International Journal of

Molecular Sciences
Review

Glucose-6-Phosphate Dehydrogenase: Update and
Analysis of New Mutations around the World
Saúl Gómez-Manzo 1, *, Jaime Marcial-Quino 2, *, America Vanoye-Carlo 3 ,
Hugo Serrano-Posada 4 , Daniel Ortega-Cuellar 5 , Abigail González-Valdez 6 ,
Rosa Angélica Castillo-Rodríguez 2 , Beatriz Hernández-Ochoa 7 , Edgar Sierra-Palacios 8 ,
Eduardo Rodríguez-Bustamante 9 and Roberto Arreguin-Espinosa 9
1
2
3
4
5
6

7
8
9

*

Laboratorio de Bioquímica Genética, Instituto Nacional de Pediatría, Secretaría de Salud 04530, Mexico
Consejo Nacional de Ciencia y Tecnología (CONACYT), Instituto Nacional de Pediatría,
Secretaría de Salud 04530, Mexico; racastilloro@conacyt.mx
Laboratorio de Neurociencias, Instituto Nacional de Pediatría, Secretaría de Salud 04530, Mexico;
america_vc@yahoo.com.mx
Consejo Nacional de Ciencia y Tecnología (CONACYT), Laboratorio de Bioingeniería,
Universidad de Colima, Colima 28400, Mexico; hjserranopo@conacyt.mx
Laboratorio de Nutrición Experimental, Instituto Nacional de Pediatría, Secretaría de Salud 04530, Mexico;
dortegadan@gmail.com
Departamento de Biología Molecular y Biotecnología, Instituto de Investigaciones Biomédicas,
Universidad Nacional Autónoma de México, Mexico City 04510, Mexico;
abigaila@correo.biomedicas.unam.mx
Laboratorio de Inmunoquímica, Hospital Infantil de México Federico Gómez, Mexico City 06720, Mexico;
beatrizhb_16@comunidad.unam.mx
Colegio de Ciencias y Humanidades, Plantel Casa Libertad, Universidad Autónoma de la Ciudad de México,
Mexico City 09620, Mexico; edgar.sierra@uacm.edu.mx
Departamento de Química de Biomacromoléculas, Instituto de Química, Universidad Nacional Autónoma
de México, Circuito Exterior s/n, Ciudad Universitaria, Mexico City 04510, Mexico;
e-rodriguez-bustamante@ciencias.unam.mx (E.R.-B.); arrespin@unam.mx (R.A.-E.)
Correspondence: saulmanzo@ciencias.unam.mx (S.G.-M.); jmarcialqu@conacyt.mx (J.M.-Q.);
Tel.: +52-55-1084-0900 (ext. 1442) (S.G.-M. & J.M.-Q.)

Academic Editor: Christo Z. Christov
Received: 5 November 2016; Accepted: 5 December 2016; Published: 9 December 2016

Abstract: Glucose-6-phosphate dehydrogenase (G6PD) is a key regulatory enzyme in the pentose
phosphate pathway which produces nicotinamide adenine dinucleotide phosphate (NADPH) to
maintain an adequate reducing environment in the cells and is especially important in red blood cells
(RBC). Given its central role in the regulation of redox state, it is understandable that mutations in
the gene encoding G6PD can cause deficiency of the protein activity leading to clinical manifestations
such as neonatal jaundice and acute hemolytic anemia. Recently, an extensive review has been
published about variants in the g6pd gene; recognizing 186 mutations. In this work, we review
the state of the art in G6PD deficiency, describing 217 mutations in the g6pd gene; we also compile
information about 31 new mutations, 16 that were not recognized and 15 more that have recently
been reported. In order to get a better picture of the effects of new described mutations in g6pd gene,
we locate the point mutations in the solved three-dimensional structure of the human G6PD protein.
We found that class I mutations have the most deleterious effects on the structure and stability of
the protein.
Keywords: glucose-6-phosphate dehydrogenase (G6PD) enzyme; mutations; bioinformatics tools;
three-dimensional structure; clinical manifestations
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The G6PD (EC 1.1.1.49) is an X-linked cytosolic enzyme that is present in all forms of life from
1. Gene Structure of Glucose-6-Phosphate Dehydrogenase (G6PD)
prokaryotes to animals [1–3]. In humans, the gene encoding G6PD is located near the telomeric region
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Figure 1. Schematic overview of X chromosome and distribution of mutations in g6pd gene coding

Figure 1. Schematic overview of X chromosome and distribution of mutations in g6pd gene coding
sequence. The top shown the introns and exons that are shown in gray and pink color boxes,
sequence. The top shown the introns and exons that are shown in gray and pink color boxes,
respectively. The numbers (1–13) indicate exons of the human g6pd gene. In the bottom, the mRNA is
respectively.
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The deficiency of G6PD has been recognized as the most common enzymopathy, affecting near

The deficiency of G6PD has been recognized as the most common enzymopathy, affecting near
400 million people worldwide [13]. G6PD deficiency is more commonly expressed in males
400 million people worldwide [13]. G6PD deficiency is more commonly expressed in males compared
to females [14–16] and occurs most frequently in Africa, Asia, the Mediterranean, and the Middle East.
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Figure 2. Crystallographic structure of the human wild-type (WT) G6PD enzyme (PDB entries 2BHL
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Figure 3. Function of G6PD enzyme in the PPP from red blood cells. In G6PD-normal red cells,
Figure 3. Function of G6PD enzyme in the PPP from red blood cells. In G6PD-normal red cells,
the NADPH is produced by the action of glucose 6-phosphate dehydrogenase (G6PD) and
the NADPH is produced by the action of glucose 6-phosphate dehydrogenase (G6PD) and
6-phosphogluconate dehydrogenase (6PGD) enzymes. The NADPH serves as proton donor to
6-phosphogluconate dehydrogenase (6PGD) enzymes. The NADPH serves as proton donor to
regenerates the GSSG oxidized. Cat = Catalase; GPx = Glutathione peroxidase; GR = Glutathione
regenerates the GSSG oxidized. Cat = Catalase; GPx = Glutathione peroxidase; GR = Glutathione
reductase; G6PD = glucose 6-phosphate dehydrogenase; 6PGL = 6-phosphogluconolactonase; 6GPD
reductase; G6PD = glucose 6-phosphate dehydrogenase; 6PGL = 6-phosphogluconolactonase;
= 6-phosphogluconate dehydrogenase; SOD = Superoxide dismutase; GSH = Reduced glutathione;
6GPD = 6-phosphogluconate dehydrogenase; SOD = Superoxide dismutase; GSH = Reduced
GSSG = Oxidized glutathione; H2O2 = Peroxide; O2− = Superoxide.−
glutathione; GSSG = Oxidized glutathione; H2 O2 = Peroxide; O2 = Superoxide.
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4. Molecular Characterization of G6PD Variants
More than 400 variants of G6PD have been described based on their biochemical and
More than 400 variants of G6PD have been described based on their biochemical and physicochemical
physicochemical characteristics [2,32,33]. Minucci et al. [34] reported, up to date, around 186
characteristics [2,32,33]. Minucci et al. [34] reported, up to date, around 186 mutations at DNA
mutations at DNA level indicating that this disease is heterogeneous: among these, 159 (85.4%) are
level indicating that this disease is heterogeneous: among these, 159 (85.4%) are single nucleotide
single nucleotide substitutions (missense variants), 15 (8.0%) are multiple mutations (two or more
substitutions (missense variants), 15 (8.0%) are multiple mutations (two or more substitutions),
substitutions), 10 (5.3%) are deletions, and two (1.0%) are mutations affecting introns [34–36]. In this
10 (5.3%) are deletions, and two (1.0%) are mutations affecting introns [34–36]. In this review, we add
review, we add 31 new mutants of G6PD enzyme (Table 1). Based on mutation type, 23 have a
31 new mutants of G6PD enzyme (Table 1). Based on mutation type, 23 have a variation in single
variation in single nucleotide substitutions (missense variants), one has a deletion, four belong to
nucleotide substitutions (missense variants), one has a deletion, four belong to multiple mutations,
multiple mutations, and three are novel mutants that affect the introns of gene. Taking account these
and three are novel mutants that affect the introns of gene. Taking account these new variants included
new variants included in this review, the number of reported G6PD mutations is 217, being as
in this review, the number of reported G6PD mutations is 217, being as follows: 182 (83.9%) are
follows: 182 (83.9%) are single nucleotide substitutions (missense variants), 19 (8.7%) are multiple
single nucleotide substitutions (missense variants), 19 (8.7%) are multiple mutations (two or more
mutations (two or more substitutions), 11 (5.1%) are deletions, and five (2.3%) mutations affect the
substitutions), 11 (5.1%) are deletions, and five (2.3%) mutations affect the introns. Interestingly, we
introns. Interestingly, we found 16 mutations corresponding to single nucleotide substitutions
found 16 mutations corresponding to single nucleotide substitutions (missense variants) that were
(missense variants) that were previously reported before in Minucchi’s review [34] and that were not
previously reported before in Minucchi’s review [34] and that were not considered as the G6PD
considered as the G6PD Class I mutants: Zacatecas (Arg257Leu; exon 7) [37], Palermo (Arg257Met,
exon 7) [38], Hamburg (Pro276Leu, exon 8) [39], Veracruz (Arg365His, exon 10) [37], Yucatan
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1). [40], and one deletion named G6PD Taif (174Gly, exon 6) [41] (Table 1).
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structure structure
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of
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to tridimensional
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from
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β-Dof-glucose-6-phosphate
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(Figure
4).(Figure
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4). It is
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[44] classified
the
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The
G6PD
Yucatan
mutation
presents
a
shift
of
adenine
for
guanine
adenine G1094A that changes the amino acid Arg 365 to His. The G6PD Yucatan mutation presents a
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1285A
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were
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and mutants
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to determine
molecular
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Figure 4. Mutations in the G6PD protein that have not been considered in the most recent review
Figure 4. Mutations in the G6PD protein that have not been considered in the most recent review [34].
[34]. Structure of human WT G6PD enzyme (PDB entries 2BHL and 2BH9) indicating the location of
Structure of human WT G6PD enzyme (PDB entries 2BHL and 2BH9) indicating the location of
Class I–IV mutations (missense variants) in the dimer (solid arrows). The Class I, II, III, and IV
Class I–IV mutations (missense variants) in the dimer (solid arrows). The Class I, II, III, and IV
mutations are shown as red, purple, yellow, and brown spheres, respectively. The unnamed
mutations are shown as red, purple, yellow, and brown spheres, respectively. The unnamed reported
reported class mutations are shown as black spheres. Note that although the mutants are located on
class mutations are shown as black spheres. Note that although the mutants are located on equivalent
equivalent positions of G6PD dimer, Zacatecas, Palermo, Bahia, Vietnam 1 and 2, Sierra Leone, and
positions of G6PD dimer, Zacatecas, Palermo, Bahia, Vietnam 1 and 2, Sierra Leone, and San Luis Potosí
San Luis Potosí mutants are shown in only one of the monomers. Also note that the Taif mutant is a
mutants are shown in only one of the monomers. Also note that the Taif mutant is a deletion (dotted
deletion
(dotted
arrow)
and Vietnam
1 mutant
is represented
by no
Val27
residue,
since
noobserved
electron
arrow) and
Vietnam
1 mutant
is represented
by Val27
residue, since
electron
density
was
density
was
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for
the
26
N-terminal
residues
where
the
Vietnam
1
mutant
is
located
(dotted
for the 26 N-terminal residues where the Vietnam 1 mutant is located (dotted arrow). The figure
was
arrow). The
figure
was prepared
using CCP4mg [28].
prepared
using
CCP4mg
[28].

G6PD Palermo mutation presents a transversion of the nucleotides C769A and G770T in exon 7
G6PD Palermo mutation presents a transversion of the nucleotides C769A and G770T in exon 7
and replaces arginine for methionine in codon 257, which may lead to changes in the protein
and replaces arginine for methionine in codon 257, which may lead to changes in the protein structure
structure causing chronic hemolytic anemia [38] (Figure 4). Kordes et al. [39] reported the Class I
causing chronic hemolytic anemia [38] (Figure 4). Kordes et al. [39] reported the Class I G6PD Hamburg
G6PD Hamburg mutant involving a substitution of cytocine for thymine (C > T) at nucleotide 827
mutant involving a substitution of cytocine for thymine (C > T) at nucleotide 827 (exon 8) (Pro276Leu)
(exon 8) (Pro276Leu) and was detected in a Caucasian neonate with chronic nonspherocytic
and was detected in a Caucasian neonate with chronic nonspherocytic hemolytic anemia (Figure 4).
hemolytic anemia (Figure 4). Another variant is the Class I G6PD Tennessee identified by McDade
Another variant is the Class I G6PD Tennessee identified by McDade et al. [40] in an African-American
et al. [40] in an African-American male, it consists of a new mutation in Exon 10, C1465G, producing
male, it consists of a new mutation in Exon 10, C1465G, producing a change in leucine to valine at
a change in leucine to valine at codon 422 (Figure 4). Finally, G6PD Taif mutation has three base
deletions at position 516–518 in exon 6 resulting in the loss of the amino acid Gly174 [41]. This
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codon 422 (Figure 4). Finally, G6PD Taif mutation has three base deletions at position 516–518 in exon
6 resulting in the loss of the amino acid Gly174 [41]. This mutation is unique because it is the only
known deletion identified in this region that causes chronic hemolytic anemia (Figure 4).
Besides the mutants described by Minucchi’s review [34], we include the following new variants:
Class II G6PD Bahia (Phe66Thr, exon 4) [43], San Luis Potosi (Asn126Tyr; exon 5) [37], Coimbra
(Arg198His, exon 6) [45], a class III variant with double mutation; G6PD Sierra Leone (Arg104His,
Asn126Asp, exon 5) [46], a class IV G6PD San Paulo mutant (Ile220Met, exon 7) [47]. Finally,
we found four mutants that did not classified according to their residual enzyme activity: G6PD
Shanghai (Ala231Pro, exon 7) [48], G6PD Karachi (Asp325Asn, exon 9) [49], G6PD Vietnam 1 (Glu3Lys,
exon 2) [50], and G6PD Vietnam 2 (Phe66Cys, exon 4) [50] which are shown in the Figure 4.
The G6PD San Luis Potosi has a punctual mutation of adenine to thymine A376T that generates
the substitution of 126 Asn to Tyr (Figure 4) [37] and was detected in an anonymous blood samples
(Figure 4). Blood sample from the subject with this variant showed a decreased fluorescence in
the screening test for G6PD deficiency and 47% of residual red cell enzyme activity versus those
observed in their correspondent control blood samples from non-deficient subjects [37]. Whereas,
Chalvam et al. [45] reported that G6PD Coimbra mutation detected among the tribal groups of the
Nilgiris in Southern India, suffers a substitution of guanine for adenine (593G > A) on exon 6 switching
Arg 198 by His. G6PD Coimbra is very close to the G6PD Mediterranean in exon 6 and has similar
kinetic properties [45]. Other mutation, the Class II G6PD Bahia mutant was reported by Pereira
et al. [51], this mutant has a substitution of thymine for adenine (T > A) at nucleotide 197 (exon 4)
(Phe66Thr) and was found in five neonates of Salvador in the Northeastern Brazilian estate Bahia
(Figure 4).
Jalloh et al. [46] reported the Class III G6PD Sierra Leona variant, which has double mutation in
exon 5 (311G > A and 376A > G) leading to the change of amino acid 104 Arg → His and 126 Asn →
Asp, respectively. This mutation drastically reduces G6PD activity [46]. In addition, Oliveira et al. [47]
reported a novel Class IV G6PD Sao Paulo variant 660C > G that was detected in exon 7, this mutation
led to replacement of isoleucine by methionine (I220M) whose location is near the dimer interface
(Figure 4). It is interesting to note that this mutation was detected among adults.
Additionally, the four mutants that were not described by Minucchi’s review [34] and that have
not been classified according to their residual enzyme activity are the mutants G6PD Vietnam 1
(G7A; Glu3Lys) and Vietnam 2 (T197G; Phe66Cys) detected in the Vietnamese population with
hemoglobinuria [50] (Figure 4). The G6PD Shanghai is a novel missense mutation (G691C) in exon 7 of
the G6PD producing an Ala231Pro substitution and leading to significantly decreased of G6PD activity
in red blood cells. Finally, the G6PD Karachi mutant was detected in the Pakistani population with
a change of guanine by adenine G > A in the nucleotide 973 exon 9, with a predicted amino acid change
of Asp325Asn (Asp325Asn) [49].In addition, we also include the most recent described mutations for
g6pd gene (Table 1). Into the Class I G6PD mutants are the Quilmes (Ser332Phe, exon 9) [52], Merlo
(Pro409Gln, exon 10) [52], Herlev [53], and two unnamed mutants (Pro396Arg, exon 10) [54] and
(Asn363Ile, exon 10) [55]. Also we incorporate one mutant Class II named G6PD Tunis (Gln307Pro,
exon 9) [54] and a Class III G6PD Nefza (Leu323Pro, exon 9) [56] (Figure 5). Furthermore, two double
mutants Class II/III G6PD Viangchan + Mahidol (Val291Met, Gly163Ser, exon 9 and 6) and G6PD
Viangchan + Union (Val291Met, Arg454Cys, exon 9 and 11) were reported by Nantakomol et al. [57]
(Figure 5). In addition, two novel mutants: Mexico DF (Thr65Ala, exon 2) [58] and Gaza (Ser179Asn,
exon 6) [59] that were not classified according to their residual enzyme activity are considered (Figure 5).
Finally, we included a novel mutant that affects the introns named G6PD Qingzhen (IVS5-1G > A)
reported by Wei-Liang et al. [60].
More recently, the Class I G6PD Merlo and Quilmes mutants were found in Argentine pediatric
boys with chronic nonspherocytic hemolytic anemia. G6PD Quilmes Variant 995C > A was found
in exon 9 and determines the Ser332Phe amino acid change. Variant Merlo 1226C > A, is located in
exon 10 and is associated with the Pro409Gln amino acid change [56] (Figure 5). The unnamed mutant
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(Pro396Arg, exon 10) was identified in a 20-month-old boy with hemolytic anemia whose enzymatic
activity was severely decreased [54]. In addition, Warny et al. [53] described G6PD Herlev variant 592C
> A (Arg198Ser) associated with severe enzyme deficiency, prolonged neonatal hyperbilirubinemia,
and nonspherocytic hemolytic anemia in a Danish descent male infant who on the second day of life
developed jaundice peaking at 67 h that decreased upon application of double-sided phototherapy.
Recently, a novel unnamed mutation (1088A > T) was identified in a male infant patient aged
16 month-old that predicted an Asn → Ile substitution at codon 363. The variant caused by this
mutation had reduced enzymatic activity, belonging to WHO Class I [55].
Another two double mutants in Thai population were described; 6PDViangchan + Mahidol and
G6PD Viangchan + Union [57] (Figure 5). These double mutants should be classified as a severe
G6PD deficiency. However, clinical data is also required to classify them in a Class I or Class II G6PD
deficiency. Later, two new variants were characterized on exon 9 and were found during the screening
of a large cohort of G6PD deficient patients that was performed in Tunisia. The first one was named
G6PD Nefza and carries the c.968T > C: p.323 Leu → Pro mutation (Figure 5), this variant was found
in an 18 year old male referred to the laboratory for hemolytic anemia. The second mutation, named
G6PD Tunis carries the c.920A > C; p.307Gln → Pro mutation, and was found in a 54 year old female
presenting hemolytic anemia and paleness [56].
Furthermore, Garcia-Magallanes et al. [58] reported the presence of a novel mutant G6PD
Mexico DF that was identified in a Mexican individual from the northern Mexico; which presents
the substitution of 193A > G that changes the amino acid threonine for alanine at position 65 (exon 4)
(Figure 5). The Thr65Ala mutation might lead to an unstable coenzyme union site region of the enzyme,
due to the combined effect of the suppression of a peptide backbone H-bond and by disrupting
the domain packing. Furthermore, Sirdah et al. [59] reported the G6PD Gaza mutant (unclassified
according to their residual enzyme activity) that was found in a Palestinian girl (38 months old) as
a heterozygous genotype, presenting acute hemolytic anemia and G6PD deficiency. This variant is
characterized by a G > A transition mutation at nucleotide 536, which changes serine 179 to asparagine.
Besides, the G6PD Qingzhen which is a mutation affecting the introns, was detected in a 2.5 year old
male patient of the Yi ethnic group in the Qingzhen city, Guizhou province, in China. The patient
presented acute jaundice, anemia, wine urine, emesis, low-grade fever, and the occasional headache.
Mutation analysis of G6PD revealed that the patient had a novel subtle splice-site mutation (IVS5-1G
> A) [60] (Figure 5). In addition, two mutations affecting introns were reported by Bendaou et al. [61],
where the first was the G6PD mutation IVS-V 655C > T, found in four female subjects with mild
deficiency of class III variant. The second mutation affecting the introns was the IVS-VIII 43G > A,
found in three male subjects with a mild deficiency of the class III variant.
It is interesting to note that all known mutations have been found to affect the coding regions of
the gene and none described in the regulatory regions [62]. Because mutations can alter the cellular
process that generally trigger a metabolic disease, we located the point mutations in the structure
of human WT G6PD enzyme and analyzed the impact of several mutations reported in this review.
For this purpose, we used the native crystals structure of G6PD as a template. The model predicts
the substitutions of all analyzed amino acids affecting the coding regions of the gene. However, each
mutation may produce clinical phenotypes such as hemolytic anemia or chronic non-spherocytic
hemolytic anemia. This data suggests that the change in protein function is not straightforward.
The analysis of Class I G6PD mutants using the X-ray structure (Figures 4 and 5) showed that
G6PD Zacatecas, Palermo, and Taif are located near the active site; while that other (Class I) mutations
as Veracruz, Tennessee, San Paulo, Shanghai, Unnamed (pro396Arg), and Unnamed (Asn363Ile) are
located near to the dimerization interface in proximity with structural NADP+ binding. Mutant Class I
as Hamburg, Yucatan, Quilmes, and Merlos are located in different parts of the tridimensional structure.
Although these mutations are distributed throughout the all-coding region of the g6pd gene, there is
a group of mutations that are associated with Class I deficiency having severe clinical manifestations
as hemolytic anemia and chronic nonspherocytic hemolytic anemia (CNSHA) with a severe enzyme
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deficiency. Class I mutations more frequently affect the exons 6, 8, 10, and 13 encoding the regions
that bind the enzyme substrate, dimer interface, and NADP+ structural site, respectively [34,63–65]
(Figure 6).
Table 1. A list of G6PD mutations not included in the Minucci review plus those most
recently described.

Mutation Name

cDNA
Nucleotide
Substitution

Codon

Vietnam 1

7G > A

3

México DF

193A > G

65

Bahia

197T > A

66

Vietnam 2

197T > G

66

Class

Origin’s
Country

Reference

2

NR

Vietnam

[50]

Thr → Ala

4

NR

Mexico

[58]

Phe → Thr

4

II

Brazil

[51]

Phe → Cys

4

NR

Vietnam

[50]
[37]

Amino Acid
Substitution

Exon

Single Missense Mutations
Glu → Lys

San Luis Potosi

376A > T

126

Asn → Tyr

5

II

Mexico

Gaza

536G > A

179

Ser → Asn

6

NR

Palestine

[59]

Herlev

592C > A

198

Arg → Ser

6

I/II

Denmark

[53]

Coimbra

593G > A

198

Arg → His

6

II

India

[45]

San Paulo

660C > G

220

Ile → Met

7

IV

Brazil

[47]

Shanghai

691G > C

231

Ala → Pro

7

NR

Chinese

[48]

Tunisia

737T > C

246

Arg → Leu

7

III

Tunisia

[61]

Zacatecas

770G > T

257

Arg → Leu

7

I

Mexico

[37]

Hamburg

827C > T

276

Pro → Leu

8

I

Germany

[39]

Tunis

920A > C

307

Gln → Pro

9

II

Tunisia

[56]

Nefza

968T > C

323

Leu → Pro

9

III

Tunisia

[56]

Karachi

973G > A

325

Asp → Asn

9

NR

Pakistan

[49]

Quilmes

995C > T

332

Ser → Phe

9

I

Argentine

[52]

Unnamed

1088A > T

363

Asn → Ile

10

I

China

[55]

Veracruz

1094G > A

365

Arg → His

10

I

Mexico

[37]

Unnamed

1187C > G

396

Pro → Arg

10

I

Korea

[54]

Merlo

1226C > A

409

Pro → Gln

10

I

Argentine

[52]

Yucatan

1285A > G

429

Lys → Glu

10

I

Mexico

[37]

Tennessee

1465C > G

422

Leu → Val

10

I

USA

[40]

Taif

516–518 del

174

Gly

6

I

Saudi Arabia

[41]

Sierra Leona

311G > A
376A > G

104
126

Arg → His
Asn → Asp

5

III

Sierra Leone

[46]

Palermo

769C > A
770G > T

257

Arg → Met

7

I

Italy

[38]

Viangchan +
Mahidol

871G > A
487G > A

291
163

Val → Met
Gly → Ser

9, 6

II/III

Thailand

[57]

Viangchan +
Union

871G > A
1360C > T

291
454

Val → Met
Arg → Cys

9, 11

II/III

Thailand

[57]

Qingzhen

IVS5-1G > A

-

-

-

NR

-

[60]

Unnamed

IVS-VIII 43G > A

-

-

-

III

Tunisia

[61]

Unnamed

IVS-V 655C > T

-

-

-

III

Tunisia

[61]

Multiple Missense Mutations

Non-Coding Region Substitutions

NR: Class not reported.
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5. Clinical G6PD Deficiency
The clinical manifestation of G6PD deficiency in humans has a broad clinical spectrum
ranging from almost asymptomatic individuals to those with severe neonatal jaundice, acute
hemolytic episodes, and chronic non-spherocytic hemolytic anemia suggesting that gene-environment
interactions may influence the clinical outcome of G6PD deficiency [66–68]. The severity of the clinical
manifestation often correlates with the grade of the enzymatic dysfunction. A large majority of
G6PD deficiencies are asymptomatic most of the time, until they are exposed to a hemolytic trigger.
Accordingly to clinical manifestations the G6PD deficiency can be divided in three groups: neonatal
jaundice, hemolytic anemia (drug-induced hemolysis, diabetes mellitus-induced hemolysis, and
infection-induced hemolysis), and chronic nonspherocytic anemia.
5.1. Neonatal Jaundice
The most severe clinical symptom of G6PD deficiency is neonatal jaundice (NNJ), which peaks
two to three days after birth [69]. In newborns with Class I G6PD deficient variants, the jaundice
could be considered dangerous and cause kernicterus [70] and permanent neurological damage [71];
which in many cases provokes the death of the patient [72]. However, not all neonates with NNJ are
G6PD deficient, because many of the mechanisms involved in the depuration of bilirubin are not fully
developed at birth. However, in infants with G6PD deficiency, the prevalence of neonatal jaundice
is two-fold higher than in the general population [17] and more frequent and severe in premature
infants [23].
5.2. Hemolytic Anemia
The acute hemolytic anemia (AHA) is the most common manifestation of the deficiency, which is
originated when the RBCs are under oxidative stress and may be triggered by a range of exogenous
agents as fava beans, drugs, or infections, causing intravascular hemolysis and jaundice [73]. The most
severe outcome of AHA is acute renal failure [30]. Furthermore, unrelated events to these agents
have been reported such diabetes, myocardial infarction, or even vigorous exercise which can trigger
hemolysis [70,74,75]. Mutants with these clinical manifestations are the G6PD Tunis and Sierra Leone
variants that were found in a 54 year-old female and 15-year-old boy presenting hemolytic anemia and
a very low residual enzyme, respectively [46,56].
The relationship between the ingestion of dry grains or frozen fava bean (Vicia faba) and its
pathological effects (Favism) had been observed for centuries in the Mediterranean countries [69].
A example of this type of clinical manifestation is the mutant G6PD Nefza that was found in
an 18-year-old male with hemolytic anemia triggered by fava beans. Furthermore, the patient reported
a neonatal jaundice in infancy. Biochemical data revealed a decreased enzyme activity (51% of residual
activity, in period out of hemolysis) [56]. Favism is most common seen in children between the ages
of two to five, and is also two to three times more common in boys than in girls [69]. Since then,
some other drugs (antimalarial, sulfonamides, sulfones, nitrofurantoin, etc.) have been linked to
the development of acute hemolysis in G6PD deficient patients [30]. Besides, infection as hepatitis
viruses A and B, cytomegalovirus, pneumonia, and typhoid fever have been previously attributed
as another important trigger of AHA [30]. However, the exact mechanism by which the infections
encourage the hemolysis is unknown, probably is due to the production of oxidizing species by
leukocytes that could cause oxidative stress in the erythrocytes [76]. Finally, it has been proposed that
the damage in erythrocytes produced for oxidative damage of drugs is similar to favism, because the
fava beans contain oxidizing compounds as divicine, isouramil, and convicine.
5.3. Chronic Nonspherocytic Hemolytic Anemia (CNSHA)
In some patients, the presence of the most severely affected variants (Class I) as G6PD
Zacatecas [37], Hamburg [39], Quilmes [52], Veracruz [37], Merlo [52], Yucatan [37], Tennessee [42],
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unnamed A1088T [55], and unnamed C1187G [54] mutants presented acute hemolytic anemia and
jaundice. Furthermore, the G6PD Taif mutant is unique due that it is the only known deletion in this
region closed to the putative G6P-binding domain. While the novel splice G6PD Qingzhen mutation
(IVS5-1G > A) was found in a 2.5 year-old male patient. Although this mutant was not classified
according to their residual enzyme activity, the patient showed acute jaundice, anemia, wine urine,
emesis, low-grade fever, occasional headache, and bellyache after eating broad beans [60]. The low
residual levels of enzyme activity found in these mutants cannot maintain a sufficient concentration
of NADPH, meaning that cells cannot even protect themselves against oxygen radicals continuously
generated by the normal metabolism in the RBCs. As in other chronic hemolytic anemia, individuals
that present a history of neonatal jaundice and chronic anemia are the most clinically severe and may
be transfusion-dependent [69]. However, individuals with these Class I mutations represent a minority
of the population affected by G6PD deficiency (almost always males). Interestingly, there is a group
of 95 Class I mutations that are located mainly in the exon 10, encoding for the dimer interface and
structural NADP+ of the native G6PD enzyme [34,63–65] (Figure 6). The latter region is considered
important for the stability and integrity of the functional enzyme [65]. As a consequence, many studies
have focused on the protein level to examine the molecular mechanisms regarding the reduced G6PD
activity observed in individuals.
6. Conclusions
We are updating 16 new mutations that have not been considered in the most recent review
and 15 mutations that have been recently described. Most of these variants (11) are considered
as Class I, which is the most severe symptomatic group. We localize several of these mutations
using bioinformatics tools in the solved three-dimensional structure of the human G6PD protein.
The mutations have been found mainly in the coding regions and are buried in the enzyme; some of
these are close to active- and NADPH-binding sites affecting the structure and function of this essential
enzyme and leading to a diminution in the efficiency of this essential metabolic enzyme, equivalent to
the changes to its own structure and function. The G6PD deficiency produces a wide variety of clinical
manifestations, with severe hemolytic anemia being one of the most dangerous. This deficiency is
caused by a great variety of mutations, with single nucleotide substitutions being the most frequently
described followed by multiple mutations, deletions, and intron’s mutations. The characterization of
the mutations responsible for G6PD deficiency, give us an integral vision of the disease and open new
possibilities for an opportune detection and treatment of this deficiency.
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