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Abstract 

P4-ATPases flip lipids from the exoplasmic to cytoplasmic leaflet of cell membranes, a property 

crucial for many biological processes. Mutations in P4-ATPases are associated with severe inherited 

and complex human disorders. We have determined the expression, localization, and ATPase activity 

of four variants in ATP8A2, the P4-ATPase associated with the neurodevelopmental disorder known 

as cerebellar ataxia, mental retardation, and disequilibrium syndrome 4 (CAMRQ4). Two variants, 

Gly447Arg and Ala772Pro, harboring mutations in catalytic domains, expressed at low levels and 

mislocalized in cells. In contrast the Glu459Gln variant in a flexible loop displayed wild-type 

expression levels, Golgi-endosome localization, and ATPase activity. The Arg1147Trp variant 

expressed at 50% wild-type levels, but showed normal localization and activity. These results 

indicate that the Gly447Arg and Ala772Pro mutations cause CAMRQ4 through protein misfolding. 

The Glu459Gln is unlikely causative, whereas the Arg1147Trp may display a milder disease 

phenotype. Using various programs that predict protein stability, we show that there is a good 

correlation between the experimental expression of the variants and in silico stability assessments 

suggesting that such analysis is useful in identifying misfolded disease-associated variants.  
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Introduction 

P4-ATPases constitute a subfamily of P-type ATPases that use the energy from ATP hydrolysis to 

flip phospholipids from the exoplasmic to cytoplasmic leaflet of cell membranes (Andersen et al., 

2016; Folmer et al., 2009a; Lopez-Marques et al., 2014; Palmgren et al., 2019; Sebastian et al., 

2012). This generates and maintains transmembrane lipid asymmetry, a property that is crucial for 

such cellular processes as vesicle transport, phagocytosis, apoptosis, sperm maturation, blood 

coagulation, synaptic modeling, cell migration among others (Bevers and Williamson, 2016; Hankins 

et al., 2015; Lee et al., 2015; Li et al., 2021; Segawa and Nagata, 2015). P4-ATPases consist of a 

catalytic or α-subunit comprising a transmembrane domain that functions in the translocation of 

lipids across the membrane, a nucleotide or N-domain involved in nucleotide binding, a 

phosphorylation or P-domain with a conserved DKTGT/S motif that undergoes transient 

phosphorylation, and an actuator or A-domain with a conserved DGET motif that is responsible for 

dephosphorylation of the phosphorylated intermediate as part of the Post-Albers reaction cycle 

(Albers, 1967; Andersen et al., 2016; Dyla et al., 2020; Post et al., 1972) (Figure 1). In addition, 

most P4-ATPases form a heterodimer with an accessory or β-subunit that is essential for the proper 

folding of the active complex and its exit from the endoplasmic reticulum (ER) (Bryde et al., 2010; 

Coleman and Molday, 2011; Saito et al., 2004; van der Velden et al., 2010b). P4-ATPase transport a 

variety of membrane lipids including phosphatidylserine (PS), phosphatidylethanolamine (PE), 

phosphatidylcholine (PC), and glycosphingolipids (Coleman et al., 2009; Roland et al., 2019; Shin 

and Takatsu, 2019). 

 The human genome encodes 14 distinct P4-ATPases (ATP8A1, ATP8A2, ATP8B1, 

ATP8B2, ATP8B3, ATP8B4, ATP9A, ATP9B, ATP10A, ATP10B, ATP10D, ATP11A, ATP11B, 

ATP11C) based on their α-subunit and 2 β-subunits referred to as CDC50A and CDC50B (also 

known as TMEM30Aand TMEM30B). A third subunit CDC50C (TMEM30C) is present in the 

mouse genome, but it is considered as a pseudogene in humans. The α-subunits differ not only in 

their amino acid sequence, but also in their tissue expression, subcellular distribution, substrate 

specificity, and regulatory properties. CDC50A is the predominant β-subunit as it interacts with 12 

different P4-ATPases (van der Velden et al., 2010b; Wang et al., 2018). More recently, the high-

resolution structures of three human P4-ATPases (ATP8A1, ATP8B1, and ATP11C) in association 

with CDC50A have been determined in various states by either X-ray crystallography or Cryo-

electron microscopy (Cheng et al., 2022; Dieudonne et al., 2022; Hiraizumi et al., 2019; Nakanishi et 
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al., 2020a; Nakanishi et al., 2020b; Timcenko et al., 2021). These studies together with site-directed 

mutagenesis have provided important insight into the protein conformational transitions that occur as 

part of the reaction cycle, lipid binding sites, subunit interactions, lipid transport pathways, and 

regulatory mechanisms (Lyons et al., 2020; Mogensen et al., 2023; Vestergaard et al., 2014).  

 The importance of P4-ATPases in human cell physiology is evident from the finding that 

defects in the genes encoding numerous phospholipid flippases are associated with severe hereditary 

diseases. Mutations in the gene encoding ATP8A2 have been linked to the neurodevelopmental 

disorder - cerebellar ataxia, mental retardation, and disequilibrium syndrome 4 (CAMRQ4) (Heidari 

et al., 2021; Martin-Hernandez et al., 2016; McMillan et al., 2018; Onat et al., 2013). Genetic defects 

in ATP8B1 cause progressive familial intrahepatic cholestasis 1(PFIC-1) or benign recurrent 

intrahepatic cholestasis (BRIC) (Bull et al., 1998; Folmer et al., 2009b). Mutations in ATP11C are 

responsible for congenital hemolytic anemia (Arashiki et al., 2016; van Dijk et al., 2023)}, and 

mutations in ATP11A have been linked to a hypomyelinating leukodystrophy (Segawa et al., 2021) 

and hearing loss (Pater et al., 2022). Many of these disease phenotypes have been replicated in 

knockout or transgenic mice (Coleman et al., 2014; Segawa et al., 2021; Siggs et al., 2011; 

Stapelbroek et al., 2009; Zhu et al., 2012). Various P4-ATPases and CDC50A have also been 

implicated in complex disorders including cancer, Alzheimer’s disease, Parkinson’s disease, 

atherosclerosis, and diabetes among others (Ennishi et al., 2020; Kengia et al., 2013; Martin et al., 

2020).  

 Previously, we have characterized a several missense mutations in ATP8A2 and showed that 

a number of these mutations cause a loss in function through protein misfolding or the loss in a key 

residue required for the function of ATP8A2 as an ATP-dependent phospholipid transporter (Choi et 

al., 2019; Guissart et al., 2020; Heidari et al., 2021; Mikkelsen et al., 2019; Vestergaard et al., 2014). 

In order to further define the molecular basis for how mutations in ATP8A2 cause CAMRQ4, we 

have determined the expression, localization, and functional activity of four additional ATP8A2 

variants (Fig. 1A). Three (Gly447Arg, Ala772Pro, Arg1147Trp) have been genetically linked to 

CAMRQ4 (Mohamadian et al., 2020) [https://www.ncbi.nlm.nih.gov/clinvar] and one (Glu459Gln) 

is a variant of uncertain significance. As part of this study, we have used in silico programs to predict 

the effect of the mutations on the stability of the ATP8A2 variants and compared these results with 

the relative expression levels of the variants after solubilization in a mild detergent. Our results 

indicate that there is a strong correlation between the relative protein expression of the ATP8A2 
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variants and the respective protein stability predictions. In silico analysis has been extended to 

human disease-associated missense mutations reported for other P4-ATPases.  

 

 

Results 

Location and Sequence Conservation of ATP8A2 Variants  

 The general location of the various mutations in ATP8A2 implicated in CAMRQ4 is shown 

in Fig. 1A. In the present study, we investigated the molecular properties of variants harboring 

missense mutations in four residues. These residues included Gly447 and Glu459 in the N-domain, 

Ala772 in the P-domain, and Arg1147 in the C-terminal segment. The Gly447 residue is highly 

conserved in various vertebrate species and amongst all P4-ATPases except ATP9A and ATP9B 

(Fig. 1B). The Ala772 residue is highly conserved within ATP8A and ATP8B families and several 

ATP10A members (ATP10A, ATP10D) and is also conserved in ATP8A2 from other vertebrates. 

The Arg1147 residue is also highly conserved in ATP8A and ATP8B P4-ATPases but is generally 

absent in other human P4-ATPase families consistent with fact that the C-terminal segments of P4-

ATPases differ widely in sequence. Finally, the Glu459 residue shares a high degree of conservation 

for ATP8A2 in most other vertebrates but is not well conserved in other P4-ATPases. 

 

Relative Expression Level of ATP8A2 Variants 

 To begin to investigate the molecular mechanisms by which mutations in these residues may 

cause CAMRQ4, we expressed wild-type (WT) or the ATP8A2 variants with its accessory subunit 

CDC50A in HEK293T cells. After solubilization in CHAPS detergent, the cell lysate was 

centrifuged at high speed to remove any misfolded protein aggregates and the level of expression of 

the ATP8A2 variants in the supernatant was compared to that of WT ATPA2 by western blotting 

(Fig. 2A). The Gly447Arg variant reported to be responsible for CAMRQ4 in an Iranian patient 

homozygous for this mutation (Mohamadian et al., 2020) showed no detectable expression relative to 

WT ATP8A2. The Gly447Glu and Gly447Ala variants were also studied to determine the effect of 

these substitutions on ATP8A2 expression. Like the Gly447Arg, the Gly447Glu variant was 

undetectable on western blots labeled for ATP8A2, whereas the Gly447Ala variant expressed at 
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about 10% WT ATP8A2 levels. These studies indicate that a glycine residue in this position is 

required for stable protein expression.  

 The Ala772Pro disease-associated variant (https://www.ncbi.nlm.nih.gov/clinvar) also 

expressed at non-detectable levels indicating that the proline substitution causes significant protein 

misfolding (Fig. 2B). The Arg1147Trp variant was present at about 50% WT ATP8A2 levels (Fig. 

2C). Interestingly, ATP8A2 variants with a negative-charged glutamate (Arg1147Glu), a positively 

charged lysine residue (Arg1147Lys), or a neutral alanine residue (Arg1147Ala) yielded proteins that 

expressed at WT levels. These data suggest that the bulky aromatic tryptophan residue is not well 

accommodated leading to a reduction in expression. Finally, we examined the effect of the 

Glu459Gln and Glu459Asp mutation on protein expression (Fig. 2D). Neither mutation affected the 

level of ATP8A2 expression. 

 Previous studies have shown that the expression level of highly misfolded ATP8A2 disease 

variants is markedly increased when the proteasome inhibitor MG132 is added to the transfected 

cells and the cell lysates are directly solubilized in SDS for analysis by western blotting (Choi et al., 

2019; Guissart et al., 2020).  To determine if MG132 has a similar effect on the Gly447Arg and 

Ala772Pro variants, we incubated transfected HEK293 cells in the presence or absence of 10 µM 

MG132 for 5 hours. The cell lysates were directly solubilized in SDS for analysis of ATP8A2 

expression on western blots (Fig S1). The expression level of both variants significantly increased in 

the presence of MG132 (Fig 2E) supporting the contention that these variants are highly misfolded 

and MG132 limits proteolytic degradation by the proteasome system of the cell.  

 

Immunofluorescence Localization of ATP8A2 Variants. 

 The effect of mutations on global protein folding can be evaluated by comparing the 

subcellular localization of the variant with that of the WT protein. Protein variants that fold in a 

native-like conformation can exit the ER and localize within cells similar to that of the WT protein, 

whereas globally misfolded proteins are typically retained in the ER by the quality control system of 

the cell and in many cases are rapidly degraded by the endoplasmic reticulum-associated protein 

degradation (ERAD) process.  We visualized the subcellular localization of the ATP8A2 variants in 

HeLa cells co-transfected with CDC50A using anti-GM130 as a marker for the Golgi. HeLa cells 
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were used in place of HEK293T cells since they are larger and therefore more appropriate for 

immunofluorescence imaging. Previous studies have shown that a significant fraction of ATP8A2 

localizes to Golgi-endosomes in various culture cells with a smaller fraction detected at the cell 

surface (Choi et al., 2019; Lee et al., 2015; van der Velden et al., 2010b). Segawa et al. have 

observed ATP8A2 in the plasma membrane of mouse W3 cell line stably expressing ATP8A2-

CDC50A complex together with intracellular staining reminiscent of Golgi-endosome staining 

(Segawa et al., 2016). As shown in Fig. 3, WT ATP8A2 was observed to partially co-localize with 

the cis-Golgi marker GM130 in HeLa cells. The Glu459Gln and Arg1147Trp displayed a similar 

subcellular localization. In the case of the Gly447Arg and Ala772Pro variants, however, only a small 

number of labeled cells were detected by immunofluorescence microscopy consistent with the low 

level of expression of these variants observed by western blotting. The labeled cells showed small 

fluorescent punctate deposits. Lack of co-localization of these variants with the lysosome marker 

LAMP2 indicated that these variants were not associated with lysosomes (Fig. S2). 

 

Phosphatidylserine (PS) activated ATPase activity. 

 The effect of missense mutations on the function of ATP8A2 variants was determined by 

measuring their phosphatidylserine-dependent ATPase activity. Fig. 4A shows the specific ATPase 

activity of the Arg1147 variants in the presence of 1,2-dioleoyl-sn-glycero-3-phosphocline (DOPC) 

and a mixture of 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine (DOPS) and DOPC (DOPS/DOPC). 

As in the case of WT ATP8A2, no significant ATPase activity was observed in the presence of 

DOPC alone. All arginine 1147 variants, however, exhibited strong ATPase activity in the presence 

of 1 mM DOPS with a Vmax in the range of 70-80 µmoles ATP hydrolyzed per min per mg protein 

similar to WT ATP8A2. The ATPase activity of the Glu459 variants as a function of increasing 

DOPS was also measured (Fig. 4B). Similar saturation kinetics were observed for human WT and 

the Glu459 ATP8A2 variants. The Ka and Vmax for WT ATP8A2 in the presence of DOPS yielded 

a Ka of 14.3 ± 4.3 µM DOPS and Vmax of 97.9 ± 6.8 µmoles ATP hydrolyzed per min per mg 

protein, respectively, similar to values previously reported for human ATP8A2 (Choi et al., 2019). 

The E459Q and E459D variants were broadly similar with a Ka of 8.4 ±3.1 µM DOPS and Vmax of 

93.7 ± 6.8 µmoles ATP hydrolyzed per min per mg for the Glu459Gln variant and a Ka of 19.3 ± 4.2 

µM DOPS and a Vmax of 105.9 ± 5.7 µmol of ATP hydrolyzed per min per mg protein for the 
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Glu459Asp variant. The activities of the Gly447Arg and Ala772Pro variants were not determined 

due to their low expression. 

 

Mapping the disease variants within the Alphafold2 structure of ATP8A2 

 At present the high-resolution structure of ATP8A2 has not been reported. However, the 

structure of ATP8A1, a P4-ATPase which is 67% identical in sequence to ATP8A2, has been 

determined in various states by Cryo-EM (Hiraizumi et al., 2019). Alignment of the Alphafold2 

structure of ATP8A2 (Jumper et al., 2021) with the structure of ATP8A1 in its E2 state (PDB:6K7L) 

indicates that the two structures are highly similar with a RMSD of 1.171Å (754 Cα atoms) (Fig. 

S3). We mapped the four variants implicated in CAMRQ4 onto the Alphafold2 structure to further 

evaluate how these substitutions may affect the structure and stability of the protein based on the 

spatial impact of the different side chain rotamers (Fig. 5).  

 The Gly447 residue is part of a β-turn within the N-domain. The replacement of this glycine 

with an arginine residue creates steric clashes in even the lowest energy rotamer, likely leading to 

significant protein misfolding. The Ala772 residue is located within an α-helical segment of 

Rossmann fold of the P-domain. The Rossmann fold, a common characteristic of P-type ATPases, 

contributes to the binding of ATP. Substitution of this alanine with a proline results in the disruption 

of the α-helix and introduces a steric clash, which might affect the structure of the entire Rossman 

fold and result in global protein misfolding. The Arg1147 residue is located within a flexible region 

of the C-terminal segment of ATP8A2 upstream of the highly conserved Gly-Tyr-Ala-Phe-Ser 

(GYAFS) motif. This region is not resolved in the ATP8A1 structure presumably due to the high 

flexibility of this segment. Substitution of the bulky tryptophan residue may lead to partial 

destabilization of the ATP8A2 structure and could cause a fraction of the protein to be in a misfolded 

state. Finally, the Glu459 residue is present a flexible loop of the N-domain. This position appears to 

be able to accommodate other residues including a glutamine and aspartic acid without significantly 

affecting the overall structure of ATP8A2. 
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In silico protein stability predictions of ATP8A2 variants  

 A number of computational methods have been developed that predict the effect of an amino 

acid substitution on the stability of a protein. These programs typically use the three-dimensional 

structure and/or the sequence of a protein as an input together with other parameters such as solvent 

accessibility to predict free energy differences between the WT protein and the variant (Marabotti et 

al., 2021). We have compared predictions for the stability of the ATP8A2 variants in the following 

programs: FoldX5 (Krieger and Vriend, 2014; Schymkowitz et al., 2005); INPS-3D (Savojardo et al., 

2016); Duet (Pires et al., 2014); and Dynamut2 (Rodrigues et al., 2021) in Table 1. For these studies 

we used the following free energy classification: stabilizing mutations (G < −0.5 kcal/mol); 

destabilizing mutations (G > 0.5 kcal/mol); and neutral mutations (−0.5 < G < 0.5 kcal/mol). 

All programs predicted amino acid substitutions in the Gly447 as destabilizing, but only the FoldX5 

program predicted the Ala772Pro as severely destabilizing. The Glu459 variants were predicted as 

neutral or mildly destabilizing. Some variability in predictions were observed for the Arg1147 

variants, but in general these were in the range of neutral to mildly destabilizing (Table 1).  

 Interestingly, the predictions were in general agreement with the protein expression studies 

carried out here (Table 1). The Gly447 and Ala772 variants predicted to be destabilizing correlated 

with their absent or low expression, and the Glu459 and most Arg1147 variants predicted to be 

neutral/mildly destabilizing displayed expression levels similar to WT ATP8A2. We note here that 

expression studies do not generally reveal stabilizing mutations since protein expression levels of 

mutants are rarely above the expression of the WT protein. 

 We have extended the silico predictions to other ATP8A2 disease-associated variants for 

which expression data has been previously reported (Table 2). In the case of the FoldX5 program, 9 

variants, which were predicted to be highly destabilizing, expressed at exceedingly low levels 

consistent with severe protein misfolding, while the 4 variants which were predicted to be neutral or 

stabilizing expressed at WT levels. Comparison of the four programs indicate that the FoldX5 

program had 100% correlation with expression for the ATP8A2 variants in Table 2, whereas the 

other three programs showed a 60-70% correlation. The ClinVar database shows a large number of 

missense mutations that may underly CAMRQ4 or related neurodevelopmental disorders. In Table 

S1 we have further analyzed the effect of 11 of these mutations for the stability of ATP8A2 using 

three of these computational programs. Nine of these mutations were predicted to cause 

destabilization of ATP8A2 using the FoldX5 program, whereas fewer mutations were predicted to be 
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destabilizing by the Duet and DynaMut2 programs. Expression studies are not available for these 

ATP8A2 variants. 

 

In-Silico Analysis of ATP8B1, ATP11C and ATP11A Disease Variants 

 We have expanded our analysis to other P4-ATPases associated with genetic diseases. 

ATP8B1 has been the most extensively studied due to its association with both benign recurrent 

intrahepatic cholestasis (BRIC1) and progressive familial intrahepatic cholestasis (PFIC1) (Bull et 

al., 1998; Klomp et al., 2004; Takatsu et al., 2014; van der Velden et al., 2010a). In Table S2 we 

have analyzed 25 clinical variants. There was general agreement for the three programs with a few 

exceptions. Of the 11 linked to BRIC1, 9 were considered destabilizing by most programs. One 

variant Asp454Gly linked to BRIC1 is predicted to have a stabilizing or neutral effect in all three 

programs. However, this variant expressed at low to moderate levels (Folmer et al., 2009b; van der 

Velden et al., 2010a). Seven of the thirteen PFIC1 variants are considered to be destabilizing with 6 

others predicted to be stabilizing. Of these mutations, 5 have been characterized in terms of their 

expression. FoldX5 and DUET showed the highest degree of agreement between the reduction in 

expression and destabilization of the mutations, while Dynamut2 showed a lower agreement. The 

effect of the mutations on ATP8B1 can be further assessed from the structure of ATP8B1. For 

example, substitution of Gly1040 within transmembrane segment 7 (M7) for an arginine residue 

(Gly1040Arg) appears to destabilize ATP8B1 as a result of a steric clashes and introduction of a 

charged side chain in a hydrophobic environment (Fig.S4). Likewise, the Gly308Val mutation also 

introduces a bulky side chain within a β-structure of the actuator domain introducing steric clashes. 

The Ile661Thr mutation, on the other hand, likely destabilizes ATP8B1 by introducing the polar 

threonine side chain into a region occupied by hydrophobic residues. Interestingly, the disease-

associated Leu127Pro mutation in transmembrane segment 1(M1) which is predicted to destabilize 

ATP8B1 in two of the three programs, mildly reduced expression levels in one report (Takatsu et al., 

2014). In this case it is likely that this substitution introduces a kink in the helical structure which 

only marginally affects the protein folding. The Leu127Pro mutation, however, abolishes PC 

transport activity in ATP8B1 (Takatsu et al., 2014), and a significantly reduced expression and 

ATPase activity has been reported for the equivalent mutation (Ile91Pro) in ATP8A2 (Gantzel et al., 

2017).   
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 ATP11C and ATP11A have also been linked to inherited diseases (Arashiki et al., 2016; Pater 

et al., 2022; Segawa et al., 2021; van Dijk et al., 2023). To date 11 missense mutations in ATP11C 

have been implicated in congenital hemolytic anemia. Of these mutations, 5 are predicted to be 

destabilizing by most of the programs, while the remaining 6 are either neutral or stabilizing (Table 

S3). The Thr418Asn and Leu789Phe ATP11C variants are the only ones that have been characterized 

at a molecular level (Arashiki et al., 2016; Liou et al., 2019; van Dijk et al., 2023). These mutations 

reduced expression levels of ATP11C consistent with the destabilizing predictions of these mutations 

in all three programs. 

 Three disease associated variants have been identified in ATP11A. Ser4Asn is associated 

with hearing loss, while Ala37Val and Gln84Glu are associated with leukodystrophy and 

hypomyelination (Table S3). These three mutations are in close proximity to the N-terminus of the 

protein and are not predicted by a majority of the programs to destabilize the protein. 

 

 

Discussion 

 In this study we have examined the subcellular localization, expression, and functional 

properties of four ATP8A2 mutants which have been implicated in CAMRQ4. Two variants, 

Gly447Ala and Ala772Pro, were undetectable in cell lysates of transfected cells by western blotting 

after solubilization in CHAPS buffer and failed to localize to the Golgi-recycling endosomes in the 

few labeled cells observed by immunofluorescence microscopy. These results indicate that these 

mutations cause CAMRQ4 through a mechanism involving severe protein misfolding. This is further 

supported in a structural model of ATP8A2 which shows that the Gly447 and Ala772 residues are 

located in highly structured regions within the N-domain and P-domain, respectively, such that the 

Gly447Glu and Ala772Pro substitutions cause significant structural defects and steric clashes. In 

contrast, the Glu459Gln variant exhibited expression levels and subcellular localization similar to 

WT ATP8A2. Furthermore, this variant displayed PS-activated ATPase activity similar to WT 

ATP8A2. This suggests that the Glu459Gln mutation may not cause CAMRQ4. The Arg1147Trp 

variant expressed at about half WT levels. This variant is likely pathogenic, but individuals 

homozygous for this mutation may display a milder phenotype due to its moderate expression and 
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residual activity. A more complete genetic and clinical evaluation of patients with this mutation 

would be of interest.   

 Protein stability is commonly determined by measuring the transition between the folded and 

unfolded states upon the exposure to changes in temperature, pH or denaturant (Atsavapranee et al., 

2021; Chib et al., 2015; Crowther et al., 2010; Murayama and Tomida, 2004). However, such studies 

are difficult to carry out for membrane proteins since these proteins are generally difficult to produce 

and purify in sufficient quantities for such measurements and evaluating the transition from the 

folded to unfolded state, often performed using fluorescence dyes, are difficult to carry out and 

interpret due to the hydrophobic nature of these proteins. We reasoned that the level of membrane 

protein expression after solubilization in a mild detergent may provide an alternative way to assess 

the effect of mutations on the stability of membrane proteins. Unstable, misfolded membrane 

proteins are typically retained within the ER where they can undergo aggregation and/or degradation 

by the endoplasmic-reticulum-associated protein degradation (ERAD) pathways of the cell. Any 

residual misfolded proteins typically aggregate in mild detergent such that they can be removed by 

centrifugation. The supernatant can then be analyzed for protein expression by western blotting for 

comparison with the WT protein. We compared the level of expression of ATP8A2 variants with 

four commonly used software programs designed to predict Gibbs free energy differences (ΔΔG 

kcal/mol) between the folded and unfolded states of the WT and mutant protein. Our studies indicate 

that there is considerable agreement between expression and stability predictions for the ATP8A2 

variants studied here and those for which expression data is available. An illustrative example of this 

is apparent for two different mutations (Lys429Asn and Lys429Met) in the same residue of ATP8A2 

found in CAMRQ4 patients (Guissart et al., 2020; Martin-Hernandez et al., 2016; McMillan et al., 

2018). The Lys429Asn variant has been reported to express at exceedingly low levels, whereas the 

Lys429Met variant express at WT levels (Choi et al., 2019). All programs predicted the Lys429Asn 

as a destabilizing mutation and the Lys429Met as neutral or stabilizing consistent with the expression 

profile. However, functional studies indicate that both variants are devoid of ATPase activity in line 

with the key role of Lys429 within the conserved Asp-Lys-Thr-Gly-Thr (DKTGT) motif required for 

transient phosphorylation as part of the reaction cycle. Of the programs used in our study, the FoldX5 

program showed a particularly high degree of agreement with the in vitro expression data. This 

program calculates the difference in free energy based on several variables including Van der Waals 

contributions of all atoms, comparisons of intra-molecular to inter-molecular hydrogen bonding, 

D
is

ea
se

 M
o

de
ls

 &
 M

ec
ha

ni
sm

s 
• 

D
M

M
 •

 A
cc

ep
te

d 
m

an
us

cr
ip

t



electrostatic contributions of charged groups, differences in solvation energy in the folded and 

unfolded state, as well as entropic costs of fixing and maintaining structural conformations. 

 Most disease-associated ATP8A2 variants which have been studied at a molecular level result 

in a loss of function through a mechanism involving global protein misfolding resulting in low 

expression. Of the 17 ATP8A2 disease-associated variants studied (Tables 1 and 2), 12 displayed 

very low expression. Most of the other variants, expressed at normal levels and are predicted to be 

stable. These variants, however, generally display little or no PS-activated ATPase activity as a result 

of the loss in a key residue required for the ATP-dependent transport activity of ATP8A2 (Choi et 

al., 2019; Heidari et al., 2021; McMillan et al., 2018; Mikkelsen et al., 2019; Vestergaard et al., 

2014). In such cases, expression and in silico analysis is not sufficient to identify these mutations as 

pathogenic without additional information on how these mutations affect the functional activity of 

the protein.  

 Insight into the stability of disease-associated variants is of interest for the development of 

therapeutic strategies. It has been previously shown that compounds such as 4-phenyl butyrate 

(4PBA) and MG132 enhance the expression levels of misfolded ATP8B1 and ATP8A2 disease 

variants (Choi et al., 2019; Heidari et al., 2021; van der Velden et al., 2010a). Application of these or 

other drugs that improve protein folding and/or reduce degradation could rescue in part the disease 

phenotype in animal models and ultimately lead to clinical trials.  

 

 

Materials and Methods 

Reagents 

1,2-dioleoyl-sn-glycero-3-phosphocline (DOPC) and 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine} (DOPS) 

were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). ATP and ascorbic acid were purchased from 

Sigma-Aldrich, 3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulfate (CHAPS) from Anatrace 

(Maumee, OH), Protease Arrest from G-Biosciences (St. Louis, MO) and 1D4 peptide from Biomatik 

(Kitchener, ON). MG132 was from ApexBio (Houston, TX). ). HEK293T and HELA cells were obtained 

from ATCC through Cedarlane (Burlington, Ontario). . The Rho 1D4 antibody initially produced in house 

(Hodges et al., 1988; Molday and Molday, 2014) was obtained from UBC (https://uilo.ubc.ca/industry-
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partners/access-ubc-technologies). The primary antibody against tubulin was from Abcam (Toronto, ON) and 

LAMP2 was from Santa Cruz (Dallas, TX). Primary antibodies against ATP8A2 (Atp6C11 and Cdc50 –7F4) 

have been described previously (Coleman et al., 2009; Coleman and Molday, 2011). Restriction enzymes, T4-

DNA ligase, Antarctic Phosphatase and Phusion polymerase were acquired from New England Biolabs 

(Whitby ON). Primers used for mutagenesis were ordered from Integrated DNA Technologies (Coralville, 

IA). 

 

Plasmid Construct Design 

The human ATP8A2 construct (NM_016529.6) was previously developed in a pcDNA3.1 plasmid engineered 

to contain a C-terminal 1D4 tag (Coleman et al., 2009; Lee et al., 2015). Mutant constructs were developed 

using site directed mutagenesis with overlapping primers designed to incorporate each mutation into the WT 

ATP8A2 construct using Phusion polymerase. Mutations were verified by Sanger sequencing and re-ligated 

into the WT-plasmid using the KPN1 and Xba1 restriction enzymes. The human CDC50A construct 

(NM_018247.4.) was cloned into a pcDNA3.1 plasmid using the KPN1 and Not1 restriction enzymes.  

 

Cell Culture and Protein Expression 

HEK293T cells were cultured in DMEM (Sigma-Aldrich) supplemented with 8% bovine growth serum 

(Thermo Scientific), 100 IU/ml penicillin, 100 μg/ml streptomycin, and 2 mM l-glutamine. The cells grown on 

10 cm plates to ~30% confluency were co-transfected by with 5 μg each of the ATP8A2 plasmid and 

CDC50A plasmids and 30 μg of polyethylenimine (PEI) per plate. The cells were harvested after 48 h and 

pelleted at 2000 rcf (Sorval LegendRT). The cells were resuspended in lysis buffer (150mM NaCl, 50 mM 

HEPES/NaOH pH 7.5, 5 mM MgCl2, 20 mM CHAPS, 1x Protease Arrest, 1mM dithiothreitol (DTT), 0.5 

mg/ml DOPC) with stirring at 4°C. After 30 min, the detergent insoluble membrane fraction was removed 

from the detergent soluble fraction by centrifugation at 40,000 rcf for 12 min. The solubilized ATP8A2-

CDC50A protein constructs were then used for downstream applications. Protein expression was measured by 

western blotting analysis and normalized to a tubulin loading control as previously described (Choi et al., 

2019). 

 

MG132 Proteasome Inhibition 

HEK293T cells were co-transfected with the given ATP8A2 construct and CDC50A at ~80% confluency and 

grown for 24 h. Fresh media was replaced. After 15 min, the cells were incubated with either a DMSO control 

D
is

ea
se

 M
o

de
ls

 &
 M

ec
ha

ni
sm

s 
• 

D
M

M
 •

 A
cc

ep
te

d 
m

an
us

cr
ip

t



(1/1000 dilution) or 10 µM MG132 for 5 h at which point the cells were resuspended in lysis buffer containing 

4% SDS as a substitute for CHAPS detergent with stirring at room temperature. The sample was centrifuged 

at 40,000 rcf for 12 min and the supernatant was used for analysis of protein expression by Western blotting. 

The expression levels were quantified and expressed as a percentage of WT expression levels without MG132 

and normalized to a housekeeping gene (tubulin). Paired T-Tests were used to determine significance. 

 

Immunoaffinity Protein Purification 

Purification of the ATP8A2-CDC50A complex was achieved using immunoaffinity chromatography as 

previously described (Coleman et al., 2009; Coleman and Molday, 2011). Anti-Rho1D4 columns were 

prepared through the coupling of the respective monoclonal antibody to CNBr-activated Sepharose 2B beads 

as described previously (Molday and Molday, 2014). The detergent-solubilized cell lysate was incubated with 

the Rho1D4 immunoaffinity matrix in spin columns for 45 min at 4°C. The supernatant was then removed, 

and the spin columns were washed six times with 400 µl of column wash buffer (150 mM NaCl, 50 mM 

HEPES/NaOH pH 7.5, 5 mM MgCl2, 10 mM CHAPS, 1mM dithiothreitol, 0.5 mg/ml DOPC). The bound 

protein was eluted from the column by the addition of 2x50 µl of wash buffer containing 0.5 mg/ml of the 

1D4 peptide. Purified protein concentration was determined on SDS gel electrophoresis gels visualized with 

Coomassie blue staining and quantified with bovine serum albumin (BSA) standards.  

 

ATPase assay 

The ATPase activity of purified ATP8A2 constructs was assayed using a previously described colorimetric 

method (Chifflet et al., 1988; Coleman et al., 2009). Titration curves for the velocity of ATP8A2-CDC50A 

driven ATP hydrolysis were determined as a function of substrate concentration. To measure the ATPase 

velocity as a function of lipid substrate, 1 ng of purified protein was incubated with 5 mM ATP and 2.5 mg/ml 

of different ratios of DOPC:DOPS. The ATP and lipid samples were prepared in ATPase assay buffer (50 mM 

HEPES/NaOH, pH 7.5, 150 mM NaCl, 12.5 mM MgCl2, 1 mM DTT, and 10 mM CHAPS). The mixture (25 

µl) was incubated at 37°C for 30 min. The activity of the protein was terminated by the addition of 25 µl of 

12% SDS. Free phosphate was measured by the addition of 75 µl of solution 1 (6% ascorbic acid, 1% 

ammonium molybdate in 1 N HCl) for 5 min, followed by 120 μl of solution II (2% sodium citrate, 2% sodium 

meta-arsenite, 2% acetic acid). The reaction resulted in a color shift allowing for the measurement of free 

phosphate absorbance at 850 nm in a microplate reader. These values were compared to those of a phosphate 

standard curve allowing for calculation of the reaction velocity (µmoles of Pi released/min/mg protein) for 
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each data point in the given assay. Each measurement was performed in technical triplicates. The data was 

then fit to a Michaelis-Menten equation using Graphpad Prism 9. Maximum reaction velocity (Vmax) and PS-

activation constant (Ka) were then calculated. Technical triplicates were performed for two or more 

independent experiments involving distinct protein preparations.  

 

SDS-PAGE and Western Blots  

Proteins were separated by SDS gel electrophoresis on 9% polyacrylamide gels and either stained with 

Coomassie Blue or transferred to PVDF membranes (Millipore, Bedford, MA) and blocked with 1% milk in 

PBS for 45 min as previously described (Choi et al., 2019). The blots were labeled with hybridoma cell 

culture fluid containing either the Rho1D4 (diluted 1:100 in PBS) or Cdc50-7F4 (diluted 1:12 in PBS) 

monoclonal antibodies. The blots were also labeled with anti-tubulin antibody serving as a loading control. 

After 1 h, the gels were washed stringently with PBST (PBS containing 0.05% Tween 20), incubated for 40 

min with secondary antibody (goat anti-mouse conjugated with IR dye 680 or donkey anti-rabbit conjugated 

with IR dye 800 (LI-COR, Lincoln, NE)) diluted 1:20,000 in PBST containing 0.5% milk. After washing in 

PBST, the blots were imaged on a LI-COR Odyssey infrared imaging system (LICOR, Lincoln, NE).  

 

Immunofluorescence Microscopy  

HeLa cells grown on glass coverslips in 6 well tissue culture plates were co-transfected at 50% confluence 

with 1.25 µg of ATP8A2-1D4 and 1.25 µg of CDC50A plasmids using PEI as a transfection agent. After 48 h, 

the cells were washed in PBS and fixed with 4% paraformaldehyde for 15 min then blocked and 

permeabilized for 1 h with 10% normal goat serum (NGS) and 0.2% Triton X-100. The cells were treated for 

2 h with primary antibody diluted in 100 mM phosphate buffer (pH 7.4) containing 2.5% NGS and 0.05% 

Triton X-100. The primary antibodies were Rho1D4 hybridoma culture fluid (1:50 dilution); and rabbit anti-

GM130 antibody (1:2000) for labeling the cis-Golgi. The coverslips were washed and labeled with goat anti-

mouse immunoglobulin tagged with Alexa 488 and goat anti-rabbit immunoglobulin tagged with Alexa 594 

for 0.5 h and stained with 4′,6diamidino-2-phenylindole (DAPI) nuclear dye. Coverslips were washed and 

mounted with Mowiol medium on glass slides prior to imaging. The reagents for fixing, permeabilizing, and 

labeling were prepared in 100 mM phosphate buffer (pH 7.4). The secondary antibodies were used at 1:1000 

dilution. Fluorescence images were acquired using a 63X oil immersion objective on a Zeiss LSM 700 

confocal microscope equipped with Zen Image analysis software. Composite figures were prepared using 

Photoshop software. 
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In-Silico Stability Measurements 

The stability of WT and ATP8A2 variants were predicted using the following software programs: FoldX5 

https://foldxsuite.crg.eu/, DUET (Pires et al., 2014), INPS-3D (Savojardo et al., 2016), and Dynamut2 

(Rodrigues et al., 2021). The protein structures were generated in Alphafold2 (Jumper et al., 2021) and were 

repaired using the FoldX5 plugin with the YASARA viewer. The Gibbs free energy change was calculated 

and reported as the ΔΔGMutant - ΔΔGWT. PyMOL Molecular Graphics System (version 1.7 Schrodinger, LLC) 

was used to display structures and assess the impact of amino acid substitutions on the structure.  

 

Acknowledgment 

We are grateful for productive discussions with Drs. Gilad Evrong and Tina Truong at NYU related 

to the diagnosis of a CAMRQ4 patient homozygous for the A772P mutation in ATP8A2. This work 

was supported by grants from the Canadian Institutes for Health Research PJT 148649. 

 

Conflict of Interest 

The authors declare no conflict of interest. 

 

 

References 

 

 Albers, R. W. (1967). Biochemical aspects of active transport. Annu Rev Biochem 36, 727-56. 

 Andersen, J. P., Vestergaard, A. L., Mikkelsen, S. A., Mogensen, L. S., Chalat, M. and Molday, R. S. 

(2016). P4-ATPases as Phospholipid Flippases-Structure, Function, and Enigmas. Front Physiol 7, 275. 

 Arashiki, N., Takakuwa, Y., Mohandas, N., Hale, J., Yoshida, K., Ogura, H., Utsugisawa, T., Ohga, S., 

Miyano, S., Ogawa, S. et al. (2016). ATP11C is a major flippase in human erythrocytes and its defect causes 

congenital hemolytic anemia. Haematologica 101, 559-65. 

D
is

ea
se

 M
o

de
ls

 &
 M

ec
ha

ni
sm

s 
• 

D
M

M
 •

 A
cc

ep
te

d 
m

an
us

cr
ip

t



 Atsavapranee, B., Stark, C. D., Sunden, F., Thompson, S. and Fordyce, P. M. (2021). Fundamentals 

to function: Quantitative and scalable approaches for measuring protein stability. Cell Syst 12, 547-560. 

 Bevers, E. M. and Williamson, P. L. (2016). Getting to the Outer Leaflet: Physiology of 

Phosphatidylserine Exposure at the Plasma Membrane. Physiol Rev 96, 605-45. 

 Bryde, S., Hennrich, H., Verhulst, P. M., Devaux, P. F., Lenoir, G. and Holthuis, J. C. (2010). CDC50 

proteins are critical components of the human class-1 P4-ATPase transport machinery. J Biol Chem 285, 

40562-72. 

 Bull, L. N., van Eijk, M. J., Pawlikowska, L., DeYoung, J. A., Juijn, J. A., Liao, M., Klomp, L. W., Lomri, 

N., Berger, R., Scharschmidt, B. F. et al. (1998). A gene encoding a P-type ATPase mutated in two forms of 

hereditary cholestasis. Nat Genet 18, 219-24. 

 Cheng, M. T., Chen, Y., Chen, Z. P., Liu, X., Zhang, Z., Chen, Y., Hou, W. T. and Zhou, C. Z. (2022). 

Structural insights into the activation of autoinhibited human lipid flippase ATP8B1 upon substrate binding. 

Proc Natl Acad Sci U S A 119, e2118656119. 

 Chib, R., Butler, S., Raut, S., Shah, S., Borejdo, J., Gryczynski, Z. and Gryczynski, I. (2015). Effect of 

Quencher, Denaturants, Temperature and pH on the Fluorescent Properties of BSA Protected Gold 

Nanoclusters. J Lumin 168, 62-68. 

 Choi, H., Andersen, J. P. and Molday, R. S. (2019). Expression and functional characterization of 

missense mutations in ATP8A2 linked to severe neurological disorders. Hum Mutat 40, 2353-2364. 

 Coleman, J. A., Kwok, M. C. and Molday, R. S. (2009). Localization, purification, and functional 

reconstitution of the P4-ATPase Atp8a2, a phosphatidylserine flippase in photoreceptor disc membranes. J 

Biol Chem 284, 32670-9. 

 Coleman, J. A. and Molday, R. S. (2011). Critical role of the beta-subunit CDC50A in the stable 

expression, assembly, subcellular localization, and lipid transport activity of the P4-ATPase ATP8A2. J Biol 

Chem 286, 17205-16. 

 Coleman, J. A., Zhu, X., Djajadi, H. R., Molday, L. L., Smith, R. S., Libby, R. T., John, S. W. and 

Molday, R. S. (2014). Phospholipid flippase ATP8A2 is required for normal visual and auditory function and 

photoreceptor and spiral ganglion cell survival. J Cell Sci 127, 1138-49. 

D
is

ea
se

 M
o

de
ls

 &
 M

ec
ha

ni
sm

s 
• 

D
M

M
 •

 A
cc

ep
te

d 
m

an
us

cr
ip

t



 Crowther, G. J., He, P., Rodenbough, P. P., Thomas, A. P., Kovzun, K. V., Leibly, D. J., Bhandari, J., 

Castaneda, L. J., Hol, W. G., Gelb, M. H. et al. (2010). Use of thermal melt curves to assess the quality of 

enzyme preparations. Anal Biochem 399, 268-75. 

 Dieudonne, T., Herrera, S. A., Laursen, M. J., Lejeune, M., Stock, C., Slimani, K., Jaxel, C., Lyons, J. 

A., Montigny, C., Pomorski, T. G. et al. (2022). Autoinhibition and regulation by phosphoinositides of 

ATP8B1, a human lipid flippase associated with intrahepatic cholestatic disorders. Elife 11. 

 Dyla, M., Kjaergaard, M., Poulsen, H. and Nissen, P. (2020). Structure and Mechanism of P-Type 

ATPase Ion Pumps. Annu Rev Biochem 89, 583-603. 

 Ennishi, D., Healy, S., Bashashati, A., Saberi, S., Hother, C., Mottok, A., Chan, F. C., Chong, L., 

Abraham, L., Kridel, R. et al. (2020). TMEM30A loss-of-function mutations drive lymphomagenesis and 

confer therapeutically exploitable vulnerability in B-cell lymphoma. Nat Med 26, 577-588. 

 Folmer, D. E., Elferink, R. P. and Paulusma, C. C. (2009a). P4 ATPases - lipid flippases and their role in 

disease. Biochim Biophys Acta 1791, 628-35. 

 Folmer, D. E., van der Mark, V. A., Ho-Mok, K. S., Oude Elferink, R. P. and Paulusma, C. C. (2009b). 

Differential effects of progressive familial intrahepatic cholestasis type 1 and benign recurrent intrahepatic 

cholestasis type 1 mutations on canalicular localization of ATP8B1. Hepatology 50, 1597-605. 

 Gantzel, R. H., Mogensen, L. S., Mikkelsen, S. A., Vilsen, B., Molday, R. S., Vestergaard, A. L. and 

Andersen, J. P. (2017). Disease mutations reveal residues critical to the interaction of P4-ATPases with lipid 

substrates. Sci Rep 7, 10418. 

 Guissart, C., Harrison, A. N., Benkirane, M., Oncel, I., Arslan, E. A., Chassevent, A. K., Baraῆano, K., 

Larrieu, L., Iascone, M., Tenconi, R. et al. (2020). ATP8A2-related disorders as recessive cerebellar ataxia. J 

Neurol 267, 203-213. 

 Hankins, H. M., Baldridge, R. D., Xu, P. and Graham, T. R. (2015). Role of flippases, scramblases and 

transfer proteins in phosphatidylserine subcellular distribution. Traffic 16, 35-47. 

 Heidari, E., Harrison, A. N., Jafarinia, E., Tavasoli, A. R., Almadani, N., Molday, R. S. and Garshasbi, 

M. (2021). Novel variants in critical domains of ATP8A2 and expansion of clinical spectrum. Hum Mutat 42, 

491-497. 

D
is

ea
se

 M
o

de
ls

 &
 M

ec
ha

ni
sm

s 
• 

D
M

M
 •

 A
cc

ep
te

d 
m

an
us

cr
ip

t



 Hiraizumi, M., Yamashita, K., Nishizawa, T. and Nureki, O. (2019). Cryo-EM structures capture the 

transport cycle of the P4-ATPase flippase. Science 365, 1149-1155. 

 Hodges, R. S., Heaton, R. J., Parker, J. M., Molday, L. and Molday, R. S. (1988). Antigen-antibody 

interaction. Synthetic peptides define linear antigenic determinants recognized by monoclonal antibodies 

directed to the cytoplasmic carboxyl terminus of rhodopsin. J Biol Chem 263, 11768-75. 

 Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., Tunyasuvunakool, K., 

Bates, R., Zidek, A., Potapenko, A. et al. (2021). Highly accurate protein structure prediction with AlphaFold. 

Nature 596, 583-589. 

 Kengia, J. T., Ko, K. C., Ikeda, S., Hiraishi, A., Mieno-Naka, M., Arai, T., Sato, N., Muramatsu, M. and 

Sawabe, M. (2013). A gene variant in the Atp10d gene associates with atherosclerotic indices in Japanese 

elderly population. Atherosclerosis 231, 158-62. 

 Klomp, L. W., Vargas, J. C., van Mil, S. W., Pawlikowska, L., Strautnieks, S. S., van Eijk, M. J., Juijn, J. 

A., Pabon-Pena, C., Smith, L. B., DeYoung, J. A. et al. (2004). Characterization of mutations in ATP8B1 

associated with hereditary cholestasis. Hepatology 40, 27-38. 

 Krieger, E. and Vriend, G. (2014). YASARA View - molecular graphics for all devices - from 

smartphones to workstations. Bioinformatics 30, 2981-2. 

 Lee, S., Uchida, Y., Wang, J., Matsudaira, T., Nakagawa, T., Kishimoto, T., Mukai, K., Inaba, T., 

Kobayashi, T., Molday, R. S. et al. (2015). Transport through recycling endosomes requires EHD1 

recruitment by a phosphatidylserine translocase. EMBO J 34, 669-88. 

 Li, T., Yu, D., Oak, H. C., Zhu, B., Wang, L., Jiang, X., Molday, R. S., Kriegstein, A. and Piao, X. (2021). 

Phospholipid-flippase chaperone CDC50A is required for synapse maintenance by regulating 

phosphatidylserine exposure. EMBO J 40, e107915. 

 Liou, A. Y., Molday, L. L., Wang, J., Andersen, J. P. and Molday, R. S. (2019). Identification and 

functional analyses of disease-associated P4-ATPase phospholipid flippase variants in red blood cells. J Biol 

Chem 294, 6809-6821. 

 Lopez-Marques, R. L., Theorin, L., Palmgren, M. G. and Pomorski, T. G. (2014). P4-ATPases: lipid 

flippases in cell membranes. Pflugers Arch 466, 1227-40. 

D
is

ea
se

 M
o

de
ls

 &
 M

ec
ha

ni
sm

s 
• 

D
M

M
 •

 A
cc

ep
te

d 
m

an
us

cr
ip

t



 Lyons, J. A., Timcenko, M., Dieudonne, T., Lenoir, G. and Nissen, P. (2020). P4-ATPases: how an old 

dog learnt new tricks - structure and mechanism of lipid flippases. Curr Opin Struct Biol 63, 65-73. 

 Marabotti, A., Del Prete, E., Scafuri, B. and Facchiano, A. (2021). Performance of Web tools for 

predicting changes in protein stability caused by mutations. BMC Bioinformatics 22, 345. 

 Martin-Hernandez, E., Rodriguez-Garcia, M. E., Camacho, A., Matilla-Duenas, A., Garcia-Silva, M. 

T., Quijada-Fraile, P., Corral-Juan, M., Tejada-Palacios, P., de Las Heras, R. S., Arenas, J. et al. (2016). New 

ATP8A2 gene mutations associated with a novel syndrome: encephalopathy, intellectual disability, severe 

hypotonia, chorea and optic atrophy. Neurogenetics 17, 259-263. 

 Martin, S., Smolders, S., Van den Haute, C., Heeman, B., van Veen, S., Crosiers, D., Beletchi, I., 

Verstraeten, A., Gossye, H., Gelders, G. et al. (2020). Mutated ATP10B increases Parkinson's disease risk by 

compromising lysosomal glucosylceramide export. Acta Neuropathol 139, 1001-1024. 

 McMillan, H. J., Telegrafi, A., Singleton, A., Cho, M. T., Lelli, D., Lynn, F. C., Griffin, J., Asamoah, A., 

Rinne, T., Erasmus, C. E. et al. (2018). Recessive mutations in ATP8A2 cause severe hypotonia, cognitive 

impairment, hyperkinetic movement disorders and progressive optic atrophy. Orphanet J Rare Dis 13, 86. 

 Mikkelsen, S. A., Mogensen, L. S., Vilsen, B., Molday, R. S., Vestergaard, A. L. and Andersen, J. P. 

(2019). Asparagine 905 of the mammalian phospholipid flippase ATP8A2 is essential for lipid substrate-

induced activation of ATP8A2 dephosphorylation. J Biol Chem 294, 5970-5979. 

 Mogensen, L. S., Mikkelsen, S. A., Tadini-Buoninsegni, F., Holm, R., Matsell, E., Vilsen, B., Molday, 

R. S. and Andersen, J. P. (2023). On the track of the lipid transport pathway of the phospholipid flippase 

ATP8A2 - Mutation analysis of residues of the transmembrane segments M1, M2, M3 and M4. Biochim 

Biophys Acta Mol Cell Res, 119570. 

 Mohamadian, M., Ghandil, P., Naseri, M., Bahrami, A. and Momen, A. A. (2020). A novel 

homozygous variant in an Iranian pedigree with cerebellar ataxia, mental retardation, and dysequilibrium 

syndrome type 4. J Clin Lab Anal 34, e23484. 

 Molday, L. L. and Molday, R. S. (2014). 1D4: a versatile epitope tag for the purification and 

characterization of expressed membrane and soluble proteins. Methods Mol Biol 1177, 1-15. 

D
is

ea
se

 M
o

de
ls

 &
 M

ec
ha

ni
sm

s 
• 

D
M

M
 •

 A
cc

ep
te

d 
m

an
us

cr
ip

t



 Murayama, K. and Tomida, M. (2004). Heat-induced secondary structure and conformation change 

of bovine serum albumin investigated by Fourier transform infrared spectroscopy. Biochemistry 43, 11526-

32. 

 Nakanishi, H., Irie, K., Segawa, K., Hasegawa, K., Fujiyoshi, Y., Nagata, S. and Abe, K. (2020a). 

Crystal structure of a human plasma membrane phospholipid flippase. J Biol Chem 295, 10180-10194. 

 Nakanishi, H., Nishizawa, T., Segawa, K., Nureki, O., Fujiyoshi, Y., Nagata, S. and Abe, K. (2020b). 

Transport Cycle of Plasma Membrane Flippase ATP11C by Cryo-EM. Cell Rep 32, 108208. 

 Onat, O. E., Gulsuner, S., Bilguvar, K., Nazli Basak, A., Topaloglu, H., Tan, M., Tan, U., Gunel, M. and 

Ozcelik, T. (2013). Missense mutation in the ATPase, aminophospholipid transporter protein ATP8A2 is 

associated with cerebellar atrophy and quadrupedal locomotion. Eur J Hum Genet 21, 281-5. 

 Palmgren, M., Osterberg, J. T., Nintemann, S. J., Poulsen, L. R. and Lopez-Marques, R. L. (2019). 

Evolution and a revised nomenclature of P4 ATPases, a eukaryotic family of lipid flippases. Biochim Biophys 

Acta Biomembr 1861, 1135-1151. 

 Pater, J. A., Penney, C., O'Rielly, D. D., Griffin, A., Kamal, L., Brownstein, Z., Vona, B., Vinkler, C., 

Shohat, M., Barel, O. et al. (2022). Autosomal dominant non-syndromic hearing loss maps to DFNA33 

(13q34) and co-segregates with splice and frameshift variants in ATP11A, a phospholipid flippase gene. Hum 

Genet 141, 431-444. 

 Pires, D. E., Ascher, D. B. and Blundell, T. L. (2014). DUET: a server for predicting effects of 

mutations on protein stability using an integrated computational approach. Nucleic Acids Res 42, W314-9. 

 Post, R. L., Hegyvary, C. and Kume, S. (1972). Activation by adenosine triphosphate in the 

phosphorylation kinetics of sodium and potassium ion transport adenosine triphosphatase. J Biol Chem 247, 

6530-40. 

 Rodrigues, C. H. M., Pires, D. E. V. and Ascher, D. B. (2021). DynaMut2: Assessing changes in 

stability and flexibility upon single and multiple point missense mutations. Protein Sci 30, 60-69. 

 Roland, B. P., Naito, T., Best, J. T., Arnaiz-Yepez, C., Takatsu, H., Yu, R. J., Shin, H. W. and Graham, 

T. R. (2019). Yeast and human P4-ATPases transport glycosphingolipids using conserved structural motifs. J 

Biol Chem 294, 1794-1806. 

D
is

ea
se

 M
o

de
ls

 &
 M

ec
ha

ni
sm

s 
• 

D
M

M
 •

 A
cc

ep
te

d 
m

an
us

cr
ip

t



 Saito, K., Fujimura-Kamada, K., Furuta, N., Kato, U., Umeda, M. and Tanaka, K. (2004). Cdc50p, a 

protein required for polarized growth, associates with the Drs2p P-type ATPase implicated in phospholipid 

translocation in Saccharomyces cerevisiae. Mol Biol Cell 15, 3418-32. 

 Savojardo, C., Fariselli, P., Martelli, P. L. and Casadio, R. (2016). INPS-MD: a web server to predict 

stability of protein variants from sequence and structure. Bioinformatics 32, 2542-4. 

 Schymkowitz, J., Borg, J., Stricher, F., Nys, R., Rousseau, F. and Serrano, L. (2005). The FoldX web 

server: an online force field. Nucleic Acids Res 33, W382-8. 

 Sebastian, T. T., Baldridge, R. D., Xu, P. and Graham, T. R. (2012). Phospholipid flippases: building 

asymmetric membranes and transport vesicles. Biochim Biophys Acta 1821, 1068-77. 

 Segawa, K., Kikuchi, A., Noji, T., Sugiura, Y., Hiraga, K., Suzuki, C., Haginoya, K., Kobayashi, Y., 

Matsunaga, M., Ochiai, Y. et al. (2021). A sublethal ATP11A mutation associated with neurological 

deterioration causes aberrant phosphatidylcholine flipping in plasma membranes. J Clin Invest 131. 

 Segawa, K., Kurata, S. and Nagata, S. (2016). Human Type IV P-type ATPases That Work as Plasma 

Membrane Phospholipid Flippases and Their Regulation by Caspase and Calcium. J Biol Chem 291, 762-72. 

 Segawa, K. and Nagata, S. (2015). An Apoptotic 'Eat Me' Signal: Phosphatidylserine Exposure. Trends 

Cell Biol 25, 639-650. 

 Shin, H. W. and Takatsu, H. (2019). Substrates of P4-ATPases: beyond aminophospholipids 

(phosphatidylserine and phosphatidylethanolamine). FASEB J 33, 3087-3096. 

 Siggs, O. M., Schnabl, B., Webb, B. and Beutler, B. (2011). X-linked cholestasis in mouse due to 

mutations of the P4-ATPase ATP11C. Proc Natl Acad Sci U S A 108, 7890-5. 

 Stapelbroek, J. M., Peters, T. A., van Beurden, D. H., Curfs, J. H., Joosten, A., Beynon, A. J., van 

Leeuwen, B. M., van der Velden, L. M., Bull, L., Oude Elferink, R. P. et al. (2009). ATP8B1 is essential for 

maintaining normal hearing. Proc Natl Acad Sci U S A 106, 9709-14. 

 Takatsu, H., Tanaka, G., Segawa, K., Suzuki, J., Nagata, S., Nakayama, K. and Shin, H. W. (2014). 

Phospholipid flippase activities and substrate specificities of human type IV P-type ATPases localized to the 

plasma membrane. J Biol Chem 289, 33543-56. 

D
is

ea
se

 M
o

de
ls

 &
 M

ec
ha

ni
sm

s 
• 

D
M

M
 •

 A
cc

ep
te

d 
m

an
us

cr
ip

t



 Timcenko, M., Dieudonne, T., Montigny, C., Boesen, T., Lyons, J. A., Lenoir, G. and Nissen, P. 

(2021). Structural Basis of Substrate-Independent Phosphorylation in a P4-ATPase Lipid Flippase. J Mol Biol 

433, 167062. 

 van der Velden, L. M., Stapelbroek, J. M., Krieger, E., van den Berghe, P. V., Berger, R., Verhulst, P. 

M., Holthuis, J. C., Houwen, R. H., Klomp, L. W. and van de Graaf, S. F. (2010a). Folding defects in P-type 

ATP 8B1 associated with hereditary cholestasis are ameliorated by 4-phenylbutyrate. Hepatology 51, 286-96. 

 van der Velden, L. M., Wichers, C. G., van Breevoort, A. E., Coleman, J. A., Molday, R. S., Berger, R., 

Klomp, L. W. and van de Graaf, S. F. (2010b). Heteromeric interactions required for abundance and 

subcellular localization of human CDC50 proteins and class 1 P4-ATPases. J Biol Chem 285, 40088-96. 

 van Dijk, M. J., van Oirschot, B. A., Harrison, A. N., Recktenwald, S. M., Qiao, M., Stommen, A., 

Cloos, A. S., Vanderroost, J., Terrasi, R., Dey, K. et al. (2023). A novel missense variant in ATP11C is 

associated with reduced red blood cell phosphatidylserine flippase activity and mild hereditary hemolytic 

anemia. Am J Hematol 98, 1877-1887. 

 Vestergaard, A. L., Coleman, J. A., Lemmin, T., Mikkelsen, S. A., Molday, L. L., Vilsen, B., Molday, R. 

S., Dal Peraro, M. and Andersen, J. P. (2014). Critical roles of isoleucine-364 and adjacent residues in a 

hydrophobic gate control of phospholipid transport by the mammalian P4-ATPase ATP8A2. Proc Natl Acad 

Sci U S A 111, E1334-43. 

 Wang, J., Molday, L. L., Hii, T., Coleman, J. A., Wen, T., Andersen, J. P. and Molday, R. S. (2018). 

Proteomic Analysis and Functional Characterization of P4-ATPase Phospholipid Flippases from Murine 

Tissues. Sci Rep 8, 10795. 

 Zhu, X., Libby, R. T., de Vries, W. N., Smith, R. S., Wright, D. L., Bronson, R. T., Seburn, K. L. and 

John, S. W. (2012). Mutations in a P-type ATPase gene cause axonal degeneration. PLoS Genet 8, e1002853. 

  
D

is
ea

se
 M

o
de

ls
 &

 M
ec

ha
ni

sm
s 

• 
D

M
M

 •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



Figures and Tables 

Fig. 1. A. Topological model of ATP8A2 showing the location of various disease variants. The α-

subunit (ATP8A2) consists of a transmembrane domain (Teal) with 10 membrane spanning 

segments, an actuator (A) domain (Purple), a phosphorylation (P) domain (Blue) and the nucleotide 
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binding (N) domain (Green). The missense variants G447R (Gly447Arg), E459Q (Glu459Gln), 

A772P (Ala772Pro) and R1147W (Arg1147Trp) are highlighted and the subject of this study. B. 

Sequence alignments of segments containing the G447, E459, A772 and R1147 residues in human 

P4-ATPases (Q9NTI2) and ATP8A2 from various species (Bos taurus (C7EXK4), Mus musculus 

(P98200) , Gallus gallus (A0A1D5P6U3), Danio rerio (A0A8M1RFW8) and the yeast homolog 

DRS2P (P39524)). Alignments were conducted using the Epript program, and the consensus residue 

is displayed below each alignment. 
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Fig. 2. Expression levels of wild-type (WT) ATP8A2 and variants implicated in CAMRQ4. Top 

panels show representative Western blots and bottom graph show levels for independent experiments 

relative to WT ATP8A2. A. Gly447Arg (G447R), Gly447Glu (G447E), Gly447Ala (G447A) for 

each construct the **** p < 0.0001; B. Ala772Pro (A772P); C. Arg1147Trp (R1147W) *** 

p=0.0003, Arg1147Glu (R1147E), Arg1147Ala (R1147A), Arg1147Lys (R1147K). D. Glu459Gln 

(E459Q) and Glu459Asp (E459D). E. Effect of the proteasome inhibitor, MG132, on the expression 

of ATP8A2 variants. HEK293 cells transfected with the ATP8A2 variants were grown in the 

presence and absence of 10 µM MG132 for 5h. Cell lysates were solubilized in SDS and analyzed 
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for expression on western blots labeled for ATP8A2. Data expressed as the mean ± SD relative to % 

WT ATP8A2 expression in the absence of MG132. WT ATP8A2 p *=0.0234, G447R p*=0.0172, 

and A772P p**=0.0094. ns – not significant. The number of independent experiments is given by the 

circles. . Statistical analysis was performed using two-tailed t-tests. 
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Fig. 3. Immunofluorescence micrographs of HELA cells expressing WT ATP8A2-CDC50 complex 

or ATP8A2-CDC50A variants. Cells were labeled for ATP8A2 with the Rho1D4 monoclonal 

antibody (green) and GM130 polyclonal antibody (red) as a marker for cis-Golgi and counterstained 

for nuclei with DAPI (blue). 
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Fig. 4. ATPase activity of ATP8A2 variants in the presence of phosphatidylcholine (DOPC) or 

phosphatidylserine (DOPS). A. Specific activity of WT, Arg1147Trp (R1147W), Arg1147Ala 

(R1147A), Arg1147Lys (R1147K) expressed as the mean ± SD. Circles indicate the number of 

independent experiments. B. ATPase activity as a function of increase PS for WT ATP8A2, 

Glu459Asp (E459D), and Glu459Gln (E459Q) variants. Data for 2 independent experiments.   
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Fig. 5. The Alphafold2 structure of ATP8A2 (α-subunit) showing the transmembrane domain (Teal); 

phosphorylation domain (Blue), nucleotide binding domain (Green) and the actuator domain 

(Purple). The location of the four variants implicated in CAMRQ4 are shown. Ala772Pro (A772P) is 

located within a helical structure of the Rossmann fold in the P domain; Arg1147Trp (R1147W) is 

found within the C-terminal domain; Glu459Gln (E459Q) is present in a flexible loop of the N-

domain, and Gly447Arg (G447R) is located within the linker region within a beta-sheet of the N-

domain. 
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Variants 

Relative  

Expression  

(% of WT) 

FoldX  

(ΔΔGStability) 

(Kcal/mol) 

DUET  

(ΔΔGStability) 

(Kcal/mol) 

INPS-MD  

(ΔΔGStability) 

(Kcal/mol) 

DynaMut2 

(ΔΔGStability) 

(Kcal/mol) 

WT 100 - - - - 

G447 

G447R 1 Destabilizing (+4.57) 
Destabilizing 

(+1.14) 
Destabilizing (+0.55) Destabilizing (+0.6) 

G447E 0 Destabilizing (+4.50) 
Destabilizing 

(+1.72) 
Destabilizing (+0.83) Destabilizing (+0.88) 

G447A 12 Destabilizing (+2.53) 
Destabilizing 

(+1.31) 
Destabilizing (+0.80) Neutral (+0.19) 

E459 

E459Q 116 Neutral (+0.36) Neutral (-0.27) Neutral (-.05) Neutral (-0.28) 

E459D 101 Destabilizing (+0.80) Neutral (+0.163) Neutral (+0.09) Neutral (+0.13) 

A772 

A772P 6 Destabilizing (+7.22) Neutral (+0.21) Neutral (+0.35) Neutral (-0.47) 

R1147 

R1147W 50 Destabilizing (+0.62) 
Destabilizing 

(+0.60) 
Neutral (-0.35) Neutral (+0.50) 

R1147E 100 Destabilizing(+0.55) Neutral (+0.11) Neutral (+0.21) Neutral (+0.25) 

R1147A 94 Neutral (+0.50) Neutral (-0.17) Neutral (+0.20) Neutral (+0.43) 

R1147K 96 Neutral (+0.23) Neutral (+0.16) Neutral (+0.23) Neutral (+0.08) 
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Table 1. In-silico stability predictions and expression of ATP8A2 variants analyzed in this 

study 

Stabilizing mutations (G < −0.5 kcal/mol); destabilizing mutations (G > 0.5 kcal/mol); and 

neutral mutations (−0.5 < G < 0.5 kcal/mol) 



Table 2. In-silico stability predictions and expression of ATP8A2 variants implicated in CAMRQ4 

Protein Stability Predictions 

Variants 

Relative 

Expression 

(% of WT) 

Ref. 
FoldX (ΔΔGStability) 

(Kcal/mol) 

DUET (ΔΔGStability) 

(Kcal/mol) 

INPS-MD 

(ΔΔGStability) 

(Kcal/mol) 

DynaMut2 

(ΔΔGStability) 

(Kcal/mol) 

WT 100 - - - - - 

I215L 110 59 Stabilizing (-0.86) Destabilizing (+0.98) Neutral (+0.44) Neutral (+0.26) 

I376M 110 45 Stabilizing (-1.25) Destabilizing (+0.63) Destabilizing (+1.09) Neutral (+0.14) 

K429M 99 45 Stabilizing (-0.56) Neutral (-0.49) Neutral (+0.17) Neutral (-0.22) 

K429N 10 45 Destabilizing (+2.71) Destabilizing (+1.35) Destabilizing (+0.91) Destabilizing (+0.87) 

M438V 15 59,26 Destabilizing (+0.73) Destabilizing (+0.91) Destabilizing (+2.2) Destabilizing (+0.79) 

G447R 1 - Destabilizing (+4.57) Destabilizing (+1.14) Destabilizing (+0.55) Destabilizing (+0.6) 

E459Q 116 - Neutral (+0.36) Neutral (-0.27) Neutral (-0.05) Neutral (-0.28) 

A544P 0 45 Destabilizing (+4.34) Neutral (+0.49) Destabilizing (+0.96) Neutral (+0.06) 

G585V 10 59 Destabilizing (+4.47) Neutral (+0.46) Destabilizing (+1.56) Destabilizing (+1.36) 

R588W 10 59 Destabilizing (+1.58) Neutral (+0.41) Neutral (+0.19) Destabilizing (+0.67) 

R625W 2 45 Destabilizing (+1.43) Destabilizing (+0.51) Destabilizing (+0.6) Destabilizing (+1.13) 

Y639C 12 59 Destabilizing (+4.03) Destabilizing (+1.78) Destabilizing (+2.5) Destabilizing (+0.99) 

W702R 1 45 Destabilizing (+4.68) Destabilizing (+2.18) Destabilizing (+1.82) Destabilizing (+2.63) 

A772P 1 - Destabilizing (+7.22) Neutral (+0.21) Neutral (+0.35) Neutral (-0.47) 

D825H 15 26 Destabilizing (+4.05) Destabilizing (+0.60) Neutral (+0.35) Neutral (+0.07) 

N917D 100 45 Neutral (-0.08) Destabilizing (+1.34) Destabilizing (+0.96) Destabilizing (+1.18) 

R1147W 50 - Destabilizing (+0.62) Destabilizing (+0.60) Neutral (+0.35) Neutral (+0.5) 

100% 58.80% 70.58% 70.58% 

Prediction Accuracy (+/-0.5 ΔΔG Threshold) 
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Fig. S1.  Effect of MG132 proteosome inhibitor on the expression levels of ATP8A2.  

ATP8A2 variants were expressed in HEK293T cells in the presence and absence of 10 µM 

MG132 for 5 h.  Cell lysates were solubilized in SDS and analyzed on western blots labeled 

for ATP8A2 with the Rho 1D4 antibody.  Tubulin was used as a loading control.  

Disease Models & Mechanisms: doi:10.1242/dmm.050546: Supplementary information
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Fig. S2.  Immunofluorescence micrograph of HELA cells labeled for ATP8A2 variants 

and lysosomes.  Cells co-transfected with wild-type (WT) ATP8A2 or variants (G447R or 

A772P) and CDC50A were labeled for ATP8A2 with the Rho 1D4 monoclonal antibody to the 

C-terminal tag (Green) and  a polyclonal antibody to LAMP2 as a lysosome marker (Red) and 

counterstained for nuclei with DAPI (blue). Bar – 10 µM. 

Disease Models & Mechanisms: doi:10.1242/dmm.050546: Supplementary information
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Fig. S3. Alignment between the Cryo-EM structure of ATP8A1 (blue) (6K7L) and the 

αFold structure of ATP8A2 (red) (Q9NTI2). The RMSD was calculated to be 1.171 Å. 

Disease Models & Mechanisms: doi:10.1242/dmm.050546: Supplementary information
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Fig. S4.  The location of four missense mutations observed in ATP8B1 implicated in 

progressive familial intrahepatic cholestasis (PIFC1). The cryo-EM structure of ATP8B1 

(7PY4) in the E2 conformation was visualized using Pymol. L127P and G1040R are located 

within the transmembrane domains of the flippase. G308V is located within a beta-sheet 

secondary structure of the actuator domain. I661T is within a beta-sheet secondary structure of 

the nucleotide binding domain. Steric clashing is indicated by the red discs shown with size 

being proportional to degree of clashing. 

G1040R

G308V

L127P

I661T

Disease Models & Mechanisms: doi:10.1242/dmm.050546: Supplementary information
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Table S1. In-silico predictions for uncharacterized ATP8A2 variants associated with 

CAMRQ4. 

Protein Stability Prediction 

Variants 
FoldX  

(ΔΔGStability) 

(Kcal/mol) 

DUET  

(ΔΔGStability)  

(Kcal/mol) 

DynaMut2 

(ΔΔGStability) 

(Kcal/mol) 

A53V Neutral (+0.13) Neutral (-0.03) Destabilizing (+1.14) 

Y248C Destabilizing (+1.56) Neutral (-0.40) Destabilizing (+0.63) 

P492A Destabilizing (+1.21) Neutral (-0.06) Neutral (-0.11) 

M555I Destabilizing (+2.36) Stabilizing (-0.54) Neutral (+0.25) 

C628Y Destabilizing (+1.91) Destabilizing (+0.96) Destabilizing (+0.54) 

K644T Neutral (-0.02) Destabilizing (+0.62) Neutral (+0.32) 

R659Q Destabilizing (+1.00) Destabilizing (+0.75) Neutral (+0.10) 

V687F Destabilizing (+17.04) Destabilizing (+1.50) Destabilizing (+1.16) 

R778Q Destabilizing (+1.69) Destabilizing (+0.78) Destabilizing (+0.63) 

A897T Destabilizing (+1.17) Destabilizing (+0.88) Neutral (-0.18) 

I966V Destabilizing (+0.57) Neutral (+0.45) Neutral (+0.01) 

Disease Models & Mechanisms: doi:10.1242/dmm.050546: Supplementary information
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Table S2. Comparison of biochemical and in-silico characterization for disease associated 

variants of ATP8B1. 

Protein Stability Predictions 

Condition(s) 

ATP8B1 

Disease 

Variants 

Expression 

(Relative to WT) 
Ref. 

FoldX 

(ΔΔGStability) 

(Kcal/mol) 

DUET 

(ΔΔGStability) 

(Kcal/mol) 

DynaMut2 

(ΔΔGStability) 

(Kcal/mol) 

BRIC1/ICP D70N 
Reduced 
WT-Like 

1,2 Stabilizing (-0.58) Destabilizing (+0.86) Destabilizing (+0.75) 

PFIC1 L127P 
Reduced* 

WT-like 
1,3 Destabilizing (+4.30) Destabilizing (+1.91) Neutral (+0.33) 

PFIC1 L288S Reduced* 1 Destabilizing (+6.11) Destabilizing (+3.60) Destabilizing (+3.29) 

BRIC1 G308D - - Destabilizing (+4.39) Destabilizing (+2.31) Destabilizing (+1.81) 

PFIC1 G308V Reduced* 1,2,3 Destabilizing (+3.52) Stabilizing (-0.73) Neutral (+0.07) 

BRIC1 I344F WT-Like 1 Destabilizing (+6.96) Destabilizing (+1.63) Destabilizing (+1.48) 

PFIC1 S403Y - - Stabilizing (-1.91) Neutral (-0.18) Destabilizing (+0.74) 

PFIC1 R412P - - Destabilizing (+8.06) Destabilizing (+1.36) Destabilizing (+0.52) 

BRIC1 S453Y - - Destabilizing (+13.10) Destabilizing (+0.57) Destabilizing (+1.01) 

BRIC1 D454G Reduced* 1,3 Stabilizing (-2.09) Neutral (-0.18) Neutral (-0.27) 

PFIC1 T456M - - Neutral (-0.06) Stabilizing (-0.79) Stabilizing (-1.25) 

PFIC1 Y500H - - Destabilizing (+1.32) Destabilizing (+0.35) Neutral (-0.40) 

PFIC1 H535L - - Destabilizing (+1.90) Destabilizing (+0.48) Neutral (+0.07) 

PFIC1 D554N Reduced* 2,3 Destabilizing (+0.66) Destabilizing (+0.88) Destabilizing (+0.98) 

BRIC1 R600W - - Destabilizing (+1.61) Destabilizing (+0.68) Destabilizing (+0.99) 

BRIC1 R600Q - - Destabilizing (+1.89) Destabilizing (+1.69) Destabilizing (+0.65) 

BRIC1 R628W - - Destabilizing (+0.74) Destabilizing (+0.61) Neutral (+0.26) 

BRIC1/PFIC1 I661T Reduced* 1,2,3 Destabilizing (+3.70) Destabilizing (+2.95) Destabilizing (+2.52) 

PFIC1 D688G - - Destabilizing (+1.45) Destabilizing (+0.98) Destabilizing (+0.61) 

BRIC1 I694T - - Destabilizing (+3.65) Destabilizing (+2.85) Destabilizing (+2.37) 

PFIC1 G733R - - Stabilizing (-0.59) Neutral (+0.25) Neutral (+0.49) 

PFIC1 F853S - - Destabilizing (+5.79) Destabilizing (+2.87) Destabilizing (+2.74) 

ICP R867C Reduced* 2 Neutral (+0.36) Destabilizing (+0.81) Neutral (+0.05) 

BRIC1/PFIC1 G892R - - Destabilizing (+28.84) Destabilizing (+0.93) Destabilizing (+0.71) 

PFIC1 G1040R Reduced* 1,2,3 Destabilizing (+18.86) Destabilizing (+1.25) Destabilizing (+0.58) 

*Reduced expression is defined as being ~<70% of WT protein expression levels

Disease Models & Mechanisms: doi:10.1242/dmm.050546: Supplementary information
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Table S3. Comparison of biochemical and in-silico characterization for disease associated 

variants of ATP11C and ATP11A. 

Protein Stability Predictions 

Condition(s) 
Disease 

Variants 

Expression 

(Relative to WT) 
Ref. 

FoldX 

(ΔΔGStability) 

(Kcal/mol) 

DUET 

(ΔΔGStability) 

(Kcal/mol) 

DynaMut2 

(ΔΔGStability) 

(Kcal/mol) 

ATP11C 

C
o
n
g

en
it

al
 H

em
o

ly
ti

c 
A

n
em

ia
 

R335Q - - Destabilizing (+1.03) Neutral (+0.08) Destabilizing (+0.55) 

K370R - - Neutral (-0.43) Neutral (+0.35) Destabilizing (+0.55) 

E390D - - Neutral (-0.07) Destabilizing (+0.54) Neutral (+0.45) 

T418N Reduced 4 Destabilizing (+2.99) Destabilizing (+1.00) Destabilizing (+0.68) 

I723R - - Destabilizing (+1.23) Destabilizing (+0.92) Destabilizing (+0.59) 

V788L - - Neutral (-0.44) Neutral (+0.30) Destabilizing (+0.64) 

L789F Reduced 5 Destabilizing (+4.46) Destabilizing (+1.74) Destabilizing (+1.62) 

S851F - - Destabilizing (+21.16) Destabilizing (+0.85) Destabilizing (+0.83) 

P904L - - Neutral (+0.14) Neutral (+0.28) Neutral (+0.47) 

I1024M - - Neutral (-0.44) Neutral (+0.39) Neutral (+0.21) 

Q1062E - - Destabilizing (+1.16) Neutral (+0.18) Neutral (+0.14) 

ATP11A 

Hearing Loss S4N - - Neutral (+0.22) Neutral (-0.23) Neutral (-0.07) 

Leukodystrophy, 

hyopmylenation 

A37V - - Stabilizing (-0.58) Neutral (-0.07) Destabilizing (+0.64) 

Q84E - - Neutral (-0.34) Destabilizing (+1.91) Neutral (+0.14) 

*Reduced expression is defined as being ~<70% of WT protein expression levels

Disease Models & Mechanisms: doi:10.1242/dmm.050546: Supplementary information
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