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Pathogenic G6PD variants: Different clinical pictures arise from 
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Summary
G6PD deficiency results from mutations in the X- linked G6PD gene. More than 200 
variants are associated with enzyme deficiency: each one of them may either cause 
predisposition to haemolytic anaemia triggered by exogenous agents (class B vari-
ants), or may cause a chronic haemolytic disorder (class A variants). Genotype–phe-
notype correlations are subtle. We report a rare G6PD variant, discovered in a baby 
presenting with severe jaundice and haemolytic anaemia since birth: the mutation 
of this class A variant was found to be p.(Arg454Pro). Two variants affecting the 
same codon were already known: G6PD Union, p.(Arg454Cys), and G6PD Andalus, 
p.(Arg454His). Both these class B variants and our class A variant exhibit severe 
G6PD deficiency. By molecular dynamics simulations, we performed a comparative 
analysis of the three mutants and of the wild- type G6PD. We found that the tetra-
meric structure of the enzyme is not perturbed in any of the variants; instead, loss of 
the positively charged Arg residue causes marked variant- specific rearrangement of 
hydrogen bonds, and it influences interactions with the substrates G6P and NADP. 
These findings explain severe deficiency of enzyme activity and may account for 
p.(Arg454Pro) expressing a more severe clinical phenotype.
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I N TRODUC TION

G6PD is a rate- limiting enzyme in the pentose phos-
phate pathway. G6PD transfers reducing equivalents from 
glucose- 6- phosphate (G6P) to NADP+ to produce NADPH, 
which in turn is the key molecule for defence against reactive 
oxygen species. More than 200 pathogenic variants of the 
G6PD gene are known,1,2 and recently by searching publicly 
available databases 1041 variants have been listed,3 most of 
which, however, are non- pathogenic or not yet interpreted.4 
The World Health Organisation (WHO) has recently revised 
their classification5: variants in class A (formerly class I) are 
the more severe group, as they are associated with life- long 
chronic non- spherocytic haemolytic anaemia; persons with 
variants in class B (formerly class II and class III) are asymp-
tomatic in the steady state, but they are at risk of acute hae-
molytic anaemia, that may be triggered by eating fava beans, 
by infections or by certain drugs.2,6

Genotype–phenotype correlation analysis has previously 
revealed that many but not all class A mutations under-
lie amino acid replacements located at the dimer interface, 
mostly from mutations in exon 10.7 Here, we report an infant 
diagnosed with G6PD deficiency soon after birth, who has a 
c.1361G>C mutation in exon 11 of the G6PD gene, producing 
an Arginine to Proline replacement at amino acid position 
454 (p.Arg454Pro): we have found that this is a class A G6PD 
variant. This finding was intriguing, because two G6PD 
mutations affecting the same codon were already known: 
G6PD Union (c.1360C>T/Arg454Cys),8 a class B variant 
widely spread in the world; and G6PD Andalus (c.1361G>A/
Arg454His), of which there have been only four cases re-
ported, and the classification of which is not quite certain.9

The existence of three different amino acid replacements 
within the same codon has prompted us to investigate in de-
tail their impact on the structure and function of the G6PD 
molecule. Our data provide a reasonable explanation as to 
why these mutations produce different phenotypes.

M ETHODS

Clinical report

A 2325- g- male infant, the second child of a healthy unre-
lated couple, was born at 36+5 weeks gestation by caesarean 
delivery, because of labour and previous caesarean section, 
to a 29- year- old mother. Apgar scores were 6 at 1 min and 
8 at 5 min. Maternal history included gestational diabe-
tes treated with insulin, and lymphedema in lower limbs. 
During pregnancy, the mother had been on monthly ben-
zathine penicillin G therapy, aspirin and enoxaparin. Her 
TORCH serological screening was negative, and there was 
no evidence or history of haemolytic anaemia.

At 2 h of life, the baby was jaundiced. There was no blood 
group incompatibility and the direct antiglobulin test was 
negative. Phototherapy was started, but it was discontinued 
after 35 h, because unconjugated bilirubin was never above 

12 mg/dL, although direct bilirubin (DB) had increased fur-
ther: it peaked at 13 mg/dL at 88 h of life (Table 1). There were 
no signs of acute bilirubin encephalopathy. Splenomegaly 
without hepatomegaly was detected. Intravenous im-
munoglobulin was administered, but there was no im-
provement. A blood film on day of life 5 showed marked 
aniso- poikilocytosis, some spherocytes and nucleated red 
cells (Figure 1); by that time the haematocrit had fallen from 
52% at birth to 32%, with marked reticulocytosis (Figure 2; 
Table  1), consistent with severe haemolytic anaemia: a 
transfusion of 40 mL of packed red cells was administered. 
Ursodeoxycholic acid and phenobarbital were also given.

Blood levels of α1- antitrypsin, ammonia, ceruloplasmin, 
erythrocyte pyruvate kinase and thyroid hormones were 
normal. Screening for major metabolic diseases was neg-
ative. Molecular tests for hepatitis viruses were negative; 
blood cultures yielded no growth. On abdominal ultra-
sound, there was no evidence of biliary atresia. Liver biopsy 
showed preserved architecture, cholestasis and iron- loaded 
hepatocytes. Portal spaces were infiltrated by lymphocytes 
and neutrophils; and there were foci of haematopoiesis.

The baby required two more red cell transfusions and 
was discharged at the age of 8 weeks, when his haemoglobin 
was 9 g/L, serum total bilirubin 3.8 mg/dL and DB 2.5 mg/dL 
(Figure 2A). At the age of 1 year, the peripheral blood smear 
was normal (Figure 1B). Over the first 3 years of life the in-
fant, in concomitance with urinary infections, experienced 
several further drops in haemoglobin, requiring red cell 
transfusions (total of 12: see Figure 2B).

The parents of the infant have provided written informed 
consent for investigations and genetic analyses, as required 
by our institutional review board.

Enzyme analysis

G6PD assays were carried out within 24 h of collection 
on white cell- depleted blood samples of the proband and 
his mother using a commercial kit (G6P- DH; Sentinel 
Diagnostics, Milano, Italy). The reference values for normal 
G6PD activity, in our laboratory, are 9.2–13.8 U/g Hb.

Sequencing and data analysis

Genomic DNA was collected from peripheral blood samples 
of the patient, his mother, and maternal grandparents using 
the QIAamp DNA Blood Kit (Qiagen, Germany), according to 
the manufacturer's instructions. Our diagnostic work- flow in-
volves first screening for the six G6PD variants most frequent 
in Italy.10 Since the patient's DNA was negative for these, we 
proceeded to bidirectional Sanger sequencing of the full G6PD 
gene on ABI 3500 Genetic Analyzer (Applied Biosystems, 
Foster City, CA). The primers used were previously reported.11 
RefSeq NM_001042351.2 was used as the reference sequence. 
Sequence analysis was carried out with the SeqScape Software 
v2.5. Designation of the G6PD alterations was based on the 
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guidelines given by the Human Genome Variation Society 
(http:// www. hgvs. org/ mutno men/ ). We also performed 
clinical exome sequencing (CES) using capture- based next- 
generation sequencing (NGS)  Clinical Exome Solution® v3 
kit (SOPHiA Genetics) that covers the coding regions and 
splicing junctions of 5500 genes related to rare and inherited 
conditions. The NGS CES protocol was performed in paired 
ends reads mode on the Illumina NextSeq550DX® NGS plat-
form (Illumina). The sequencing FastQ data were analysed by 
the Sophia DDM® platform (Sophia Genetics) to detect sin-
gle nucleotide variants, indels, and copy number variations. 
The variant calling strategy adopted consists of a filtering of 
the analysed genes using a phenotype- driver approach on the 
Sophia DDM® platform. A virtual panel of 220 genes was ap-
plied as a filter across the clinical- exome sequencing dataset 
using the features of ‘Human Phenotype Ontology’ (https:// 
hpo. jax. org), Online Mendelian Inheritance in Man (https:// 
www. omim. org/ ), Orphanet (https:// www. orpha. net/ ); as 
well as those reported in the literature to have a causal role in 
bilirubin metabolism and cholestatic jaundice. In addition, we 
performed direct sequencing of the uridine- 50- diphosphate 
glucuronosyltransferase isoform 1A1 (UGT1A1) gene pro-
moter, as previously reported.12

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed for the 
wild- type G6PD and three mutant proteins with residue sub-
stitutions: Arg454Pro (G6PD Salt Lake), Arg454Cys (G6PD 
Union), Arg454His (G6PD Andalus). The starting point struc-
ture was the cryogenic electron microscopy (cryo- EM) model 
of the G6PD tetramer in the NADP+ and G6P bound state 
(PDB ID: 7SNI: the wild- type structure was obtained by back- 
replacing residue Asp200 to Asn).13 All simulations were per-
formed with GROMACS 2021 software14 using the charmm36 
force field and the TIP3P water model.15 The forcefield param-
eters for G6P and NADP+ were generated using CgenFF.16 The 
systems were neutralised, and energy was minimised using the 
steepest descent method. The temperature was maintained at 
300 K using the velocity rescale method and pressure was kept 
constant at 1 atm using the C- rescale barostat.17 All simula-
tions were performed using periodic boundary conditions, 
and the particle mesh Ewald method was used for the calcu-
lation of electrostatic interactions. The cut- off distance for 
electrostatic and van der Waals interactions was set to 1.2 nm. 
Three independent simulations were run for each system for 
100 ns each, with frames saved at every 10 ps.

R E SU LTS

Biochemical and molecular data

G6PD activity in red cells was 1.8 U/g at birth, 0.3 U/g at 
4 months and 0.3 U/g again at 8 months of life. G6PD activity 
in mother and grandparents, who are all from Rome, was T
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within the normal range. Direct sequencing analysis of the 
patient's G6PD gene exons and intron flanking regions re-
vealed a single base change: c.1361G>C (NM_001042351.3) 
(Figure 3A), causing a Proline for Arginine amino acid re-
placement (p.Arg454Pro). The mutation was found in the 
patient's mother (Figure 3B), who was an only child; but not 

in the maternal grandparents, suggesting a de novo event. 
The mutation is not found in the databases of the Exome 
Aggregation Consortium, 1000 Genomes (http:// www. inter 
natio nalge nome. org/ ), Single Nucleotide Polymorphism 
Database, ClinVar (http:// www. ncbi. nlm. nih. gov/ clinv ar/ ) 
and LOVD (https:// www. lovd. nl/ ); however, it was reported 

F I G U R E  2  Clinical course of infants with G6PD deficiency: Haematological parameters. (A) First year of life. (B) Years 2–3.

F I G U R E  1  Blood smears of G6PD- deficient infants. (A) On day of life 5 there is marked aniso- poikilocytosis, spherocytes, and nucleated red cells 
(black arrow). (B) At age 1 year, there is still anisocytosis, but morphology is otherwise essentially normal (non- spherocytic).
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and referred to as G6PD Salt Lake by Powers et al.18 in one 
G6PD deficient person, on whom unfortunately no clinical 
information is available.

Analysis of the patient's UGT1A1 gene promoter revealed 
homozygosity for the UGT1A1*28 (rs8175347) allele, consis-
tent with Gilbert's syndrome.

Structural analysis of G6PD variants with 
amino acid replacements at R454

The cryo- EM structure of the G6PD tetramer (PDB ID: 
7SNI), recently published13 displays in each subunit (a) the 
bound catalytic NADP+ cofactor (NADP- c), (b) the G6P 
substrate, (c) the structure stabilising NADP+ molecule 
(NADP- s), far removed from the active site. Focusing on the 
mutation site, inspection of the enzyme three- dimensional 
structure shows that the positively charged Arg454 residue 

is linked by a salt bridge to the negatively charged Asp286. 
Arg454 is part of a cluster of polar amino acids that, in 
each subunit, stabilise this G6PD region through intra-
molecular electrostatic interactions (e.g. there is a close-
 by salt bridge involving Glu193 and Arg285) and several 
hydrogen bonds (H- bonds) (Figure 4A).13 Since Arg454 is 
the first residue in a 20 amino- acid long α- helix (residues 
454–476), replacement by proline may not be excessively 
disruptive of the helical structure. On the other hand, since 
residue 454 is at 24–28 Å from both G6P and NADP- c, and 
since the intervening protein matrix consists mostly of 
α- helices that are rigid, and the dielectric constant of the 
protein core is low, loss of a positive charge at residue 454 
may be perceived at both the G6P and the NADP- c sites, 
such that the ligands binding affinities may be altered. 
Based on such structural considerations, the Arg454 re-
placement with the non- polar residue Pro454 is expected 
to affect the dynamics and electrostatic interactions of the 

F I G U R E  3  Chromatogram of cDNA sequence. (A) Proband. (B) Proband's mother: The double peak shows that the mother is heterozygous.
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6 |   PATHOGENIC G6PD VARIANTS

G6PD subunit in this and neighbouring regions, including 
the active site.

To test this hypothesis, MD simulations were performed 
in explicit solvent, for 100 ns each, in triplicate runs, on 
the full tetrameric wild- type G6PD, and on the Arg454Pro 
Salt Lake variant. In addition, we performed similar sim-
ulations for the G6PD Union (Arg454Cys) and the G6PD 
Andalus (Arg454His) variants, in order to assess whether 
the latter mutations might differently affect the protein 
dynamics.

By comparing the (local structure) root mean square fluc-
tuation (calculated over the entire MD simulation period) of 
the wild type and of the mutant G6PD molecules (Figure S1), 
we found that each of the amino acid replacements at site 454 
does not significantly perturb the overall 3D structure of the 
G6PD subunits; moreover, the tetrameric quaternary assem-
bly is not perturbed throughout the 100 ns simulation time. 
On the other hand, close inspection of the mutated site high-
lights the rearrangement of several H- bonds around Pro454 
(Figure 4B); such local structural readjustment is reflected 

F I G U R E  4  Structure of a region of normal G6PD and changes resulting from amino acid replacements in position 454. (A) Detailed view of the 
G6PD cryogenic electron microscopy (cryo- EM) structure (PDB ID: 7SNI) showing the cluster of charged residues surrounding Arg454 (sphere and 
stick model in orange). Neighbouring positively charged residues (Arg198, Arg285: Blue stick models) and neighbouring negatively charged residues 
(Glu193, Asp282, Asp286, Asp456, Glu457: Red stick models) are highlighted because electrostatic interactions extend radially through space. For 
residues that are very close (distance <0.35 nm) H- bonds (dotted lines) provide additional local stabilisation. The catalytic cofactor (coenzyme) NADP+ 
(light brown) and the substrate G6P (light purple) are shaped in the background. (B) Arg454 is replaced by Pro454 (patient reported in this paper). 
(C) Arg454 is replaced by Cys454 (G6PD Union). (D) Arg 454 is replaced by His454 (G6PD Andalus). In panels (B–D), we illustrate differences in H- bond 
populations (throughout the MD simulation time) that distinguish the three mutants from the wild type, and each one of the three mutants from each 
other: H- bonds that are less populated in a mutant protein compared to the wild type are shown by green- dashed lines, whereas H- bonds that are more 
populated in a mutant protein compared to the wild type are shown by purple- dashed lines. In all three mutants, throughout the cluster of polar residues 
that characterise this region of the G6PD molecule, there is an evident redistribution of hydrogen bonds that is reflected by changes in its dynamics. 
Individual amino acid sites are shown as small grey spheres, and for reasons of space all residues are identified by their one- letter code (e.g. D and E are 
the negatively charged aspartic acid and glutamic acid; R is the positively charged arginine). MD, molecular dynamics.
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by the onset of marked collective motions (as defined by 
Principal Component Analysis throughout the MD trajec-
tories) in the tetrameric assembly, affecting the catalytic re-
gion of the enzyme (Figure S2A). A different rearrangement 
of H- bonds can be observed in G6PD Union surrounding 
residue Cys454 (an amino acid replacement that also re-
moves the positive charge from site 454: Figure 4C), and in 
G6PD Andalus surrounding residue His454 (an amino acid 
replacement that decreases the positive charge at site 454: 
Figure  4D), albeit with less increase in collective motions 
compared to the Pro454 mutation (Figure S2).

In terms of the compactness and rigidity of the catalytic 
domain (based on the dynamic behaviour of residues fall-
ing approximately within 0.8 nm of Arg454), the wild- type 
G6PD exhibits a narrow distribution with a peak at 0.97 nm 
(Figure 5). The peak is slightly shifted in G6PD Union and 
G6PD Andalus; and even more in G6PD Salt Lake, resulting 
in a non- uniform, broader distribution with two peaks at 1 
and 1.05 nm. These findings suggest access of this enzyme 
region to a higher number of conformations in the mu-
tants, in keeping with the collective motions reported above 
(Figure S2).

We have also analysed the binding stability of the 
NADP- s, NADP- c and G6P molecules, resulting from the 
MD simulations, by measuring the dynamic displacement 
from their locations (defined by the average root mean 
square deviation (RMSD) of their atomic coordinates) rel-
ative to those of the bound states in the reference cryo- EM 
structure. As expected, NADP- s, being rather distant from 
the active site,13 is not significantly displaced in either the 
wild type or in any of the variants, with 100% remaining 
bound throughout the simulations (Table  2). As for G6P 

and NADP- c, our simulations suggest instead that they are 
more likely to be displaced and to unbind, in agreement 
with their affinities being lower than that for NADP- s. In 
the wild type, the fraction of simulation frames in which 
G6P is bound to the enzyme is 45%, and the fraction of sim-
ulation frames in which NADP- c is bound to the enzyme 
is 72% (Table 2). Thus, the simulated G6P (substrate) and 
NADP- c (cofactor) dissociation trends are consistent with 
their functional roles in the G6PD catalytic mechanism. 
The Arg454Pro mutant hosts a lower population of NADP- c 
(with RMSD value less than 0.5 nm, i.e. less mobile species) 
than the wild type. Moreover, compared to the wild- type, 
NADP- c has a deviation (Average bound RMSD) from the 
initial structure that is higher in G6PD Salt Lake and G6PD 
Union, and comparable to the wild- type protein in G6PD 
Andalus, that has instead a lower deviation with respect to 
G6P (Table 2).

DISCUSSION

Our patient with G6PD deficiency, whose clinical history was 
summarised above, presented with neonatal jaundice (NNJ) 
and severe neonatal anaemia; he has a persistent marked re-
ticulocytosis and has required recurrent blood transfusions 
(12 in 36 months). Thus, he has a chronic non- spherocytic 
haemolytic disorder, and therefore his G6PD variant, G6PD 
Salt Lake, is clearly in class A (previously class I) of the WHO 
classification.2 The normal G6PD activity in the proband's 
mother is not against this classification: in fact, it is in keep-
ing with a previous observation, namely that in several class 
A variants somatic cell selection after X chromosome inacti-
vation favours cells having the normal G6PD allele on their 
active X chromosome.19

Neonatal jaundice is a common manifestation of G6PD 
deficiency, and it is serious, because it may lead to kernic-
terus.20 Babies with 7TA repeats in the TATAbox of the 
UGT1A1 gene, for which our patient was homozygous, tend 
to have higher levels of unconjugated bilirubin21; however, 
this baby's jaundice was accounted for mainly by conju-
gated bilirubin, which may be a presenting feature of met-
abolic diseases,22 or biliary atresia, or liver disease, for none 
of which there was any evidence; and within 2 weeks the 
jaundice cleared. We have found three previous reports of 
cholestatic jaundice in the neonatal period associated with 
class A G6PD variants.20,23,24 All three, like our patient, were 
given ursodeoxycholic acid, and the jaundice subsequently 
cleared; interestingly, all four patients, including ours, had 
been delivered by caesarean section.

Remarkably, two G6PD variants affecting residue 
454 are already known. G6PD Union (c.1360C>T; p.Arg-
454Cys) is a widespread polymorphic variant,8 belonging 
to class B (formerly class II). G6PD Andalus (c.1361G>A; 
p.Arg454His), instead, has been reported only in isolated 
instances: first, in a patient with favism in Spain9; later, 
as a class A (formerly class I) variant in Japan25; later, in a 
baby with NNJ in Malaysia,26 and in one patient in India.27 

F I G U R E  5  Size distribution of Radius of gyration (Rg) for the 
enzyme catalytic domain in wild- type G6PD and in the three Arg454 
replacements. Rg was calculated for all the residues within 0.8 nm of 
residue 454, and it was averaged over all four G6PD subunits for all 
frames in the MD simulations. The distribution sharpness (a parameter 
linked to structural compactness of the catalytic, NADP- c bound, 
domain) is seen here to correlate with the extent of collective motions (see 
Figure S2): These are larger in the Pro454 variant than in the Union and 
Andalus variants. MD, molecular dynamics.
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8 |   PATHOGENIC G6PD VARIANTS

The classification of G6PD Andalus is not clear, but it is 
likely to be class B.

In order to explore genotype–phenotype correlations we 
have performed MD simulations of the wild- type G6PD 
and of the three Arg454 variants. The first important result 
was that the overall structure of the tetrameric enzyme is 
not perturbed in any of them; consistent with this finding, 
the interaction with NADP- s (measured by RMSD) is un-
affected (Table 2). This is of interest, because in the major-
ity of class A variants the main cause of G6PD deficiency is 
thought to be in vivo instability7 specifically, in many class 
A variants that have amino acid replacements in the dime-
risation interface (largely in exon 10), or in the structural 
NADP binding region.28 Wang et al. have previously shown 
that G6PD Union and G6PD Andalus, obtained as recom-
binant proteins in Escherichia coli, have about one- tenth 
the activity of the wild- type enzyme, and they have a corre-
spondingly low kcat.

29

Molecular dynamics simulations have been used in 
order to analyse ligand binding and protein stability of 
a number of both class A variants30,31 and class B vari-
ants.32 These studies indicate that a variety of different 
mechanisms can ultimately cause G6PD deficiency, and 
therefore the molecular basis for enzyme deficiency must 
be assessed for each individual variant. In our case, we 
were able to focus on three mutants that share the Arg454 
replacement: this causes the loss of a positive charge that 
will directly affect electrostatic interactions and dy-
namics in the surrounding region of the molecule. Our 
simulations show that, as a consequence, H- bonds are re-
arranged (Figure 4), and there is an increase in collective 
motions that will affect the catalytic region. Ultimately, 
these changes have a dramatic impact on enzyme activity, 
since the residual G6PD activity in red cells is only 2.7% 

of normal in G6PD Union,33 and less than 1% in G6PD 
Andalus8; in G6PD Salt Lake it was about 3%, in our pa-
tient, in the face of marked reticulocytosis; and about 7% 
in the case of Powers et al.18

The differences among the three mutants are subtle. The 
rearrangements of H- bonds are conspicuous in all three 
cases, although they are qualitatively different. The largest 
deviation from normal in the interaction with G6P (mea-
sured by RMSD) is in G6PD Andalus, whereas the largest 
deviation from normal in the interaction with NADP- c is in 
the Arg454Pro mutant. In this mutant, we have also found 
the largest deviation from normal in the population distri-
bution of the radius of gyration (Figure 5). Thus, the adverse 
effects on catalytic activity may be greater, when compared 
to the G6PD Union and Andalus variants, explaining why 
not only our patient has severe G6PD deficiency, but why 
this causes a chronic haemolytic disorder: that is, G6PD Salt 
Lake is class A rather than class B.15 A major outstanding 
challenge for class A variants is that of therapeutic interven-
tion: a detailed understanding of the mechanism causing 
this phenotype may help in the search for small molecules 
that may mitigate G6PD deficiency.
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T A B L E  2  Estimates of structural properties regarding ligand binding 
in Arg454 mutants, compared to wild type.

System Ligand
Population where 
RMSD <0.5 nm, %

Average bound 
RMSD (nm)

Wild type NADP- s 100 0.18 ± 0.02

NADP- c 72 ± 10 0.35 ± 0.04

G6P 45 ± 9 0.46 ± 0.04

Arg454Pro NADP- s 100 0.19 ± 0.01

NADP- c 50 ± 9 0.47 ± 0.06

G6P 55 ± 11 0.44 ± 0.05

Arg454Cys NADP- s 94 ± 4 0.24 ± 0.03

NADP- c 57 ± 11 0.40 ± 0.06

G6P 62 ± 8 0.38 ± 0.04

Arg454His NADP- s 100 0.18 ± 0.02

NADP- c 79 ± 7 0.32 ± 0.03

G6P 74 ± 10 0.31 ± 0.04

Note: The variability figures after the ± sign are standard error of the mean.  
The values most conspicuously different in mutants compared to wild type are in bold.
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