classification, G6PD deficiency is di-

vided into five classes on the basis of the severity of the enzyme 

deficiency as measured by the level of RBC G6PD activity and 

clinical manifestations [2]. The majority of patients with G6PD 

deficiency belong to Class II, characterized by a severe enzyme 

deficiency, but rare G6PD-deficient individuals fall into Class I, 

with an even more severe enzyme deficiency related to chronic 

non-spherocytic hemolytic anemia (CNSHA). Genetic diagnostic 

methods can be used to identify asymptomatic patients who are 

not in an acute aggravation state, even those with a Class IV G6PD 

deficiency, with enzyme activity levels within the normal, refer-

ence range, but who have the potential for aggravation in response 

to triggers. 

Since G6PD Riley and Guadalajara were first reported by our 

institute [3, 4], two additional G6PD deficiency patients have 

been genetically confirmed in Korea [5, 6]. We described three 

more Korean cases of genetically confirmed G6PD deficiency, 

covering the laboratory profiles of all seven patients including 

previously reported cases, and investigated mutations in G6PD 

using an in silico approach. We also compared the simulated 

effects of the G6PD mutations to WHO classes according to the 

level of enzyme activity in RBCs and clinical manifestations.

METHODS

1.	Patients
All seven known Korean male patients with G6PD mutations in-

cluding four previously reported cases were examined. The seven 

patients experienced episodes of acute aggravation of hemolytic 

anemia with decreased G6PD enzyme activity. Among them, 

three patients were newly diagnosed as G6PD-deficient in this 

study. The G6PD enzyme activity levels in the RBCs of all three 

patients were low, i.e., 10.5, 2.1, and 0.8, respectively (reference 

range for men: 7.9–16.3 U/g Hb). The study protocol was ap-

proved by the Institutional Review Board of The Catholic Univer-

sity of Korea, and written informed consent for clinical and mo-

lecular analyses was obtained from the three newly diagnosed 

cases. 

2.	Biochemical analysis of G6PD enzyme activity levels 
A spectrophotometric assay was used to quantify G6PD enzyme 

activity (Ben S.r.l. Biochemical Enterprise, Milan, Italy) by mea-

suring the formation of NADPH molecules (based on absorbance 

at 340 nm). Fluorescence was detected by using a Hitachi U-3010 

UV-Visible, Scanning Spectrophotometer (Hitachi, Tokyo, Japan).

3.	Direct sequencing
A genetic analysis was performed by direct sequencing of the 

G6PD. Genomic DNA was extracted from peripheral blood by 

using a QIAamp DNA Mini Kit (Qiagen GmbH, Hilden, Germany). 

Entire coding exons and flanking intronic sequences of G6PD 

were amplified by PCR using different combinations of 11 primer 

sets designed using Primer3 (http://bioinfo.ut.ee/primer3/) by 

the authors. Direct sequencing of PCR products was performed 

by using the BigDye Terminator v3.1 Cycle Sequencing Kit (Ap-

plied Biosystems, Foster City, CA, USA), and the products were 

resolved on the ABI 3130XL Genetic Analyzer (Applied Biosys-

tems). Sequence electropherograms were analyzed by using 

Sequencher 4.9 (Gene Codes, Ann Arbor, MI, USA). The G6PD 

sequence with RefSeq ID NM_001042351.2 was used as a ref-

erence for cDNA nucleotide numbering. All identified variants 

were confirmed by bidirectional resequencing. 

4.	In silico analysis of identified amino acid residues
1)	Sequence variant databases
Other G6PD mutations at the identified amino acid residues were 

retrieved from the Human Gene Mutation Database (HGMD, http: 

//www.hgmd.cf.ac.uk/) [7], ClinVar (http://www.ncbi.nlm.nih.gov/ 

clinvar/) [8], and the 1000 Genomes Project (http://browser.1000 

genomes.org/) [9]. The Exome Aggregation Consortium (ExAC, 

http://exac.broadinstitute.org/) was also searched; this source 

provides exome sequencing data from a variety of large-scale 

sequencing projects, including 60,706 unrelated individuals, 

and serves as a useful reference set of allele frequencies for se-

vere disease studies. An allele frequency of less than 0.001 in-

dicates that a variant is rare in the healthy population and the 

variant can be interpreted as a pathogenic mutation. The Exome 

Variant Server (EVS, http://evs.gs.washington.edu/EVS/), which 

includes 6,503 samples drawn from multiple ESP (Exome Se-

quencing Project) cohorts, representing all ESP exome variant 

data, the Korean Reference Genome DataBase (KRGDB, http: 

//152.99.75.168/KRGDB/menuPages/firstInfo.jsp/), which har-

bors whole genome sequencing data for 622 Korean individu-

als, and the Total Integrated Archive of short-Read and Array 

(TIARA, http://tiara.gmi.ac.kr/) database, including data gener-
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ated by next-generation sequencing and high-resolution com-

parative genomic hybridization arrays, were also searched.

2)	Computational prediction tools
There are many prediction tools for the effects of genetic vari-

ants that use various methods for prediction. These tools pro-

vide useful information, but sometimes the predictions for the 

same variant do not agree. Thus, several prediction tools were 

compared to evaluate the mutations identified in Korean pa-

tients. On the basis of this comparative analysis, the most suit-

able method for predicting the effects of G6PD mutations was 

identified. The following widely established computational pre-

diction methods were applied: the evolution-based prediction 

tools including Sorting Intolerant From Tolerant (SIFT, http://sift.

jcvi.org/) [10], the Protein Variation Effect Analyzer (PROVEAN, 

http://provean.jcvi.org/) [11], Multivariate Analysis of Protein Poly-

morphisms (MAPP, http://mendel.stanford.edu/SidowLab/down-

loads/MAPP/) [12], and Align-GVGD (http://agvgd.iarc.fr/agvgd_

input.php) [13]. Protein structure and function were assessed 

by using straightforward comparative physical and evolutionary 

analyses and sequence- and structure-based bioinformatics tools, 

such as Polymorphism Phenotyping v2 (PolyPhen-2, http://ge-

netics.bwh.harvard.edu/pph2/) [14], MutPred (http://mutpred.

mutdb.org/) [15], and SNPeffect 4.0 (http://snpeffect.switchlab.

org/) [16]. 

3)	Evolutionary conservation analysis
To assess the extent of conservation of the G6PD amino acid 

residues thought to be associated with disease, the deduced 

amino acid sequences were compared by aligning the protein 

sequences of various vertebrate species obtained from the Evo-

lutionary Annotation Database (Evola, http://www.h-invitational.

jp/evola/) and conservation was then quantified by using Score-

cons [17]. The Scorecons analysis generates a composite score 

that accounts for amino acid frequencies, stereochemical diver-

sity, gap penalties, and sequence weighting (http://www.ebi.ac. 

uk/thornton-srv/databases/cgi-bin/valdar/scorecons_server.pl). 

The overall diversity of all position scores for the G6PD protein 

sequence was 0.529, ranging from 0 for non-conserved residues 

to 1 for highly conserved residues. A G6PD multiple sequence 

alignment was constructed using the following taxa, which rep-

resent broad phylogenetic diversity: human (Homo sapiens; HIT

000029531), orangutan (Pongo; ENSPPYT00000024358), ma-

caque (Macaca; XM_001095273), mouse (Mus; BC075663), 

rat (Rattus; BC081820), horse (Equus; XM_001492232), opos-

sum (Monodelphis; XM_001362790), zebrafish (Danio; XM_694076), 

medaka (Oryzias; ENSORLT00000015543), and fugu (Takifugu; 

SINFRUT00000143893).

RESULTS

1.	�Genetic and phenotypic characteristics of G6PD 
deficiencies in Korean patients

Seven missense mutations were identified as hemizygous (Table 

1) in male patients with G6PD deficiencies. Among the seven 

mutations, five were identified at our institute; one novel muta-

tion (p.Cys385Gly named as G6PD Kangnam) and two known 

mutations (p.Ile220Met [G6PD São Paulo] [18] and p.Glu416Lys 

[G6PD Tokyo] [19]) were newly identified in the Korean popula-

tion in this study. Two known mutations (p.Arg387Cys [G6PD 

Guadalajara] [20] and p.Ile380Thr [G6PD Riley] [21]) were re-

ported previously by other researchers [3, 4] at our institute. In 

addition to these five mutations, we found two missense muta-

tions (p.Gly306Ser [G6PD Seoul] [5] and p.Pro396Arg [unnamed] 

Table 1. Missense mutations in the G6PD reported in Korean patients with G6PD deficiency

Case  
  No.

S/A
G6PD 

(U/g Hb)
WHO 

category
Hb 

(g/L)
MCV 
(fL)

MCH 
(pg)

MCHC 
(%)

Reti 
(%)

LDH 
(U/L)

T-Bil 
(mg/dL)

cDNA 
change

Protein 
change

Location Annotation References

1 M/7   1.8 Class I 0.26 NA NA NA NA NA NA c.1139T>C p.Ile380Thr Exon10 Riley Park et al, 1999 [3]

2 NA/NA NA Class II NA NA NA NA NA NA NA c.916G>A p.Gly306Ser Exon9 Seoul Beutler et al, 2002 [5]

3 M/2   0.5 Class I 1.21 10.5 33.3 31.2 10.4 1,329 5.56 c.1159C>T p.Arg387Cys Exon10 Guadalajara Lee et al, 2004 [4]

4 M/2   0.2 Class I 1.02 NA NA NA 15.6 NA NA c.1187C>G p.Pro396Arg Exon10 No name Jang et al, 2015 [6]

5 M/3 10.5 Class IV 1.21 97.0 33.3 34.4 9.65 2,000 14.83 c.660C>G p.Ile220Met Exon7 São Paulo This study

6 M/5   2.1 Class I 1.11 95.1 31.9 33.5 3.63 1,151 1.1 c.1153T>G p.Cys385Gly Exon10 Kangnam* This study

7 M/2   0.8 Class I 0.69 94.9 31.2 32.8 5.82 459 0.6 c.1246G>A p.Glu416Lys Exon10 Tokyo This study

*Novel mutation identified and annotated in this study.
Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; S/A, sex/age (years); MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; 
MCHC, mean corpuscular hemoglobin concentration; Reti, reticuloscyte; T-Bil, total bilirubin; LDH, lactate dehydrogenase; NA, not available.
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[6]) in a literature review. Mutations affecting the same residue 

(Cys385) as that of G6PD Kangnam, but resulting in different 

amino acid changes, p.Cys385Arg (G6PD Tomah) [22], p.Cys-

385Trp (G6PD Madrid) [23], and p.Cys385Phe (Lynwood) [24], 

have been described in different ethnic groups. 

The three newly diagnosed patients as having G6PD deficiency 

were characterized. Patient of case 5 was a 3-yr-old boy who 

suffered from fever and jaundice. He had no family history of 

hematologic disorders. CBC showed the following: Hb 0.96 g/L, 

mean corpuscular volume (MCV) 101.3 fL, mean corpuscular 

Hb (MCH) 32.3 pg, mean corpuscular Hb concentration (MCHC) 

31.9%, reticulocyte 17.18%, and undetectable G6PD enzyme 

activity. The Coombs test and osmotic fragility test were nega-

tive. After one week, he recovered from the acute aggravation. 

The G6PD enzyme level increased to 10.5 U/g Hb, and the G6PD 

deficiency was categorized as Class IV according to the WHO 

classification. Sanger sequencing of the G6PD revealed a c.660C 

>G (p.Ile220Met) mutation, which was previously reported as 

G6PD São Paulo [18]. 

Patient of case 6 was a 5-yr-old boy who suffered from a fever 

and a pale appearance. He had no family history of hematologic 

disorders. He visited our hospital after recovery from the acute 

aggravation. The Coombs test and the osmotic fragility test were 

negative. The G6PD enzyme level was 2.1 U/g Hb without acute 

aggravation. His condition was classified as Class I G6PD defi-

ciency according to the WHO classification owing to the severely 

decreased enzyme activity with CNSHA. Sanger sequencing re-

vealed a c.1153T>G (p.Cys385Gly) mutation in G6PD. This 

mutation was not reported previously; therefore, we named the 

mutation G6PD Kangnam. Interestingly, mutations affecting the 

same residue as that of G6PD Kangnam, but resulting in differ-

ent amino acid changes, p.Cys385Arg (G6PD Tomah) [22], 

p.Cys385Trp (G6PD Madrid) [23], and p.Cys385Phe (G6PD Lyn-
wood) [24], have been previously described in different ethnic 

groups.

Patient of case 7 was a 2-yr-old boy who had a fever and a 

pale appearance. He had a family history of anemia (maternal 

uncle and younger brother). With acute aggravation, the G6PD 

level was 0.8 U/g Hb. His condition was classified as Class I G6PD 

deficiency according to the WHO classification. Sanger sequenc-

ing revealed a c.1246G>A (p.Glu416Lys) mutation, which is 

known as G6PD Tokyo [19].

Four additional mutations were previously reported in Korean 

individuals. A case study of patient 2, with the G6PD Seoul mu-

tation, was not published, but was described in a later study [5]. 

The mutation was c.916G>A in exon 9 and a patient with the 

same mutation was classified as Class II in a later report (the 

G6PD activity level was 1.6 U/g Hb and there was no CNSHA). 

Patient 1 was a 7-yr-old boy who presented with mild jaundice 

and dyspnea. He had neonatal jaundice and recurrent nons-

pherocytic hemolytic anemia with type B hepatitis. CBC showed 

an Hb of 0.26 g/L and G6PD activity of 1.8 U/g Hb. On the ba-

sis of CNSHA, the patient was Class I according to the WHO clas-

sification. He had three brothers who died from severe neonatal 

jaundice and acute hemolytic anemia. The mutation was c.1139T 

>C on exon 10 of G6PD. Patient 3 was a 22-month-old boy who 

presented with jaundice and anemia. He had no family history 

of hematologic disorders. CBC results were as follows: Hb 0.62 

g/L, MCH 33.3 pg, MCHC 31.2%, MCV 106.6 fL and reticulocyte 

10.4%. A peripheral blood smear revealed anisocytosis, poikilo-

cytosis, and macrocytosis. Total bilirubin was 5.56 mg/dL, direct 

bilirubin was 0.57 mg/dL, LDH was 1,329 U/L, and G6PD activ-

ity was 0.5 U/g Hb. The patient belonged to Class I according to 

the WHO classification. Based on sequencing, the mutation was 

c.1159C>T in exon 10 of G6PD. Patient 4 was a 20-month-old 

boy who presented with chronic hemolytic anemia and several 

episodes of acute exacerbation. His Hb level was 1.02 g/L, and 

G6PD enzyme level was 0.2 U/g Hb. The patient belonged to 

Class I according to the WHO classification. The mutation was 

documented as c.1187C>G in exon 10.

2.	Effect of mutations on disease manifestation
In an in silico analysis, G6PD mutations associated with Class I 

or II were predicted to be highly deleterious on the basis of their 

effects on protein structure and function, whereas the effects of 

Class IV mutations were unclear. Scorecons, an evolutionary con-

servation predictor, showed that the residues were located in highly 

conserved regions (Table 2). In terms of evolution-based sequence 

diversity, the overall diversity based on all position scores for the 

G6PD protein sequence was 0.529, ranging from 0 for non-con-

served residues to 1 for highly conserved residues. Mutations 

affecting the same residue, such as p.Ile380, p.Cys385, p.Arg387, 

and p.Pro396, were predicted to be pathogenic on the basis of 

codon changes (Table 3). FoldX predicted alterations in protein 

stability, except for G6PD São Paulo, which has been reported 

in the ExAC database at an extremely low frequency, i.e., 1.141 

×10-5 (Fig. 1A and B, Table 4). For the Class IV mutation, G6PD 
São Paulo, an in silico analysis using SIFT, PROVEAN, PolyPhen-2, 

Align-GVGD, and the FoldX implemented in SNPeffect 4.0 pre-

dicted a relatively mild effect, consistent with the observed en-

zyme activity levels.
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Table 2. In-silico analysis of missense mutations of the G6PD gene reported in Korean patients with G6PD deficiency

Annotation
G6PD 

(U/g Hb)
WHO  

category
SIFT PROVEAN PolyPhen-2 MutPred MAPP Align-GVGD* Scorecons† FoldX 

(Stability)

São Paulo 10.5 Class IV Tolerated 
(0.19)

Neutral 
(-2.315)

Possibly damaging 
(0.482)

Deleterious 
(0.638)

Bad 
(15.70)

Class C0 
(GD 10.12)

Conserved (1) No effect 

Seoul NA Class II Damaging 
(0.02)

Deleterious 
(-5.521)

Probably damaging 
(0.975)

Deleterious 
(0.879)

Good 
(7.5)

Class C55 
(GD 55.27)

Conserved (1) Reduced

Riley 1.8 Class I Damaging 
(0.00)

Deleterious 
(-4.355)

Probably damaging 
(0.998)

Deleterious 
(0.886)

Bad 
(19.6)

Class C65 
(GD 89.28)

Conserved (1) Slightly 
reduced

Kangnam* 2.1 Class I Tolerated 
(0.20)

Deleterious 
(-4.236)

Benign 
(0.007)

Deleterious 
(0.750)

Bad 
(15.41)

Class C65 
(GD 158.23)

Conserved (1) Slightly 
reduced

Guadalajara 0.5 Class I Damaging 
(0.00)

Deleterious 
(-7.069)

Probably damaging 
(0.998)

Deleterious 
(0.857)

Bad 
(29.01)

Class C65 
(GD 179.53)

Conserved (1) Reduced

No name 0.2 Class I Damaging 
(0.00)

Deleterious 
(-8.120)

Probably damaging 
(1.000)

Deleterious 
(0.915)

Bad 
(41.48)

Class C65 
(GD 102.71)

Conserved (1) Reduced

Tokyo 0.8 Class I Tolerated 
(0.30)

Deleterious 
(-2.574)

Probably damaging 
(0.991)

Deleterious 
(0.722)

Bad 
(19.98)

Class C55 
(GD 56.87)

Conserved (1) Slightly 
enhanced

*Novel mutation identified and annotated in this study; †Multiple alignments of different vertebrate species obtained from Evolutionary annotation database 
(http://www.h-invitational.jp/evola/).
Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; NA, not available.

Table 3. In-silico analysis of missense mutations of G6PD located on same position of amino acid residues identified in Korean G6PD defi-
ciencies

Annotation Protein change
WHO 

category
SIFT PROVEAN PolyPhen-2 MutPred MAPP Align GVGD* Scorecons*

Riley (Case 3) p.Ile380Thr Class I Damaging 
(0.00)

Deleterious 
(-4.355)

Probably damaging 
(0.998)

Deleterious 
(0.886)

Bad (19.6) Class C65  
(GD 89.28)

Conserved (1)

Calvo Mackenna p.Ile380Val Class I Tolerated 
(0.16)

Neutral 
(-0.904)

Possibly damaging 
(0.705)

Deleterious 
(0.744)

Bad (10.65) Class C25  
(GD 28.68)

Conserved (1)

Kangnam†  
   (Case 4)

p.Cys385Gly Class I Tolerated 
(0.20)

Deleterious 
(-4.236)

Benign 
(0.007)

Deleterious 
(0.750)

Bad (15.41) Class C65  
(GD 158.23)

Conserved (1)

Tomah p.Cys385Arg Class I Tolerated 
(0.21)

Deleterious 
(-4.100)

Probably damaging 
(0.976)

Deleterious 
(0.829)

Bad (34.86) Class C65 
(GD 179.53)

Conserved (1)

Madrid p.Cys385Trp Class I Tolerated 
(0.11)

Deleterious 
(-4.446)

Probably damaging 
(0.999)

Deleterious 
(0.774)

Bad (32.95) Class C65 
(GD 214.36)

Conserved (1)

Lynwood p.Cys385Phe Class I Tolerated 
(0.68)

Deleterious 
(-3.801)

Probably damaging 
(0.976)

Deleterious 
(0.724)

Bad (21.32) Class C65 
(GD 204.39)

Conserved (1)

Guadalajara  
   (Case 5)

p.Arg387Cys Class I Damaging 
(0.00)

Deleterious 
(-7.069)

Probably damaging 
(0.998)

Deleterious 
(0.857)

Bad (29.01) Class C65 
(GD 179.53)

Conserved (1)

Beverly Hills p.Arg387His Class I Damaging 
(0.01)

Deleterious 
(-4.456)

Probably damaging 
(1.000)

Deleterious 
(0.834)

Bad (14.41) Class C25 
(GD 28.82)

Conserved (1)

Not annotated  
   (Case 6)

p.Pro396Arg Class I Damaging 
(0.00)

Deleterious 
(-8.120)

Probably damaging 
(1.000)

Deleterious 
(0.915)

Bad (41.48) Class C65 
(GD 102.71)

Conserved (1)

Not annotated p.Pro396Ala Class I Damaging 
(0.00)

Deleterious 
(-7.218)

Probably damaging 
(0.997)

Deleterious 
(0.921)

Bad (20.00) Class C25 
(GD 26.87)

Conserved (1)

Bari p.Pro396Leu Class I Damaging 
(0.00)

Deleterious 
(-9.023)

Probably damaging 
(1.000)

Deleterious 
(0.909)

Bad (26.92) Class C65 
(GD 97.78)

Conserved (1)

*Multiple alignments of different vertebrate species obtained from Evolutionary annotation database (http://www.h-invitational.jp/evola/); †Novel mutation iden-
tified and annotated in this study.
Abbreviation: G6PD, glucose-6-phosphate dehydrogenase.
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DISCUSSION

G6PD deficiencies selectively affect RBCs via two mechanisms. 

First, most known mutations decrease enzyme stability. Since 

these cells do not have the ability to synthesize proteins and re-

plenish their enzyme levels, the enzyme level decreases as cells 

age during their 120-day lifespan in circulation. Second, G6PD 

activity is decreased, and the diminished ability of RBCs to with-

stand stress increases the risk of destruction by hemolysis. 

To date, approximately 186 G6PD mutations have been docu-

mented, most of which (85%, 159/186) are single nucleotide 

substitutions leading to missense variants [25]. This and previ-

ous studies have revealed identical G6PD mutations in different 

countries around the world. Since 1999, when G6PD Riley was 

reported at our institute, seven G6PD mutation types have been 

identified in Korea. The same mutations have also been found 

in Brazil (G6PD São Paulo) [18], Poland (G6PD Seoul) [26], Amer-

icas (G6PD Riley) [21], Mexico (G6PD Guadalajara) [20], and 

Japan (G6PD Tokyo) [19]. In addition, several mutations can oc-

cur at the same nucleotide position, but result in different amino 

acid changes in different ethnic populations. For example, p.Cys385 

variants have been reported as G6PD Kangnam as well as G6PD 

Tomah [22], Madrid [23], and Lynwood [24]. In addition, p.Pro396 

variants have been described as p.Pro396Arg in Korean individ-

Fig. 1. Molecular visualization of the wild-type (WT) (left) and variant (right) amino acid using the FoldX function of SNPeffect 4.0. If the 
mutation destabilizes the structure, ddG (ΔΔG) is increased, whereas stabilizing mutations decrease ddG. Since the FoldX error margin is 
approximately 0.5 kcal/mol, changes in this range are considered insignificant. (A, B) The mutation from Ile (red in A) to Met (red in B) at 
position 220 resulted in a ddG of -0.38 kcal/mol. This implies that the mutation had no effect on protein stability. (C, D) The mutation from 
Gly (red in C) to Ser (red in D) at position 306 resulted in a ddG of 2.81 kcal/mol. This implies that the mutation reduced protein stability. (E, 
F) The mutation from Ile (red in E) to Thr (red in F) at position 380 resulted in a ddG of 0.56 kcal/mol. This implies that the mutation slight-
ly reduced protein stability. (G, H) The mutation from Cys (red in G) to Gly (red in H) at position 385 resulted in a ddG of 0.65 kcal/mol. This 
implies that the mutation slightly reduced protein stability. (I, J) The mutation from Arg (red in I) to Cys (red in J) at position 387 resulted in 
a ddG of 2.18 kcal/mol. This implies that the mutation reduced protein stability. (K, L) The mutation from Pro (red in K) to Arg (red in L) at 
position 396 resulted in a ddG of 3.19 kcal/mol. This implies that the mutation reduced protein stability. (M and N) The mutation from Glu 
(red in M) to Lys (red in N) at position 416 resulted in a ddG of -0.86 kcal/mol. This implies that the mutation slightly enhanced protein sta-
bility.
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Table 4. Public variant databases of missense mutations of G6PD located on same position of amino acid residues identified in Korean 
G6PD deficiencies

HGMD ClinVar ExAc EVS KRGDB TIARA

Ethnicity

Samples

East and South Asian, African, 
European, Latino, and other

43,806

European- and 
African-American

6,503

Korean

622

Korean

28*

X:153762360 (p.Ile220Met) CM0910658 Not reported 1.141×10-5  
(2.087×10-5 in European)

Not reported Not reported Not reported

X:153761292 (p.Gly306Ser) CM952139 Not reported Not reported Not reported Not reported Not reported

X:153760916 (p.Cys385Gly) Not reported Not reported Not reported Not reported Not reported Not reported

X:153760916 (p.Cys385Arg) CM930277 rs137852322 Not reported Not reported Not reported Not reported

X:153760914 (p.Cys385Trp) CM970548 Not reported Not reported Not reported Not reported Not reported

X:153760915 (p.Cys385Phe) CM973148 Not reported Not reported Not reported Not reported Not reported

X:153760930 (p.Ile380Thr) CM950508 Not reported Not reported Not reported Not reported Not reported

X:153760931 (p.Ile380Val) CM950509 Not reported Not reported Not reported Not reported Not reported

X:153760910 (p.Arg387Cys) CM920285 rs137852334 Not reported Not reported Not reported Not reported

X:153760909 (p.Arg387His) CM930279 rs137852321 Not reported Not reported Not reported Not reported

X:153760882 (p.Pro396Arg) Not reported Not reported Not reported Not reported Not reported Not reported

X:153760882 (p.Pro396Ala) CM067413 Not reported Not reported Not reported Not reported Not reported

X:153760883 (p.Pro396Leu) CM940798 Not reported Not reported Not reported Not reported Not reported

X:153760823 (p.Glu416Lys) CM920288 Not reported Not reported Not reported Not reported Not reported

HGMD, Human Gene Mutation Database, http://www.hgmd.cf.ac.uk/.
ClinVar, http://www.ncbi.nlm.nih.gov/clinvar/.
ExAc, The Exome Aggregation Consortium, http://exac.broadinstitute.org/.
EVS, Exome Variant Server, http://evs.gs.washington.edu/.
KRGDB, Korean Reference Genome DB, http://152.99.75.168/KRGDB/.
TIARA, Totally Integrated high-resolution Array cgh data and high-throughput sequencing Read data Archive, http://tiara.gmi.ac.kr/.
*12 whole genomes and 16 transcriptomes
Abbreviation: G6PD, glucose-6-phosphate dehydrogenase.

uals [6], p.Pro396Ala in Indian individuals [27], and p.Pro396Leu 

in Italian individuals [28]. These findings and previous studies 

imply that the same mutations may have arisen by independent 

mutation events in Korea, rather than being inherited from com-

mon ancestral mutations [18-21, 26].

All of the G6PD mutations affected coding regions, and none 

has been described in a regulatory region. This suggests that 

reduced enzyme activity levels are associated with decreased 

enzyme activity in the G6PD-deficient phenotype, rather than 

deficiencies in gene expression [25, 29]. With respect to geno-

type–phenotype associations, the frequencies of Class I muta-

tions found in exon 10 are significantly higher than those in other 

exons in G6PD deficiency cases [25]. Mutations located in this 

region, which encodes the binding interface between the sub-

units, have a highly deleterious effect on enzyme activity by dis-

rupting the quaternary structure and stability of the protein, and 

appear to be the most easily identifiable in the general popula-

tion [1]. 

In parallel with a genetic analysis, the pathogenicity of each 

G6PD mutation detected in the Korean patients was predicted 

by using an in silico analysis according to WHO classes. Class I 

mutations were predicted to be highly deleterious, while the ef-

fects of one Class IV mutation were equivocal. However, all mu-

tations in Korean patients with G6PD deficiencies were located 

in residues that were conserved across various species. A high 

degree of evolutionary conservation of certain gene regions is 

essential for enzyme function and cell survival. Similar to a pre-

vious study [18], our G6PD São Paulo mutation with G6PD ac-

tivity of 10.5 U/g Hb was categorized as Class IV, near the dimer 

interface. Rare Class IV mutations [5, 18, 30-32] showing nearly 

normal G6PD activity can be overlooked because molecular anal-

yses of G6PD are only considered when episodes of hemolytic 

crisis occur. 

In summary, identical G6PD mutations associated with G6PD 

deficiencies in Korean patients may have arisen by independent 

mutation events. An in silico analysis provided insight into the 
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roles of G6PD mutations from evolutionary and structure-based 

computational points of view. Further investigations involving 

more Koreans with G6PD deficiencies are needed to clarify the 

relationship between the clinical manifestations and mutational 

spectrum related to this enzyme deficiency.
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