
Boonyuen et al. Malaria Journal           (2024) 23:38  
https://doi.org/10.1186/s12936-024-04864-8

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Malaria Journal

Genetic analysis and molecular basis 
of G6PD deficiency among malaria patients 
in Thailand: implications for safe use 
of 8-aminoquinolines
Usa Boonyuen1*, Beatriz Aira C. Jacob1, Jutamas Wongwigkan1, Kamonwan Chamchoy2, Natsamon Singha‑art1, 
Natnicha Pengsuk1, Duantida Songdej3, Emily R. Adams4, Thomas Edwards4, Supat Chamnanchanunt5, 
Syazwani Itri Amran6, Nurriza Ab Latif6, Naveen Eugene Louis6 and Shamini Chandran6 

Abstract 

Background It was hypothesized that glucose‑6‑phosphate dehydrogenase (G6PD) deficiency confers a protec‑
tive effect against malaria infection, however, safety concerns have been raised regarding haemolytic toxicity caused 
by radical cure with 8‑aminoquinolines in G6PD‑deficient individuals. Malaria elimination and control are also com‑
plicated by the high prevalence of G6PD deficiency in malaria‑endemic areas. Hence, accurate identification of G6PD 
deficiency is required to identify those who are eligible for malaria treatment using 8‑aminoquinolines.

Methods The prevalence of G6PD deficiency among 408 Thai participants diagnosed with malaria by microscopy 
(71), and malaria‑negative controls (337), was assessed using a phenotypic test based on water‑soluble tetrazolium 
salts. High‑resolution melting (HRM) curve analysis was developed from a previous study to enable the detection 
of 15 common missense, synonymous and intronic G6PD mutations in Asian populations. The identified mutations 
were subjected to biochemical and structural characterisation to understand the molecular mechanisms underlying 
enzyme deficiency.

Results Based on phenotypic testing, the prevalence of G6PD deficiency (< 30% activity) was 6.13% (25/408) 
and intermediate deficiency (30–70% activity) was found in 15.20% (62/408) of participants. Several G6PD genotypes 
with newly discovered double missense variants were identified by HRM assays, including G6PD Gaohe + Viangchan, 
G6PD Valladolid + Viangchan and G6PD Canton + Viangchan. A significantly high frequency of synonymous 
(c.1311C>T) and intronic (c.1365‑13T>C and c.486‑34delT) mutations was detected with intermediate to normal 
enzyme activity. The double missense mutations were less catalytically active than their corresponding single mis‑
sense mutations, resulting in severe enzyme deficiency. While the mutations had a minor effect on binding affinity, 
structural instability was a key contributor to the enzyme deficiency observed in G6PD‑deficient individuals.

Conclusions With varying degrees of enzyme deficiency, G6PD genotyping can be used as a complement to pheno‑
typic screening to identify those who are eligible for 8‑aminoquinolines. The information gained from this study could 
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be useful for management and treatment of malaria, as well as for the prevention of unanticipated reactions to cer‑
tain medications and foods in the studied population.

Keywords G6PD deficiency, Malaria, G6PD mutations, G6PD genotyping, Synonymous mutations, Stability

Background
Although there is a substantial decrease in global mor-
bidity and mortality attributed to malaria, an estimate 
of 247 million cases were reported by the World Health 
Organization (WHO) in 2021, with approximately 
619,000 deaths worldwide [1]. Moreover, in countries 
striving for malaria eradication, greater focus is directed 
towards Plasmodium vivax and Plasmodium ovale para-
sites, which have dormant liver stage forms that can lead 
to relapse. The only class of medications utilised for pre-
venting relapse and achieving radical cure of malaria is 
8-aminoquinolines, namely primaquine and tafenoquine. 
However, the administration of these anti-malarial drugs 
in individuals with glucose-6-phosphate dehydrogenase 
(G6PD) deficiency can cause serious side effects, draw-
ing safety concerns. Thus, the WHO acknowledges that 
two diagnoses are required towards the safe and effective 
radical treatment of malaria: the presence of P. vivax par-
asites and G6PD deficiency status [2].

G6PD deficiency is the most common human 
erythro-enzymopathy caused by inherited mutations 
in the G6PD gene [3, 4]. The G6PD enzyme catalyses 
the initial step of the pentose phosphate pathway, gen-
erating reduced nicotinamide adenine dinucleotide 
phosphate (NADPH) required in cellular oxidative 
defense mechanisms [5]. G6PD with reduced enzyme 
activity is, therefore, unable to provide NADPH at a 
normal rate in erythrocytes, increasing susceptibility 
to haemolysis during oxidative challenge [6]. Nearly 
all G6PD-deficient individuals do not exhibit signs and 
symptoms, unless induced by an exogenous source of 
oxidative stress such as 8-aminoquinolines, causing 
acute haemolytic anaemia characterised by jaundice, 
haemoglobinuria, and flank pain [7, 8]. It has also been 
proposed that G6PD deficiency confers a relative pro-
tection against severe malaria, as reflected by the geo-
graphic frequency overlap between the two [9–11]. 
However, an established mechanism of protection has 
yet to be described, as well as the extent in allele-car-
rying individuals, especially in hemizygous males and 
heterozygous females [12–15]. Despite this protective 
effect, malaria therapeutics are still complicated by 
drug-induced haemolysis in G6PD-deficient individu-
als. Quantitative and qualitative techniques to diagnose 
G6PD deficiency have been developed over time, but 
these are limited by risks of misclassification and other 
haematological parameters [16]. To overcome these 

limitations, genetic testing is currently being advanced 
to reliably identify the G6PD deficiency status of a 
patient [17].

G6PD mutations are associated with various degrees 
of enzymatic activity and haemolytic vulnerability. 
There are now over 230 G6PD variants with known 
mutations, which are prominently missense mutations 
or small in-frame deletions [18]. These alleles have been 
classified based on the level of G6PD activity in eryth-
rocytes and the clinical manifestations of the allele-car-
rying individuals [19]. Even though most G6PD variants 
are identified as single point mutations, multiple mis-
sense and intronic mutations causative of G6PD defi-
ciency have been increasingly identified as well [20, 21].

In Thailand, 18,949 cases of malaria have been reported 
from January 2022 to June 2023, with P. vivax and P. ovale 
accounting for 94% of infections (malaria.ddc.moph.
go.th). This implies the importance of utilising 8-amino-
quinolines towards malaria elimination in the country. 
Moreover, the prevalence of G6PD deficiency in Thailand 
lies in the range of 3 to 18%, depending on ethnicity and 
geographical location, with more than 20 variants identi-
fied [22–26]. The most common single mutations, G6PD 
Viangchan (c.871G>A, p.Val291Met) and G6PD Mahidol 
(c.487G>A, p.Gly163Ser), can also give rise to individuals 
carrying the double mutant G6PD Mahidol + Viangchan 
with reduced catalytic efficiency and protein instability 
compared to the single mutations [27, 28].

In this study, a quantitative phenotypic test for G6PD 
deficiency was conducted among Thai malaria patients 
and malaria-negative controls. G6PD genotyping was 
carried out via multiplex high-resolution melting 
(HRM) assay [29], which has been further developed 
to detect synonymous and intronic mutations common 
in Thai people (c.1311C>T, c.1365-13C>T, and c.486-
34delT). To better understand the effect of single and 
double missense mutations on G6PD activity, func-
tional and structural analyses of variants identified by 
genotyping, namely, G6PD Gond (p.Met159Ile), G6PD 
Gaohe + Viangchan (p.His27Arg + Val298Met), G6PD 
Valladolid + Viangchan (p.Arg136Cys + Val298Met) 
and G6PD Canton + Viangchan (p.Arg459Leu + Val-
298Met), were performed and compared to their cor-
responding single variants. Moreover, computational 
analysis was carried out to elucidate the structural 
changes of G6PD variants in order to provide insights 
into the structure‒function relationship.
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Methods
Ethics
The study was approved by the Human Ethics Com-
mittee of the Faculty of Tropical Medicine, Mahidol 
University (approval number MUTM 2021-075-02). 
The participants provided written consent to have 
their specimens used in the research.

Blood samples
This retrospective study was carried out using 
archived blood samples collected at the Hospital for 
Tropical Diseases, Bangkok, Thailand during 2013–
2019. Blood samples were stored at ‒20  °C until use. 
Under this storage condition, the integrity of samples 
for phenotypic screening was maintained [30]. The 
data were fully anonymised and the authors had no 
access to information that could identify individual 
participants. The study design is depicted in Fig. 1.

Malaria detection
Plasmodium infection was diagnosed by two inde-
pendent well-trained microscopists via analysis of 
Giemsa-stained thin blood smears. Identification of 
the Plasmodium species was performed using poly-
merase chain reaction (PCR)-based protocols [31].

Phenotypic characterisation of G6PD deficiency using 
WST‑8 assay
The prevalence of G6PD deficiency was determined by a 
phenotypic test based on water-soluble tetrazolium salts 
(WST-8) assay, following prior study’s protocols [32]. The 
activity of G6PD was expressed as units (U) per gram of 
haemoglobin (Hb).

Genomic DNA extraction
Genomic DNA extraction was performed using a 
QIAamp DNA Blood Mini Kit (QIAGEN, Hilden, Ger-
many), according to the manufacturer’s instructions. 
A 100 μL of each blood sample was mixed with 100 μL 
phosphate buffer saline, extracted and eluted into a final 
volume of 100 μL. The DNA concentration was deter-
mined using a NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA).

G6PD genotyping by HRM assays
Previously, multiplex HRM assays that can detect 12 
mutations common in Thailand and Southeast Asia in 
three reactions were reported [29]. Nonetheless, three 
further G6PD genotypes are highly prevalent in the Asian 
population, including a  synonymous mutation in exon 
11 (c.1311C>T), an  intron 11 mutation (c.1365-13T>C) 
and a deletion in intron 5 (c.486-34delT) [33–35]. Hence, 
in this study, the HRM assays to enable the detection of 
these three mutations were further developed (Additional 

Fig. 1 Study flow chart
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file 1: Fig. S1). Primers were designed flanking each target 
point mutation in the G6PD gene, to generate amplicons 
with different melting temperatures  (Tm) depending on 
the presence of the mutation, Additional file 1: Table S1.

Multiplex HRM experiments were set up and per-
formed in accordance with previously published proto-
cols [29]. The performance of HRM assays was assessed. 
The number of true positives (TP), true negatives (TN), 
false positives (FP), and false negatives (FN) were deter-
mined with DNA sequencing as a reference method. A 
total of 175 blood samples with known G6PD genotypes 
(100 G6PD-mutant and 75 G6PD-wild type (WT)) were 
used to determine the specificity and sensitivity of the 
assay. The HRM assays were then used to screen 408 Thai 
participants for G6PD mutations.

DNA sequencing
Samples with impaired G6PD activity but no mutations 
detected by HRM assays (Fig.  1) were amplified for the 
G6PD gene and sent for sequencing. PCR amplification 
was carried out following a published methodology, cov-
ering exons 2 to 13 and introns 3, 4, 6, 7, and 9‒12 [32], 
and PCR products were purified and sequenced commer-
cially (1st BASE; Apical Scientific, Selangor, Malaysia).

Biochemical and structural characterisation of G6PD 
variants
G6PD genotyping identified various G6PD variants 
among the studied population, including G6PD Gond, 
G6PD Gaohe + Viangchan, G6PD Valladolid + Viangchan 
and G6PD Canton + Viangchan. The presence of these 
mutations was verified by Sanger sequencing. Both HRM 
assays and Sanger sequencing cannot determine whether 
the double mutations are in the cis or trans configura-
tion. To understand the molecular mechanisms underly-
ing enzyme deficiency of these four variants, biochemical 
and structural characterisation was carried out. To assess 
the combined effects of double mutations, they were cre-
ated as in cis configuration and their biochemical and 
structural properties were compared with WT and cor-
responding single mutations.

Site‑directed mutagenesis and protein expression 
and purification
Site-directed mutagenesis was carried out to create 
G6PD variants. Single missense mutations were con-
structed using the pET28a-G6PD WT template while 
double mutations were created using the pET28a-G6PD 
Viangchan template. Primers used for site-directed 
mutagenesis are listed in Additional file 1: Table S2. The 
PCR conditions for site-directed mutagenesis were previ-
ously described [36]. The presence of desired mutations 
was confirmed by DNA sequencing.

G6PD protein was expressed in Escherichia coli BL21 
(DE3) and purified to homogeneity using immobilised 
metal affinity chromatography in accordance with the 
previously described protocols [29]. Protein purity was 
visualised with sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis and the protein concentration was 
determined by the Bradford assay [37].

Determination of steady‑state kinetic parameters of G6PD 
variants
Steady-state kinetic parameters were determined to 
assess the effect of mutations on the catalytic activity of 
G6PD variants. Experiments were carried out follow-
ing previous report [29]. To determine the Km for glu-
cose-6-phosphate (G6P), the concentration of oxidized 
nicotinamide adenine dinucleotide phosphate  (NADP+) 
was fixed at 100 μM while varying the concentrations of 
G6P from 2.5 to 1000  µM and to determine the Km for 
 NADP+, the concentration of G6P was fixed at 500 μM 
while varying the concentrations of  NADP+ from 1 to 
200 µM.

Structural characterisation of G6PD variants
Structural analyses of G6PD variants were performed 
according to previous reports [29, 36]. The secondary 
structure of G6PD proteins was analysed using circular 
dichroism (CD) to determine the effect of mutations on 
the secondary structure of G6PD variants. Far UV-CD 
spectra of the G6PD variants (0.1 mg/mL) were recorded 
in a 1  mm path-length quartz cuvette at 25  °C using a 
Jasco spectrometer, model J-815, equipped with a Peltier 
temperature control system.

Thermal stability analysis was performed in a 20 
μL reaction, containing protein at a concentration of 
0.25 mg/mL mixed with 5 × SYPRO Orange Protein Gel 
Stain (Thermo Fisher Scientific, San Jose, CA, USA). 
The reaction mixtures were heated in a Light‒Cycler 480 
real-time PCR machine (Roche, Mannheim, Germany) at 
temperatures ranging from 20 to 80  °C, with excitation 
and emission wavelengths of 465 and 580  nm, respec-
tively. Furthermore, the effect of  NADP+ was investi-
gated by incubating the protein in the presence of various 
concentrations of  NADP+ (0, 10 and 100 µM). The melt-
ing temperature (Tm) of each G6PD variant was calcu-
lated and defined as the temperature at which half of the 
protein was unfolded.

To assess the effect of mutations on the structural sta-
bility of G6PD variants, the enzyme was incubated for 
20 min at temperatures ranging from 25 to 65  °C in the 
presence of various concentrations of  NADP+ (0, 10 and 
100 μM) before being cooled to 4  °C in a Thermocycler 
(Eppendorf, Hamburg, Germany). The residual enzyme 
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activity was measured and expressed as a percentage of 
the activity of the same enzyme incubated at 25 °C.

To investigate the structural stability of G6PD vari-
ants upon chemical denaturation, the protein was treated 
with different concentrations of guanidine hydrochlo-
ride (Gdn-HCl; 0 to 0.5  M) in the presence of various 
concentrations of  NADP+ (0, 10 and 100  µM) at 37  °C 
for 2 h. The residual enzyme activity was measured and 
expressed as a percentage of the activity of the same 
enzyme incubated without Gdn-HCl.

To determine the susceptibility of G6PD variants to 
trypsin digestion, the protein was treated with trypsin 
(0.5 mg/mL) for 5 min at 25  °C in the presence of vari-
ous concentrations of  NADP+ (0, 10 and 100  µM). The 
residual enzyme activity was measured and expressed 
as a percentage of the activity of the same enzyme incu-
bated without trypsin.

Molecular docking and molecular dynamic simulation 
(MDS)
Molecular docking was performed to construct the G6PD 
dimeric complex with G6P and  NADP+ ligands retrieved 
from PDB ID:2BHL and 2BH9 [38] using AutoDock 4.2 
software. In silico site-directed mutagenesis was per-
formed using the WT structure to construct the mutant 
enzymes using mutagenesis tool in the PyMOL software 
(PyMOL Molecular Graphics System, Schrödinger, LLC).

The WT and prepared mutants were subjected for 
simulation using the GROMACS 2018.1 package. The 
pdb2gmx utility and the GROMOS96 54a7 force field 
were utilised for protein preparation while ligand topol-
ogy files were prepared using the Automated Topology 
Builder [39, 40]. The protein–ligand complex of the WT 
and mutants was assembled by merging the topology and 
atomic coordinates of the protein and ligands. The sys-
tem was solvated using a simple point charge water box 
and then neutralised by adding counter  Na+ ions before 
the energy was minimised at 50,000 steps using the 
steepest descent method. The system was subjected to 
5000 steps of constant number of particles, volume, and 
temperature for 100 ps at 300 K in the equilibration step. 
The constraint and electrostatic interactions were estab-
lished by employing the linear constraint solver and the 
particle mesh Ewald algorithms, respectively. The system 
was then simulated for 100 ns.

Post-simulation structural analyses were performed on 
the WT and mutants using various trajectories focusing 
at the mutation site, dimer and tetramer interfaces, and 
protein–ligand affinities.

Statistical analysis
The calculations of sensitivity and specificity were per-
formed (https:// www. medca lc. org/ calc/ diagn ostic_ 

test. php), according to the following parameters: 
sensitivity = TP/(TP + FN) × 100; specificity = TN/
(TN + FP) × 100. The results were expressed as percent-
age with 95% confidence interval (CI). The G6PD activity 
of the population was expressed as median ± interquar-
tile range using GraphPad Prism (GraphPad Software, La 
Jolla, CA, USA).

Results
Malaria
Of the 408 tested subjects, there were 202 male partici-
pants and 206 female participants. Malaria was detected 
in 71 samples with 30 cases (42.30%) of Plasmodium fal-
ciparum and 41 cases (57.70%) of P. vivax, Fig. 2A.

Prevalence of G6PD deficiency
Based on WST-8 phenotypic test, the normal median 
of the studied population was 10.94 ± 2.35 U/gHb. To 
identify those who will be eligible for primaquine and 
tafenoquine treatment, G6PD activity of < 30% of the 
normal median (< 3.28 U/gHb) was defined as G6PD 
deficient; and G6PD activity between 30 and 70% of the 
normal median (3.28–7.66 U/gHb) was defined as G6PD 
intermediate [41–43]. The overall prevalence of G6PD 
deficiency was 6.13% (25/408) and G6PD intermediate 
accounted for 15.20% (62/408) of the studied population. 
In malaria patients, one male and two females were con-
sidered G6PD deficient and two females were considered 
G6PD intermediate (Fig.  2B). In malaria-negative sam-
ples, 22 samples (14 males and 8 females) were G6PD 
deficient and 60 samples (15 males and 45 females) were 
G6PD intermediate (Fig.  2C). The distribution of G6PD 
activity among all studied population, malaria-positive, 
and malaria-negative samples is shown in Fig.  3. The 
frequency distribution of enzyme activity in male and 
female participants is depicted in Additional file  1: Fig. 
S2.

G6PD genotypes
The sensitivity and specificity of the developed HRM 
assays for detecting 15 G6PD mutations were 100% (CI 
96.38–100%) and 100% (CI 95.20–100%), respectively. 
Among 408 samples, mutation detection by HRM assays 
revealed various G6PD mutations, with new genotypes 
identified.

36.62% (26/71) of malaria patients were found to carry 
seven G6PD genotypes (Table  1). The most common 
G6PD genotype found was a combination of synony-
mous c.1311C>T and intronic c.1365-13T>C muta-
tions, which accounted for 69.23% (18/26) of detected 
genotypes. As expected G6PD Viangchan, the most 
common missense variant in the Thai population, was 
found as compound mutations (c.871 G>A, c.1311C>T, 

https://www.medcalc.org/calc/diagnostic_test.php
https://www.medcalc.org/calc/diagnostic_test.php
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and c.1365-13T>C). The missense G6PD Mahidol was 
also detected as a compound mutation, in combination 
with synonymous and intronic mutations (c.487G>A, 
c.1311C>T, and c.1365-13T>C). A new genotype, the 
double missense mutation G6PD Viangchan + Can-
ton (c.871G>A, c.1376G>T, c.1311C>T and c.1365-
13T>C), was identified in two females. Other single 
mutations detected were the missense G6PD Valladolid 
(c.406C>T), a deletion in intron 5 (c.486-34delT) and 
an intron 11 mutation (c.1365-13T>C).

The frequency of G6PD mutations (50.74%) was 
higher among 337 malaria-negative samples with 
171 samples carrying G6PD genotypes that were pre-
dominantly multiple mutations (Table  2). The highest 
frequency (95/171, 56%) was observed for the combi-
nation of synonymous c.1311C>T and intronic c.1365-
13T>C mutations, similar to that found in malaria 
patients. Notably, variants previously found as sin-
gle missense mutations were detected along with this 
combination: G6PD Gaohe (c.95A>G, c.1311C>T, 

Fig. 2 A pie chart depicting A the proportion of malaria cases among the studied population and the prevalence of G6PD deficiency in B 
malaria‑positive samples and C malaria‑negative samples

Fig. 3 Distribution of G6PD enzyme activity in A all participants, B malaria‑positive samples and C malaria‑negative samples
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and c.1365-13T>C), G6PD Valladolid (c.406C>T, 
c.1311C>T, and c.1365-13T>C), and G6PD Chinese-5 
(c.1024C>T, c.1311C>T, and c.1365-13T>C). The sec-
ond most common genotype was a deletion in intron 
5, c.486-34delT (26/171, 15%), which was also found 
as a compound mutation (c.486-34delT, c.1311C>T, 
and c.1365-13T>C). The third most frequent vari-
ant was the compound mutation containing G6PD 
Viangchan (c.871G>A, c.1311C>T, and c.1365-13T>C). 
Interestingly, HRM assays identified new G6PD geno-
types in association with G6PD Viangchan among 
malaria-negative samples: G6PD Gaohe + Viangchan 
(c.95A>G, c.871G>A, c.1311C>T, and c.1365-13T>C), 
G6PD Valladolid + Viangchan (c.406C>T, c.871G>A, 
c.1311C>T, and c.1365-13T>C), and a compound 
mutation (c.871G>A, c.486-34delT, c.1311C>T, and 
c.1365-13T>C). Eight single missense mutations were 
observed:

G6PD Canton (c.1376G>T), G6PD Mahidol 
(c.487G>A), G6PD Gaohe (c.95A>G), G6PD Aures 
(c.143T>C), G6PD Chinese-4 (c.392G>T), G6PD Medi-
terranean (c.563C>T), G6PD Chinese-5 (c.1024C>T), 
and G6PD Union (c.1360C>T). An intronic vari-
ant (c.1365-13T>C) and a synonymous mutation 
(c.519C>T) were detected as well. Among malaria-
negative samples, 6 samples with impaired G6PD activ-
ity were subjected to DNA sequencing and four single 
nucleotide substitutions were identified; namely, G6PD 
Kaiping (c.1388G>A), G6PD Vanua Lava (c.383T>C), 

G6PD Gond (c.477G>C), and a combination of 
intron 7 mutation (c.771-39C>T), c.1311C>T, and 
c.1365-13T>C.

Table 1 G6PD genotypes among malaria‑positive samples

Bold indicates new G6PD genotype identified in this study
* The zygosity of G6PD variants in females was not determined

Genotype Variant 
name

N Frequency (%)

Male Female* Total

c.406C>T Valladolid 0 1 1 3.85

c.487G>A,
c.1311C>T,
c.1365‑13T>C

Mahidol 0 1 1 3.85

c.871G>A,
c.1311C>T,
c.1365‑13T>C

Viangchan 1 0 1 3.85

c.871G>A,
c.1376G>T,
c.1311C>T,
c.1365‑
13T>C

Viangchan
Canton

0 2 2 7.69

c.486‑34delT 1 1 2 7.69

c.1365‑13T>C 1 0 1 3.85

c.1311C>T,
c.1365‑13T>C

13 5 18 69.23

Total 26 100

Table 2 G6PD genotypes among malaria‑negative samples

Bold indicates G6PD genotypes identified by DNA sequencing
* The zygosity of G6PD variants in females was not determined

Genotype Variant name N Frequency

Male Female* Total

c.95A>G Gaohe 0 1 1 0.58%

c.95A>G,
c.1311C>T,
c.1365‑13T>C

Gaohe 0 1 1 0.58%

c.95A>G,
c.871G>A,
c.1311C>T,
c.1365‑13T>C

Gaohe,
Viangchan

0 1 1 0.58%

c.143T>C Aures 0 1 1 0.58%

c.383T>C Vanua Lava 0 1 1 0.58%

c.392G>T Chinese‑4 0 1 1 0.58%

c.406C>T,
c.1311C>T,
c.1365‑13T>C

Valladolid 1 0 1 0.58%

c.406C>T,
c.871G>A,
c.1311C>T,
c.1365‑13T>C

Valladolid,
Viangchan

0 1 1 0.58%

c.477G>C Gond 0 1 1 0.58%

c.487G>A Mahidol 1 1 2 1.17%

c.519C>T 0 1 1 0.58%

c.563C>T Mediterranean 1 0 1 0.58%

c.871G>A,
c.1311C>T,
c.1365‑13T>C

Viangchan 6 10 16 9.28%

c.871G>A,
c.486‑34delT,
c.1311C>T,
c.1365‑13T>C

Viangchan 0 1 1 0.58%

c.1024C>T Chinese‑5 0 1 1 0.58%

c.1024C>T,
c.1311C>T,
c.1365‑13T>C

Chinese‑5 0 1 1 0.58%

c.1360C>T Union 1 0 1 0.58%

c.1376G>T Canton 2 2 4 2.34%

c.1388G>A Kaiping 1 2 3 1.75%

c.486‑34delT 11 15 26 15.20%

c.1365‑13T>C 1 2 3 1.75%

c.1311C>T,
c.1365‑13T>C

35 60 95 55.56%

c.486‑34delT,
c.1311C>T,
c.1365‑13T>C

0 6 6 3.51%

c.771‑39C>T
c.1311C>T,
c.1365‑13T>C

0 1 1 0.58%

Total 171 100%
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Phenotype‑genotype association analysis
Among the studied population, single missense muta-
tions in hemizygotes and multiple missense mutations 
in compound heterozygotes gave rise to deficient phe-
notype with enzyme activity values less than 30% of the 
normal median (Additional file  1: Fig. S3). In heterozy-
gous females, single missense and synonymous muta-
tions can result in G6PD activities ranging from deficient 
to normal. A female heterozygous for a synonymous 
mutation (c.519C>T) showed a deficient phenotype, 
with enzyme activity of 2.27 U/gHb. Individuals carry-
ing the deletion mutation (c.486-34delT) showed inter-
mediate and normal phenotypes while those carrying 
the intronic mutation (c.1365-13T>C) showed a normal 
phenotype, with G6PD activity ranges of 5.06‒15.22 and 
10.36‒12.03 U/gHb for deletion and intronic mutations, 
respectively. Both males and females carrying the syn-
onymous c.1311C>T and intronic c.1365-13T>C muta-
tions showed a wide range of enzyme activity values, 
ranging from intermediate to normal. The enzyme activ-
ity values were comparable between individuals with the 
combination of c.1311C>T and c.1365-13T>C mutations 
and those with the compound mutations (c.486-34delT, 
c.1311C>T, and c.1365-13T>C).

Biochemical properties and structural stability of G6PD 
variants
Each G6PD  mutation was found to affect the catalytic 
activity of the enzyme to varied degrees. Among the sin-
gle missense variants, G6PD Gond and G6PD Vallado-
lid had a minor effect on catalytic activity while G6PD 
Gaohe, G6PD Viangchan, and G6PD Canton had a con-
siderable effect, with G6PD Canton showing the lowest 
catalytic activity among others (Table  3). These single 
variants did not alter binding affinity toward both sub-
strates (G6P and  NADP+), except for G6PD Gond, G6PD 
Viangchan, and G6PD Canton. The Canton mutation 
increased binding affinity toward G6P substrate while 

G6PD Gond and G6PD Viangchan decreased binding 
affinity toward  NADP+ substrate. The double missense 
mutations (G6PD Gaohe + Viangchan, G6PD Vallado-
lid + Viangchan, and G6PD Canton + Viangchan) resulted 
in less catalytically active enzymes, compared to the 
WT and corresponding single mutations. G6PD Can-
ton + Viangchan was the least active enzyme among the 
double variants with increased binding affinity toward 
G6P substrate, attributable to the presence of Canton 
mutation.

The presence of mutations did not alter the second-
ary structure of G6PD variants, Additional file  1: Fig. 
S4. Based on the three-dimensional structure, human 
G6PD is an α-helical protein, containing two domains: 
β + α domain and a coenzyme binding domain with a 
classic β-α-β dinucleotide-binding fold [44]. CD spectra 
of G6PD variants showed two negative peaks at 208 and 
222 nm, which are characteristics of the α-helical protein. 
All G6PD variants showed similar CD absorption spectra 
to that of the WT enzyme albeit with varying absorption 
intensities, which could be attributed to changes in flex-
ibility or rigidity of the secondary structure.

The presence of mutations was found to destabilise 
G6PD protein structures, with different mutations caus-
ing varying degrees of structural instability. A second 
 NADP+‒binding site is found in the three-dimensional 
structure of G6PD protein, proximal to the dimer inter-
face, and plays a critical role in structural stabilisation 
[38]. Herein, structural stability tests were carried out 
in varying concentrations of  NADP+. In the thermal 
shift assay, Tm values of recombinant G6PD proteins in 
the presence of different concentrations of  NADP+ are 
shown in Fig. 4 and Additional file 1: Table S3. Notably, 
the single missense G6PD Gond showed even a greater 
structural stability (with higher Tm values) than the WT 
enzyme, both in the absence and presence of  NADP+. 
The Valladolid mutation had the least effect on structural 
stability when compared to the WT enzyme, whereas 

Table 3 Kinetic parameters of recombinant G6PD variants

Construct Amino acid change kcat  (s
–1) Km G6P (μM) Km  NADP+ (μM)

WT – 293.2 ± 7.0 42.1 ± 3.6 12.9 ± 3.3

Gaohe His27Arg 96.6 ± 3.6 53.0 ± 6.8 11.0 ± 3.4

Valladolid Arg136Cys 282.3 ± 4.4 50.1 ± 2.7 8.4 ± 2.6

Gond Met159Ile 255.5 ± 6.5 64.0 ± 5.3 19.5 ± 6.5

Viangchan Val298Met 107.7 ± 7.4 58.7 ± 5.0 18.0 ± 4.1

Canton Arg459Leu 64.8 ± 2.6 25.5 ± 4.1 10.5 ± 3.9

Gaohe + Viangchan His27Arg + Val298Met 57.0 ± 3.2 47.9 ± 7.4 10.3 ± 2.2

Valladolid + Viangchan Arg136Cys + Val298Met 140.3 ± 3.0 31.0 ± 2.8 8.2 ± 1.4

Canton + Viangchan Arg459Leu + Val298Met 22.6 ± 1.2 17.3 ± 3.6 9.6 ± 2.3
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the Viangchan variant had the greatest effect, with Tm 
values of 53.88 °C, 51.53 °C, and 44.54 °C for G6PD WT, 
G6PD Valladolid, and G6PD Viangchan, respectively. The 
combination of two missense mutations had additionally 
reduced structural stability of the protein, with G6PD 
Canton + Viangchan showing the lowest Tm of 43.82  °C. 
The presence of  NADP+ was found to stabilise protein 
structure in  a concentration-dependent manner for all 
variants.

In agreement with the thermal shift assay, the ther-
mal inactivation test also revealed different destabilising 
effects among G6PD variants (Fig. 5 and Additional file 1: 
Table  S4). Upon exposure to increasing temperatures, 
protein denatures and loses its activity. Measurement of 
residual enzyme activity can be used to assess structural 
stability, as measured by  T1/2. The Valladolid mutation 
had only a small effect on structural stability, showing 
 T1/2 value of 48.65 °C which is comparable to that of the 

WT enzyme  (T1/2 = 49.39 °C). G6PD Canton was the least 
stable of the single missense variants, while G6PD Can-
ton + Viangchan was the least stable of the double mis-
sense variants, with  T1/2 values of 40.25 °C and 39.79 °C 
for G6PD Canton and G6PD Canton + Viangchan, 
respectively. The combined effect of double mutations 
on structural instability was also evident in the thermal 
activity assay.

Structural stability in the presence of different con-
centrations of Gdn-HCl, a chemical denaturant, was 
evaluated (Fig. 6 and Additional file 1: Table S5). Protein 
structure unfolds upon treatment with increasing con-
centrations of Gdn-HCl, and the structural stability of 
G6PD variants can be determined by measuring residual 
enzyme activity. Protein with greater structural stability, 
as measured by  C1/2, is more resistant to Gdn-HCl treat-
ment. The WT enzyme was most resistant to Gdn-HCl 
with the  C1/2 of 0.25 M. Among the single variants, G6PD 

Fig. 4 Thermal stability analysis of G6PD variants. The reaction mixtures were heated at temperatures ranging from 20 °C to 80 °C for 20 min, 
with excitation and emission wavelengths of 465 and 580 nm, respectively. Residual enzyme activity was measured and the melting temperature 
(Tm) was calculated and defined as the temperature at which half of the protein unfolded
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Viangchan and G6PD Gond were the least and the most 
stable variants upon Gdn-HCl treatment with  C1/2 values 
of 0.07  M and 0.17  M, respectively. When compared to 
the WT enzyme and their respective single mutations, 
the double variants were more susceptible to chemical 
denaturation, reflecting less structural stability. G6PD 
Canton + Viangchan, the least stable G6PD variant stud-
ied here, lost 50% of its activity in the presence of as low 
as 0.008 M of Gdn-HCl.

Susceptibility to trypsin digestion was also assessed in 
order to examine the structural stability of G6PD vari-
ants (Fig. 7 and Additional file 1: Table S6). G6PD Can-
ton was the most sensitive variant to trypsin digestion in 
this assay, with a residual activity of 6%, whereas the WT 
and G6PD Viangchan retained 20% of their activity. The 
stabilising effect of  NADP+ was observed for all variants. 
Similar to other structural stability tests, trypsin diges-
tion indicated that the double variants were less structur-
ally stable than their corresponding single variants.

Structural analysis of G6PD variants by molecular docking 
and molecular dynamic simulation
MDS approach was utilised to understand the mecha-
nisms as to how G6P and  NADP+ influence protein 
multimerisation and how variants arising from different 
regions of the protein affect enzyme activity. Mutation-
induced structural changes due to single and double 
missense mutations were critically analysed by calculat-
ing the average distance and number of hydrogen bonds 
made between the mutation site and its neighboring 
residues (Table 4). The Canton mutation is located close 
to the dimer interface which induces loss of interhelical 
interactions between αe (177–190) and αn (455–473) 
[20]. This mutation is shown to increase the distance 
between monomeric subunits of the dimer which causes 
the structure to be loosely packed, characterised by a 
higher radius of gyration (Rg), thus resulting in reduced 
enzyme activity (Additional file 1: Tables S7 and 8). The 
Viangchan mutation demonstrated high fluctuations of 

Fig. 5 Thermal inactivation analysis of recombinant G6PD variants. Residual enzyme activity was measured after the protein was heated at different 
temperatures (25 to 65 °C) for 20 min in the presence of various concentrations of  NADP+ (0, 10 and 100 μM).  T1/2 is the temperature at which 
the enzyme loses 50% activity. Error bars represent mean ± SD of triplicate measurements
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amino acid side chains at the substrate and cofactor bind-
ing sites, as well as dimer and tetramer interfaces, that led 
to the instability of the enzyme structure as determined 
by the root mean square fluctuation and the root-mean-
square deviation values (Additional file  1: Table  S8). 
Fluctuation of the amino acid side chains at the catalytic 
binding pocket disrupts the hydrogen bond interac-
tions between  NADP+ and Lys171, hence impairing the 
catalytic activity (Additional file  1: Fig. S5). The Can-
ton + Viangchan mutation demonstrated similar struc-
tural changes at the mutation site as the corresponding 
single variants. This mutation led to deleterious enzyme 
activity due to loss of hydrogen bond interactions at 
the  NADP+ binding sites; and major conformational 
changes of the amino acids at the ligand binding sites and 
dimer and tetramer interfaces (Additional file  1: Fig. S5 
and Table  S8). Despite loss of Asp421–Asp421 interac-
tions at the dimer interface, the dimeric form remained 
intact through hydrogen bond interaction between 
Ser418 and Thr423 but this hindered tetramer formation 

characterised by low tetramer salt bridge SASA (Addi-
tional file 1: Table S7).

Mutation in G6PD Valladolid happened at a highly 
conserved region near the catalytic  NADP+ binding 
pocket which disrupts the interactions with αc (115–132) 
and αd-βE loop (Table 4). This variant is unable to retain 
the G6P–Lys171 interaction at the substrate binding 
site but has high occupancy for  NADP+. In the Vallado-
lid + Viangchan variant, both Lys171–G6P and Lys171-
NADP+ hydrogen bonds are absent (Additional file 1: Fig. 
S5). The distance between Met291 and Cys294 shifted by 
1.0 Å causing increased distance between βN–βN strands 
at the dimer interface (Table 4). Loss of interactions with 
G6P,  NADP+ and βN–βN strands observed in the Vallad-
olid + Viangchan variant affects the affinity of the ligands.

G6PD Gaohe variant, located close to the catalytic 
domain, affected the substrate and  NADP+ binding as 
the Lys171 amino acid was unable to retain hydrogen 
bonds with G6P and  NADP+ (Additional file  1: Fig. 
S5). High Rg determines that Gaohe is structurally 

Fig. 6 Structural stability analysis of recombinant G6PD variants upon Gdn‑HCl treatment. Residual enzymatic activity was measured 
after incubation with different concentrations of Gdn‑HCl (0‒0.5 M) at 37 °C for 2 h in the presence of various concentrations of  NADP+ (0, 10 
and 100 μM). Residual enzyme activity is expressed as a percentage of the activity for the same enzyme incubated in the absence of Gdn‑HCl.  C1/2 
is the Gdn‑HCl concentration at which the enzyme loses 50% of its activity. Error bars represent mean ± SD of triplicate measurements
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Fig. 7 Susceptibility of recombinant G6PD variants to trypsin digestion. Residual enzymatic activity was measured after incubation with 0.5 mg/
mL trypsin at 25 °C for 5 min in the presence of various concentrations of  NADP+ (0, 10 and 100 μM). Residual enzyme activity was expressed 
as a percentage of the activity for the same enzyme in the absence of trypsin. Error bars represent the mean ± SD of triplicate measurements
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dissimilar to the WT and low SASA of the tetramer 
salt bridge residues indicates hindered tetramerisation, 
hence reasoning for its low enzyme activity despite this 
variant is able to retain important interactions at the 
dimer interface (Additional file  1: Tables S7 and S8). 
The double variant G6PD Gaohe + Viangchan recorded 
lower enzyme activity attributable to the Gaohe vari-
ant, due to loss of hydrogen bonds at the substrate and 
cofactor binding sites (Additional file 1: Fig. S5).

Loss of polar contacts between αd-βE loop and αd 
helix in the G6PD Gond variant is due to the mutation 
at residue 159, leading to displacement of the βE-αe 
loop (residues 170 – 176) (Table 4) and a reduced num-
ber of hydrogen bonds at the G6P binding site (Addi-
tional file  1: Fig. S5). This loop plays a vital role in 

directing G6P and  NADP+ to their respective binding 
pockets, hence affecting the affinity of both molecules.

Based on the structural analysis of G6PD variants, 
it is crucial for the G6PD structures to retain the 
Lys171-G6P and Lys171-c.NADP+ hydrogen bonds 
via the βE-αe loop. It was also evident that high struc-
tural integrity at the dimer and tetramer interfaces was 
important for G6PD structures to express high enzyme 
activity. Mutation-induced structural changes in the 
βE-αe loop and the dimer and tetramer interfaces are 
the underlying reasons for the reduced enzyme activ-
ity in these G6PD variants. A summary of structural 
changes in these variants is provided in Additional 
file 1: Fig. S6.

Table 4 A comparison of the intermolecular interactions between the mutation site and neighbouring residues for the WT and 
variants

Bold indicates double mutations

Mutation site Neighbouring residue Hydrogen bonds 
between residues 
(WT)

Hydrogen bonds 
between residues 
(Variant)

Variant Position Mutated residue Distance (Å) Bonds Distance (Å) Bonds

Canton 459 Arg‑> Leu (αn 455–473) Asp 181 (αe 177–190) 2.6 1 3.7 0

Viangchan 291 Val‑ > Met (αj 281–292) Cys 294 (αj–αk loop 293–299) 2.3 0 2.4 0

Canton + Viangchan
(R459L + V291M)

459 Arg‑> Leu
(αn 455–473)

Asp 181
(αe 177–190)

2.6 1 3.8 0

291 Val‑ > Met
(αj 281–292)

Cys 294
(αj–αk loop 293–299)

2.3 0 2.4 0

Valladolid 136 Arg‑ > Cys
(βD 136–140)

Asn 122 (αc 115–132) 3.2 5 – 2

Cys 158 (αd‑βE loop 157–164) 3.2 –

Gly 131 (αc 115–132) 3.1 –

Arg 166 (αd‑βE loop 157–164) 3.0 2.1

Trp 164 (αd‑βE loop 157–164) 2.8 2.5

Viangchan 291 Val‑ > Met
(αj 281–292)

Cys 294
(αj–αk loop 293–299)

2.3 0 2.4 0

Valladolid + Viangchan
(R136C + V291M)

342 Arg‑ > Cys
(βD 136–140)

Asn 122 (αc 115–132) 3.2 5 – 2

Cys 158 (αd‑βE loop 157‑ 164) 3.2 –
Gly 131 (αc 115–132) 3.1 –
Arg 166 (αd‑βE loop 157‑ 164) 3.0 1.8
Trp 164 (αd‑βE loop 157‑ 164) 2.8 1.9

291 Val‑ > Met
(αj 281–292)

Cys 294
(αj–αk loop 293–299)

2.3 0 3.3 0

Gaohe 32 His‑ > Arg (βA 32–37) Phe 66 (βB 65–71) 1.8 2 1.9 2

Viangchan 291 Val‑ > Met (αj 281–292) Cys 294 (αj–αk loop 293–299) 2.3 0 2.4 0

Gaohe + Viangchan
(H32R + V291M)

32 His‑ > Arg
(βA 32–37)

Phe 354
(βJ 353–360)

1.8 2 1.9 2

291 Val‑ > Met
(αj 281–292)

Cys 294
(αj–αk loop 293–299)

2.3 0 2.4 1

Gond 159 Met‑ > Ile
(αd‑βE loop 157–164)

Ser 157
(αd 145–158)

2.7 1 3.3 0
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Discussion
Phenotypic testing revealed prevalence of 4.22% and 
6.53% among malaria-positive and malaria-negative sam-
ples, respectively. Genetic testing revealed G6PD muta-
tion frequencies of 36.62% in malaria-positive samples 
and 50.74% in malaria-negative samples. The findings 
here are in agreement with previous reports regarding 
the prevalence of G6PD deficiency in the Thai popula-
tion [23, 35]. However, with limited sample number, the 
retrospective nature of this study, the diverse geographic 
origins of the participants, and the fact that P. vivax and 
P. falciparum infections have very different red blood 
cell preferences, the protective effect of G6PD deficiency 
against malaria infection cannot be affirmed. According 
to the 70% cut-off, 7% of malaria-positive samples were 
ineligible for tafenoquine treatment. It was much higher 
in the control group, with 24.33% having enzyme activi-
ties less than 70% of the normal median. It should be 
noted that there was no clear consensus about whether 
60% or 70% or 80% would be a more appropriate value 
for a threshold of G6PD enzyme activity. The 70% cut-
off used in this study was based on the exclusion crite-
ria for tafenoquine clinical trials, allowing heterozygous 
females with intermediate enzyme activity who are at risk 
of haemolysis to be excluded [42, 43]. Setting the thresh-
old too low risks misclassifying patients as G6PD normal 
and exposing them to drug-induced haemolysis, while 
setting it too high risks excluding G6PD normal patients 
from obtaining radical treatment, putting them at risk of 
relapse and associated morbidity [45].

The combination of synonymous c.1311C>T and 
intronic c.1365-13T>C mutations was found to be the 
most frequent G6PD genotype in both studied groups. 
These mutations are common polymorphic markers 
among Asian populations and are regarded to be of no 
functional significance because they do not alter the pro-
tein sequence. However, previous studies have shown 
that the double mutations (c.1311C>T and c.1365-
13T>C) without G6PD mutations in the coding regions 
were associated with decreased G6PD enzyme activity 
among Chinese, Thai, Palestinian and Kachin popula-
tions [46–49]. Therefore, it was suggested that G6PD 
deficiency could be caused not only by a single mutation 
in the exon or exon‒intron boundaries, but also by a hap-
lotype of the G6PD gene [48].

Both c.1311C>T and c.1365-13T>C were predicted to 
have no splicing or deleterious effect on the G6PD gene 
[50–52]. While c.1365-13T>C was found to be benign, 
the c.1311C>T showed conflicting results and the clini-
cal interpretations of pathogenicity were still uncer-
tain on the ClinVar database (https:// www. ncbi. nlm. 
nih. gov/ clinv ar/). The combination of c.1311C>T and 
c.1365-13T>C was found in 2.56% of G6PD-deficient 

individuals and 15.7% of normal samples in southern 
China [53], while it was found in 0.38% and 15.4% of 
the Han Chinese population in G6PD-deficient and 
G6PD-normal, respectively [54]. The combination of 
c.1311C>T and c.1365-13T>C resulted in a wide range 
of G6PD activity in this study, ranging from interme-
diate to normal and the frequency of these combined 
polymorphisms was higher in malaria-positive samples. 
To assess whether this combination has an impact on 
malaria treatment, further information is required to 
completely understand the association of c.1311C>T/ 
c.1365-13T>C and drug-induced haemolysis.

The c.486-34delT resulted in a wide range of G6PD 
activity (5.06‒15.22 U/gHb). This variant was neutral 
based on splicing and functional predictions [50–52]. 
While the c.486-34delT variant was described as benign 
by many clinical testing groups it was found to be asso-
ciated with G6PD deficiency in unrelated hemizygotes 
on the ClinVar database. The variant was also reported 
to give rise to deficient and normal phenotypes in the 
Chinese population [34, 53]. Despite the fact that the 
c.486-34delT variant was linked to enzyme deficiency, 
there was no indication of haemolytic toxicity, hence 
no concerns were raised regarding administration of 
8-aminoquinolines in people with the c.486-34delT 
variant.

Although synonymous and intronic mutations do 
not alter protein sequences, they could have functional 
effects on gene regulation processes, such as transcrip-
tion factor binding, transcription, pre-mRNA splicing, 
mRNA folding and stability, translational initiation, effi-
ciency and accuracy, as well as co-translational protein 
folding [55]. While growing evidence suggests that syn-
onymous mutations are non-neutral in other genes, the 
implications of synonymous and intronic mutations on 
the G6PD gene remain largely unknown [55]. Hence, 
more investigation is needed to elucidate molecular 
mechanisms underlying G6PD enzyme deficiency caused 
by synonymous and intronic mutations.

It should be noted that single missense mutations as 
well as compound mutations of single missense, syn-
onymous and intronic variants frequently gave rise to 
intermediate to normal enzyme activity, especially in 
heterozygous females because of individual variation 
in the patterns of X-chromosome inactivation (lyonisa-
tion), which results in variation in the number of circu-
lating normal- and deficient-red blood cells [56]. This 
could lead to misidentification of G6PD status by com-
monly used qualitative tests, including the rapid diag-
nostic tests (RDTs), posing significant haemolytic risks in 
vulnerable individuals. Therefore, genetic testing can be 
used as a complement to phenotypic testing, especially in 
individuals with inconclusive or unexpected phenotypic 

https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
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results, in order to correctly identify those at risk of drug-
induced haemolysis.

Previously, G6PD Gond was reported in Indian and 
Arab populations [57–59]. While the Gond mutation 
(Met159Ile) can result in impaired enzyme activity, the 
G6PD deficiency in a Saudi male with G6PD Gond was 
only mild, with 53% activity [57]. In this study, DNA 
sequencing identified G6PD Gond in a heterozygous 
female with enzyme activity of 6.09 U/gHb (55.67% activ-
ity). To our knowledge, this is the first report of G6PD 
Gond in the Thai population. The Met159Ile mutation 
had only a slight effect on catalytic activity with a small 
reduction in binding affinity for both substrates. Altera-
tion in binding affinity was attributable to displacement 
of the βE-αe loop involved in directing G6P and  NADP+ 
to their respective binding pockets. The mutation was 
found to contribute to enzyme deficiency as a result of 
structural instability. G6PD Gond was structurally less 
stable than the WT enzyme, showing lower thermal sta-
bility as well as greater susceptibility to chemical dena-
turation and trypsin digestion. Though the effects of the 
Gond mutation were found to be mild and no evidence 
on haemolysis was described, cautions should be taken 
as other G6PD variants with mild deficiency have been 
associated with haemolytic toxicity [60, 61].

Interestingly, three new double missense mutations 
were identified by HRM assays in compound heterozy-
gous females with G6PD deficiency, including G6PD 
Gaohe + Viangchan (c.95A>G, c.871G>A, c.1311C>T, 
and c.1365-13T>C), G6PD Valladolid + Viangchan 
(c.406C>T, c.871G>A, c.1311C>T, and c.1365-13T>C) 
and G6PD Viangchan + Canton (c.871G>A, c.1376G>T, 
c.1311C>T, and c.1365-13T>C). Individual mutation 
of Gaohe, Valladolid, Viangchan, and Canton resulted 
in varying degrees of enzyme deficiency, with G6PD 
Canton having the lowest enzyme activity caused by 
impaired dimerisation. All four mutations destabilised 
protein structure, mainly due to conformational changes 
at βE-αe loop, dimer and tetramer interfaces, resulting 
in decreased thermal stability and increased susceptibil-
ity to chemical denaturation and trypsin treatment when 
compared to the WT enzyme. The Viangchan and Can-
ton mutations have a major impact on structural stabil-
ity, attributable to disruption of oligomeric interactions. 
When compared to the WT and their corresponding 
single mutations, the combination of two missense muta-
tions resulted in less catalytically active enzymes with 
remarkably lower structural stability, contributing to 
severe enzyme deficiency. As expected from the indi-
vidual mutations, the double mutant Viangchan + Canton 
was the least active variant based on biochemical proper-
ties, structural stability analysis and molecular dynamic 
simulation. The findings here indicate that structural 

instability plays an important role in contributing 
to enzyme deficiency caused by Gaohe, Valladolid, 
Viangchan, and Canton mutations. All double missense 
mutations, including those reported here, exhibited a 
severe enzyme deficient phenotype, making them ineli-
gible for 8-aminoquinoline prescription due to high 
haemolytic risk [36].

Conclusions
Molecular analysis revealed that the Thai population has 
distinct characteristic profiles of G6PD mutations with a 
high frequency of synonymous and intronic mutations, 
resulting in intermediate to normal enzyme activity. 
While the impact of synonymous and intronic mutations 
is still uncertain, more investigation is required to study 
molecular mechanisms underlying G6PD deficiency as 
well as the association with haemolytic toxicity. Het-
erozygous females carrying single missense mutations 
as well as compound mutations of single missense and 
synonymous/intronic mutations showed a wide range of 
enzyme activity. This suggests that genetic testing might 
be required as a complement to phenotypic analysis 
to correctly identify those at risk of drug-induced hae-
molysis in the studied population. The single and double 
missense mutations identified here resulted in different 
degrees of enzyme deficiency. The combined effect of 
double missense mutations was observed, with double 
missense mutations resulting in less catalytically enzyme 
than their corresponding single missense mutations. 
Among the missense mutations addressed here, struc-
tural instability was revealed to have a significant contri-
bution in causing enzyme deficiency.

Abbreviations
CD  Circular dichroism
CI  Confidence interval
G6P  Glucose‑6‑phosphate
G6PD  Glucose‑6‑phosphate dehydrogenase
Gdn‑HCl  Guanidine hydrochloride
Hb  Haemoglobin
HRM  High‑resolution melting
MDS  Molecular dynamic simulation
NADPH  Reduced nicotinamide adenine dinucleotide phosphate
Rg  Radius of gyration
WT  Wild type
WHO  World Health Organization
WST‑8  Water‑soluble tetrazolium salts

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12936‑ 024‑ 04864‑8.

Additional file 1: Figure S1. Primers used in (A) multiplex HRM for the 
detection of 15 G6PD mutations and (B) G6PD gene sequencing. Table S1. 
Primers used in multiplex HRM assays. Table S2. Primers used for site‑
directed mutagenesis. Figure S2. The frequency distribution of G6PD 

https://doi.org/10.1186/s12936-024-04864-8
https://doi.org/10.1186/s12936-024-04864-8


Page 16 of 17Boonyuen et al. Malaria Journal           (2024) 23:38 

enzyme activity in (A) males and (B) females. Figure S3. Box plot of G6PD 
activity for each variant among (A) malaria‑positive males, (B) malaria‑
positive females, (C) malaria‑negative males and (D) malaria‑negative 
females. Figure S4. Secondary structure analysis of G6PD variants by circu‑
lar dichroism. Table S3. Melting temperature (Tm) values of recombinant 
G6PD proteins by thermal shift assay. Mutations were ranked in order of 
stability, from most stable to least stable. Table S4. Thermal inactivation 
of G6PD variants as reported by  T1/2. Mutations were ranked in order 
of stability, from most stable to least stable. Table S5. Stability of G6PD 
variants in the presence of Gdn‑HCl as reported by  C1/2. Mutations were 
ranked in order of stability, from most stable to least stable. Table S6. Sus‑
ceptibility of G6PD variants to trypsin digestion. Mutations were ranked 
in order of stability, from most stable to least stable. Table S7. Structural 
characteristics of the dimer and tetramer interfaces (t = 100 ns). Table S8. 
Average values of the trajectory analyses performed on the WT and 
variants. Figure S5. Ligand binding pocket occupancy heatmap indicat‑
ing the presence (orange) and absence (turquoise) of hydrogen bonds 
(t = 100 ns). Figure S6. Superimposition and structural deviations of the 
simulated variants against the WT (red) at the mutation site, dimer and 
tetramer interfaces (t = 100 ns). (A) Gaohe, (B) Valladolid, (C) Canton, (D) 
Viangchan, (E) Gond, (F) Gaohe + Viangchan, (G) Valladolid + Viangchan, 
and (H) Canton + Viangchan.
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