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Summary

G6PD deficiency, an enzymopathy affecting 7% of the world population, is caused by over 160 

identified amino acid variants in glucose-6-phosphate dehydrogenase (G6PD). The clinical 

presentation of G6PD deficiency is diverse, likely due to the broad distribution of variants across 

the protein and the potential for multidimensional biochemical effects. In this study, we use 

bioinformatic and biochemical analyses to interpret the relationship between G6PD variants and 

their clinical phenotype. Using structural information and statistical analyses of known G6PD 

variants, we predict the molecular phenotype of five uncharacterized variants from a reference 

population database. Through multidimensional analysis of biochemical data, we demonstrate that 

the clinical phenotypes of G6PD variants are largely determined by a trade-off between protein 

stability and catalytic activity. This work expands the current understanding of the biochemical 

underpinnings of G6PD variant pathogenicity, and suggests a promising avenue for correcting 

G6PD deficiency by targeting essential structural features of G6PD.
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G6PD deficiency is one of the most common human enzymopathies, but the relationship between 

amino acid variant and clinical phenotype is poorly understood. Cunningham et al. find that 

clinical severity of a G6PD variant is determined by coupling between catalytic activity and 

protein stability.
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Introduction

As the rate-limiting enzyme in the pentose phosphate pathway, glucose-6-phosphate 

dehydrogenase (G6PD) catalyzes the oxidation of glucose-6-phosphate (G6P) and 

concomitant reduction of NADP+ to NADPH (Cappellini and Fiorelli, 2008). NADPH then 

regenerates the essential antioxidant glutathione, and is therefore important in maintaining 

redox homeostasis, especially in red blood cells, which lack mitochondria (Cappellini and 

Fiorelli, 2008). Certain single amino acid variants in G6PD lead to G6PD deficiency, one of 

the most common Mendelian diseases (Cappellini and Fiorelli, 2008). Roughly 7% of the 

world population is affected, with a geographic distribution that is strongly correlated with 

malaria prevalence, as G6PD deficiency protects against malaria (Nkhoma et al., 2009; 

Vulliamy et al., 1992). G6PD deficiency is typically characterized by hemolytic episodes 

after acute oxidative insults; in rare severe cases, G6PD-deficient patients suffer from 

chronic non-spherocytic hemolytic anemia (CNSHA) (Cappellini and Fiorelli, 2008).

More than 160 unique missense variants in G6PD have been identified to cause G6PD 

deficiency, although their effects on G6PD biochemistry and disease phenotype vary widely 

(Luzzatto, 2006). In an attempt to address the biochemical, clinical, and genetic 

heterogeneity of G6PD deficiency, the World Health Organization (WHO) stratified patients 
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with G6PD deficiency into four classes based on clinical presentation and G6PD activity in 

patient blood samples: Class I (<10% activity and CNSHA), II (<10% activity and hemolytic 

episodes), III (10–60% activity and hemolytic episodes), and IV (60–150% activity and no 

clinical manifestations) (Luzzatto, 2006; Organization, 1967). However, these classifications 

are often determined via measurement of G6PD activity in the blood of single subjects, and 

are possibly influenced by additional genetic, temporal, and environmental factors (Minucci 

et al., 2009; von Seidlein et al., 2013).

The diverse clinical presentation of G6PD deficiency motivates an equally diverse 

understanding of the molecular effects of G6PD variants. However, the molecular 

mechanisms of pathological G6PD variants remain largely unknown. Biochemical 

characterization of G6PD variants has revealed that pathogenic variants exhibit a range of 

complex multidimensional effects, including changes in kinetic activity, thermostability, and 

protein folding (Boonyuen et al., 2016; Gómez-Manzo et al., 2015; Gómez-Manzo et al., 

2016; Gómez-Manzo et al., 2014; Huang et al., 2008; Wang and Engel, 2009; Wang et al., 

2005, 2006). Crystal structures of human G6PD (Au et al., 2000; Kotaka et al., 2005) 

identified a dimeric or tetrameric enzyme with two bound NADP+ molecules per subunit: 

one in the catalytic site, and another in an allosteric site, named the structural NADP+ for its 

importance in the thermostability and long-term stability of G6PD (Wang et al., 2008). Class 

I variants often fall near the structural NADP+ site and exhibit decreased thermostability, 

suggesting that CNSHA associated with G6PD deficiency may result from G6PD instability 

and subsequent depletion of G6PD in red blood cells (Gómez-Manzo et al., 2014; Wang and 

Engel, 2009). However, class I variants are also found in many other structural regions of 

G6PD, and the relationship between the structural or biochemical effects of a G6PD variant 

and its clinical phenotype remains poorly understood.

To elucidate the biochemical mechanisms underpinning the diverse phenotypes of G6PD 

variants, we combine statistical analyses with biochemical characterization of clinically 

relevant G6PD variants and variants identified from ExAC, a sequencing database of 

multiple large cohorts. We find highly significant relationships between the structural 

location of a G6PD variant, its effects on enzyme activity and stability, and its clinical 

outcome. This work provides insight into how competing evolutionary pressures and 

biological requirements have shaped the biochemical landscape of G6PD variants, predicts 

the phenotype of uncharacterized G6PD variants that appear in reference population 

databases, and suggests a promising avenue for treatment of severe G6PD deficiency.

Results

Structural distribution of G6PD variants

We defined structural regions (G6P and NADP+ binding sites and oligomer interfaces) by 

calculating solvent-accessible surface area using the three available crystal structures of 

human G6PD (PDB IDs: 1QKI, 2BH9, 2BHL; Methods) (Au et al., 2000; Kotaka et al., 

2005). Reported variants (Benmansour et al., 2013; Chaves et al., 2016; Garcia-Magallanes 

et al., 2014; Jang et al., 2015; Minucci et al., 2012; Warny et al., 2015) and structural regions 

were then mapped onto a linear representation of G6PD (Fig. 1A,B) and onto the crystal 

structure (Fig. 1C–H). As previously speculated (Wang et al., 2008), the structural NADP+ 
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binding site is significantly enriched in class I variants (p < 0.05 by Fisher’s exact test). A 

lack of pathogenic variants at the substrate and cofactor binding sites (p < 0.05) is consistent 

with the finding that complete loss of G6PD activity is embryonic lethal (Longo et al., 

2002). The dimer interface is significantly enriched in pathogenic variants (class I, II, and 

III, p < 0.005), especially class I variants (p < 0.001). However, there is no significant 

enrichment of any variants at the tetramer interface. This pattern of variation suggests that 

while loss of dimerization is detrimental to G6PD activity, tetramerization may not be 

necessary for enzyme function. Taken together, the structural distribution of pathogenic 

variants highlights the importance of the dimer interface and structural NADP+ binding site 

for G6PD function.

Structural distribution and pathogenicity prediction of uncharacterized variants from the 
ExAC database are similar to class IV variants

The recent availability of large sequencing databases provides an excellent opportunity for 

examining enzyme variation across multiple populations. The Exome Aggregation 

Consortium (ExAC) database, which catalogs exome sequences from over 60,000 unrelated 

individuals (Lek et al., 2016), contains 101 single missense variants in G6PD, of which 64 

have not been previously reported (Table S1). The ExAC database generally excludes 

individuals with pediatric illnesses, so as expected none of the 37 previously reported 

variants in ExAC were class I variants (Table S2). We therefore surmised that the 64 

uncharacterized variants are also unlikely to be class I. We also examined allele frequencies 

of the previously known and uncharacterized variants, as variants of high allele frequency 

are often benign (Salgado et al., 2016). However, we found high allele frequencies of known 

pathogenic G6PD mutations (Fig. S1, Tables S1, S2), indicative of the selective advantage of 

G6PD variants against malaria, making allele frequency of the uncharacterized variants 

difficult to interpret.

Among these uncharacterized variants identified in the ExAC database, we observed 

significant enrichment on the surface of the protein (p < 0.001) and depletion in the interior 

(p < 0.01) and on the dimer interface (p < 0.05). This structural distribution is most similar 

to the four known class IV mutations, of which two are on the surface and none are in the 

interior, as well as the class III mutations, of which half are on the surface. Indeed, 

mutations on the protein surface are less likely to be deleterious than mutations buried in the 

interior (Ng and Henikoff, 2006); therefore, the uncharacterized variants on the surface of 

G6PD are likely nonpathogenic.

Because structural location (and therefore sequence position) is a major contributor to 

mutation severity (Adzhubei et al., 2010; Kumar et al., 2014; Ng and Henikoff, 2003), we 

examined how many of these uncharacterized variants occur at the same amino acid position 

as known pathogenic variants. Overlap between uncharacterized and pathogenic variants 

would suggest that the overlapping uncharacterized variants are also likely to cause 

pathology. We found only one-quarter as much overlap between uncharacterized and 

pathogenic variants as expected (p < 0.001 by Fisher’s exact test, Fig 2A). Interestingly, 

uncharacterized variants overlapped significantly with three of the four known class IV 

variants (p < 0.001).
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To further evaluate the pathogenicity of these uncharacterized variants, we used two 

prediction algorithms: SIFT, which uses evolutionary conservation (Ng and Henikoff, 2003), 

and PolyPhen2, a machine learning method that combines chemical similarity, sequence 

information, and 3D structural information (Adzhubei et al., 2010). To test the reliability of 

these prediction algorithms, we included analysis of the 166 variants for which clinical 

classification has been previously reported (Fig. 2B,C). Both algorithms showed a trend 

toward predicting class I variants to be more damaging and class IV variants to be more 

benign. Using both prediction algorithms, the uncharacterized variants were predicted to be 

more benign than class I, II, and III variants (p < 0.001 by one-way ANOVA followed by 

Tukey’s multiple comparison test, Fig. 2B,C), and not significantly different from the class 

IV variants. However, all of the class groups contained outliers, showing that these 

prediction algorithms are limited, or that the clinical manifestations of G6PD variants are 

likely structurally and biochemically complex and may be affected by additional genetic and 

environmental factors.

Biochemical characterization of G6PD variants reveals diverse effects of different amino 
acid substitutions

Although sequence position of a protein variant is a major determinant of variant severity, 

the chemical difference between the original and substituted amino acid is also important 

(Adzhubei et al., 2010). Of G6PD variant pairs in which two different amino acid variants 

have been found at the same sequence position, 32 pairs yield the same class of G6PD 

deficiency, while 19 pairs yield different classes of G6PD deficiency. To further understand 

the biochemical consequence of amino acid substitutions, we expressed, purified, and 

biochemically characterized several clinically relevant G6PD variants, focusing on four pairs 

of variants in which the same amino acid position was changed to two different amino acids. 

In particular, we chose variant pairs that were assigned the same prediction by SIFT and 

PolyPhen2, yet yielded two different classes of G6PD deficiency: Y70H (II) and Y70C (III); 

R198P (I) and R198H (II); E398K (I) and E398G (II); and Q307H (I) and Q307P (III) (Table 

S3). Q307P yielded too little protein for biochemical characterization, and was excluded 

from subsequent analyses. For each variant we measured activity parameters (Km, kcat) and 

stability (T1/2, the temperature at which half of G6PD activity is retained) using WHO 

standard protocols (Table S3 and Supplemental Experimental Procedures).

To further predict pathogenicity of uncharacterized variants from the ExAC database, we 

also biochemically characterized five of these variants, sampling a wide range of SIFT and 

PolyPhen2 prediction scores (Table S3). We found that T1/2 of all five variants was as high 

as or higher than that of WT G6PD, and kcat of four of these variants was within the class IV 

activity range of 60–150% (Fig. 2D,E); the fifth had kcat slightly below this range. Thus, in 

subsequent analysis we treat these five uncharacterized variants as class IV.

Principal component analysis of biochemical data reveals trade-off between activity and 
stability

Initial inspection of the biochemical data from the selected G6PD variants did not reveal 

obvious trends, suggesting that there are couplings between biochemical parameters that 

might be revealed through dimensional reduction. We subjected the data to principal 
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component analysis, using our kinetic and stability measurements. To avoid bias from curve 

fitting, rather than using fitted kinetic and stability parameters we used a vector containing 

the raw data from activity and stability measurements (27 data points, Fig. 3A; Methods). 

Principal components (PCs) 1 and 2 accounted for 50% and 24% of the variance in the data, 

respectively. Projecting the 13 variants onto these two components, we found that each pair 

of pathogenic variants at the same amino acid position were biochemically distinct from 

each other, highlighting the importance of amino acid chemical properties in determining the 

severity of a protein variant.

Interestingly, the five uncharacterized variants that we predicted to be class IV clustered 

together near WT G6PD (Fig. 3B), further validating that these variants are biochemically 

more similar to WT G6PD than are pathogenic variants. The three class II variants also 

visually clustered together, and separated from WT/class IV (Fig. 3B). To probe the basis of 

this separation, we examined the biochemical signatures encoded by PCs 1 and 2 (Fig. 

3C,D). PC 1 consisted of mainly positive values, reflecting correlation between activity and 

stability (i.e. a variant having high activity and high stability, or low activity and low 

stability). Interestingly, PC 2 contained negative values for the activity measurements and 

positive values for the stability measurements, reflecting anticorrelation between activity and 

stability (i.e. a variant having high activity and low stability, or low activity and high 

stability). This analysis suggests that the clinical phenotype of a G6PD variant is determined 

by both its overall performance and by a trade-off between catalytic activity and protein 

stability.

Generalized principal component axes separate G6PD variants into clusters by class

We then generalized the PCs to other previously characterized G6PD variants by plotting the 

variants from this study and 20 variants from previous work (Boonyuen et al., 2016; Gómez-

Manzo et al., 2015; Gómez-Manzo et al., 2016; Gómez-Manzo et al., 2014; Huang et al., 

2008; Wang et al., 2008; Wang and Engel, 2009; Wang et al., 2005) (Table S4) onto axes 

roughly corresponding to the principal components. To reflect correlation and anticorrelation 

between stability and activity, we compared normalized values of T1/2+kcat and T1/2−kcat, 

respectively. We found that class II, III, and IV variants segregated visually by class (Fig. 

4A, S2) and were quantitatively clustered by silhouette scoring (Fig. 4B). This clustering 

was not recapitulated by taking into account kcat (Fig. S3A) or T1/2 (Fig. S3B) alone, 

highlighting the importance of trade-offs between them in determining clinical severity.

In particular, previous work has suggested that class I variants cause CNSHA due to 

decreased enzyme stability and hence lower enzyme levels in red blood cells. In this study, 

we observed several class I variants that confirm this finding, but we also show that not all 

class I variants display reduced stability or enzyme activity in vitro. In the generalized PCA-

like plot (Fig. 4A), the class I variants did not cluster significantly; we speculate several 

possible reasons for this. Because class I mutations are rare, most documented class I 

mutations are single case study reports. Thus, it is possible that some class I mutations may 

only mildly disrupt G6PD activity, but could nevertheless contribute to CNSHA when 

combined with a patient’s unique genetic background. Another possibility is that some class 

I variants disrupt the function of G6PD in a manner not captured by the assay conditions 
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used in vitro. For example, the high concentrations of Mg2+, NADP+, or G6PD enzyme in 
vitro may mask the effects of class I variants on dimerization or structural NADP+ binding 

under physiological conditions. Class I variants on the surface may also disrupt an essential 

protein-protein interaction in vivo. Indeed, when class I variants located on the protein 

surface, structural NADP+ site, or dimer interface are excluded from the clustering analysis, 

the remaining class I variants form a tighter cluster as quantified by silhouette score (Fig. 

4B,C).

Discussion

G6PD is ubiquitously expressed and essential for maintaining redox homeostasis in all 

tissues and cell types. As a result, there are conflicting evolutionary pressures that shape its 

mutational landscape. Although complete loss of enzyme function is lethal, mild loss of 

function is advantageous as it protects against malaria. This loss of function can occur 

through different biochemical mechanisms leading to different clinical outcomes. Based on 

our PCA of biochemical characterization, unsurprisingly the overall fitness of the enzyme 

(good stability and activity) is the primary determinant of the clinical outcome of a G6PD 

variant (PC1, Fig. 3C). Interestingly, as shown by PC2 (Fig. 3D), the clinical outcome is also 

largely determined by trade-off between stability and activity. The importance of this trade-

off is consistent with the necessity for G6PD to retain NADPH-producing activity in all cell 

types while also remaining stable in red blood cells, which contain no translational 

machinery, for the lifetime of a red blood cell (up to 110 days).

Taken together, our biochemical characterization and meta-analysis of G6PD variants has 

clarified the biochemical underpinning that determines the severity of G6PD deficiency. We 

found that activity or stability alone does not determine or predict the phenotype of a G6PD 

variant, but rather a combination of both yields significant separation of variants by class. 

This finding is a crucial advance that informs previous work in which a quantitative model 

of G6PD kinetics, which did not include protein stability as a parameter, was unable to 

segregate class I variants into a biochemical space consistent with the CNSHA phenotype 

(Coelho et al., 2010).

We found that the structural distribution of the uncharacterized and known variants is similar 

to that of class IV variants (Fig. 2A), and that the predicted pathogenicity of these variants is 

not significantly different from the class IV variants (Fig. 2B,C). Furthermore, based on the 

biochemical signatures of five uncharacterized variants from the ExAC database, we predict 

that these five variants are likely nonpathogenic (class IV), even though one variant 

(R182W) was predicted to be pathogenic by SIFT (Table S3). However, other 

uncharacterized variants that were predicted to be severe by SIFT or PolyPhen2, or that lie 

in the dimer interface, may be outliers in this group and should be further characterized 

biochemically to predict their phenotype.

Consistent with previous work, we found that G6PD variants with the lowest stability often 

result in a worse clinical outcome (Fig. 4A). Therefore, we propose that efforts toward 

identifying a therapy to treat G6PD deficiency should focus on increasing enzyme stability. 

The structural NADP+ site is known to be important for enzyme stability and we found 
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significant enrichment of class I variants in this site, suggesting that therapies that improve 

structural NADP+ binding may rescue severe G6PD deficiency. Additionally, we found that 

the dimer interface is significantly enriched in pathogenic variants, especially class I 

variants. This suggests enzyme dimerization as a promising target for rescuing G6PD 

deficiency of any type. Nonetheless, our data indicate that the efficacy of treatment for 

patients with severe symptoms may be variant-dependent.

Beyond acute and chronic anemia, there are many other pathologies associated with reduced 

G6PD activity. G6PD deficiency increases the risk of kernicterus and death from neonatal 

jaundice (Cunningham et al., 2016) and has also been associated with bipolar and 

schizoaffective disorders (Raj et al., 2014), erectile dysfunction (Morrison et al., 2014), and 

vitiligo (Namazi, 2015). Because G6PD plays an essential role in maintaining healthspan by 

protection against oxidative damage (Nóbrega-Pereira et al., 2016), the effects of G6PD 

deficiency on human health have likely been underestimated and thus it is expected that 

additional consequences of G6PD deficiency will be identified in the future (Spencer and 

Stanton, 2016; Stanton, 2012). Our biochemical and informatics-based study suggests a 

promising avenue for treatment of G6PD deficiency and its sequelae by targeting enzyme 

stability, structural NADP+ binding, or dimerization.

Experimental Procedures

Definition of structural regions

For each available crystal structure of human G6PD (PDB IDs 1QKI, 2BH9, and 2BHL), 

solvent accessible surface area (SASA) was calculated using AREAIMOL (Lee and 

Richards, 1971; Saff and Kuijlaars, 1997) in the CCP4 suite (Winn et al., 2011). Structural 

regions were defined by changes in SASA; for example, an amino acid was included in the 

dimer interface if the SASA was reduced in the dimeric structure compared to the 

monomeric structure. Amino acids that were not at an oligomeric interface or G6P- or 

NADP+-binding site were designated as “surface” (SASA > 25%) or “interior” (SASA < 

25%) (Levy, 2010). For ease of visualization in Fig. 1A, structural regions were 

approximated by blocks spanning the densest clusters of amino acids in each region. 

Structure images were generated using PyMol v. 1.7.6.6.

Analysis of Exome Aggregation Consortium (ExAC) database mutations

High-quality missense variants (genotype quality ≥ 20 and depth ≥ 10) in the G6PD 

transcript ENST00000393564, as of October, 2016, were collected from the ExAC Browser 

(Lek et al., 2016) and compared with G6PD variants reported in the literature (Benmansour 

et al., 2013; Chaves et al., 2016; García-Magallanes et al., 2014; Jang et al., 2015; Minucci 

et al., 2012; Warny et al., 2015). Variants in ExAC that were not previously reported were 

designated “uncharacterized”. Uncharacterized variants and variants from the literature were 

submitted by batch query to SIFT (Ng and Henikoff, 2003) (Ensembl protein ID: 

ENSP00000377194) and PolyPhen2 (Adzhubei et al., 2010) (Uniprot ID: P11413) using the 

default settings.
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Principal component analysis (PCA)

For each G6PD variant, a vector was assembled using the median value for each data point 

measured: activity measurements across varying [NADP+] (8 data points), activity 

measurements varying [G6P] (7 data points), and stability measurements (12 data points) 

(see Enzyme activity and stability measurements in the Supplemental Experimental 

Procedures for further description of biochemical measurements). The data were then 

normalized by subtracting the mean and dividing by the standard deviation at each position 

in the vector. PCA was performed using the Python scikit-learn module 

(sklearn.decomposition.PCA, v. 0.17.1) (Pedregosa et al., 2011).

Generation of PCA-like plot

T1/2 and kcat data from G6PD variants previously purified and biochemically characterized 

following WHO standards (Boonyuen et al., 2016; Gómez-Manzo et al., 2015; Gómez-

Manzo et al., 2016; Gómez-Manzo et al., 2014; Huang et al., 2008; Wang et al., 2008; Wang 

and Engel, 2009; Wang et al., 2005) were combined with data from this study, then 

normalized by subtracting the mean and dividing by the standard deviation. The PCA-like 

plot (T1/2−kcat versus T1/2+kcat) was then generated using these normalized values.

Silhouette scoring

Silhouette scoring was calculated using a custom Python script. Each cluster was defined as 

variants in the same clinical class. For each cluster, the nearest cluster was identified by 

comparing the mean center of each cluster. Then for each point in the cluster, the silhouette 

score (s) was defined as:

where a is the mean distance from the point to all other points in the cluster and b is the 

mean distance from the point to all other points in the nearest cluster. A silhouette score 

ranges from −1 to 1, with a higher score indicating that a point is matched well to its cluster 

and matched poorly to other clusters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Structural distribution of G6PD variants identifies critical structural regions of 

G6PD

• Five previously uncharacterized G6PD variants from ExAC are likely 

nonpathogenic

• Coupling between catalytic activity and stability determines variant 

phenotype

• Severe G6PD variants affect functions not captured by standard biochemistry 

protocols

Cunningham et al. Page 13

Cell Rep. Author manuscript; available in PMC 2017 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. G6PD variant classes are distributed differently across the G6PD structure
A) Linear representation of G6PD showing location of variants and structural regions. 

Structural regions shown are the G6P, catalytic (cat.) NADP+, and structural (str.) NADP+ 

binding sites, and dimer and tetramer interfaces. Variants shown are class I–IV and 

uncharacterized (unchar) variants from the ExAC database.

B) Quantification of the number of variants in each structural region (left) and the percent of 

amino acids in each region for which a variant has been identified (right).

C) Crystal structure of dimeric G6PD, assembled from PDB IDs 2BH9 and 2BHL.

D–H) Variant locations are shown in spheres on the monomeric structure of G6PD: (D) class 

I, (E) class II, (F) class III, (G) class IV, (H) uncharacterized variants from the ExAC 

database.
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Figure 2. Structural distribution and pathogenicity prediction of uncharacterized variants from 
the ExAC database are similar to class IV variants
See also Tables S1, S2, and Fig. S1.

A) Odds ratio of the sequence positional overlap between uncharacterized variants and 

known variants (class I, II, III, or IV) or all pathogenic (I, II and III) variants. An odds ratio 

of 1 indicates expected overlap; a ratio below 1 indicates less overlap than expected and a 

ratio above 1 indicates more overlap than expected. p-values are represented as: ** < 0.005; 

*** < 0.0005.

B,C) Prediction of variant severity using two prediction algorithms: (B) SIFT, which assigns 

a score between 0 (damaging) and 1 (benign); and (C) PolyPhen2, which assigns a score 

between 1 (damaging) and 0 (benign). Unchar, uncharacterized variants from ExAC.

D) kcat measurements of wild-type (WT) G6PD and the five uncharacterized variants 

examined in this study. A line is shown at 60% activity, which delineates the separation 

between class III and class IV. Data are represented as mean ± SD.

E) T1/2 measurements of wild-type (WT) G6PD and the five uncharacterized variants. kcat 

and T1/2 measurements both support class IV characterization. Data are represented as mean 

± SD.
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Figure 3. Principal component analysis (PCA) of biochemical data reveals biochemical 
separation between G6PD variant classes
See also Table S3.

A) Representation of data vectors used for PCA. Normalized median curves of kinetic and 

biochemical measurements for each G6PD variant are shown in black (wild-type), red (class 

I), orange (class II), yellow (class III), or green (predicted class IV).

B) Biochemical characterization of 13 G6PD variants projected onto PC 1 and 2.

C,D) Values of principal components (PC) 1 (C) and 2 (D), which represent correlation and 

anticorrelation, respectively, between activity and stability.
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Figure 4. PCA-like visualization suggests additional functionality of some class I variants
See also Table S4 and Fig. S2, S3.

A) Analysis of 13 G6PD variants from this study and 20 additional variants from previous 

studies, represented by normalized T1/2+kcat and T1/2−kcat.

B) Silhouette scores of each variant cluster from (A) (WT, IV, II, III, and I) and (C) (class I, 

excluding variants that are not in the protein interior). A silhouette score ranges from −1 to 

1, with a higher score indicating that a point is matched well to its cluster and matched 

poorly to other clusters.

C) PCA-like plot with class I variants labeled corresponding to their structural location (S: 

surface, N: structural NADP+, D: dimer interface). Class I variants in solid red circles are 

located in the protein interior.
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