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Abstract

Background: Glucose-6-phosphate dehydrogenase deficiency, an enzyme disorder, can lead to red
blood cell dysfunction and affect millions of individuals worldwide. In this study, we aimed to
investigate the mutated variants of the G6PD gene at the global and national scales, with a focus on
the Iranian population.

Methods: Bioinformatic tools, such as SIFT, PolyPhen-2, PANTHER, FATHMM, I-Mutant, and
MUpro, were used to predict the effects of gene variants on the structure, function, and stability of
G6PD protein. Also, STRING was utilized to assess protein-protein interactions, Consurf for
conservation analysis, [-Tasser and PSIPRED for the analysis of secondary and tertiary structures,
and finally, ProtScale for Hydrophobicity analysis.

Results: A total of 215 missense variants were obtained from HGMD. According to bioinformatic
analyses, 69 variants were predicted to be pathogenic. Additionally, three G6PD variants were found
to be prevalent in the Iranian population.

Conclusion: This study identified 69 missense variants with a possible pathogenic effect on G6PD
protein. Moreover, three prevalent variants in the Iranian population were identified as
Mediterranean, Chatham, and Cosenza. These findings offer valuable supportive information on the
molecular basis of G6PD deficiency, needing further experimental studies to validate if these
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Highlights
What is current knowledge?

e  G6PD is a key gene whose mutations, such as missense ones,
are associated with enzyme deficiency.

e Insilico tools are commonly used to predict the pathogenicity
and structural effects of genetic variants.

‘What is new here?

e  Out of 215 G6PD missense variants, 69 were predicted to be
pathogenic using a comprehensive in silico pipeline.

e  Three common variants in the Iranian population were also
analyzed and interpreted.

e  Arigorous filtering strategy combining multiple bioinformatic
tools was applied for variant prioritization.

Introduction

Favism or G6PD (Glucose-6-phosphate dehydrogenase) deficiency is a
disease characterized by the lack of inadequacy of a key metabolic
enzyme in erythrocytes, leading to hemolytic anemia and red blood cell
destruction. This condition is inherited with an X-linked recessive
pattern. Individuals with G6PD deficiency are susceptible to hemolytic
crises when exposed to certain triggers (1,2). The G6PD gene is located
at Xq28 and contains 1545 base pairs, organized in 13 exons. The
protein encoded by this gene has 514 amino acids (3,4). About 338
mutations have been identified to cause G6PD deficiency, with the
majority being missense mutations or small in-frame deletions (5,6)
(Figure 1).

The pentose phosphate pathway (PPP) provides NADPH
(Nicotinamide adenine dinucleotide phosphate) produced in the glucose

metabolic pathway (7). G6PD initiates the pentose phosphate pathway
by converting glucose-6-phosphate into 6-phosphogluconolactone and
generating NADPH through the reduction of NADP* (8). NADPH helps
preserve adequate levels of reduced glutathione, which is crucial for
protecting cells from oxidative stress (9). Insufficient G6PD activity
causes NADPH depletion, an increase in oxidized glutathione, and
eventually, oxidative hemolysis of red blood cells (10). The prevalence
of G6PD deficiency is approximately 400 million people worldwide;
however, it is highly variable in different countries. The highest rate of
this condition is found in regions such as Africa, the Mediterranean
region, and Asia (10,11). As reported by the WHO (World Health
Organization), G6PD deficiency is estimated to be highly prevalent (10-
14.9%) in Iran (12,13), particularly in Sistan and Baluchestan Province
(14). Iran is considered the second largest populated country in West
Asia, with dispersed genetic, ethnic, and religious diversity and majority
being Persians (65%) and Iranian Azeris (16%), while minority groups
being Armenians, Georgians, Jews, Zoroastrians (All <1%) (15,16).
Consanguineous marriage occurs commonly in Iran (38.6%) (15,17),
contributing to the risk of recessive genetic disorders and multifactorial
health conditions (16,17). A potential association between G6PD
deficiency and malaria has been proposed in various studies. Individuals
with G6PD deficiency are relatively protected against malaria (6), and
this explains the relatively high prevalence of this condition in the
populations facing malaria (18) (e.g., tropical regions like the south of
Iran) (14).

Certain  triggers, including specific = medications like
sulfamethoxazole, infections (Bacterial, viral, or fungal), and certain
foods such as fava beans and henna, can lead to the manifestations of
G6PD deficiency (18,19). Clinical presentation can range from
asymptomatic ~ hemolysis to  severe  hemolytic  anemia,
hyperbilirubinemia, jaundice, atherosclerosis, cardiovascular issues,
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kernicterus, and even death (5,20). G6PD deficiency is classified into
five categories based on severity, class I being the most severe one with
serious complications, while class V is considered likely benign (19).
So far, no cure has been found for G6PD deficiency, yet screening
programs can be implemented to ease the early diagnosis of this disease
and consider appropriate interventions (21). Considering the associated
risk of hyperbilirubinemia and kernicterus, screening for G6PD
deficiency in neonates is essential for an early diagnosis and avoiding
unnecessary hospitalization. In Iran, a fluorescent spot test is performed
for screening (12,22). This study aimed to explore the causes of and
mutations underlying G6PD deficiency in Iran using bioinformatic

analyses.
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Figure 1. Mutations in the G6PD gene were obtained from the ClinVar database.
The data indicates that the majority of reported variants are likely pathogenic
missense mutations (161 variants), followed by uncertain missense mutations
(143 variants), and pathogenic missense mutations (88 variants). In comparison,
benign variants were the least common, with very few or no mutations
documented in this group.

Methods

Recruiting variants: HGMD (The Human Gene Mutation Database)
(https://www.hgmd.cf.ac.uk/)

This database was used to identify various types of mutations and
their frequencies in the G6PD gene. Additionally, the CADD score
(Combined Annotation Dependent Depletion)
(https://cadd.gs.washington.edu) was utilized to identify mutations and
variants. Using CADD, detrimental effect scores of these mutations and
variants in the human genome can be evaluated. ClinVar
(https://clinvar.ncbi.nlm.nih.gov/) was implemented to retrieve the
genetic variants and their associations with diseases and other
conditions. ACMG (American College of Medical Genetics and
Genomics) was used to interpret the pathogenicity of genetic variants.
Based on these guidelines, there are five categories of pathogenicity,
including benign, likely benign, uncertain significance, likely
pathogenic, and pathogenic.

Pathogenicity analysis: PANTHER, PolyPhen-2, FATHMM, and SIFT
were utilized to evaluate the function and structure of G6PD, as well as
the effects of missense pathogenic variants on the protein. SIFT (Sorting
Intolerant from Tolerant) (https:/sift.bii.a-star.edu.sg/) investigates
amino acids’ physical properties and also sequence homology to
anticipate whether the protein function is altered by amino acid
substitutions. The SIFT score can vary from 0.00 to 0.05, indicating a
likely pathogenic effect, while scores above 0.05 suggest that the
substitution is  non-pathogenic. =~ PolyPhen-2  (Polymorphism
Phenotyping v2) (http://genetics.bwh.harvard.edu/pph2/) evaluates
amino acid substitutions and their possible effects on the
structure/function of the protein. A score of 0.5 or lower suggests that
the mutation is tolerated, while a score above 0.5 indicates that it is
likely harmful. FATHM (Functional Analysis through Hidden Markov
Models) (https://fathmm.biocompute.org.uk/) is a tool used to analyze
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coding and non-coding variants and anticipate their possible functional
impacts on the human genome. PANTHER (Protein Analysis Through
Evolutionary Relationships) (http://www.pantherdb.org/) is employed
to identify and classify the function of gene products.

Stability analysis: To assess the stability of the protein, we employed
I-Mutant (https://folding.biofold.org/), a tool designed to analyze point
mutations and their consequences for the stability of the protein. MUpro
(https://mupro.proteomics.ics.uci.edu/) was also employed as a tool for
assessing single-site mutations and their impacts on the stability of the
protein.

Conservation analysis: We employed Consurf for conservation
analyses. Consurf (https://consurf.tau.ac.il/) is a web server that displays
conserved regions that are vital for protein structure and function, as
well as non-conserved regions by the analysis of the evolutionary
background of macromolecules.

Secondary and tertiary structure analysis: Missense pathogenic
variants and their consequences for the secondary and tertiary structures
of GO6PD were assessed via I-Tasser and PSIPRED. I-Tasser
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/)  displays  the
predicted pathogenic variants and 3D structure of the protein. PSIPRED
(http://bioinf.cs. ucl.ac.uk/psipred/) was employed to display the
predicted pathogenic variants and 2D structure of the protein.
Interaction analysis: STRING (https://string-db.org) was utilized to
assess protein-protein (Direct or indirect, physical or functional)
interactions. For each interaction, scores varied from 0 to 1. A score of
0 reflects the weakest interaction, and a score of 1 indicates the strongest
interaction.

Hydrophobicity analysis: To obtain more information about the
hydrophobicity of the protein, the ProtScale tool was applied. This tool
(https://web.expasy.org/protscale/)  generates  hydropathy  plots,
allowing comparison of changes in local hydrophobic or hydrophilic
properties resulting from specific amino acid substitutions in different
variants.

Results

Pathogenicity and stability of variants: A total of 215 missense
variants were obtained from the HGMD database. The number of
variants was reduced by applying various filters. First, the variants
labeled as Pathogenic, according to ACMG, were selected. Following
this step, variants with CADD scores over 20 were kept. In the next step,
variants predicted to be harmful according to SIFT and FATHMM, and
probably harmful based on PolyPhen and PANTHER, were selected.
Finally, the variants associated with decreased protein stability
according to I-Mutant and MUpro were chosen. After applying these
filters, 69 variants were selected for further analysis (Supplementary
Table 1, Figure 2).

Conservation of variants: Conservation scores for these 69 variants
were calculated using ConSurf. The scores ranged from 1 to 9,
indicating the level of conservation for each variant. Of these, 28
variants were located in highly conserved regions (Scores = 9),
suggesting their functional importance. No variant was located in the
variable region with a score of 1 or 2 (Supplementary Table 2).
Molecular interactions: The analysis of protein-protein interactions by
STRING revealed that G6PD interacted with 10 other proteins with a
strong connection score (>0.8) (Figure 3).

Identification of common G6PD variants in Iran: Based on a study
conducted by Moosazadeh et al., among all the existing G6PD variants,
three were prevalent in Iran, including the Mediterranean, Chatam, and
Cosenza (Figure 4). ConSurf analysis confirmed the scores of 4, 9, and
8 for the Mediterranean, Chatam, and Cosenza variants, respectively.
Secondary and tertiary structure of variants: The PSIPRED-based
secondary structure analysis of the three prevalent Iranian G6PD
variants revealed some alterations in the mutant variants in comparison
to the wild-type protein. The Mediterranean variant exhibited a coil-to-
helix shift in the 8" region and a prematurely terminated helix in the
10™,  suggesting localized structural stabilization and potential
disruption, respectively. In the Chatham variant, a coil at the end of the
10" region was replaced by an alpha-helix, and a small change in the
middle part of the sequence, causing the shortening of a helical segment
compared to the wild-type protein. The Cosenza variant showed
disruption of the 9" alpha-helix and coil formation, along with helix
fragmentation at the C-terminal end. These changes suggested broader
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structural destabilization beyond the mutation site. In summary, the
mutation-induced alterations observed in the secondary structure may
influence the protein’s tertiary structure and compromise its biological
function, highlighting the crucial role of these domains in maintaining
protein stability (Figure 5). A 3D structural model of the G6PD
Mediterranean variant was created using I-TASSER, which identified
1qki/1gkiF as the most compatible templates due to their high Z-scores
and greater than 95% sequence identity. Model 1 was the top-ranked
structure, with good confidence (C-score = 0.49), TM-score = 0.78, and
RMSD = 6.3 A. According to TM-aligning, 1qkiF offered the nearest
structural match, showing a TM score of 0.949 and an RMSD value of
0.59 A. Functional prediction indicated potential changes in NADP+
binding due to the mutation, with key residues identified near positions
38-43, 71-73, 110-114, and others. The enzyme was predicted to belong
to class EC 1.1.1.49, with a strong confidence score (C-scoreEC =
0.689). A possible structural shift in the active site (residues 200 and
263) may affect enzymatic activity. GO analysis further supported
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oxidoreductase function and cytoplasmic localization. Altogether, the
mutation may impair the enzymatic function and stability of G6PD.
Regarding the Chatham variant,1qki was identified as the top threading
template, with high identity (Up to 0.99) and the highest Z-score (5.94),
showing strong structural reliability. Other supporting templates
included 1e77A, 7d5mA, and 7snfA. Model 3 had the highest C-score
(0.58), while Model 1, selected for further analysis, also showed good
metrics (C-score = 0.39, TM-score = 0.77, and RMSD = 6.5 A). TM-
align validated 1qkiF as the closest analog with TM-score = 0.951 and
identity = 98.2%. The mutation site was located near key ligand-binding
residues, including positions 38, 40-43, and 170-171, possibly affecting
interactions with NADP, the top predicted ligand. Enzyme function
prediction matched EC 1.1.1.49 with a high CscoreEC of 0.725. GO
scores (MF = 0.83, BP = 0.72, CC = 0.72) further supported preserved
enzymatic function. Minor structural modifications near the active site
could be caused by the Chatam mutation, but the essential catalytic
function of G6PD appeared to remain intact.

215 missense mutations

Pathogenicity selection

ACMG l

Scoring the deleteriousness of mutations

l CADD

Deleterious mutations prediction

SIFT l FATHMM

Damaging mutations prediction

PolyPhen2 l

Disease associated mutation prediction
l PANTHER
Stability prediction of the mutations

I-Mutant MUpro

69 variants

Figure 2. Filtering pipeline. Initially, all variants were evaluated using ACMG guidelines to assess their pathogenicity. Subsequently, the CADD score was used
to estimate the harmfulness of the variants. In the next step, to evaluate the potential for inflicting damage, several in silico tools were employed, including SIFT,
PolyPhen, PANTHER, and FATHMM. Finally, the effects of the variants on the stability of the protein were evaluated through I-Mutant and Mupro.

PGD

Figure 3. Protein-protein interaction of G6PD. G6PD shows high-confidence functional associations with other enzymes of the pentose-phosphate pathway,
including PGD (6-phosphogluconate dehydrogenase) (0.999), GPI (glucose-6-phosphate isomerase) (0.999), and PGLS (6-phosphogluconolactonase) (0.993).
The network also shows associations with TP53 (0.986) and H6PD (0.985), suggesting potential roles in redox regulation and cellular stress responses.
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Considering the Cosenza variant, 1e77A was identified as the top
structural template (Z-score = 5.30). Several others showed >90%
identity and coverage, with secondary structure predictions confirming
a classic G6PD fold. Among the five predicted models, Model 1 had the
highest reliability (C-score= 0.49, TM-score= 0.78, and RMSD= 6.3 A).
TM-align confirmed high similarity to 1gkiF (TM-score = 0.949, 98.4%
identity). Functionally, I-TASSER predicted NADP (NAP) as the

Chromosome X

4

nm.a.ccm

primary ligand (C-score = 0.53), with key binding residues (S73, K71,
R72, Y112) clustered near the NADP-binding domain, suggesting the
potential disruption of cofactor binding. Enzymatic function was
predicted as EC 1.1.1.49 with high confidence (C-scoreEC = 0.690),
with GO analysis confirming oxidoreductase activity (GO:0050661)
and participation in the pentose phosphate pathway (Figure 6).
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Figure 4. The structure of the X chromosome and the location of three prevalent G6PD variants in Iran. The G6PD is located on Xq28. The most common variant,
known as the Mediterranean, is located at exon 6. Following this is the Chatham variant, at exon 9, and finally, the Cosenza variant, which is located at exon 12.
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Figure S. The 2D structure of the variants retrieved from PSIPRED. A: Wild type, B: the Mediterranean variant, in which a coil at the start of the 8th strand turns
into an o-helix, and the a-helix in the 10th strand ends prematurely compared to the wild-type. C: The Chatham variant, in which a coil at the end of the 10th
strand is replaced by an a-helix and a shortened helix in the central region. D: The Cosenza variant, where a continuous a-helix in the 9th strand of the wild-type
protein is replaced by coils, and a rearrangement near the C-terminal causes helix shortening.



In silico analysis of G6PD deficiency variants

Hydrophobicity of variants: Hydrophobicity analysis of the three
prevalent variants using the EXPASy ProtScale tool revealed that amino
acid substitutions altered the hydrophobic or hydrophilic nature of
specific domains in G6PD. In the Mediterranean variant, the substitution
of Serine (Hydrophobicity: -0.800) with Phenylalanine (2.800)
increased hydrophobicity. Conversely, in the Chattahm variant, the
replacement of Alanine (1.800) with Threonine (-0.700) led to a
decrease in hydrophobicity. In the Cosenza variant, the substitution of
Arginine (-4.500) with Proline (-1.600) moderately increased local
hydrophobicity, indicating a shift in the protein’s polarity. These
hydrophobicity changes could have important implications for the
structural stability and molecular interactions of the enzyme.

Figure 6. The 3D structure of G6PD variants predicted by I-Tasser. A: The
Mediterranean variant’s 3D model showed a C-score of 0.49, indicating
moderate to good confidence in the predicted structure, a TM-score of
0.78 +£0.10 that suggests the reliability of global topology, and an RMSD of
6.3+3.8 A, which is relatively high. B: The 3D model of the Chatham variant
showed a C-score of 0.39 and TM-score of 0.77 +0.10, suggesting the model
had a strong structural similarity to the template. RMSD was 6.5+3.9 A. C:
The Cosenza variant, whose 3D model showed a C-score of 0.49, indicating
a moderate to good confidence in the predicted structure. The estimated TM-
score was 0.78 £ 0.10, and RMSD value was calculated as 6.3 + 3.8 A.

Discussion

GO6PD deficiency is the most prevalent erythrocyte enzyme disorder. In
this study, our purpose was to identify the most pathogenic and prevalent

Table 1. Variants with the highest
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G6PD missense variants across global populations, with a particular
focus on Iran.

Among the variants we analyzed, 69 were reported as pathogenic.
Based on their research, Malik et al. reported a list of 20 high-impact
variants and 16 moderate-impact G6PD variants. In comparison with
our study, two of our variants were identical to two of the high-impact
variants reported in the recent study, namely (c.404A>C / p.Asn135Thr)
and (c.1057C>T / p.Pro353Ser), and two other variants identified here
were identical to moderate-impact variants reported by Malik et al.,
including (c.536G>A / p.Ser1 79Asn) and (c.844G>C / p.Asp282His)
(23).

Based on the study conducted by Caterina Nannelli and colleagues
on G6PD variants, we selected the variants reported as the most frequent
and globally recurrent ones in over 10 countries (24) (Table 1). Six
frequent variants were identified in the G6PD gene. Among these, the
Mediterranean variant showed the highest frequency. Among these, only
the Seattle variant was present in our list of 69 analyzed variants.

Consistent with previous studies, this study also highlighted the
impact of consanguineous marriage on the prevalence of homozygous
pathogenic variants in the Iranian population (16). Consanguineous
marriage, which is relatively common in many Iranian communities,
plays a significant role in increasing the prevalence of autosomal and X-
linked disorders such as G6PD deficiency. In our analysis, three
variants, the Mediterranean: ¢.563C>T (p.Ser188Phe), prevalence
78.2 %), Chatham: c.1003G>A (p.Ala335Thr, prevalence=9.1 %), and
Cosenza: ¢.1376G>C (p.Arg459Pro, prevalence=0.5%) (25), were
identified as frequent in Iranian populations. This was similar to an
Indian population studied by Sukumar et al, where the Mediterranean
variant was the most prevalent form, while the Chatham variant was
rarely detected in this population (26). Additionally, based on Al-Jaouni
et al.'s research, the Mediterranean variant was reported as the most
common in Saudi Arabia (27). Even after applying stringent
bioinformatic filters, these three common variants were not classified
among 69 predicted pathogenic variants in the Iranian population. This
observation is consistent with the well-established principle that notably
harmful variants are generally rare in human populations because of
their negative impact on survival and reproductive fitness. In contrast,
variants with higher frequencies usually exert moderate or tolerable
effects, with less influence on carriers. The relatively high prevalence of
the Mediterranean, Chatham, and Cosenza variants in Iran strongly
suggests that these alleles have been maintained through evolutionary
mechanisms, most notably subjected to positive selection due to the
protective role of G6PD deficiency against malaria. Moreover, several
factors, including high rates of consanguinity, founder effects, and long-
standing gene flow between Iranian and neighboring Mediterranean and
Middle Eastern populations, have likely reinforced the persistence and
widespread distribution of these variants (11,28,29). Based on ConSurf
analysis, the Chatham and Cosenza variants, with respective score of 9
and 8, seem to undergo relatively strong evolutionary pressure to
maintain these sites, underscoring their functional importance. The
score of 4 for the Mediterranean variant shows a relatively low
evolutionary constraint, suggesting a potentially lower functional
significance or higher tolerance for this variation.

recurrence reported in at least 10 countries

Variant name | Nucleotide substitution | Amino acid substitution Reported places
A 202G —>A 376 A —> G All African countries, Brazil, France, Haiti, Honduras, Iraq, Italy, Jordan, Kuwait,
376 A—> G 126 Asn — Asp Mexico, Portugal, Principe, Sao Tome, Saudi Arabia, Spain, UAE, USA, Venezuela
Afghanistan, Algeria, Brazil, Bulgaria, Cambodia, Comoros, Croatia, Cyprus, Egypt,
. France, Greece, Indonesia, Iran, Iraq, Italy, Jordan, Kuwait, Macedonia, Malaysia,
Mediterranean 363C—T 188 Ser — Phe Mauritania, Mauritius, Myanmar, Oman, Pakistan, Portugal, Saudi Arabia, Singapore,
Spain, Syria, Tunisia, UAE, Venezuela
. Algeria, Brazil, Bulgaria, Canary Islands, Croatia, France, Greece, Indonesia, Italy,
Seattle 844G C 282 Asp—His Mauritius, Mexico, Myanmar, Portugal, Spain, Thailand, USA
A 968 T — C 323 Leu — Pro All African countries, Brazil, France, Haiti, Honduras, Iraq, Italy, Jordan, Kuwait,
376 A— G 126 Asn — Asp Mexico, Portugal, Principe, Sao Tome, Saudi Arabia, Spain, UAE, USA, Venezuela
Union 1360 C — T 454 Arg — Cys Cambodla,. Croatia, Italy, Laos, Mauritius, Mexico, Myanmar, Spain, Thailand,
Vanuatu, Vietnam
Chatham 1003G — A 335 Ala—Thr Algeria, India, Indonesia, Iran, Iraq, Italy, Jordan, Kuwait, Oman, Pakistan, Spain
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Structurally, the GOPD enzyme has two main domains: the NADP*
binding (Residues ~27-200) and substrate-binding (Residues ~201-515)
domains (30). Pathogenic mutations in these domains can impair
enzymatic function, decrease protein stability, and lead to clinical
manifestations such as hemolytic anemia. In the present study, three
potentially pathogenic and prevalent variants in Iran, the Mediterranean,
Chatham, and Cosenza variants, were evaluated. Each of these is located
in functionally significant domains of G6PD enzyme and predicted to
affect its structure and activity. The Mediterranean variant is situated
close to the C-terminal region of the NADP*-binding domain, which is
crucial for coenzyme interaction and stabilizes the protein’s overall
structure (31). The substitution of serine, which is a small polar residue,
with phenylalanine, a bulky hydrophobic amino acid, likely introduces
steric hindrance and disrupts hydrogen bonding, potentially
destabilizing the NADP* binding pocket. Studies suggest that mutations
at or near this region can reduce enzymatic activity and lead to G6PD
deficiency (32). The Chatham variant is located in the substrate-binding
domain of G6PD enzyme. The replacement of alanine, a small nonpolar
amino acid, with threonine, a larger polar amino acid, in the hydrophobic
core of the protein may disturb local folding or interfere with glucose-
6-phosphate binding (33). Likewise, the Cosenza variant resides in the
substrate-binding domain. The positive charge of arginine facilitates salt
bridge formation and hydrogen bonding, so its substitution with proline,
a helix breaker, can induce structural kinks, reduce protein flexibility,
and impair substrate access or overall enzyme conformation (Figure 7).
Previous reports have declared similar substitutions at this site with
severe enzyme deficiency (34).

NAD binding

Figure 7. Top three common G6PD variants in Iran: domains and mutation
sites. The Mediterranean variant is located within the NAD-binding domain,
while the Chatham and Cosenza variants are positioned in the C-terminal
domain.

The Mediterranean variant generally shows residual enzyme activity
around 10%, placing it in a borderline category between class II and
class III depending on the study population and methodology. In
contrast, the Chatham and Cosenza variants consistently exhibit enzyme
activity values below 10%, a characteristic of class II variants, which
are typically associated with more severe clinical manifestations due to
the markedly reduced enzymatic activity (35). Previous studies confirm
our findings. For example, Sukumar et al. reported that the
Mediterranean variant was associated with significantly reduced
enzyme activity (26). Similarly, a study conducted by Sirdah et al.
demonstrated that a Mediterranean variant associated with clinical
manifestations caused structural changes in the protein by substituting
serine with phenylalanine in alpha-helix f (At the surface of the protein),
disrupting the protein’s structure. This structural perturbation reduced
the side-chain flexibility of the alpha-helix and induced a
conformational shift at the NADP+ pyridine amide position (36).

Despite the comprehensive in silico approach used here, functional
assays could not be performed due to resource limitations. Nevertheless,
our multi-tool filtering strategy provided a reliable prediction of variant
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pathogenicity, which could guide future functional experiments. Our
study supports the idea that in silico predictions, when backed by
multiple tools and conservation scores, can reliably identify deleterious
G6PD mutations. The bioinformatics tools used in this study were
proved to be highly effective in predicting the pathogenicity of the
identified variants. Bioinformatic tools offer rapid and cost-effective
alternatives for analyzing large-scale biological data, helping to predict
variants’ biological outcomes, molecular structures, and evolutionary
patterns, and to prioritize mutations for further studies. Despite these
strengths, bioinformatic analyses have inherent limitations, like relying
on in silico predictions that may not fully capture biological complexity.
Moreover, outcomes often depend on the quality of underlying
algorithms, assumptions, and reference databases. Also, different tools
can produce conflicting results; most are optimized for coding regions
with limited applicability to regulatory variants, and population-specific
data, such as variants in underrepresented groups, may be insufficiently
documented.

Conclusion

In conclusion, understanding the structural and functional impact of
GO6PD variants, especially those with variations in highly conserved
regions, is essential for both scientific research and clinical practice.
These insights help design more accurate diagnostic tools, improve
variant classification, and provide effective genetic counseling.
Considering the high prevalence of G6PD deficiency in the studied
population, there is a clear need for rapid, reliable, and cost-effective
diagnostic methods. The strip array technology is proposed as a
promising tool for routine screening, enabling simultaneous detection of
multiple common variants with high sensitivity and specificity (37). In
Iran, where three G6PD variants are the most frequent, prioritizing these
mutations in initial screening is both practical and efficient. If these
primary variants are not detected, further analysis should target rarer
mutations. This stepwise approach maximizes resource use, allows early
diagnosis, and enhances the quality of genetic counseling and patient
care.
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Supplementary Table 1. Bioinformatic filters applied on G6PD variants. Initially, 215 missense variants were identified. Based on the first filter (ACMG), 115
variants were classified as pathogenic. Among these, 108 variants had a CADD score greater than 20 and were chosen for further investigations. In the next step,
PANTHER, SIFT, FATHMM, and PolyOhen-2 were used, according to which 82 variants were retained as harmful or probably harmful. Finally, based on
predictions from [-Mutant and MUpro, 69 variants were predicted to decrease protein stability.

Variant Protein ACMG Panther CADD FATHM SIFT I-Mutant 2.0 Mupro Poly Phen 2

c.130G>A | p.Alad4Thr | Pathogenic darﬁ;‘;?ﬁglg% 26.7 D?gli)g;;‘g Damaging (D%egjifgs) (DDD‘ES?SD Pmbalz(l)y.g(é%?aging
c.148C>T | p.Pro50Ser | Pathogenic darz;(;?sglg.9s 267 D?frsléégél;g Damaging (D?)egfoszs) (D%ecgg)s.;@ damzrg(i)rt:;b(lly.oom
c.152C>T | p.ThrS1lle | Pathogenic dari;(;?sglg.ss 26.1 D?jzgg‘;g Damaging (Dlgﬁf_"}?;) (DDDX?)S_;) Pmbal()gg%%r;mging
cro1-c [ proasors | puogen] Pt [ 205 | Do | pumagng || Dt | D [ bbbl
c.185C>A | p.Pro62His | Pathogenic darz;(;?r?glg.% 247 Di(i-rgzgoh)jg Damaging (Dll)aecc}rflsg()) (D%f%s.ég) damzfg(i)ng(lly.oom
C.224T>C | p.Leu75Pro | Pathogenic darii(;?ﬁglgm 27 D?ﬁ%;;r)lg Damaging (D%eérfisia) (Dgérj;sgl) damzrg(i)r]?gb(lly.oom
c.404A>C | p.Asnl135Thr | Pathogenic dariz(;?r?glg.% 23.7 D?_rg'z;géi;lg Damaging (DI?)eér:e_azs'elg) (D%eéiﬁs;?,) Probalz(l)g%a;r;laging
.409C>T | p.Leul37Phe | Pathogenic da;;‘;'i’szlg_gs 257 D*Efg'f‘g‘)lg Damaging (D%gjf‘fzz) (DDDeér:ejs_;) Pmba?(l)y'giﬁr;laging
c.473G>A | p.Cys158Tyr | Pathogenic darfl;(;?r?zlg.% 25.1 D?_Igig;;lg Damaging (D]%aéffl()szs) (D%eér::?)s'gn dar:;;)ililagb(lly. 000)
c.488G>A |p.Gly163Asp | Pathogenic danﬁ;‘;fg‘ggs 28.5 D‘(‘_“g_aégzi;‘g Damaging (D%gj?gj@ (DDDeéf%s_zg) Pmba]f(l)g%a;;laging
c497G=A | p-Argl66His | Pathogenic darfl;(;?r?zl(})/.95 263 D??%ﬁ)lg Damaging (D]%aér:filSZS) (D%eér:e-?)s.gw dam}:lrgoigzb(lly.oom
¢.314C>T | p.Prol72Ser | Pathogenic danlz;(;?r?glg.% 272 D??;é(%;r)lg Damaging (D%g:filsg@ (D%eéf(i)s.ZS) dangzzbgly.OOO)
¢317T>C | p.Phel73Leu | Pathogenic dafli(;?ﬁlg’lg.gs 257 D?-Ig.aég;;lg Damaging (Dlljﬁecc;fflzs.36) (DDDCC?:C-?)S.;) dami;()igzb(lly.oom
¢.527A>G | p.Aspl76Gly | Pathogenic dari;(;?r?lgﬂ(})/.% 27.3 D?_rglzgli;lg Damaging (D%egjis'eﬁ) (Dl]))zr::éis'%) Pmba?(l)}.]9%a9r;laging
¢.536G>A | p.Serl79Asn | Pathogenic darz:;?sgloy.% 24.9 D‘E‘_‘g‘igg;‘g Damaging (D?;gj_‘"‘f;z) 552{2?33) Pmbat()(l)"fg%?agmg
¢.392C>T | p.-Arg198Cys | Pathogenic daxi;(;?szlggs 3 D?-nsl.a;;%lg Damaging (D?)eg:efils.el 5) (D'%iif?f.;a dam[;rgoigzb(lly.oom
¢.392C>A | p.Argl98Ser | Pathogenic dan]:?;lffglg.gs 286 D?-rg.asgli;]g Damaging (D]J);cc;r:e-azsim (DDDec(;:Lejsj% damzrgoigzb(lly.oom
¢-393G>C | p.Arg198Pro | Pathogenic darz?;lfﬁzlg.gs 269 D??;?sgél)lg Damaging (D]l);g:eflls.eﬂ) (DDDec?,r:?s.L) dam[;rgoigzb(lly.oom
¢.593G>A | p.Arg198His | Pathogenic dari;(;?r?zlg.95 25.8 Degrsle.lgglir)lg Damaging (DI?)e:ér:eflls;D (];)Degi:z_ilsg) damzrgoilrjlzb(l{ooo)
¢.679C>T | p.Arg227Trp | Pathogenic dan22§?§§13.86 296 D?-r;algsi;]g Damaging (D]J))ecc;r:e-als.39) (DDDec(;:Lejs.g% damzrgoigzb(lly.oom
¢.737G>T | p.Arg246Leu | Pathogenic dari;;?sglg.95 259 D?ﬁ?égsh)lg Damaging (Dll)aeg:i)si 3) (DDDng.%S}) dalnzzgzbgf.OOO)
¢.769C>G | p.Arg257Gly | Pathogenic darz;‘;’sglg.% 27.8 D‘(‘_‘g‘_asgsi;‘g Damaging (D[I’fgff‘gzg) (g’gﬁ{fﬁ) Pmbal()(lfg(;ag?agmg
¢.770G>T | p.Arg257Leu | Pathogenic darl:l;(gi)szl(})l.% 3 D?-I;l%%i;lg Damaging (Dll)aeg—fis.;) (D%igie—?)sgl) dalnf;ggzbg¥.000)
¢.806G>A | p.Cys269Tyr | Pathogenic | rﬁ ;Z?szlg.ss 26.9 D?_‘gf;g‘i;‘g Damaging (D]]))e(c}rffiosz‘;) (3583?% Pmbat()log%gagmg
¢.820G>A | p.Glu274Lys | Pathogenic da$22?§§lg.9s 28.1 D?_‘g‘_azg;;‘g Damaging (D[I’fgff‘gg) (D%ecffjs_;g) Pmbat()ggc;?agmg
¢.825G>C | p.Lys275Asn | Pathogenic dari ;‘;?1?21385 223 D?_‘;li)%i;lg Damaging (D%’g_f_a;_‘;@ (DDsz_%SgS) dami g}.’:gb(lly. 000)
c:826C>T | p.Pro276Ser | Pathogenic dalﬁi(;?ﬁglg.gs 269 D?-rgéég;;l ¢ Damaging (DEI))ecC;r:eisjcﬁ) (D%eéf-?)sgl) Dar:;;ﬁagbg.oom
¢.844G>C | p.Asp282His | Pathogenic | " ;(;?3213.7 .| 235 D'E‘_r;‘i)g;‘;g Damaging (D%(C}r_fiszg) (Sggiﬁ;) Pmbat()(l)g%a;;mging
¢.844G>T | p.Asp282Tyr | Pathogenic | . rfl :;ti’szlgj 4| 2338 D‘(‘_‘%g;;lg Damaging (D]]))e(c}r_f_aos%) (DDDeéfjs_;) Pmba]zggdg%r;laging
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c-848A>G | p.Asp283Gly | Pathogenic darﬂ?;?ﬁ?g.sg 244 D?-I;li)gzi;lg Damaging (D?)ecc}r:eis;% (DDDe(giejs.Zl) dam:gfior?ga]z?OOO)
e8SIT>C | p.Val284Ala | Pathogenic | o "MW | 249 | DUTMEME | Damaging | S | Deresse | Probably Bamaging
c:853C>T | p.Arg285Cys | Pathogenic daliz(;?sglg.% 273 Dz(i-r;l.asgsh)jg Damaging (Dll)ae(c}rflsin (Dll)aecgiej)sﬁl) darrf,;gﬁlElg]D(IKOOO)
¢.910G>T | p.Val304Phe | Pathogenic danlzgog?r?]gjl())l.86 23.8 D?fr;?ii‘r)lg Damaging (D]%e((j:'r:e_alsz 6) (D]%(?C(i:f-e(l)s.g% Probalz(l)}./;;aglaging
¢.920A>C | p.GIn307Pro | Pathogenic danl‘)lz(;i)r??g.% 24.6 Dzzfr;jaéglil;g Damaging (DI]))eér:is% 4) (DI]))e((}:iejs; 6) Probalz(l)}.fgcéasr;laging
¢921G>C | p.GIn307His | Pathogenic da£22?§§13.95 221 D?I;?gr)lg Damaging (DlljaegflsZS) (gDecc}rffi) damiggzb(lly.oom
¢.962G>T | p.Gly321Val | Pathogenic - 24.8 D??Z%?g Damaging (DI]))eér:jsjgn (D]?;:(C}rjg.s;z) Probalzi}.focé%r;laging
¢.962G>A | p.Gly321Glu | Pathogenic daiii?ﬁglé.gs 248 D?-r?.azgli;lg Damaging (D]%eérfﬁf?z) (Dllj)chf-?)s.EO) damirgoigzb(lly.oom
©1006A>G | p.Thi336Ala | Pathogenic |, 0 | 235 | PUMERE | pamaging | eS| BeTEe | RO 0
¢.1052G>T | p.Gly351Val | Pathogenic darﬁz(;?sglgys 277 D?-Ig%gzi;lg Damaging (Dlljﬁecc;fflls.34) (DDDe(?i?)S;) damirgoigzb(lly.oom
¢.1057C>T | p.Pro353Ser | Pathogenic darflar:;ti’r?gl(})/QS 23.6 Dzzrgi%;r)lg Damaging (D%ag:iszg) (D%eéf_%sg 6) Probalz(l)g%e;r;laging
c-1081G>A | p.Ala361Thr | Pathogenic daiﬁ‘;?iglggs 239 D??;é(%fi;)lg Damaging (D%érfﬁf%& (Dll))e(?:?)s.%) danggzb(lly.oom
¢.1138A>G | p.lle380Val | Pathogenic | rfl ;‘;?3213_86 23.5 D‘Ef‘;‘gf)lg Damaging (D%egj_afz% (D%eéf_‘(‘f;) Pmbalz(l)yg‘;agaging
¢.1139T>C | p.Ile380Thr | Pathogenic da£;;?§§lg.86 235 D‘(‘_“;f’lg;;‘g Damaging (D%gjfias.ezn (D%‘gff;) danggzb(lly'ooo)
¢.1141T>C | p.Phe381Leu | Pathogenic darﬁz(;?sglgys 259 D?-I;l%gzti;lg Damaging (Dlljﬁecc;fflzs.33) (DDDe(?f-?)S;O) damirgoigzb(lly.oom
¢.1159C=T | p.Arg387Cys | Pathogenic dari:(;?gglg.% 268 D?-n;i)%lg Damaging (D%eérff% (Dllj)eéf-?)s.;) dam[;rgoilrjlzb(lly.oom
¢.1160G>A | p.Arg387His | Pathogenic darﬁg(;?:glg.% 273 D?-r%gli;]g Damaging (D?)ecc;r:eis;) (DDD‘SSE?)S.SS) damzrgoigzb(lly.oom
¢.1166A>G | p.Glu389Gly | Pathogenic | , 22?3215_95 28.7 D'E‘_n;j)g;;lg Damaging (D%egj_aoszg) (D%eéf_‘;gz) damf; rgoil:;b(lly.oom
¢.1175T>C | p.lle392Thr | Pathogenic darﬁi‘;?iglg.m 259 D?-r;aégsi;]g Damaging (D]J);cc;r:e-assZS) (DDD‘SSE;S.E% damzrgoigzb(lly.oom
c.1177C>G | p.Arg393Gly | Pathogenic dariz(;?sglgys 246 D?-n;.algzi;lg Damaging (D]l);g:eisz@ (DDDe(?iejS.em dam[;rgoigzb(lly.oom
c.1178G>A | p.Arg393His | Pathogenic darﬂ:;?r?glg.% 243 D?tr;éigzh)]g Damaging (D%(C“Jr:e-azs%9) (D%eéf-ﬁs.gé) damzrgoigzb(lly.oom
¢.1186C>G | p.Pro396Ala | Pathogenic darﬁeri(;li):glg.% 24.8 Darrée.ligér)lg (- Damaging (D%gjiszs) (DDDe(?]Le_iS.T 4) Proba?})*g%ag;laging
¢.1187C>G | p.Pro396Arg | Pathogenic | , " ;‘;‘i’g?g_% 26.9 D?_‘gf‘z%i;lg Damaging (D]]))eg_f_"‘os_‘;z) (DDDe((}:ie_?)S.ZQ) P mba‘z(l)gdgagl;‘aging
¢.1192G>A | p.Glu398Lys | Pathogenic da£22?2213.95 256 D?-r;.azgli;lg Damaging (DIJ))ecC}r:e-aoSES) (Dllj)eecfjs_ZS) damzzgzb(lly.oom
¢.1220A>C | p.Lys407Thr | Pathogenic dalig(;ligr?;l(}),.% 24.9 D?_n71.a7g2i;1g Damaging (D]]):)eg:e_aoszg) ([]))ngisi) Probalz(l)}.fgc;agr;aging
¢1225C>T | p.Prod09Ser | Pathogenic| o MO | 243 | DRIRENE | pamaging | IR | e 000)
¢.1226C>A | p-Pro409GIn | Pathogenic da£22?2213.95 257 D?-r;ézg;;lg Damaging (1.?521?32) (Dllj)eecie.?)s_§5) damzzgzb(lly.oom
¢.1229G>A | p.Gly410Asp | Pathogenic | , " ;‘;‘i’g?g_% 237 D?f‘;f‘f(i)‘)lg Damaging (D%egj_"‘os% " (DDDeé’i‘i%fgg) P mba‘z(l)gdga;;‘aging
¢1316G>C | p.Arg439Pro | Pathogenic da£22?2213.95 269 D?-r;igsi;lg Damaging (DIJ))ecC;r:eiS;n (Dllj)eecfjs_?n damzzgzb(lly.oom
¢1318C>T | p.Leu440phe | Pathogenic danlz;(;]igr??(}),.% 27 D?fl;zgil)lg Damaging (Dlljjeg—fi)s.%% (DDDe((}::iS.% Pmba]z(l)g%a;;mging
¢.1339G>A | p.Gly447Arg | Pathogenic darizog?r?gl(}),.% 27.2 D?fzjaf ;;g Damaging (D]:I))eéf-alsj)O) (Dllj)chf.z(i)s,gz) dam};rgoigzb(li/.OOO)




In silico analysis of G6PD deficiency variants orenfaccess 1]

Supplementary Table 1 (Continued)

¢.1340G>T | p.Gly447Val | Pathogenic darﬂg(;ti)ggl(}),. 95 26.5 D?_rgggzil;g Damaging (DI]):)e(c}r:e_als% 9) (DI]))e(gS?)S,?ﬂ) damf;rgoitr)lzb(l{ 000)
¢.1358T>A | p.Val453Glu | Pathogenic dalizog?r?];lg. 95 24.6 D'El_r;z;ggi;lg Damaging (D]]))egj_alsz 9) (DDDeéij; 1 damI;rgOiEZb(l{. 000)
¢.1361G>A | p.Arg454His | Pathogenic dalizog?r?];lg. 95 26.5 D?_I;I?Zg;;lg Damaging (D]]))eérj_als; 9) (DDDe(giejS.gD damI;rgOiEZb(l{. 000)
¢.1366G>C | p.Asp456His | Pathogenic daligi’sglg o5 | 252 D?_‘?iﬁ;‘g Damaging (D%egjf‘fgg) (D%eéf_%s.‘;o) Pmba]z(l)yg%a;;laging
c.1367A>T | p.Asp456Val | Pathogenic daligi’sglg o5 | 238 D?_‘?Zg;;‘g Damaging (D?fgj?fjm (D%eéf_%s;% Pmba]z(l)yg%glaging
c.1381G>A | p.Ala461Thr | Pathogenic danl‘j;?gti):llglg 95 25.7 D?_rél'alai;lg Damaging (D]%e((j:'r:e_aosz 2) (D]%ec(;fjs; 2) Prob alz(l)}./9<;a6r;1ag ing
¢.1387C>T | p.Arg463Cys | Pathogenic danl‘j;?gti):llglg 85 24.2 D?_réli)gliglg Damaging (D]%e((j:'r:e_aosz 6) (D%?C(;f_%s; 5) damI;rgOiga(lil. 000)
¢.1463G>T | p.Gly488Val | Pathogenic danl‘j;?gti):llglg 95 24.8 Dzl_rglzgzi;lg Damaging (D]%e((j:'r:e_alsz 8) (D%ec(;:%s.z 0) damI;rgOiga(lil. 000)
¢.1465C>T | p.Pro489Ser | Pathogenic darflerl(;li)r?gl(}),. 95 24.4 Dz(i_rg'az%;g Damaging (DI?)eér:e_als'f; 2) (D%eéiejsjg 4) damf;rgoizzb(li/. 000)

Supplementary Table 2. Conservation scores (ConSurf) of G6PD variants. Based on the scores obtained from this tool, 28 variants received the highest score of
9, followed by 12 variants with a score of 8 while no variant received the lowest scores of 1 or 2.

Variant Protein Consurf Variant Protein Consurf
c.130G>A p-Alad44Thr 8 c.921G>C p-GIn307His 9
c.148C>T p-Pro50Ser 9 c.962G>T p-Gly321Val 6
c.152C>T p.Thr511le 8 c.962G>A p-Gly321Glu 6
c179T>C p-Leu60Pro 4 ¢.1006A>G p-Thr336Ala 9
c.185C>A p-Pro62His 5 c.1052G>T p-Gly351Val 7
C.224T>C p.Leu75Pro 3 c.1057C>T p-Pro353Ser 9
c.404A>C p-Asnl135Thr 7 c.1081G>A p-Ala361Thr 7
¢.409C>T p-Leul37Phe 5 c.1138A>G p-lle380Val 6
c.473G>A p-Cys158Tyr 4 c.1139T>C p-11e380Thr 6
c.488G>A p.Glyl63Asp 3 c.1141T>C p.Phe381Leu 8
c.497G>A p-Argl66His 9 c.1159C>T p-Arg387Cys 5
c.514C>T p.Pro172Ser 9 c.1160G>A p-Arg387His 4
c.517T>C p.Phel73Leu 8 c.1166A>G p.Glu389Gly 5
c.527A>G p.-Asp176Gly 9 c.1175T>C p.11e392Thr 7
¢.536G>A p.Ser179Asn 8 c.1177C>G p.Arg393Gly 7
c.592C>T p-Argl198Cys 9 c.1178G>A p.-Arg393His 7
c.592C>A p-Argl198Ser 9 c.1186C>G p-Pro396Ala 9
¢.593G>C p.Argl98Pro 9 c.1187C>G p.Pro396Arg 9
c.593G>A p-Argl98His 9 c.1192G>A p-Glu398Lys 9
c.679C>T p-Arg227Trp 6 c.1220A>C p-Lys407Thr 9
¢.737G>T p-Arg246Leu 9 c.1225C>T p.Pro409Ser 8
c.769C>G p-Arg257Gly 9 c.1226C>A p-Pro409GIn 8
c.770G>T p-Arg257Leu 9 c.1229G>A p-Gly410Asp 8
c.806G>A p-Cys269Tyr 6 c.1316G>C p.Arg439Pro 7
c.820G>A p-Glu274Lys 9 c.1318C>T p-Leud440phe 9
c.825G>C p.Lys275Asn 7 c.1339G>A p.Gly447Arg 9
c.826C>T p.Pro276Ser 9 c.1340G>T p.Gly447Val 9
c.844G>C p.Asp282His 5 c.1358T>A p.Val453Glu 7
¢.844G>T p-Asp282Tyr 5 c.1361G>A p-Arg454His 9
c.848A>G p-Asp283Gly 5 ¢.1366G>C p-Asp456His 9
c.851T>C p.Val284Ala 7 c.1367A>T p.Asp456Val 8
c.853C>T p.Arg285Cys 9 c.1381G>A p-Ala461Thr 8
c.910G>T p.Val304Phe 8 c.1387C>T p-Arg463Cys 3
¢.920A>C p.GIn307Pro 9 c.1463G>T p.Gly488Val 8




