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ABSTRACT 

The retina-specific ATP-binding cassette transporter, ABCA4, is crucial for 

maintaining retinal health by clearing toxic byproducts generated during 

phototransduction. Pathogenic variants in ABCA4 disrupt this function, leading to 

blinding inherited retinal diseases such as Stargardt disease, retinitis pigmentosa, and 

cone-rod dystrophy, collectively affecting millions worldwide. Despite the 

identification of over 4,000 ABCA4 variants, a significant portion remains unclassified 

in terms of pathogenicity, posing substantial challenges for accurate diagnosis, clinical 

management, and therapeutic intervention. The increasing number of variants with 

uncertain clinical significance, combined with the challenges of experimentally 

studying the large transmembrane protein ABCA4, points to the urgent need for high-

throughput, practical, yet accurate methods. This dissertation employs an integrated 

approach, combining in silico protein structural analysis with a virus-like particle-

based in vitro characterization platform to systematically investigate the pathogenic 

impact of missense ABCA4 variants of uncertain significance (VUS) at the protein 

level. The efficacy of both methods was validated using variants with known 

pathogenicity, and this combined approach was then applied to a set of ABCA4 VUS, 

which effectively led to their reclassification under American College of Medical 

Genetics and Genomics/Association for Molecular Pathology guidelines. Overall, the 

in silico methods serve as a first step in prioritizing variants and elucidating the 

molecular mechanisms underlying protein dysfunction, while the VLP platform 

provides a streamlined, higher-throughput method for in vitro functional 
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characterization of variants. This integrated methodology advances our understanding 

of ABCA4-related retinal diseases and offers a scalable framework that can be adapted 

to study other membrane proteins involved in genetic disorders. 
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Chapter 1 

INTRODUCTION  

ABC Transporters and the ABCA Subfamily 

ATP-binding cassette (ABC) transporters represent one of the largest and most 

diverse families of membrane proteins, playing critical roles in various physiological 

processes across species [1-3]. These transporters are characterized by their ability to 

harness the energy derived from ATP hydrolysis to translocate a wide range of 

substrates across cellular membranes. The substrates transported by ABC proteins 

include ions, lipids, peptides, and metabolic products, making them integral to 

numerous cellular functions, including lipid metabolism, antigen presentation, and 

drug resistance [3, 4]. 

The ABC transporter superfamily in humans can be categorized into seven 

subfamilies, designated ABCA through ABCG, based on sequence homology, 

structural organization phylogenetic analysis [2, 3]. Among these, the ABCA 

subfamily is particularly noteworthy for its involvement in lipid transport and 

homeostasis. Members of the ABCA subfamily are primarily expressed in tissues with 

high lipid metabolic activity, such as the liver, lungs, and eyes [4]. These transporters 

are integral to the maintenance of cellular lipid composition and the removal of toxic 

lipid metabolites, emphasizing their importance in both normal physiology and disease 

states. A number of inherited diseases are linked to genetic variants in the ABCA 

subfamily, including ABCA1 in familial high-density lipoprotein (HDL) deficiency 

and Tangier Disease, ABCA3 in pediatric interstitial lung disease and fatal surfactant 
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deficiency, ABCA12 in lamellar and harlequin ichthyosis, and ABCA7 in Alzheimer's 

disease [1-4]. 

ABCA4 Transporter Protein  

The ABCA4 transporter protein is a member of the ABCA subfamily, playing 

a key role in maintaining retinal health. It is encoded by the ABCA4 gene (OMIM 

#601691), located on chromosome 1p22, which spans approximately 128 kilobases of 

genomic DNA and consists of 50 exons. ABCA4 is predominantly expressed in the 

photoreceptor cells of the retina [5], where it is responsible for transporting retinal 

byproducts generated during phototransduction from the photoreceptor outer segments 

into the cytoplasm for further processing (Figure 1A) [6-10]. A recent study also 

suggest that ABCA4 is expressed in low amounts in the Retinal Pigment Epithelium 

(RPE), where it may have a functional role beyond its contribution through 

photoreceptor outer segment shedding and phagocytosis [11]. ABCA4 function is 

critical for the visual cycle and the preservation of photoreceptor cell integrity, and 

defects in this process lead to retinal degenerative diseases [12-17]. Understanding the 

structure of ABCA4 is crucial for elucidating its functional mechanism and the 

pathogenic effects of various mutations. 

Structural Insights into ABCA4 

ABCA4 is a full-length transporter composed of 2273 amino acids, organized 

into two homologous halves. Each half contains a transmembrane domain (TMD), an 

extracyoplasmic domain (ECD), a nucleotide-binding domain (NBD), and a regulatory 

domain (RD) (Figure 1B). Within the outer segment discs of cone and rod 
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photoreceptor cells, ABCA4 is positioned with the ECDs facing into the lumen and 

the NBDs oriented on the cytoplasmic side (Figure 1A). 

Recent cryo-electron microscopy (cryo-EM) studies have provided detailed 

insights into the molecular architecture of ABCA4 [18-25]. These studies have 

resolved the structure of ABCA4 in multiple conformational states, including the apo 

state, ATP-bound state, and substrate-bound forms, at resolutions ranging from 2.9 to 

3.6 Å. These experimental structures reveal that ABCA4 adopts an elongated shape, 

extending approximately 230-240 Å across the lipid bilayer [26-28]. 

Transmembrane Domains (TMDs) 

The TMDs of ABCA4 consist of 12 transmembrane helices (six in each half), 

which form the core of the transporter and are responsible for substrate translocation. 

[25-27]. In the ATP-free state, the TMDs adopt an outward-facing conformation, 

creating a hydrophobic cavity that extends into both the lumen and the lipid bilayer, 

which is important for substrate recruitment. The substrate-binding pocket, located at 

the interface between the TMDs, is accessible from the lumen leaflet of the membrane 

(Figure 2A) [26-28]. In the substrate-bound state, the TMDs maintain an outward-

facing conformation, with the substrate occupying the large hydrophobic cavity, 

stabilized by hydrophobic and ionic interactions and capped by a loop from ECD1 [27, 

28]. Upon ATP binding, the TMDs undergo a significant conformational shift to an 

inward-facing state, where the two TMDs come into close contact, collapsing the 

substrate-binding cavity and forming a tightly sealed structure (Figure 2A). [26-28]. 
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Extracytoplasmic Domains (ECDs) 

The ECDs of ABCA4 are large, glycosylated regions located above the TMDs. 

These domains exhibit a complex structure with multiple regions, including a base, a 

tunnel, and a lid [26-28]. The tunnel region, which is accessible from the lumen side, 

is lined with hydrophobic residues and may play a role in substrate passage [27, 28]. 

However, due to their high flexibility, the ECDs are the least well-resolved structures. 

Despite this, ECDs exhibit clear conformational changes between the ATP-bound and 

NRPE-bound states [27]. The ECDs are stabilized by several polar interactions and 

disulfide bridges, crucial for maintaining the structural integrity of the transporter [26, 

28]. The presence of glycosylation sites further suggests that the ECDs may play a role 

in the proper folding and trafficking of ABCA4. 

Nucleotide-Binding Domains (NBDs) 

The NBDs of ABCA4 are highly conserved among ABC transporters, 

containing key motifs required for ATP binding and hydrolysis, such as the Walker A 

and B motifs, the ABC signature motif, and various loops involved in ATP 

coordination [6]. In the absence of ATP, the NBDs remain separated, allowing the 

TMDs to adopt an outward-facing conformation. ATP binding, however, induces a 

large tweezer-like conformational change, causing the NBDs to dimerize and bringing 

the TMDs into close proximity, facilitating substrate translocation across the 

membrane [27, 28]. The NBDs are also linked to regulatory domains (RDs), which 

could potentially modulate transporter activity. Structurally, RD1 and RD2 display a 

domain swap, where RD1 (an extension of NBD1) is positioned beneath NBD2, and 

RD2 beneath NBD1. This cross-domain arrangement is further stabilized by ATP 

binding, reinforcing an interdomain interaction network (Figure 2B). Additionally, the 
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RDs exhibit an ñACT-like foldò with the characteristic ɓŬɓɓŬɓ topology [26], which 

may plays a crucial role in regulating the proteinôs functional activity. 

Functional Role of ABCA4 in Visual Cycle and Retinal Health 

Phototransduction is a process by which light is converted into electrical 

signals, enabling vision. This cascade begins when the G-protein-coupled receptor 

rhodopsin binds to 11-cis-retinal, a derivative of vitamin A, and triggers the 

conversion of light into an electrical signal [29]. 

Following the activation of rhodopsin, 11-cis-retinal is isomerized into all-

trans-retinal [30, 31]. To reset the photoreceptor to its light-sensitive state, all-trans-

retinal must be removed and recycled. However, all-trans-retinal is highly reactive and 

can form toxic compounds when it interacts with membrane lipids [31]. 

Once all-trans-retinal is released into the lipid bilayer of the photoreceptor 

outer segment disks, it forms a reversible covalent bond with 

phosphatidylethanolamine (PE), creating N-retinylidene-phosphatidylethanolamine 

(N-ret-PE) [31, 32]. ABCA4 primarily functions by flipping N-ret-PE from the inner 

to the outer leaflet of the photoreceptor disk membrane, initiating the first step in the 

visual cycleðthe regeneration of 11-cis-retinalð which is completed through 

subsequent enzymatic reactions in the retinal pigment epithelium (RPE) [32, 33]. 

Dysfunction in ABCA4 disrupts the normal flipping of N-ret-PE across the 

photoreceptor disk membrane [15-17]. When genetic variants in ABCA4 result in a 

deficient or defective protein, or when the protein fails to be properly targeted to the 

membrane, N-ret-PE accumulates on the inner leaflet of the disk membrane, and in the 

RPE cells. This accumulation increases the likelihood of a second retinaldehyde 

molecule reacting with N-ret-PE, leading to the formation of an irreversible and 
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insoluble bis-retinoid compound known as A2-phosphatidylethanolamine (A2PE) [31, 

34]. 

A2PE is a precursor to di-retinoid-pyridinium-ethanolamine (A2E), a toxic bis-

retinoid that forms after the hydrolysis of A2PE, which is highly detrimental to 

photoreceptor cells and RPE [31]. It contributes to the buildup of lipofuscin, a 

fluorescent pigment that accumulates within and beneath the RPE, leading to cellular 

dysfunction and death [34]. The presence of A2E and other bis-retinoids is directly 

linked to the formation of characteristic pisciform flecks observed in patients with 

ABCA4-related retinal diseases [35]. 

Moreover, A2E and related bis-retinoids are phototoxic and can generate 

reactive oxygen species (ROS) when exposed to light, exacerbating oxidative stress 

and further damaging retinal cells [36]. Therefore, ABCA4 plays a critical role in 

efficiently clearing these reactive molecules and recycling 11-cis-retinal for the 

phototransduction process, ultimately ensuring retinal health (Figure 3). 

ABCA4 Genetic Variants and Disease Association 

Pathogenic variants in ABCA4 have been linked to a series of inherited retinal 

diseases (IRDs), including Stargardt macular dystrophy (STGD1, OMIM #248200), 

cone-rod dystrophy (CRD, OMIM #604116), and autosomal recessive retinitis 

pigmentosa (arRP, OMIM #601718), and are also believed to contribute to the 

complex disease age-related macular degeneration (AMD) [13, 14, 35, 37-46]. 

Stargardt disease is the most common ABCA4-related retinal disorder, 

characterized by the early onset of central vision loss, accumulation of lipofuscin in 

the retinal pigment epithelium (RPE), and the presence of pisciform flecks around the 

macula [35]. It is considered a relatively common "rare genetic disease," affecting 
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roughly 1 in 8,000 to 10,000 individuals globally [47, 48]. CRD is marked by the 

degeneration of cone photoreceptors, which leads to an initial loss of color and central 

vision, eventually followed by rod photoreceptor involvement. In contrast, RP 

typically begins with the degeneration of rod photoreceptors, causing night blindness 

and peripheral vision loss before affecting central vision later in the disease 

progression [49, 50]. 

To date, over 4,000 variants in the ABCA4 gene have been identified 

(https://www.ncbi.nlm.nih.gov/clinvar/ , accessed on 10 September 2024), 

contributing to IRDs. The genotypic and phenotypic heterogeneity of ABCA4-related 

IRDs. This wide variability in clinical presentations can be attributed in part to the 

severity of individual mutations and the combined effect of unique combination of 

alleles inherited by each patient [51-54]. Some ABCA4 variants are associated with 

milder phenotypes or later disease onset, which may be due to the retention of partial 

protein function. Conversely, more severe mutations that result in a complete loss of 

ABCA4 function tend to cause earlier onset and more aggressive progression of retinal 

degeneration [42, 55-63]. The complex relationship between genotype and phenotype 

in ABCA4-related diseases is also believed to be influenced by factors such as modifier 

genes, and environmental conditions [35]. This complexity creates significant 

challenges in the diagnosis, prognosis, and management of these disorders, 

highlighting the importance of developing a comprehensive understanding of the 

underlying molecular mechanisms. 

The ABCA4 gene contains various types of mutations, including missense, 

nonsense, frameshift, splice-site changes, as well as larger deletions and duplications. 

Missense variants are particularly noteworthy due to their prevalence and the 

https://www.ncbi.nlm.nih.gov/clinvar/
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challenges in determining their functional impact compared to other mutation types. 

Consequently, a significant number of ABCA4 missense variants remain classified as 

variants of uncertain significance (VUS). These missense variants are dispersed 

throughout the entire open reading frame (ORF) (Figure 4), and can affect multiple 

aspects of ABCA4 protein function, such as substrate binding, ATP hydrolysis, 

membrane targeting, and protein stability. 

Computational Tools and In Silico Methods in Predicting Variantsô 

Pathogenicity 

The rapid expansion of genomic data has uncovered a vast array of genetic 

variants, many of which remain classified as variants of uncertain significance (VUS), 

posing a challenge to clinical interpretation. In genes like ABCA4, where more than 

800 VUS have been identified, addressing this uncertainty is critical for advancing 

precision medicine. Computational tools have become indispensable in predicting the 

pathogenicity of these variants, providing valuable insights when clinical data is 

unavailable or experimental validation is impractical. 

Pathogenicity prediction tools such as PolyPhen-2 (Polymorphism 

Phenotyping v2)[64], SIFT (Sorting Intolerant From Tolerant)[65], and 

MutationTaster [66] serve as initial screening methods for variant assessment. These 

tools primarily rely on evolutionary conservation, sequence homology, and 

biochemical properties to predict whether a variant is likely to be pathogenic. 

Comprehensive tools like CADD (Combined Annotation Dependent Depletion) [67] 

enhance this assessment by integrating a wide range of annotations into a single 

metric, offering a robust measure of deleteriousness. More recent machine learning-

based ensemble methods, such as REVEL (Rare Exome Variant Ensemble Learner) 
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[68], have further refined predictive accuracy by combining multiple algorithms into a 

cohesive model. 

Despite these advancements, these tools still have inherent limitations. 

Notably, they do not explain the underlying mechanisms of pathogenicity and are 

often constrained by the available annotations and training data, which may not fully 

account for the complexity of genetic variants or their interactions within diverse 

biological contexts [69]. This is especially relevant for transporter membrane proteins 

like ABCA4, where the structural impacts of variants can deviate significantly from 

those in soluble proteins [70]. 

To overcome these limitations, molecular modeling and structural prediction 

techniques, in conjunction with using available experimental structure models to infer 

the impacts of variants have become increasingly important. Especially for missense 

variants, these methods offer a biological context, and more nuanced understanding of 

how genetic variants alter protein architecture and function. This approach allows 

researchers to visualize conformational changes, predict molecular interactions, and 

assess protein stability, providing a complementary layer of evidence to traditional 

prediction tools. 

Approaches to Studying ABCA4 Membrane Protein In Vitro  

Initial studies focused on expressing individual ABCA4 domains in bacterial 

systems to biochemically characterize the wild-type (WT) protein and its variants [7, 

8, 71-73]. While these efforts provided valuable insights into the roles of specific 

domains, motifs and residues, they were limited in scope, as they did not fully capture 

the functional complexity and interactions of the entire protein. 
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A major challenge in studying full-length ABCA4 in vitro is the difficulty of 

solubilizing and reconstituting this large membrane protein into artificial membranes. 

With 12 transmembrane helices, ABCA4 requires a lipid environment that preserves 

its native conformation and functionality. Solubilization and reconstitution processes 

can disrupt crucial lipid-protein interactions, which may lead to alterations in protein 

conformation and function [74]. Furthermore, reproducing the balanced lipid 

composition and conditions of native cellular membranes is challenging, and 

deviations from the natural context may result in misleading conclusions regarding the 

proteinôs behavior and the characterization of its variants [74, 75]. 

Due to these limitations, less than 10% of ABCA4 variants have been 

functionally characterized at the protein level using in vitro assays, including 

enzymatic assays, expression, and localization studies (Figure 5). This leaves a 

significant gap in understanding how specific variants impact the proteinôs function 

and their contribution to disease. Therefore, alternative strategies are necessary to 

advance the functional characterization of the many uncharacterized ABCA4 variants. 

Virus-like Particles to Express and Functionally Characterize ABCA4 and its Variants 

Given the technical challenges in studying full-length ABCA4, such as 

solubilization and reconstitution, alternative approaches are being explored to 

facilitate the functional characterization of ABCA4 VUS. One such approach is the use 

of virus-like particles (VLPs), a versatile platform for expressing membrane proteins 

in a controlled and near-native environment. VLPs represent a robust tool for studying 

ABCA4 because they offer several advantages over traditional in vitro systems. 

VLPs are non-infectious particles that resemble the structure of viruses but 

lack viral genetic material, making them a safe and effective system for protein 



 

 11 

expression [76-78]. Structurally, VLPs can be classified as either enveloped or non-

enveloped [78]. Non-enveloped VLPs consist of viral capsid proteins that 

spontaneously assemble into particles, whereas enveloped VLPs are enclosed by a 

lipid bilayer originating from the host cell membrane. This lipid envelope makes 

enveloped VLPs (eVLPs) particularly suitable for studying membrane proteins, as 

they closely mimic the native lipid bilayer found in cellular membranes, allowing for 

critical lipid-protein interactions for proper enzymatic function that are often disrupted 

in other artificial membrane systems (Figure 6).  

Another major advantage of VLPs is their ability to provide a consistent and 

uniform orientation of membrane proteins due to the nature of budding process from 

the host cell plasma membrane (Figure 6) [77]. This orientation uniformity is critical 

for functional assays, as incorrect orientation can lead to misleading functional data or 

a complete lack of activity.  

This approach simplifies the expression and characterization of membrane 

proteins, enabling studies to be conducted under conditions that more accurately 

reflect the native environment. As a result, VLPs offer a practical and scalable solution 

to overcoming the challenges of solubilization and reconstitution, which can 

significantly accelerate the pace of in vitro studies to characterize ABCA4 variants 

and advance our understanding of their role in retinal diseases. 

Integrative Approaches to Understanding ABCA4 Variant Pathogenicity 

The growing number of variants of uncertain clinical significance, coupled 

with the experimental challenges of studying the large transmembrane protein 

ABCA4, highlights the urgent need for high-throughput and feasible methods. The 

comprehensive understanding of ABCA4 variants and their pathogenicity can be 
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achieved with an integrative approach that combines in silico predictions with 

experimental validation. Such a strategy is crucial for both broadening our molecular 

understanding of ABCA4 functional mechanism and providing more precise clinical 

insights for patient management. 

In silico analyses offer a valuable first step, enabling the efficient scanning and 

prioritization of a vast number of variants. These computational approaches can 

predict pathogenicity and molecular consequences of a variation. However, to obtain a 

complete picture of variant pathogenicity, these predictions must be complemented by 

in vitro experiments, which allow for detailed molecular and biochemical 

characterization. Effective in vitro studies can provide direct evidence of functional 

deficits caused by specific missense ABCA4 variants, ranging from altered substrate 

binding to ATP hydrolysis or improper membrane localization. 

This integrated strategy aligns with the American College of Medical Genetics 

and Genomics and the Association for Molecular Pathology (ACMG-AMP) guidelines 

[79], which emphasize the importance of using multiple lines of evidence when 

interpreting the pathogenicity of genetic variants. By incorporating both predictive and 

experimental data, this approach ensures a more accurate classification of variants. 

With over 800 missense ABCA4 VUS, it is essential to comprehensively 

understand the genetic variations underlying a patientôs condition, not only for 

accurate diagnosis and prognosis but also for facilitating personalized therapeutic 

approaches.   
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Figure 1 Localization and topological organization of the ABCA4 protein. (A) 

ABCA4 is a crucial component of the visual cycle, localized in the outer segment 

discs of cone and rod photoreceptor cells in the retina. The protein plays a key role in 

transporting retinal byproducts of phototransduction from the photoreceptor outer 

segments into the cytoplasm. (B) The topological organization of ABCA4 within the 

lipid bilayer is depicted, showing the detailed domain structure. The protein is 

organized into two homologous halves, each containing an extracytoplasmic domain 

(ECD), a transmembrane domain (TMD), a nucleotide-binding domain (NBD), and a 

regulatory subdomain (RD). The figure illustrates the orientation of these domains 

with the ECDs protruding into the lumen and the NBDs positioned on the cytoplasmic 

side. Created with BioRender.com. 
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Figure 2 Structural highlights from the cryo-EM studies of ABCA4. (A) Surface 

representation of the ABC transporter in the ATP-free state (left panels) and the ATP-

bound state (right panels), demonstrating the substrate-binding pocket, which is 

located at the interface between the TMDs and ECDs and is accessible from the 

luminal leaflet of the membrane. Upon ATP binding (right), the TMDs undergo a 

conformational shift to an inward-facing state, collapsing the substrate-binding cavity 

and forming a tightly sealed structure. The previously exposed hydrophobic cavity is 

blocked, and the two TMDs come into close contact. (Demonstrated on NRPE-bound 

and ATP-bound cryo-EM structures, 7e7o, 7e7q [21, 22]). (B) The domain-swapping 

arrangement of the nucleotide-binding domains (NBDs) and regulatory subdomains 

(RDs). The NBD1 and NBD2 (green and purple) are linked to regulatory domains 

RD1 and RD2, forming a cross-domain arrangement, where RD1 (an extension of 

NBD1, in cyan) is positioned beneath NBD2, and RD2 (an extension of NBD2, in 

pink) beneath NBD1. The close-up views on the right depict the intricate interdomain 

interactions stabilized by hydrogen bonds (yellow lines) and salt bridges (orange 

lines), which are primarily formed upon ATP binding, reinforcing the cross-domain 

interaction network. (Demonstrated on ATP-bound cryo-EM structure, 7lkz [19].) 
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Figure 3 Functional role of ABCA4 in retinal health and pathology. The left panel 

represents the healthy retina, where ABCA4 mediates the efficient 

translocation of N-retinylidene-phosphatidylethanolamine (N-ret-PE) 

across the photoreceptor disk membrane, enabling the recycling of all-

trans-retinal into 11-cis-retinal as part of the visual cycle. This process 

ensures that toxic compounds are efficiently cleared from the 

photoreceptor outer segment, maintaining retinal health. The right panel 

illustrates retinopathy, where dysfunction of ABCA4 due to genetic 

variants leads to the accumulation of N-ret-PE on the inner leaflet of the 

disk membrane, resulting in the formation of A2E, a toxic bis-retinoid. 

A2E contributes to lipofuscin buildup and photoreceptor damage, 

exacerbated by oxidative stress. This accumulation is linked to the 

characteristic features of ABCA4-related retinal diseases. Created with 

BioRender.com. 
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Figure 4 Structural distribution of pathogenic missense variants in ABCA4. The 

pathogenic missense variants (blue spheres) are dispersed throughout the 

ABCA4 protein. These variants can be associated with a range of 

deleterious effects, such as reduced protein stability, conformational 

changes, impaired ATP binding and hydrolysis, as well as defects in 

substrate recognition and transport, contributing to the pathogenicity of 

ABCA4-related retinal diseases. 
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Figure 5 Overview of missense ABCA4 variants that have been characterized at 

the protein level in vitro. The variants are mapped to their domain 

locations in the schematic representation of the ABCA4 protein. Data 

includes variants reported in the literature up until December 2023. 

Created with BioRender.com. 
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Figure 6 VLP-Based System for ABCA4 Expression and Membrane Protein 

Characterization. The enveloped virus-like particles (eVLPs), derived 

from the host cell membrane, provide a lipid bilayer environment that 

supports essential lipid-protein interactions. This system ensures uniform 

orientation of ABCA4, enabling accurate functional assays by closely 

mimicking the natural orientation and membrane composition. Created 

with BioRender.com 
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Chapter 2 

PREDICTING  THE STRUCTURAL AND PATHOGENIC IMPACTS OF 

ABCA4 VARIANTS IN RETINAL DEGENERATIONS  USING IN SILICO  

PROTEIN ANALYSIS  

The material in this chapter is published in the International Journal of 

Molecular Sciences with the title ñStructural and Pathogenic Impacts of ABCA4 

Variants in Retinal DegenerationsðAn In-Silico Studyò [80]. 

Introduction  

The ATP-binding cassette, subfamily A, member 4 gene (OMIM #601691) 

encodes the retina-specific ABCA4 transmembrane protein. This 2273 amino acid-

length protein is involved in recycling retinoid byproducts of phototransduction [16, 

81, 82]. When impaired by a genetic variation, the ABCA4 protein fails to translocate 

these reactive substances, leading to toxic accumulation in the retina and eventually 

resulting in blinding diseases. ABCA4 pathogenic variants cause several retinal 

autosomal recessive disorders, including Stargardt disease (STGD1, OMIM #248200) 

[13, 15, 16, 37, 45, 81, 82], cone-rod dystrophy (CORD3, OMIM #604116) [43, 44, 

83], and retinitis pigmentosa (RP19, OMIM #601718) [43, 44, 84]. They are also 

linked to susceptibility to age-related macular degeneration [39, 40, 85-87]. With 3164 

genetic variants reported in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/ (accessed 

on 31 March 2023)), ABCA4 is the most polymorphic gene involved in retinal disease 

[62, 88]. These variants include missense, nonsense, frameshift, splicing, and 

structural mutations, with missense mutations constituting 46%. At least half of the 

missense variations have been designated as variants of uncertain significance (VUS). 
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In addition, 12% of the rest have conflicting interpretations based on the ClinVar 

database, one of the largest public clinical variation archives [89]. This unknown state 

of the pathogenicity of ABCA4 genetic variants represents a serious barrier to future 

therapeutic options and prospective prognoses. 

Historically, the vast majority of ABCA4 variant classifications have had a 

basis in clinical phenotype. However, with the advent of NGS technologies, the 

number of genetic variants now exceeds those that can be classified based on clinical 

evidence. The pathology of the ABCA4 genetic variations has been well associated 

with defects in the enzymatic function of the expressed protein [7, 8, 17, 56, 57, 72, 

90-92], which makes functional studies the gold standard for pathogenicity prediction. 

However, experimental analysis of the immense amount of ABCA4 sequence 

variations is impractical. On the other hand, structural bioinformatics can achieve 

substantial feasibility while inferring the effects of the variants on the protein structure 

and function. The recent guidelines of the American College of Medical Genetics and 

Genomics/Association for Molecular Pathology (ACMG/AMP) recommend adding 

computational evidence to the pathogenicity assessments of the variants in Mendelian 

diseases [79]. 

Many in silico tools have been developed for SNV pathogenicity prediction 

[64, 65, 67, 68, 93-97]. The first-generation bioinformatic tools evaluate variants 

primarily based on evolutionary conservation and the physicochemical properties of 

the substitutions [69]. Although these automated servers are highly beneficial in 

predicting the clinical significance of many sequence variants, their specificity 

remains challenging. Some of these tools have included structure-based features in 

their assessments to enhance the accuracy of the pathogenicity prediction [64, 67, 69, 
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97, 98]. However, the current gap is that the prediction tools usually do not provide 

users with detailed reports on the consequences of the variant on protein structure 

[69]. 

Here, we report a multifaceted computational protein structural analysis of 30 

missense ABCA4 variants found in the ClinVar clinical database. By applying 

computational approaches, including protein structure analysis using the ABCA4 

cryo-EM structures [26-28] and the AlphaFold2-predicted protein models, we were 

able to obtain confirmation of pathogenicity or lack of pathogenicity for benign 

variants and gain insight into the significance of 10 missense ABCA4 variants of 

uncertain significance. 

Materials and Methods 

Curation of the ABCA4 Variants from Databases and Pathogenicity Prediction 

The missense ABCA4 variants were retrieved from the ClinVar database. There 

are currently only ten benign missense ABCA4 variants in this clinical database. All 

ten of them were included in this study. Ten pathogenic and ten VUS ABCA4 missense 

variants were selected to be distributed among the ABCA4 protein domains. We have 

included conventional pathogenicity prediction tools, evolutionary conservation 

information, and another well-accepted classifier in the variant pathogenicity 

assessment, allele frequency, to obtain ñmultiple lines of computational evidenceò 

[79]. We have selected CADD [67], PolyPhen-2 [64], REVEL [68], and MutPred-2 

[97] for the pathogenicity prediction of the variants due to their reported superior 

performances in the literature [69, 99-101]. The Combined Annotation-Dependent 

Depletion (CADD) tool outputs ñPHRED-scaledò scores, ranging from 0 to 99, with 



 

 22 

higher scores indicating a higher likelihood of pathogenicity. The possible outputs of 

Polyphen-2 are benign, possibly damaging, and probably damaging, along with a 

probability score. The REVEL platform gives pre-computed scores ranging from 0 

(benign) to 1, with a pathogenicity threshold of 0.5. Similarly, the MutPred-2 scale is 

from 0 to 1, with increasing pathogenicity. Despite their known clinical significance, 

even benign and pathogenic variants were subjected to in silico pathogenicity 

prediction to validate the accuracy of these tools. The ConSurf web server was used to 

analyze the evolutionary conservation of the variant locations (Table S1) [102]. Allele 

frequencies of the variants were obtained from the GnomAD database [103]. All 

missense variants were analyzed for possible splicing defects in the Human Splicing 

Finder Ver. 3.1 (HSF-Pro from Genomnis) [104]. 

AlphaFold2 Protein Modeling 

The WT and variant ABCA4 proteins were modeled with AlphaFold2 deep-

learning-based protein modeling software in Google Colab. We used the 

AlphaFold.ipynb notebook by Deepmind [105] for domain-specific models and the 

AlphaFold2_advanced.ipynb notebook by the MIT group [106] for the full-length 

protein models as it allows for a trimming option; otherwise, modeling 2273 amino 

acid-length ABCA4 was not feasible. We trimmed the following residues: 164ï208, 

862ï914, 1164ï1203, 1279ï1340, 2225ï2231, and 2256ï2273, which were low-

confidence random coils in the domain-specific protein models. All available cryo-EM 

structures lack these regions [26-28]. Aside from that, we followed the set parameters 

on the ColabFold notebooks and used the highest confidence model (rank 1) among 

the generated models for the WT and each variant model for the downstream analyses. 
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The predicted structures were refined for energy minimization using the 

ñrepair objectò command in the FoldX plugin for YASARA [107, 108]. 

Protein Structure Analysis 

The variants were analyzed in terms of backbone alignment, steric clashing 

interactions, bonding and nonbonding interactions, and surface properties (surface 

charge and relative solvent accessibility (RSA)) in the PyMOL2 software (The 

PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC, New York, NY, 

USA). The ABCA4 variant protein models were superposed onto the WT model to 

detect conformational and secondary structure alterations and to obtain alignment 

scores. RMSDs were computed in PyMol2, and TM-scores were obtained from a web 

server by Zhang Lab [109]. 

The clashing interactions were tested not only on the refined computational 

models but also on all the available experimental structures of human ABCA4 to 

ascertain that they are not artifacts of predicted protein modeling. For the 

intramolecular and small molecule interactions (ATP, Mg+2, and the NRPE 

substrate), ATP-bound and substrate-bound cryo-EM structures were utilized (PDB 

ID: 7lkz, 7e7q, 7e7o, and 7m1q [18-24]). The APBS (Adaptive Poisson-Boltzmann 

Solver) plugin [110] was used to analyze the possible alterations of electrostatic 

properties and surface charge in Pymol2. 

Potential destabilizing effects of the variants were predicted using the Gibbs 

free energy change ææG method using the FoldX plugin in the YASARA program 

[107, 108]. The refined full-length ABCA4 AlphaFold2 structure was mutated in the 

same program for the ææG calculations. 
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We grouped variants into three categories, deleterious, mild, or neutral, 

according to their structural impact on the protein models. 

Results 

AlphaFold2 Protein Modeling 

To establish the confidence with which AlphaFold2 could model the ABCA4 

protein structure and thus be suitable as a tool for exploring the consequences of 

genetic variants, we first modeled the ABCA4 WT protein. 

The highly conserved nucleotide-binding domains of the ABCA4 (NBD1, 

NBD2) reached the best sequence coverage in the multiple sequence alignment (MSA) 

among the other domains (Figure 7D). Similarly, predicted aligned error (PAE) values 

are found to be higher in the nucleotide-binding (NBDs) and transmembrane domains 

(TMDs) than in the extracytoplasmic domains (ECDs) (Figure 7C). Overall, 

AlphaFold2 has well-defined the domains of the ABCA4 with high confidence. 

We used the AlphaFold2_advanced.ipynb notebook by the MIT group [106] 

for the full-length protein models and trimmed parts that have not been able to be 

resolved by the cryo-EM studies (see Materials and Methods) [26-28]. These parts 

were covered in the domain-specific modeling (Supplementary Figure S1); however, 

they were random coils with lower confidence scores (Supplementary Figure S1 

[111]). As these regions were absent from the experimental structures of the ABCA4 

protein, trimming them did not affect the known domain organization while allowing a 

more confident, well-structured ABCA4 protein that was almost identical to the 

available experimental ABCA4 structures. 
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We obtained the WT and variant models with high confidence, as indicated by 

the pLDDT scores (pLDDT > 80) (Figure 7). The overall pLDDT score for the WT 

full -length protein was 82.74 (Figure 7A). Due to the lower sequence coverage and 

inherent structural flexibility [26-28], the exocytoplasmic domains of the ABCA4 

protein showed the least confidence. The residual pLDDT scores based on the WT 

ABCA4 full-length model are presented in Table 1. All residues among the selected 

variants in the study, except for R1300Q and p.S2255I, gave pLDDT scores higher 

than 50, indicating the suitability of AlphaFold2 models for structure analysis. 

In Silico Protein Structural Analysis and Pathogenicity Prediction of the ABCA4 

Variants of Known Significance 

This study aimed to create a workflow that could be used to predict a given 

ABCA4 variantôs pathogenicity. To accomplish this, we created an in silico pipeline 

that combined protein structure analysis with standard informatics predictive tools, 

including allele frequency, evolutionary conservation, and pathogenicity prediction 

software (CADD, PolyPhen-2, REVEL, and MutPred-2). The in silico structure-based 

features include protein conformational changes and alignment scores (RMSD and 

TM-score), ææG stability changes, clashing interactions, molecular bonds and other 

interactions, relative solvent accessibility (RSA), surface charges, and secondary 

structure elements. We first applied this method to the variants with known clinical 

significance to assess how in silico structural analysis of ABCA4 variants correlates 

with pathogenicity. Twenty variants with classifications of ñbenignò or ñpathogenicò 

in the public clinical database ClinVar were selected for the study. 
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Analysis of Benign ABCA4 Variants 

Using the in silico pipeline approach, we found that 8 of 10 benign ABCA4 

variants were structurally neutral, while 2 caused mild structural changes by 

introducing new H-bonds (Figure 8A-J), which may be stabilizing, as also predicted 

by the ææG values (Table 1). The stability prediction suggested that 6 of the benign 

variants were neutral (ī0.5 Ò ææG Ò +0.5) (p.V77M, p.R1300Q, p.E1501D, 

p.P1948L, p.D2177N, and p.S2255I), 3 of them were stabilizing (ææG < ī0.5) 

(p.R212H, p.H423R, and p.T1428M), and one variant, M1209T, was destabilizing 

(ææG > 0.05) (Table 1). The alignment scores, RMSD (Å) and TM-score (0ï1), 

suggested a good alignment between the variants and the WT protein structure (Table 

1). Standard informatics-based predictors, allele frequency, and evolutionary 

conservation agreed with the reported categorization of the variants as benign, except 

for the variant p.R212H, which was deemed pathogenic according to CADD, 

PolyPhen-2, and REVEL predictions. (Table S1). Despite this conflicting 

classification of the p.R212H in these predictive tools, all other qualifiers suggest that 

this variant is benign. We observed that protein structure analyses were consistent with 

standard informatics-based predictions for the known benign variants. 

Analysis of Pathogenic ABCA4 Variants 

Next, the in silico pipeline method was used to evaluate ABCA4 variants 

previously classified as pathogenic in ClinVar. In our study, for the ten pathogenic 

variants, we found an array of structural alterations (Figure 8K-T). All the analyzed 

pathogenic variants were structurally damaging (Table 1). Three variants in the 

pathogenic group (p.R602W, p.G607R, and p.C1488R) caused steric clashing, four 

variants led to the loss of interactions with known ABCA4 substrates or ligands 
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(p.R653C-NRPE-, p.N965S-ATP-, p.H1118Y-ATP-, and p.T1797I-ATP&Mg-), three 

variants (p.N965S, p.C1490Y, and p.R2106C) disrupted the interdomain interactions, 

and three (p.R602W, p.C1488Y, and p.T1979I) broke intrachain bonds (Figure 8K-

T). The p.H1118Y variant was predicted to have two possible side chain rotamers, 

with one clashing with the ATP molecule and the other switching a buried residue to 

an exposed state (Figure 8O). Other variants that likely alter the surface properties are 

p.G607R, which replaces a buried Gly residue; p.C1488R, which exchanges an 

exposed residue with a buried residue; and G2100E, which replaces a buried Gly with 

a hydrophilic amino acid (Table S1). The ææG stability calculation suggested that all 

pathogenic variants were destabilizing (ææG > 0.05), except for the H1118Y variant, 

which had a neutral stability (Table 1). While several measures contributed to the in 

silico evaluation of the variant protein structure, the RMSD and TM-score did not 

show a consistent conformational change or misalignment in most cases and thus did 

not appear valid as a standalone indicator of pathogenicity in the workflow. However, 

the variants p.R653C, p.N965S, and p.R2106C showed the highest RMSD (0.95, 0.98, 

and 0.95, respectively) and lowest TM-scores (0.82, 0.88, and 0.73, respectively) in 

this group, suggestive of conformational change (Table 1). We saw consistent 

agreement of the pathogenicity prediction with the structure-based and standard 

measures (Table S1). 

In Silico Pipeline Analysis of ABCA4 Variants of Uncertain Significance 

We next applied the in silico analysis to ABCA4 variants classified by ClinVar 

as having uncertain significance (VUS). Seven of the ten ABCA4 VUS (p.R20G, 

p.Y603F, p.L751P, p.T971P, p.G1558R, p.R2107H, and p.Y2165C) were predicted to 

be pathogenic by the informatics-based prediction tools, and all of these variants 
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represent a substitution of highly conserved amino acids (Table 1 and Table S1) 

[102]. 

Five of these variants (p.R20G, p.Y603F, p.L751P, p.T971P, and p.G1558R) 

were absent in the population databases: GnomAD, ExAC, or 1000G, which provide a 

moderate degree of pathogenicity evidence (PM2) following ACMG/AMP guidelines 

[79]. The protein structure analysis found all seven predicted pathogenic variants to be 

structurally damaging (Table 1). The variants p.R20G, p.Y603F, p.R2107H, and 

p.Y2165C caused structural changes by breaking in domain-domain interactions 

(Figure 9A,C,H,I ). The p.L751P variant introduced a Pro in the transmembrane helix, 

which is predicted to disrupt a helix by protein modeling. The P.T971P variant caused 

a loss of polar contact with the ATP molecule and introduced a buried Pro to the 

structure. The p.G1558R variant led to clashing interactions and replaced a buried Gly 

residue (Figure 9). All of these variants, except for p.Y603F, were thermodynamically 

destabilizing, as indicated by the predicted ææG (Table 1). 

The variants p.N98K and p.V1211I were deemed benign in CADD, PolyPhen-

2, REVEL, and MutPred-2. The structural analysis agreed on the p.V1211I variant 

being neutral; however, it found p.N98K damaging by substituting an N-linked 

glycosylation site in the ECD1 (Figure 9). 

The remaining ABCA4 VUS in the study, c.5584G>A, was predicted to cause 

aberrant RNA splicing by altering the WT donor site according to the Human Splicing 

Finder tool (HSF-Pro) [104]. This variant, which changes G to A at the last nucleotide 

of exon 39 (the -1 of the canonical 5ô splice site), is predicted to introduce 3 new 

amino acids after Phe-1861 until it reaches premature termination. Therefore, although 

it was reported as c.5584G>A (p.Gly1862Ser), if the predicted effect is correct, a 
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better denomination would be p.G1862fs*4. The protein modeling illustrates that this 

predicted truncated protein variant lost the last helix of the TMD2 and the entire 

NBD2 domain (Supplementary Figure S2). 

Discussion 

Evidence from computational protein structure analysis can aid in predicting 

the clinical significance of the sequence variants in genetic diseases. Our goal was to 

create a compact yet effective, systematic, in silico structure-based approach to predict 

the pathogenicity of the ABCA4 VUS. To assess their reliability, we first applied this 

method to variants with known pathogenicity. Our results indicated that our in silico 

predictions align well with the reported pathogenicity of the ABCA4 variants in the 

clinical databases and the previous functional studies of these variants. Using this 

approach, we obtained pathogenicity evidence for variants previously reported as 

having undetermined significance (Figure 10). 

Functional studies of the ABCA4 protein are important to understand how 

genetic variations affect the proteinôs activity and how this, in turn, impacts retinal 

function. Functional studies can help confirm a genetic variantôs pathogenicity, which 

is essential for making an accurate diagnosis and providing appropriate treatment. Five 

of the ABCA4 variants in our pathogenic group (p.R602W, p.R653C, p.N965S, 

p.C1488R, and p.C1490Y) and two variants from the benign group (p.D2177N) have 

been previously studied functionally [8, 17, 28, 56, 72, 91, 92]. All variants in the 

pathogenic group have been reported with functional defects [17, 28, 56, 91, 92]. The 

p.D2177N benign variant was shown to have a higher basal and retinal-stimulated 

ATPase activity than the wild-type ABCA4 protein [72]. Thus, our results agree well 

with previous functional studies (Table 1 and Table S1). It is worthwhile to note that 



 

 30 

conducting functional studies on a large number of genetic variants can be a 

challenging task. Traditional biochemical methods, such as enzyme ATPase assays 

and protein expression and purification, can be time-consuming and require significant 

resources. One way to address this challenge is to use computational methods to 

forecast the functional impact of genetic variants. Computational tools can suggest 

whether a variant is likely deleterious based on the impact of the amino acid change on 

protein structure and function and can help prioritize variants for functional studies. 

Assessing the pathogenicity of ABCA4 VUS is an active area of research, and 

several methods have been developed to predict the impact of VUS on protein 

function and disease risk. It is important to note that no single method can definitively 

classify VUS as pathogenic or benign. Rather, a combination of methods and expert 

interpretation is needed to make a conclusive assessment. The American College of 

Medical Genetics and Genomics (ACMG) and the Association for Molecular 

Pathology (AMP) have developed guidelines for the interpretation of genetic variants, 

including criteria for assessing VUSôs pathogenicity [79]. Our pipeline approach 

combines computational prediction tools, in silico modeling, and clinical correlation to 

assess pathogenicity. Our prediction defined eight of the ABCA4 VUS as pathogenic 

and one VUS (p.V1211I) as benign (Table 1 and Table S1), which provided 

supporting evidence (PP3 and BP4, respectively) for these variants following the 

ACMG/AMP guidelines [79]. One variant (p.N98K), on the other hand, was found 

structurally deleterious yet predicted to be benign in all informatics-based tools 

(Figure 9B, Table S1). One variant in the VUS group, p.R2107H, has been shown to 

adversely affect the basal ATPase activity in functional in vitro experiments [56]. Our 

computational structure analysis demonstrating the molecular effect of this variant on 
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the NBD1-NBD2 domain-domain interaction overlaps with this previous finding of 

the negative impact on the basal but not retinal-stimulated ATPase activity of the 

ABCA4 protein [56]. 

Some regions in the ABCA4 protein could not be modeled at full length using 

AlphaFold2. These regions were not present in any of the available cryo-EM 

structures of the human ABCA4 protein. Domain-specific modeling of these locations 

gave random coils with lower confidence scores. The absence of any defined 

secondary structure in these regions might be a limitation of the modeling approach, or 

they may be authentic random coils. In the ClinVar database, there are currently 93 

missense ABCA4 variants falling within these regions. A limited number of these 

variants have been computationally analyzed using classical informatics-based tools 

[51, 112, 113] or are reported as part of the submission to the databases, such as 

ClinVar. Nearly 90% of these variants are VUS 

(https://www.ncbi.nlm.nih.gov/clinvar/ (accessed on 31 March 2023)). 

ABC transporter proteins are known to transition between various distinct 

conformations, and their ability to do so is critical for their function. [26-28, 114, 115]. 

While the 3D structures and the AlphaFold2 prediction models can only capture one of 

these conformations, it is possible that the effect of a genetic variant could be linked to 

a property present in a different conformation or affect the proteinôs overall dynamics. 

In this study, we did not evaluate the dynamic behavior of the ABCA4 protein. 

However, it is important to consider the impact of a variant in the context of these 

multiple conformations to fully understand its functional consequences, particularly 

for variants that are found to be free from other types of structural damage. 
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Several methods have been developed and used to compare two protein 

structures to evaluate the accuracy of predicted models and predict the structural 

effects of mutations, all with advantages and limitations [116-119]. For instance, the 

root-mean-square deviation (RMSD) is one of the most commonly used methods for 

computing backbone alignment scores, but this distance-based method is size-

dependent and has low confidence in certain circumstances [109, 120]. Therefore, 

when assessing the impacts of variants on protein structure, it might be best to use 

multiple combined methods. The alignment scores in this study, RMSD and TM-

score, did not strictly correlate with the known pathogenicity of the ABCA4 variants. 

Although these measures indicated no deleterious effect for the benign variants (low 

RMSD, high TM-score), most of the pathogenic variants also gave good alignment 

scores (Table 1). The RMSDs ranged from 0.302 to 1.915 Å, and the TM-scores were 

between 0.7278 and 0.9865. We did not set a threshold for these scores for 

pathogenicity, yet the variants with higher RMSD and lower TM-scores are R653C, 

N965S, and R2106C in the pathogenic category, and L751P and D915N in the VUS 

category. 

To our surprise, one VUS in this study, c.5584G>A, was classified as a 

missense variant in the public databases (p.Gly1862Ser), and yet the online splicing 

prediction tool HSF found that it likely affects splicing [104]. This result suggests that 

the prediction of the effects of genetic variation on an mRNA level should be included 

when assessing variant pathogenicity. 

In summary, our findings suggest that in silico structural analysis, particularly 

when combined with other bioinformatics-based tools, can provide insight into ABCA4 

variantsô impact on the molecular mechanism, highlight potential variants of interest 
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for functional characterization, and aid in pathogenicity prediction. Our findings 

demonstrate that computational approaches can forecast the structural aberrations 

arising from ABCA4 genetic variants. Overall, the findings of this study suggest that 

an in silico pipeline approach can be widely used to prioritize variants of uncertain 

significance. 

Conclusion 

Understanding the consequences of genetic variants is the crucial first step in 

the clinical management of inherited diseases. This report presents the pathogenicity 

prediction of ten missense ABCA4 VUS using a multifaceted in silico protein structure 

analysis approach. The study findings suggest that protein modeling and 

computational structural analysis can aid in elucidating the structural and functional 

consequences of genetic ABCA4 variations at the protein level. 
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Table 1 ABCA4 missense variants with their corresponding pathogenicity and in silico structural analysis 

results. 

Clinical 

Significance 
ABCA4 Variant  Previous Functional Studies Allele Freq. 

Predicted 

Pathogenicity 

(Collective) 

Residual 

pLDDT  

RMSD 

(Å) 

TM -

Score 

In silico 

ææG 

(kcal/mol) 

Predicted 

Effect on 

Structure 

Benign 

c.229G>A(p.V77M) - - Benign 69.95 0.534 0.9333 -0.09 Neu 

c.635G>A(p.R212H) - (R212C: ® ATPase[56]) 4.24×10
ī2

 Pathogenica 63.04 0.793 0.9372 -5.19 Neu 

c.1268A>G(p.H423R) - 2.56×10
ī1

 Benign 83.28 0.647 0.9333 -2.3 Mild  

c.3626T>C(p.M1209T) - 3.03×10
ī3

 Benign 87.49 0.539 0.9034 +0.71 Neu 

c.3899G>A(p.R1300Q) - 6.70×10
ī3

 Benign 24.81Ờ 0.775 0.9507 +0.007 Neu* 

c.4283C>T(p.T1428M) - 4.44×10
ī3

 Benign 87.07 0.660 0.9865 -0.85 Neu 

c.4503G>C(p.E1501D) - 1.12×10
ī3

 Benign 85.49 0.326 0.9199 -0.38 Mild  

c.5843_5844inv(p.P1948L) - 3.14×10
ī2

 Benign 74.38 0.405 0.9652 +0.48 Neu 

c.6529G>A (p.D2177N) ¬ ATPase[72] 1.09×10
ī2

 Benign 55.64 0.554 0.9683 -0.02 Neu 

c.6764G>T (p.S2255I) - 1.59×10
ī1

 Benign 42.5Ờ 0.302 0.9619 +0.13 Neu 

Pathogenic/ 

Likely 

pathogenic 

(P/LP) 

c.1804C>T :p(R602W) 
® ATPase[56] 

Mislocalization[56, 92]  
4.38×10

ī5
 Pathogenic 87.6 0.507 0.9034 +16.56 Del 

c.1819G>C (p.G607R) - 2.83×10
ī5

 Pathogenic 90.03 0.588 0.9447 +67.4 Del 

c.1957C>T (p.R653C) ® Retinal-stim. ATPase[28, 91] 1.61×10
ī5

 Pathogenic 75.59 0.953 0.8201 +0.8 Del 

c.2894A>G:p(N965S) ® Expression,® ATPase[17, 56]  1.35×10
ī4

 Pathogenic 82.07 0.979 0.8819 +1.1 Del 

c.3352C>T (p.H1118Y) - 1.0×10
ī5

 Pathogenic 83.06 0.487 0.9513 +0.15 Del 

c.4462T>C (p.C1488R) ®ATPase[17],®ATR binding[8] 8.20×10
ī6

 Pathogenic 88.6 0.529 0.9655 +21.16 Del 

c.4469G>A (p.C1490Y) Mislocalization, ® ATPase[56] 5.91×10
ī5

 Pathogenic 88.89 0.345 0.9530 +41.76 Del 

c.5936C>T (p.T1979I) - - Pathogenic 89.13 0.630 0.9698 +2.74 Del 

c.6299G>A (p.G2100E) - - Pathogenic 74.3 0.450 0.9139 +2.85 Del 

c.6316C>T (p.R2106C) - 1.31×10
ī4

 Pathogenic 85.93 0.945 0.7278 +3.24       Del 
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Reference genome assembly: GRCh38:Chr1:83457325-104273917; reference transcript: NM_000350.3. Allele frequencies are based on the Genome 

Aggregation Database (gnomAD) v2.1.1 [103]. Functional studies: Ź Reduced ATPase activity, ŷ Increased ATPase activity. Pathogenicity 

prediction: a variant is pathogenic when PolyPhen-2 predicts probably damaging or possibly damaging, REVEL and MutPred-2 score 0.5, and 

CADD Ó 20. a: The variant R212H was predicted to be pathogenic in the CADD, PolyPhen-2, and REVEL but neutral in the MutPred-2. b,c: The 

variants Y603F and L751P were predicted to be damaging in the CADD, MutPred-2, and REVEL but benign in the PolyPhen-2. For these three 

conflicting outputs, three agreeing results were given here. ǐ The conventional pathogenicity prediction of c.5584G>A (p.Gly1862Ser) was 

conducted based on the reported nomenclature G1862S. However, this variant was predicted to cause aberrant splicing by broaching the WT donor 

splice site (HSF-Pro), likely leading to a premature termination: p.G1862fs*4. Therefore, the predicted pathogenicity may not reflect the true variant 

impact [104]. Residual pLDDT Ò 50 for Arg-1300 (based on the domain-specific model) and Ser-2255, suggesting a lack of confidence as indicated 

by Ờ, should be interpreted with caution. RMSD (¡) (the root-mean-square deviation) and TM-score are based on the structural comparison of the 

predicted variant models with the predicted WT ABCA4 model. 0.0 < TM-score < 1, where 0 is 100% alignment [109]. We did not set a threshold 

for pathogenicity but showed the less well-aligned structures in this dataset in bold. Destabilizing variants were predicted using ææG Gibbs free 

energy change calculations in the FoldX plugin for YASARA [107, 108]. In the last column, the predicted effect on the structure is solely based on 

the protein structures and predicted models and is independent from the rest of Table 1, e.g., alignment scores and ææG. ECD: exocytoplasmic 

domain; NBD: nucleotide-binding domain; TMD: transmembrane domain; IH: intracellular Ŭ-helix; VUS: variants of uncertain significance; Neu: 

neutral; Del: deleterious; pLoF: The predicted effect is a complete loss of function. For the detailed pathogenicity prediction and the protein structure 

analysis results, see Table S1. 

 

 

Clinical 

Significance 
ABCA4 Variant  

Previous Functional 

Studies 
Allele Freq. 

Predicted 

Pathogenicity 

(Collective) 

Residual 

pLDDT  

RMSD 

(Å) 
TM -Score 

In silico 

ææG 

(kcal/mol) 

Predicted 

Effect on 

Structure 

VUS 

c.58A>G (p.R20G) - - Pathogenic 89.54 0.410 0.9429 +2.23 Del 

c.294C>G (p.N98K) - 1.10×10
ī4

 Benign 69.03 0.503 0.9547 +0.49 Del 

c.1808A>T (p.Y603F) - - Pathogenicb 91.27 0.520 0.9567 -0.75 Del 

c.2252T>C (p.L751P) - - Pathogenicc 94.83 1.019 0.7705 +9.49 Del 

c.2911A>C (p.T971P) - - Pathogenic 90.24 0.559 0.9477 +0.68 Del 

c.3631G>A (p.V1211I) - - Benign 87.7 0.379 0.9606 -3.27 Neu 

c.4672G>A (p.G1558R) - - Pathogenic 93.1 0.625 0.9339 +74.05 Del 

c.5584G>A (p.G1862S) - - Pathogenicǐ 59.96ǐ 0.628 0.9181 N/A pLoF 

c.6320G>A:p(R2107H) ® ATPase[56] 2.03×10
ī3

 Pathogenic 83.56 0.789 0.9615 +1.56 Del 

c.6494A>G (p.Y2165C) - 6.57×10
ī6

 Pathogenic 82.94 0.677 0.9491 +1.38 Del 
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Figure 7 Confidence and quality of the full-length WT ABCA4 AlplaFold2 model 

generated in the ColabFold. (A) ABCA4 WT model colored based on the 

pLDDT (predicted Local Distance Difference Test) score in PyMol2. (B) 

Scatter plot illustrating the residual pLDDT. (C) Predicted aligned error 

(PAE), demonstrating the expected distance error in Å, which helps 

assess the confidence of the relative positions and the domain structures. 

ABCA4 domains are shown in black boxes: ECD1, TMD1, NBD1, R1 

(regulatory subdomain of NBD1), ECD2, TMD2, NBD2, and R2 

(regulatory subdomain of NBD2), from top-left to bottom-right, 

respectively. Except for the ECD1, all domains are well-defined in the 

AlphaFold2 model. (D) Sequence coverage before and after trimming the 

following residues: 164ï208, 862ï914, 1164ï1203, 1279ï1340, 2225ï

2231, and 2256ï2273. The graphical data (C,D) have been auto-

generated in the AlphaFold2advanced.ipynb notebook upon modeling 

[106]. The composite figure was created with BioRender.com
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Figure 8 Highlights from the structural analysis of the benign (A-J) and pathogenic (K-T) ABCA4 variants from 

Chapter 2. WT residue (blue) and the substitution (green when there is no change, orange for mild change, and 

red for substantial change) were shown as sticks with their structural effects using the ñmutagenesisò feature in 

PyMol2. No structural change was found in the benign variants, except for two mild structural changes: (C) 

R423H and (G) E1501D, which are predicted to introduce a new salt bridge to the structure. Pathogenic 

variants: (K) R602W; broken salt bridge with E579 and clashing. (L) G607R; clashing. (M) R653C; loss of 

polar contact with NRPE, altered surface properties around the substrate. (N) N965S; broken H-bonds with 

ATP, G2100, and D2102 (NBD1-NBD2 interaction in the ATP-bound state). (O) H1118Y; clashes with ATP 

or breaks polar content with ATP while introducing a new H-bond with H1119. (P,Q) C1488R and C1490Y; 

disulfide bond breakage with C1502 and C641 (ECD1-ECD2 interaction), respectively. (R) T1979I; steric 

clashes with ATP, loss of polar contact with Mg, ATP, Q2019, and D2095. (S) G2100E; newly formed polar 

interactions with ATP, Mg, and Q1010 (rotamer-1) or with S1090 (rotamer-2), buried Gly replaced with a 

hydrophilic residue. (T) R2106C; broken salt bridge with E1270 in the NBD1 (domain-domain interaction). 

All other possible rotamers cause severe steric clashes. These analyses predicted the effects of side chains on 

the protein stereochemistry and bonding/interaction aspect of the variation and were mostly performed using 

the cryo-EM structures of the human ABCA4 [18-24, 26-28]. Steric clashes were shown here for the highest 

probability rotamer but were only given when all possible rotamers resulted in clashing interactions. The bonds 

were given for the highest possible rotamer.
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Figure 9 Protein structural analysis of the ABCA4 VUS from Chapter 2. WT 

residue (blue) and the substitution (green when there is no change, orange 

for mild change, and red for substantial change) were shown as sticks 

with their structural effects using the ñmutagenesisò feature in PyMol2. 

(A) R20G; broken interchain H-bond (IH1 (orange)-NBD1 (green) 

interaction). (B) N98K; WT glycosylated Asn is replaced with Lys, 

which would otherwise be a neutral substitution. (C) Y603F; loss of an 

interchain H-bond (ECD1 (blue)-ECD2 (light green) interaction). (D) 

L751P; disrupted H-bond necessary for helix formation and steric clashes 

due to Pro not being able to accommodate into the TMD helix. (E) 

T971P; loss of polar contact with the ATP molecule (purple), steric 

clashes with ATP. (F) V1211I; no structural change was found. (G) 

G1558R; severe steric clashing. (H) R2107H; interdomain salt bridge 

breakage (NBD2 (blue)-NBD1-R1 (pink) interaction). (I ) Y2165C; intra- 

and interchain H-bond breakage (NBD2-R2 (purple)-NBD1-R1 (pink) 

interaction). These analyses predicted the effects of side chains on the 

protein stereochemistry and bonding/interaction aspect of the variation 

and were mostly performed using the cryo-EM structures of the human 

ABCA4  [18-24, 26-28]. Steric clashes were shown here for the highest 

probability rotamer but were only given when all possible rotamers 

resulted in clashing interactions. The bonds were given for the highest 

possible rotamer. 
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Figure 10 Summary of the methodology and results of the in silico pipeline 

prediction approach developed in Chapter 2. This study examined 30 

missense ABCA4 variants using AlphaFold2 protein modeling and 

computational structure analysis for pathogenicity prediction. All variants 

classified as pathogenic (n = 10) were found to have deleterious 

structural consequences. Eight of the ten benign variants were 

structurally neutral, while the remaining two resulted in mild structural 

changes. The study provided multiple lines of computational 

pathogenicity evidence for eight ABCA4 variants of uncertain clinical 

significance. 
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Chapter 3 

PROTEIN MODELING AND IN SILICO  ANALYSIS CAN ASSESS 

PATHOGENICITY OF ABCA4 VARIANTS IN PATIENTS WITH 

INHERITED RETINAL DISEASE  

The material in this chapter is published in the Molecular Vision Journal with 

the title ñProtein modeling and in silico analysis to assess pathogenicity of ABCA4 

variants in patients with inherited retinal diseaseò [121]. 

Introduction  

Found primarily in the outer segments of vertebrate rod and cone 

photoreceptor cells, ABCA4 plays an essential role in phototransduction. A large 

number of variants in the ABCA4 gene are known to be associated with a wide range 

of autosomal recessive inherited retinal disorders (IRDs), including Stargardt disease 

(STGD1, OMIM 248200), cone-rod dystrophy (CORD3, OMIM 604116), fundus 

flavimaculatus (FFM), and retinitis pigmentosa (RP, OMIM 268000). To date, more 

than 3,000 variants in the ABCA4 gene have been reported (ClinVar; accessed April 

23, 2023), with ABCA4 representing the most frequently mutated gene associated with 

human retinal dystrophy [88]. ABCA4 variants include missense, nonsense, frameshift, 

splicing, and structural mutations, with missense variants constituting 46% [122]. 

The ABCA4 gene consists of 50 exons coding for a 2,273-amino-acid 

polypeptide chain. The ABCA4 protein consists of two tandem-arranged halves, each 

consisting of six membrane-spanning Ŭ helices, a large and evolutionary-conserved 

extracytoplasmic domain (ECD), a cytoplasmatic nucleotide-binding domain (NBD), 

and a regulatory domain (RD; Figure 11). Adenosine triphosphate (ATP) binding and 
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hydrolysis occur in the two symmetric NBDs (NBD1 and NBD2), while ECD1 and 

ECD2 are suggested to play a role in retinal substrate binding [8, 27]. 

Genetic variation databases such as ClinVar [122], Online Mendelian 

Inheritance in Man (OMIM) [123], the Human Gene Mutation Database (HGMD) 

[124], and the Leiden Open Variation Database (LOVD) [125] are widely used in 

clinical settings to infer a variantôs phenotypic consequences. They help clinicians to 

predict disease prognosis and, possibly, to guide patients to suitable clinical trials 

when available. The jointly accepted standard terminology for interpreting the gene 

variants in Mendelian diseases is the five-tier classification: benign, likely benign, 

uncertain, likely pathogenic, and pathogenic [79]. At least half of the missense ABCA4 

variations have been designated as variants of uncertain significance (VUSs), and 12% 

of the remainder have conflicting interpretations (CIs; ClinVar; accessed April 23, 

2023). Thus, elucidating ABCA4 VUSs is a critical step in the progress of precision 

medicine in retinal diseases. 

A remaining challenge in ABCA4-opathies is pinpointing the causative variants 

and assessing the combinatorial effects of biallelic variants [53, 54, 126, 127]. 

Although some recurring variants of ABCA4 have been characterized in terms of their 

effects on protein function and, thus, their predisposition to pathogenicity, 

experimental studies of the extensive and growing numbers of nonsynonymous 

ABCA4 variants may be infeasible. Only a fraction of ABCA4 variants have been 

functionally studied [17, 57, 72, 90, 91, 128-130]. Genotypeïphenotype correlation for 

ABCA4-related retinal degenerative disease has proved challenging due to the 

heterogeneity in both the phenotype and genotype and in the large number of reported 
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sequence variations. Relatively few studies have reported on specific gene variants 

that are correlated with specific phenotypes [55, 57, 62, 92, 126, 131]. 

Thus, a robust platform is needed to predict the molecular consequences of 

ABCA4 variants. In silico studies may provide a suitable predictive model for the role 

of ABCA4 variants in retinal diseases. Although several pathogenicity prediction tools 

are available, most of them conduct their assessments based primarily on sequence 

features and/or evolutionary conservation and do not explain the possible functional 

effects at the protein level. The results of in silico studies can be enhanced using a 

structure-based pathogenicity analysis of ABCA4 variants, which may lead to an 

improved predictive pathogenicity model. 

A comprehensive study testing the reliability of three-dimensional (3D) protein 

structures to assess the pathogenic impact of missense variants concluded that 

structural damage could be accurately predicted using computational protein models 

[69]. Several studies have successfully used computational protein modeling to assess 

variationsô pathogenic impact on various conditions, including developmental, 

neurologic, and metabolic disorders [118, 132-138]. Our recent in silico study found 

concordance between predicted protein structural changes and known pathogenicity 

classification in a set of ABCA4 clinical variants [80]. 

In this study, we further assessed the ability of computational protein structure 

analyses to predict the pathogenic impact of ABCA4 variants in a phenotypically well-

defined cohort of inherited retinal disease patients. Using AlphaFold2 (AF2) protein 

modeling [105] and available cryogenic electron microscopy (cryo-EM) structures of 

the human ABCA4 protein, we identified an alignment between severe clinical 

phenotypes and alterations in protein structure caused by ABCA4 mutations. 
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Materials and Methods 

Patients 

This retrospective study was conducted in accordance with Institutional 

Review Board approval (IRB#14ï403E) of the Wills Eye Hospital and Thomas 

Jefferson University. A retrospective chart review was conducted for those patients 

with retinal diseaseïharboring mutations in the ABCA4 gene. All 13 patients were seen 

in the Ocular Genetics Clinic at Wills Eye Hospital from August 2010 to August 2015 

by an ocular genetics specialist (AVL). All patients who were found to have only a 

heterozygous ABCA4 mutation or who had another suspected gene that might have 

modified the phenotype were excluded from this study. The medical records were 

reviewed, and the following data were collected: age of onset, age first seen, best-

corrected visual acuity, and results of slit lamp examination and dilated fundus 

examination. Ophthalmic diagnostic investigations were reviewed, including fundus 

autofluorescence (AF), spectral-domain optical coherence tomography (SD-OCT), 

Goldmann visual field (GVF), and, if done, intravenous fluorescein angiography 

(IVFA). Full-field electroretinogram (ffERG) and multifocal electroretinogram 

(mfERG) were performed in accordance with the International Society of Clinical 

Electrophysiology and Vision standards [139]. Testing was customized for each 

patient as clinically indicated, based on age, visual acuity, and other factors. No 

clinical testing was done specifically for this study. 

Genetic Testing 

The ABCA4 gene was screened for variants using a range of molecular 

diagnostic methods, in isolation or in parallel with other genes, as determined from the 

phenotype and considering the patientsô insurance coverage for testing 
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(Supplementary Table S2). When clinically indicated testing could not be 

performedðfor example, due to a lack of insurance coverageðresearch testing was 

offered with the confirmation of detected variants performed in a Clinical Laboratory 

Improvement Amendments (CLIA)ïcertified laboratory. 

Protein Modeling and Pathogenicity Prediction 

To predict the structural and functional consequences of missense ABCA4 

variants, protein structure analysis was performed on AF2-predicted protein models 

and the existing experimental structures of the human ABCA4 protein [26-28]. Full-

length (FL) and domain-specific protein modeling was performed using AF2 [105] for 

wild-type (WT) proteins and each variant protein separately, as described previously 

[80]. We used AF2 through the ColabFold notebook in the Google Colaboratory 

[106], which is reported to have a level of accuracy that is almost identical to that of 

AlphaFold v2.3.1 locally for monomeric structures [140]. The default parameters on 

the ColabFold notebooks (AlphaFold2.ipynb and AlphaFold2_advanced.ipynb) were 

used, and the highest confidence models (rank 1) were selected among the generated 

models. The predicted WT and variant structures were refined for energy 

minimization using the Amber-Relax option in ColabFold, and the ñrepair objectò 

feature in the FoldX plugin in YASARA View (free version: 22.5.22) [107, 108]. The 

refinement process was repeated several times until no movement of the side chains 

was observed in each model. PyMOL2 (The PyMOL Molecular Graphics System, 

Version 2.0 Schrödinger, LLC) was used for model visualization and structure 

analysis. 

The structure analysis of variants was performed using two approaches. First, 

we compared the WT and variant AF2 models to assess 3D conformational changes, 
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to calculate the root-mean-square deviation (RMSD) alignment scores, and to identify 

potential impairments in secondary structure elements. Second, we evaluated the 

substitutions on the ABCA4 cryo-EM structures, considering various aspects, 

including stereochemical properties, binding, and molecular interactions (i.e., polar 

content, weak interactions, surface charge, and accessibility, cavities, and pockets). 

We measured the all-atom RMSD between the AF2-generated FL WT model and each 

variant, employing the ñalignò command without outlier rejection (cycles = 0) in 

PyMol2. We analyzed clashing interactions in available experimental structures and 

the refined AF models, as steric clashes resulting from the unnatural overlapping of 

newly positioned side chains with other residues can lead to conformational changes 

and structural destabilization due to a mutation. 

To predict stability changes in protein variants, we used the FoldX plugin for 

the YASARA software. The ȹȹG free-energy change, calculated as the difference 

between the folded and unfolded free-energy states (ȹGmutant ï ȹGwild-type), was 

determined using the ñmutagenesisò feature of the software [107, 108]. We reported 

the ȹȹG values obtained from all available ABCA4 experimental structures. 

Furthermore, we evaluated the suitability of the AF2-predicted FL ABCA4 

model for this stability analysis, by comparing the ȹȹG values per variant calculated 

using the AF2 model with those based on the experimentally determined structures. To 

facilitate this comparison, we conducted a Spearmanôs rank correlation using the JMP 

statistical software package (JMP®, Version 17, SAS Institute, Inc., Cary, NC, 1989ï

2021). It is important to note that in silico ȹȹG values are approximate indicators of 

potential stability changes rather than absolute, experimentally determined values. 
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For the informatics-based pathogenicity prediction of missense variants, we 

used Combined Annotation Dependent Depletion (CADD) [67], Polyphen-2 [64], 

REVEL [68], and ConSurf [102] for the evolutionary conservation of the amino acids. 

We also used Human Splicing Finder (HSF-Pro) Version 4 to predict the possible 

splicing effects of all variants in the study [104]. 

Results 

Patient Characteristics 

We enrolled 13 patients diagnosed with retinal dystrophy caused by variants in 

the ABCA4 gene. Segregation analysis was performed for all patients to ascertain that 

the patients were biallelic for variants in the ABCA4 gene. To our knowledge, the 

patients did not harbor any other pathogenic variants in other confounding retinopathy 

genes. Genotypeïphenotype comparisons were conducted for the ABCA4 variants 

occurring in these patients. 

The clinical characteristics of the patient cohort are summarized in Table 2. 

The age first seen ranged from 6 to 65 years old, with a median age of 14 years old. 

The age of onset ranged from 6 to 15 years old, with a median age of 12 years. The 

best-corrected visual acuity varied from 20/30 to light perception. Two patients 

(A03M, A08M) had a visual acuity difference between the fellow eyes of more than 

two Snellen lines. In patients A02M and A05F, eccentric fixation was observed. The 

extraocular movements and applanation tonometry were normal in all patients. 

Nuclear sclerosis cataract was found in two patients (A02M and A04F). 

OCT showed some degree of photoreceptor loss in 12 patients (92.3%), while 

1 patient had a normal OCT. Seven patients were shown to have subretinal deposits 
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with geographic atrophy, and five patients had only subretinal deposits. The foveal 

thickness in the right eye varied from 69 to 226 ɛm. Six patients had a normal GVF, 

three had a constricted visual field, and one had a central scotoma. For three patients, 

visual field testing was not performed. An ffERG was done in 12 patients, and the 

results were abnormal for 11 (91.66%). Seven patients had an abnormal response only 

in the photopic and four patients in both photopic and scotopic ERG. Following an 

isoelectric ERG, one patient had both abnormal scotopic and photopic responses. For 

all 12 patients who had an mfERG, abnormal results were produced. IVFA was done 

in 8 patients, and a silent choroid was found in 5 (62.5%). 

There were 3 homozygous ABCA4 mutation patients and 10 compound 

heterozygous ABCA4 mutation patients. We identified 19 different ABCA4 variants 

among the 13 patients: 3 frameshift variants, 1 nonsense variant, 5 splicing variants, 

and 10 missense variants (Table 3). We also identified one VUS, four CIs, and one 

novel ABCA4 variant in this study, as reported in the ClinVar database (Table 4 and 

Table 5). 

Protein Modeling and Structure Anslysis 

To compare the deleterious impacts of the missense variants with the patientsô 

disease severities, we used AF2 protein modeling and all existing human ABCA4 

cryo-EM structures (Protein Data Bank identifiers [PDB IDs]: 7lkp, 7lkz, 7e7i, 7e7q, 

7e7o, 7e7q, 7m1p, 7m1q). ABCA4 WT and variant models were obtained in high 

confidence (pLDDT > 80%) and with high structural similarity with the experimental 

structures (Supplementary Figures S3 & S4, Table S3). 

Variants inside the open reading frame (ORF) can have various impacts at the 

protein level. Some variants have clearly devastating consequences, such as those that 
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lead to the misfolding and mislocalization of the ABCA4 or truncating mutations, 

which result in the complete loss of function (LoF). However, LoF can also result 

from local effects on the protein structure and stability that are more subtle and less 

obvious. Computational analysis aids in the evaluation of these types of effects. These 

types of local damage may lead to a spectrum of function loss, including affected 

intramolecular and ligand interactions. To interpret these types of functional damage, 

we used in silico protein analysis. For all missense variants, we examined the 

conformational changes, secondary structure elements, relative solvent accessibility, 

RMSD alignment scores, polar content alterations, clashing interactions, surface 

properties, and Gibbs ææG free-energy changes. In silico analysis found a range of 

structural alterations in 10 missense ABCA4 variants carried by affected individuals 

(Table 4, Figure 12). 

Of the 10 missense variants analyzed, 9 resulted in substantial structural 

damage. These variants caused clashing interactions with neighboring residues 

(p.C54Y, p.L541P, p.P1380L, p.A1598D, and p.G1961E), disrupted secondary 

structure elements (p.L541P and p.T1253M), replaced a hydrophobic buried residue 

with a hydrophilic one (p.A1598D and p.G1961E), or affected molecular interactions 

(p.R212C, p.R1098C, p.P1380L, and p.E2233V). The remaining variant, p.A1038V, 

led to a local conformational change in the backbone and reduced stability (Figure 12, 

Table 4). The stability analysis suggested that 6 of the missense variants (p.C54Y, 

p.L541P, p.A1038V, p.P1380L, p.A1598D, and p.G1961E) were particularly 

destabilizing with ææG > 5 (Table 4, Supplementary Table S3). 

We examined how the AF2 model determined ȹȹG values compared to those 

calculated using the ABCA4 cryo-EM structures. The ææG profiles over 10 missense 
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variants (and 2 complex alleles) were formed to compare these measures. Seven 

values were missing because the Arg-212 residue was unavailable in the 7lkp, 7m1p, 

and 7lkz structures, and the Gly-1961 and Glu-2233 residues were absent in the 7mlq 

structure. Supplementary Table S4 shows agreement in the relative ææG values for 

each missense variant among the experimental structures and the AF2 model. We 

formalized the similarity seen with a pairwise correlation analysis using Spearmanôs 

rank correlation. Unadjusted p values showed 26 of 28 possible paired correlations to 

be significant (maximum p value = 0.0114); the ȹȹGs calculated based on AF2 

specifically correlated with those done on the experimentally determined structures at 

approximately 0.89 or above for all except 7lkz ( = 0.75; Supplementary Figure S5). 

Based on these findings, ȹȹG predictions from the AF2 model can be considered an 

alternative to those obtained from experimentally determined structures. 

In silico Protein Structure Analysis and Phenotypic Association 

The missense variants were distributed across the ABCA4 protein sequence: 

there were 3 in ECD1, 3 in NBD1, 1 in ECD2, 1 in transmembrane domain-2 (TMD2), 

and 2 in NBD2 (Figure 11, Table 4). The variants identified in our cohort are 

described in terms of the clinical phenotype and assessment of the impact of the 

variant on protein structure. 

The p.C54Y variant was identified in severely affected siblings, A04F and 

A05F, with ages of onset of 14 and 13 years, respectively. The two patients had the 

same biallelic combination, with p.E2233V on the opposite allele (in trans). The visual 

acuity of these patients was poor, ranging from 20/200 to 20/400. The predicted 

protein model and experimental structures showed disulfide bond breakage and 

clashing interactions (Figure 12A), along with a poor alignment score (RMSD = 1.26) 
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and destabilization as reflected by the ææG (+ 41.68 kcal/mol), supporting the 

deleterious effect of this variant (Table 4). The informatics tools also predicted the 

variant to be pathogenic (Table 4, Supplementary Table S3). The observed severity of 

this variant, based on the patientôs phenotype (Table 2), aligned well with the protein 

structural change. 

Variant p.R212C was identified in a 6-year-old patient (A09M) with a rapidly 

progressing disease. The patientôs visual acuity at the time of the study ranged from 

20/80 to 20/200, with constricted visual fields. OCT showed subretinal deposits and 

geographic atrophy (Table 2). The p.R212C variant was found in trans with the 

c.768G>T:p(V256=) synonymous variant that was predicted to be pathogenic due to 

its likely effect on splicing (HSF-Pro; Table 5) [104]. Given that one allele was 

predicted to be completely compromised (due to coding for a severely truncated 

polypeptide), the pathogenicity level of the p.R212C allele was expected to be directly 

related to the patientôs disease severity. The p.R212C variant was predicted to be 

pathogenic by the informatics tools (Supplementary Table S3), and structure analysis 

revealed a missing H-bond with Gln-190 due to the substitution (Figure 12B, Table 

5). However, p.R212C is in the part of the ECD1 domain where the experimental 

structures have not been well resolved. This residue might be important for the 

structural flexibility of the domain. 

Complex allele p.L541P/p.A1038V was detected in 3 patients (A06F, A07M, 

and A08M) in our study. The siblings A07M and A08M had the same biallelic 

combination with the c.5714+5G>A splicing variant on the trans allele, while the third 

patient had a p.Q1412* nonsense mutation in trans (Table 3). All three patients 

exhibited fundus flecks, subretinal deposits, and pigmentary clumps. The age of onset, 
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visual acuity, and other findings were comparable in the siblings (Table 2). Protein 

structure analysis revealed that p.L541P had a more deleterious impact than did 

p.A1038V by causing significant impairment to the protein structure. This substitution 

is located within an Ŭ-helical region and is predicted to disrupt the Ŭ-helix structure 

and cause clashing interactions, leading to conformational changes (RMSD = 1.27; 

Figure 12C, Table 4). Although we did not observe a noticeable structural difference 

between the WT and p.A1038V variant, it showed an overall poor alignment score 

(RMSD = 1.25) and ææG (+ 6.56 kcal/mol), indicating that it can be a destabilizing 

mutation (Figure 12D). The informatics-based tools suggested that the p.L541P 

variant is pathogenic while p.A1038V is benign (Supplementary Table S3). For the 

complex allele L541P/A1038V, the computational analysis of the variant on the 

ABCA4 protein structure aligned well with patient phenotype. 

Variant p.R1098C was found in patient A13M, who had an age of onset of 11. 

It was in trans with a frameshift mutation (Ala222Glnfs*19), which leads to a 

complete loss of function. The Arg1098 residue, localized inside the NBD1, was 

found to have an essential role in the NBD1ïRD2 interdomain interaction by forming 

a salt bridge, which is disrupted by the Cys substitution (Figure 12E). Prediction tools 

classified p.R1098C as pathogenic (Table 4, Supplementary Table S3). For this 

variant, the computational analysis of the effects on the ABCA4 protein structure 

coincided with the disease phenotype. 

Complex allele p.T1253M/p.G1961E was identified in patient A03M, with the 

c.5714+5G>A splicing variant in trans, which is predicted to affect the splicing pattern 

according to HSF-Pro [104]. The patient presented with a ñbeaten bronzeò appearance 

in fundus imaging, with lipofuscin deposits centrally and a mild surrounding ring of 
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hyperpigmentation (Table 2). Remarkably, 10 years after the diagnosis, the patientôs 

vision remained relatively preserved compared to the other patients in our cohort. In 

silico analysis predicted that both missense variants individually cause protein 

structural changes. The p.T1253M variant, located within RD1, led to a major 

structural alteration with a degenerated secondary structure element (Figure 12F). 

While, the p.G1961E variant replaced a hydrophobic buried residue with a hydrophilic 

amino acid, which was predicted to destabilize the structure, as indicated by the ææG 

value (Table 4) and as shown in Figure 12I. The prediction tools unanimously 

supported the pathogenicity of both variants (Supplementary Table S3). 

The p.P1380L variant was identified in a 10-year-old homozygous patient 

(A010M) with a highly progressive ABCA4 retinopathy. The patientôs severe 

phenotypic findings (Table 2) are consistent with protein modeling that indicates the 

Pro Ÿ Leu substitution within the transmembrane domain has significant structural 

consequences. The substitution causes steric clashes with neighboring residues in all 

possible positions, leading to altered protein conformation (RMSD = 1.26). 

Additionally, the variant protein model superimposed with the substrate-bound cryo-

EM structure suggests that this proline residue likely plays a role in a kinked 

transmembrane helix, with implications of a functional role in substrate translocation 

(Figure 12G). 

The p.A1598D variant, located in the ECD2 domain, was identified in patient 

A01F, who presented with macular flecks and alterations in the retinal pigment 

epithelium (RPE) subretinal deposits, with a visual acuity of 20/200 in both eyes. The 

patient was homozygous for the p.A1598D variant, with no other ABCA4 variants 

detected. In silico analysis revealed that by introducing a hydrophilic residue to a 
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buried location, the p.A1598D variant resulted in destabilization (ææG = + 13.56 

kcal/mol) and caused steric clashes (Figure 12H). However, the conventional 

pathogenicity assessment of this variant resulted in inconclusive predictions. 

PolyPhen-2 and REVEL both classified it as possibly damaging, with scores of 0.57 

and 0.685, respectively. In contrast, the CADD score of 16.3 was below the threshold 

of 20, indicating a lower likelihood of pathogenicity. Ala-1598 is not evolutionarily 

conserved [102], but the variant has a low allele frequency (2.63 Ĭ 10ī5; 

Supplementary Table S3) [103]. Overall, the patientôs severe phenotype was 

consistent with the substantial changes observed in the protein structure predicted by 

structure analysis. 

Variant p.E2233V was identified in siblings A04F and A05F, who had 

comparable age of onset and visual acuity (Table 2). A04F presented with large 

retinal pigmentary clumps involving the macula and mild periphery, choroidal 

attenuation, but no fleck lipofuscin deposits. A05F showed geographic atrophy in the 

macular area with mid-periphery pigmentary clumping, with several subretinal flecks 

in the macula. A grayish elevation in the superior macula could represent either a 

choroidal nevus or subretinal neovascular membrane. Both patients had relatively 

healthy optic nerves, with minimal pallor as well as mild retinal vascular attenuation 

(Table 2). This novel variant is located in RD2. Computational analysis revealed a 

loss of an H-bond with a residue in the NBD1 domain, significantly impairing the 

protein structure (RMSD = 1.35; Figure 12J). This variant was also predicted to affect 

splicing by altering the auxiliary sequencesô ESE/ESS motifs ratio (ī10; HSF-Pro 

[104]). Although the true consequence of this variant is not yet fully understood, we 
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saw an agreement between the computational analysis of the missense effects on the 

ABCA4 protein structure and the patient phenotype. 

Our cohort had three patients who did not have a missense ABCA4 variation. 

Patient A02M carried the c.5018+2T>C variant in a homozygous state. This intronic 

variant is predicted to affect the splicing pattern by causing a broken WT splice site 

(HSF-Pro [104],), resulting in translated product lacking the last quarter of the protein. 

Patient A11F was compound heterozygous with the c.859ï13T>C and 

c.4539+2028C>T intronic variants, present in the ClinVar database as a CI and VUS, 

respectively. This variant was also predicted to affect splicing by altering the ratio of 

Exonic Splicing Enhancer (ESE) to Exonic Splicing Silencer (ESS) motifs, with a 

score of ī10 as predicted by the HSF-Pro [104]. The c.4539+2028C>T deep intronic 

variant has previously been shown to cause 345-nt pseudoexon insertion with a likely 

effect on the protein level (p.R1514fs) [141]. Unless there are other undetermined 

variations in the patient, the phenotype suggests that these intronic variants are 

pathogenic. Patient A12F carried two different frameshift variantsðp.I284Vfs*33 and 

p.V2062Tfs*51ðboth with high levels of pathogenicity. 

Discussion 

The ABCA4 gene, with more than 3,000 reported variants, is known to be 

associated with a wide range of autosomal recessive inherited retinal disorders. 

Unfortunately, many of these variants remain uncharacterized in terms of their disease 

propensity, making it difficult to determine disease prognosis when detected in 

patients. With the recent advancement of computational tools such as pathogenicity 

prediction software and protein modeling platforms, it is now possible to carry out 

detailed in silico investigations of specific variants and to correlate them with 
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available clinical findings, even in the absence of an in vitro functional analysis. In 

this study, we investigated the use of the in silico analysis of the ABCA4 protein as a 

tool to augment the prediction of disease severity and the clinical significance of 

sequence variants. 

To evaluate this paradigm, we performed a patient-based study of individuals 

with confirmed ABCA4 retinopathy. Subsequently, we performed a computational 

protein structure analysis to see how well the predicted structural changes aligned with 

the observed pathogenicity of the missense variants based on the patient phenotypes. 

The phenotypic outcome of ABCA4 retinopathies depends on the collective effect of 

the specific variants in the patient [35, 127, 142]. Therefore, we included all types of 

variants with their predicted effects when discussing the relation between a patientôs 

genotype and phenotype. Furthermore, we applied a combinatorial approach to 

increase accuracy in predicting pathogenicity and explaining the pathogenicity of 

disease-associated variants, as no single type of analysis is sufficient to explain the 

deleterious effect of a genetic variant at the protein level (Figure 13). 

We used AF2, a highly reliable way to predict protein structures [105, 140, 

143], along with recently resolved experimental structures of ABCA4 to analyze the 

structural impacts of the variants. In addition to physically observable conformational 

changes, we evaluated bonding, interaction, surface characteristics, and protein 

stability in the 3D protein models to gain insight into the effects of variants on the 

ABCA4 protein. We used two numerical measures: the RMSD calculation to compare 

the conformational alignment scores between the WT and mutant predicted protein 

structures, and the ææG calculation to compare thermodynamic stability changes upon 

amino acid substitution. We observed the consistency between the in silico ȹȹG 
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values determined by the AF2 model and the ABCA4 cryo-EM structures 

(Supplementary Figure S5, Table S4). Our findings are in line with a recent study by 

Akdel et al. [140], supporting the notion that AF2 models can serve as a reliable 

alternative for predicting the destabilization effects of variants based on protein 

structure, which can be particularly helpful for proteins with no available experimental 

structure. 

In the present study, we used manual approaches to detect structural 

alterations; however, with the help of this initial study and with larger data sets, more 

sophisticated, automated, or machine learningïbased strategies such as support vector 

machines (SVMs) can be used. It should be noted that although the variants alter the 

protein structure, it does not follow that they will necessarily alter its function [144]. 

We also acknowledge that the structural changes we mention here are insufficient to 

explain all the in vivo effects and all aspects of the mutation consequences, including 

mRNA-level and post-transcriptional alterations. Functionality and localization 

analyses can be performed to support the findings of this study. 

According to American College of Medical Genetics and Genomics / 

Association for Molecular Pathology (ACMG/AMP) guidelines [79], being detected in 

the trans to another pathogenic variant provides at least a moderate level of evidence 

of pathogenicity (PM3) for genetic variants in recessive disorders. Six missense 

variants in our cohort (c.161G>A:p(C54Y), c.634C>T:p(R212C), 

c.3292C>T:p(R1098C), c.4139C>T:p(P1380L), c.4793C>A:p(A1598D), and 

c.6698A>T:p(E2233V)) were known to be alone in the corresponding allele (i.e., no 

other variants in cis; Figure 14), and all of them were structurally damaging (Figure 

12). Our findings from the protein structure analysis support the expected 
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pathogenicity of these six missense variants identified in trans to a pathogenic allele in 

affected patients of a recessive disorder. 

In addition to being identified in the affected individuals who presented with 

severe phenotypes, six of the missense variants in our study (p.R212C, p.L541P, 

p.A1038V, p.P1380L, p.A1598D, and p.G1961E) have previously been characterized 

in functional studies [17, 56, 57, 91, 92] and presented with impairments in protein 

expression, localization, or enzymatic function (PS3; Table 4, Figure 14); this 

provided an excellent opportunity to assess the employed in silico approach. We found 

severe structural defects and destabilizing effects in relation to the variants p.L541P, 

p.P1380L, p.A1598D, and p.G1961E (Figure 12, Table 4), consistent with previous 

functional studies. Specifically, p.L541P and p.P1380L exhibited mislocalization and 

a significant reduction in basal and retinal stimulated ATPase activities [57, 91]. The 

variants p.A1598D and p.G1961E, in contrast, showed almost a complete loss of 

retinal-stimulated ATPase activity [17, 57]. These findings suggest that in silico 

protein structure analysis can predict the functional effects of ABCA4 missense 

variants. 

We had one novel variant, c.6698A>T:p(E2233V), in our cohort. We used the 

ACMG and AMP guidelines, which provide a series of standard criteria for classifying 

the potential pathogenicity of variants [79]. Our study provided different degrees of 

pathogenicity evidence for nine missense ABCA4 variants, including this novel variant 

(Figure 14). The p.E2233V variant was found in affected siblings in our cohort 

(supporting evidence of pathogenicity: PP1 and PP4, ACMG/AMP Guidelines). It was 

alone on the allele and in trans to another pathogenic variant (PM3). The standard 

informatics tools predicted that its effect is probably damaging (Supplementary Table 



 

 59 

S3), and protein modeling demonstrated substantial impairment in the structure (PP3). 

We determined the p.E2233V variant as likely pathogenic based on the supporting 

evidence, and we deposited it into the ClinVar database (Accession: 

SCV002526665.1). 

Identifying disease-causing variants in inherited diseases is undoubtedly 

crucial in clinical management, including future clinical trials. In our study, three 

missense ABCA4 variants had conflicting interpretations in ClinVar. While p.L541P 

was one of them, it can be considered pathogenic/likely pathogenic, as the conflict 

arose from only 1 submission with uncertain significance (ClinVar submissions: 13 

pathogenic, 2 likely pathogenic, and 1 uncertain significance). The other variants with 

conflicting interpretations were p.T1253M and p.G1961E, which were found together 

as a complex allele in patient A03M in our cohort, precluding allelic assessment. 

However, in silico analysis predicted both variants to be structurally defective, and 

conventional prediction tools suggested that both were likely pathogenic (PP3). 

Furthermore, patient A03M carried this complex allele in trans to the pathogenic 

c.5714+5G>A splicing variant, which was also found in two other patients in our 

cohort in trans with the p.L541P/p.A1038V complex allele (A07M and A08M), who 

presented with poorer outcomes (Table 2). These findings suggest that the 

p.L541P/p.A1038V complex allele may have a worse clinical outcome than does the 

p.T1253M/p.G1961E complex allele. 

Homozygous patients offer a unique opportunity to investigate the genotypeï

phenotype relationship in autosomal recessive diseases. In our study, we had three 

homozygous patients. The p.P1380L biallelic variant was found with early onset (i.e., 

10 years old) disease presenting with the rapid deterioration of sight. The patient 
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showed a ñbeaten bronzeò appearance on examination, with diffuse flecks and 

pigmentary clumps. OCT showed subretinal deposits and geographic atrophy. In silico 

analysis found that the p.P1380L caused severe structural alterations, including 

conformational change, reduced stability, and likely intermolecular interactions 

(Table 4, Figure 12G). Biallelic p.A1598D led to a mid-adolescence onset but a 

progressive disease phenotype with 20/200 visual acuity in both eyes, presenting with 

flecks and subretinal deposits in the macular area. Similarly, this variant led to 

decreased protein stability, as indicated by the structure analysis and the ææG value 

(Table 4, Figure 12H). The last biallelic variant was the intronic c.5018+2T>C 

variant, found in a patient with onset at 15 years old. Over a disease duration of 50 

years, the patient lost his vision to the degree of light perception (Table 2). This 

variant was predicted to affect splicing by the HSF-Pro web server (Table 5) [104]. 

In this study, we illustrated the predicted structural consequences of genetic 

variations found in patients with ABCA4-retinopathies. It is promising to see that the 

protein modeling and in silico analysis used in this study successfully identified 

structural defects in variants found in affected individuals, thus allowing for the 

identification of variants that were expected to be pathogenic. In our recent study, we 

also demonstrated the accuracy of this in silico approach by assessing known 

pathogenic and known benign ABCA4 missense variants retrieved from clinical 

databases [80]. However, it is important to test this in silico approach on a large 

number of variants found in patients with diverse clinical presentations to observe 

whether the predicted structural changes are proportional to disease severity. As a 

transporter protein, ABCA4ôs function is closely related to its dynamic properties 

[145, 146], and some sequence variants can impact the dynamic properties of the 



 

 61 

protein. In this study, we did not assess these potential molecular dynamicsïrelated 

impacts. Also, we did not conduct deep intronic or ABCA4 promoter sequencing, so 

the effects of these potential variants, if present, in cis with the known variants as well 

as the effect of variants in other genes remains unknown. 

Our study shows that the types of structural damage caused by the ABCA4 

variants found in inherited retinal disease patients are consistent with their affected 

phenotypes, the assessments of genetic variation databases, previous functional 

studies, and, for the most part, conventional in silico pathogenicity prediction 

programs. Our computational protein structure method of analysis helps predict the 

functional roles of individual amino acids in the ABCA4 protein and provides possible 

explanations for the pathogenesis of missense mutations. The promising results of this 

small-scale study suggest that this methodology can be extended to larger and more 

diverse cohorts. Additional studies with biochemical and molecular focuses can be 

conducted to better understand all aspects of the variants studied here. We conclude 

from the results of this study that computational protein structure analysis may be a 

helpful adjunct in predicting the pathogenicity of ABCA4 VUS and in disease 

prognosticating. 

Conclusion 

In silico methods are essential elements of biomedical research. Computational 

protein structure analysis is a practical tool used to understand protein structure and 

function, as well as to infer the pathogenic impacts of sequence variations. This study 

illustrated the likely structural consequences of 10 missense variants. Our study 

demonstrated that a disease severity that is closely defined by the age of onset and by 

visual acuity is well associated with in silicoïpredicted protein structural changes 
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caused by missense ABCA4 variants. Determining disease-causing variants is a crucial 

part of clinical management, and we believe that our research will contribute to 

elucidating the molecular pathology of variants associated with ABCA4 retinal 

diseases. 
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Table 2 Phenotypic characteristics of the patients with ABCA4 mutations in Chapter 3. 

aConsanguinity in the family. b A04F and A05F are siblings. c A07M and A08M are siblings. Abbreviation  Pt: Patient, BB: "beaten bronze" 

appearance, CF: count fingers, CHRPE: Congenital Hypertrophy of the Retinal Pigment Epithelium, Dif: diffuse, IVFA: Intravenous fluorescein 

angiography, Mac: Macular, OCT: Optical coherence tomography, GA: geographic atrophy, SD: subretinal deposits, N/A: not applicable, LP: Light 

perception GVF: Goldmann visual field, Constrict: constrict visual field, Central sco: Central scotoma, ffERG: full-field electroretinography, *P: 

Abnormal photopic, *Photopic>Scotopic: Abnormal photopic more affected than scotopic, IsoPhotopic&Scotopic: Isoelectric photopic and scotopic, 

*Scotopic>Photopic: Abnormal scotopic more affected than photopic, mfERG: multifocal electroretinography, *Central: Abnormal central part of 

mfERG, Iso: isoelectric mfERG. 
 

  

Pt. 

No./Sex  

Age of onset/ 

Time from 

onset to first 

seen 

(years) 

 

 

VA first seen  

OD-OS 

Fundus findings 

OCT GVF ffERG mfERG IVFA  
Flecks 

Pig 

clumps 

A01Fa 15 / 8 20/200 - 20/200 Mac RPE alt SD Constrict  *Photopic>Scotopic Iso DC 

A02Ma 15 / 50 LP - LP No Mac SD+GA N/A Iso Photopic&Scotopic N/A N/A 

A03M 13 / 10 20/70 - 20/30 No Mac, BB SD Normal *Photopic *Cen No DC 

A04Fb 
14 / 37 20/400 - CF No Diffuse SD+GA Normal *Scotopic>Photopic Iso DC 

A05Fb 
13 / 29 20/200 - 20/400 Mac Mac SD+GA Constrict  *Photopic>Scotopic Iso No DC 

A06F 8 / 0 20/30 - 20/25 Diffuse CHRPE SD Normal *Photopic *Cen N/A 

A07Mc 
12 / 2 20/125 - 20/100 Mac RPE alt SD Normal *Photopic Iso N/A 

A08Mc 
14 / 3 20/60 - 20/200 Mac RPE alt SD+GA Constrict  Normal *Cen DC 

A09M 6 / 0 20/80 - 20/200 No No SD+GA N/A *Photopic Iso No DC 

A10M 10 / 0 20/100 - 20/125 Diffuse Mac, BB SD+GA N/A *Photopic *Cen DC 

A11F 7 / 1 20/80 - 20/80 No No, BB SD Normal Borderline photopic *Cen N/A 

A12F 9 / 2 20/125 - 20/200 Diffuse No, BB SD+GA Central sco *Photopic *Cen N/A 

A13M 11 / 2 20/40 - 20/30 No No, Bulls Normal Normal N/A *Cen DC 
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Table 3 Genotypic characteristics of the patients with ABCA4 mutations in Chapter 3. 

 Allele 1 Allele 2 

Patient 

No./Sex 

ABCA4 

Variation  

Location 

(Domain) 

ABCA4 

Variation  

Location 

(Domain) 

A01Fa c.4793C>A:p(A1598D) ECD2 c.4793C>A:p(A1598D) ECD2 

A02Ma c.5018+2 T>C sECD2 c.5018+2 T>C sECD2  

A03M c.5714+5G>A sNBD2  c.3758C>T:p(T1253M);c.5882G>A:p(G1961E) RD1, NBD2 

A04Fb c.161G>A:p(C54Y) ECD1 *c.6698A>T:p(E2233V) RD2 

A05Fb c.161G>A:p(C54Y) ECD1              *c.6698A>T:p(E2233V) RD2 

A06F c.1622T>C:p(L541P);c.3113C>T:p(A1038V) ECD1, NBD1 c.4234C>T:p(Q1412*) ECD2 

A07Mc c.1622T>C:p(L541P);c.3113C>T:p(A1038V) ECD1, NBD1 c.5714+5G>A sTMD2 

A08Mc c.1622T>C:p(L541P);c.3113C>T:p(A1038V) ECD1, NBD1 c.5714+5G>A sTMD2  

A09M c.634C>T:p( R212C) ECD1 c.768G>T:p( V256=) ECD1 

A10M c.4139C>T:p(P1380L) TMD2 c.4139C>T:p(P1380L) TMD2 

A11F c.4539+2028C>T sECD2 c.859-13T>C sECD1 

A12F c.850_857delATTCAAGA:p(I284fs) ECD1 c.6184_6187delGTCT:p(V2062fs) NBD2 

A13M c.3292C>T:p(R1098C) NBD1 c.664delG:p(A222fs)  ECD1 

aConsanguinity in the family. b A007F and A008F are siblings. c A014M and A015M are siblings *Novel variant, FS ï Frameshift. NBD: 

Nucleotide Binding domain, ECD: Exocytoplasmic Domain, TDM: Transmembrane Domain, RD: Regulatory Domain. Reference genome 

assembly, GRCh38:Chr1:83457325-104273917, Reference Transcript: NM_000350.3 
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Table 4 Structure analysis and overall pathogenicity assessments of the missense ABCA4 variants in Chapter 3. 

Domain ABCA4 Variants Clinical 

Significance 

Functional in vitro 

Studies 

Pathogenicity 

Prediction 

RMSD In silico 

ææG 

(kcal/mol) 

Protein Structural 

Changes 

ECD1 c.161G>A:p(C54Y) P/LP - P 1.263 +41.7 Broken disulfide bond, 

clashes 

c.634C>T:p(R212C) P/LP ® Expression[17, 56], ®ATP 

binding[17], ® ATPase[56] 

P 0.971 +1.26 Broken H bond 

c.1622T>C:p(L541P) CI Mislocalization,®ATPase[17, 57] P 1.271 +7.65 Buried Pro introduced, 

broken helix 

NBD1 c.3113C>T:p(A1038V) P/LP ® Basal&Stim. ATPase[57], 

Normal subcellular loc.[92] 

B 1.248 +6.6 Slight conformation 

change 

c.3292C>T:p(R1098C) P/LP - P 1.217 +2.49 Lost salt bridge with Asp-

2242  

RD1 c.3758C>T:p(T1253M) CI - P 1.392 +1.54 Premature B-sheet, loss of 

H-bond 

TMD2 c.4139C>T:p(P1380L) P/LP ® Basal&Stim. ATPase[91] P 1.264 +12.2 Clashes, loss of the Pro-

induced kink 

ECD2 c.4793C>A:p(A1598D) P/LP ® Expression, ® ATPase[56] PỜ 1.197 +13.56 Clashes, buried hydrophilic 

introduced 

NBD2 c.5882G>A:p(G1961E) CI ® Basal&Stim. ATPase[17, 57] P 0.985 +31.68 Clashes, buried hydrophilic 

introduced  

RD2 c.6698A>T:p(E2233V) Novel - P 1.350 +0.71 Loss of H-bond: RD2-

NBD1 interaction * 
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Reference genome assembly, GRCh38:Chr1:83457325-104273917, Reference Transcript: NM_000350.3. Informatics-based pathogenicity 

prediction is based on CADD, PolyPhen-2, REVEL, and Consurf amino acid conservation scores [53]. Ờ When there is no absolute consensus, given 

based on the majority's prediction. (See supp. Table S3). *The novel variant c.6698A>T:p(E2233V) was also predicted to impact splicing with 

significant alteration of auxiliary sequences ESE / ESS motifs ratio (-10) (HSF-Pro [54]). The wild-type (WT) and variant protein models were 

predicted in the AlphaFold2 [35] through the ColabFold AlphaFold2_advanced notebook running in Google Colaboratory [46]. The in silico stability 

change prediction is based on the mean of ææGs calculated from all ABCA4 experimental structures (exp.) using the FoldX plugin for Yasara [47, 

48]. ææG is the measure of the free energy change due to an amino acid substitution. ææG Ó 1, the substitution is defined as destabilizing. For ææG 

values based on each protein structure, and their correlations, see supp. files: Figure S5 and Table S4. All other structural analyses were performed in 

PyMOL2. Root-mean square displacement (RMSD) (all-atom) is calculated to determine the structural alignment scores. VUS: Variants of Uncertain 

significance, CI: Conflicting interpretation, NBD: nucleotide-binding domain, ECD: Exocytoplasmic Domain, TMD: Transmembrane Domain, RD: 

Regulatory Domain. 

Table 5  Putative Loss of Function (pLoF) and intronic ABCA4 variants in Chapter 3. 

ABCA4 pLOF and Intronic 

Variants  

Predicted Effect  Predicted Effect on 

Protein 

ClinVar 

Asses. 

c.664delG New Acceptor siteǐ p.A222Qfs*19 P 

c.768G>T Splicing (Exon-intron boundary) ǐ p.V256=fs*12 P/LP 

c.850_857delATTCAAGA Splicing (Broken WT donor site) ǐ p.I284Vfs*33 P 

c.859-13T>C  No impact on splicingǐ ? VUS 

c.4234C>T Nonsense p.Q1412* P 

c.4539+2028C>T 
No impact on splicingǐ 

345-nt pseudoexon insertion 

? 

p.R1514Lfsz3656 
CI 

c.5018+2T>C Splicing (Broken WT donor site) ǐ p.T1675Vfs*30 P/LP 

c.5714+5G>A Splicing (Broken WT donor site) ǐ Skipping of exon 4065 P/LP 

c.6184_6187delGTCT Frameshift p.V2062Tfs*51 P 

ǐHSF-Pro: Human Splicing Finder, version 4 , P: Pathogenic, LP: Likely Pathogenic, VUS: Variants of Uncertain 

Significance, CI: Conflicting interpretation, NP: Not provided. 
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Figure 11 Topological organization of the ABCA4 protein demonstrating the 

missense variants found in the patients in Chapter 3. Transmembrane 

domain 1 (TMD1) aa 22ï45/648ï854, exocytoplasmic domain 1 (ECD1) 

aa 62ï646, nucleotide-binding domain 1 (NBD1) aa 914ï1152, 

regulatory domain 1 (RD1) aa 1153ï1280, transmembrane domain 2 

(TMD2) aa 1375ï1395/1665ï1898, exocytoplasmic domain 2 (ECD2) aa 

1395ï1665, nucleotide-binding domain 2 (NBD2) aa 1916ï2163, and 

regulatory domain 2 (RD2) aa 2164ï2237. (Created with 

BioRender.com.). 
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Figure 12 In silico structure analysis of the missense ABCA4 variants in Chapter 3. 

The variant models (blue) are superimposed and compared with the wild-

type (WT) model or experimental structures (gray). The WT residues are 

shown as yellow sticks, and substitutions are shown as purple. The red 

discs show van der Waals (vdW) overlaps or steric clashing with the 

substitution. They are given only when every possible side-chain 

conformation resulted in clashes in experimental and predicted structures, 

but only the highest possibility conformation is shown here. (A) C54Y 

results in disulfide bond breakage and clashing interactions. (B) R212C 

leads to an intra-domain H-bond breakage. (C) L541P disrupts an Ŭ-helix 

and produces steric clashes. (D) A1038V causes slight conformational 

change. (E) R1098C causes the loss of a salt bridge affecting NBD1ï

RD2 domainïdomain interaction; the RD2 is colored light green. (F) 

T1253M inside the RD1 leads to a loss of the H-bond and a premature ɓ-

sheet. (G) P1380L results in clashing interactions with neighboring 

residues as well as changes in the swivel angle of the transmembrane 

helix and indirectly breaks H-bonds with His-1365 and 

phosphatidylethanolamine (PE; shown in pink). This proline-induced 

kink in the WT transmembrane domain may have a functional role in 

substrate transport across the membrane. The in silico variant (blue) 

model is superposed onto the cryo-EM structure of the human ABCA4: 

7e7o (gray) to show the distortion. (H) A1598D results in steric clashes 

and introduces a buried hydrophilic residue with an expected 

destabilizing effect. (I)  G1961E causes clashing interactions and replaces 

a buried hydrophobic residue with a hydrophilic amino acid. (J) The 

E2233V novel variant in the RD2 results in H-bond breakage with a 

residue in the NBD1 domain (light green). Visualized and analyzed in 

PyMOL2. 
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Figure 13 General workflow of the study in Chapter 3. The genetic and phenotypic 

information collected from a well-defined retrospective cohort of 

ABCA4 retinopathy patients provided a list of ABCA4 missense 

variants, allowing us to test the protein structureïbased computational 

pathogenicity prediction platform. Our analysis methods included 

physically comparing WT and mutant proteins based on observable 

structural changes between the AF2 WT and variant models, evaluating 

thermodynamic stability, examining changes in inter- and intramolecular 

binding/interaction, surface properties, and solvent accessibility, mainly 

using experimental structures. In conjunction with other in silico 

pathogenicity prediction methods, these analyses can aid in 

understanding the genotypeïphenotype association in ABCA4-related 

inherited retinal diseases and in classifying VUS. 
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Figure 14 Pathogenicity evidence of the ABCA4 missense variants in in Chapter 3 

following the American College of Medical Genetics and Genomics / 

Association for Molecular Pathology (ACMG/AMP) guidelines. Our 

study provides varying degrees of moderate and supporting evidence on 

nine missense ABCA4 variants. According to the latest ACMG/AMP 

guidelines, multiple lines of computational evidence provide a third 

degree of supporting evidence. In addition, the genotypic and phenotypic 

information obtained from our retrospective patient cohort provided 

further evidence of pathogenicity. Note that the functional evidence given 

here is derived from a literature search and is cited in Table 4.
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Chapter 4 

VIRUS-LIKE PARTICLES AS ROBUST TOOLS FOR IN VITRO  

FUNCTIONAL ASSESSMENT OF ABCA4 VARIANTS  

The material in this chapter is published in the Journal of Biological 

Chemistry with the title ñVirus-like particles as robust tools for functional assessment: 

Deciphering the pathogenicity of ABCA4 genetic variants of uncertain significanceò 

[147]. 

Introduction  

The retina-specific ABC transporter, ABCA4, has been established as an 

integral component of rod and cone cell disc membranes and is indispensable for 

vision, as it removes toxic byproducts generated through phototransduction from the 

photoreceptor cells in the retina. Variants in the ABCA4 gene have been linked to a 

broad spectrum of inherited retinal degenerations (IRDs), including Stargardt macular 

dystrophy (STGD1, OMIM #248200) [12, 14-16, 37, 45, 81, 82, 142] fundus 

flavimaculatus (FFM) [59, 148-150], autosomal recessive retinitis pigmentosa (arRP, 

OMIM #601718) [12, 44, 46, 59, 60, 84, 151], cone-rod dystrophy (arCRD, OMIM 

#604116) [44, 58, 83, 152-155], and potentially contribute to age-related macular 

degeneration (AMD) [14, 45, 152, 156-159]. These disorders are characterized by 

progressive vision loss, and atrophy of the photoreceptors and retinal pigment 

epithelium, ultimately leading to blindness [160, 161] . Stargardt disease is the leading 

cause of childhood blindness, affecting roughly 1:8,000 to 1:10,000 individuals 

worldwide [47, 48, 162]. As of this writing, 4,043 genetic variants have been 
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identified in the ABCA4 gene, and 1,630 of these have been identified as missense 

(https://www.ncbi.nlm.nih.gov/clinvar/ (accessed on 2 April 2024)).  

Despite ongoing efforts to categorize variants into pathogenic/likely 

pathogenic (P/LP) and benign/likely benign (B/LB) classes, nearly 50% of ABCA4ôs 

missense variants remain unclassified (variants of uncertain significance, VUS) or 

have conflicting interpretations of their clinical significance (CI) (11%) in ClinVar, 

[163-166] . While current computational approaches for predicting variant 

pathogenicity show promise by offering insights into complex biological processes, 

they fall short of meeting the growing demand for accurate predictions as stand-alone 

methods. The structural and functional consequences of the vast majority of these 

variants remain unknown [35, 63, 167, 168]. Understanding the effect of genetic 

variations on disease and providing accurate risk assessment information from 

integrated approaches incorporating functional information is critical to the therapeutic 

assessment of patients [169, 170]. 

The American College of Medical Genetics-Association for Molecular 

Pathology (ACMG-AMP) standards regard well-established in vitro functional 

assessment of genetic variants as strong evidence to assess pathogenicity[171]. 

Despite success in our and other laboratories [6, 7, 15, 41, 45, 53, 61, 72, 80, 83, 88, 

90, 92, 148, 172-174], extensive functional characterization of ABCA4 variants has 

proved difficult due to the challenges associated with working with a 2,273 amino acid 

membrane protein and the number of variants now exceeding 4,000. Traditional 

methods of purifying and characterizing membrane proteins involve detergent 

solubilization from membranes and, for the most part, reconstitution into artificial 

lipid environments.  These steps are time-consuming, prone to protein denaturation, 
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and may disrupt the native conformation and interactions of the protein [74, 175]. 

Hence, the options for high-throughput functional characterization of large membrane 

proteins remain somewhat limited, particularly those that entail detergent 

solubilization of recombinantly expressed transporters followed by reconstitution in 

proteo-liposomes or nanodiscs. Thus, alternative approaches that simplify the 

expression and characterization of ABCA4 are essential to predict its genetic variants' 

molecular and functional consequences. 

In this study, we aimed to establish an efficient virus-like particle (VLP)-based 

platform for the high-throughput functional characterization of a transmembrane 

protein, ABCA4 and its genetic variants. We illustrate that ABCA4 expressed in VLPs 

exhibited native topology, maintained functional activity, and appeared suitable for 

investigating protein behavior using a diverse range of biochemical and biophysical 

techniques without the necessity of lipid reconstitution (Figure 15). We present a 

comprehensive overview of this successful approach, emphasizing its potential for 

high-throughput production of membrane proteins and the functional analysis of their 

disease-associated genetic variants. 

Materials and Methods 

Reagents and Buffers 

ATP-Ŭ-32P was purchased from Perkin Elmer; all-trans-retinal (ATR) from 

Sigma-Aldrich (Cat. # R2500), DOPE (18:1 (ȹ9-Cis) PE (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine)) from Avanti Polar Lipids (Cat. # 850725C), HaltÊ protease 

inhibitor from Thermo Scientific (Cat. # 78425) and TLC plates from Sigma-Aldrich 

(Cat. # Z122882). The following buffers were used in the study: Dulbecco's 
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Phosphate-buffered saline (DPBS) (Cat. #14040133, ThermoFisher Scientific, 

Cleveland, OH): 1X, filtered through 0.22 µm filter; Tris-Buffered Saline-Tween 20 

(TBS-T): 10 mM Tris-HCl, pH:8, 150 mM NaCl, 0.1% (v/v) Tween-20; RIPA Buffer: 

50 mM Tris HCl, 150 mM NaCl, 1.0% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, 

1.0 mM EDTA, 0.1% (w/v) SDS, and 0.01% (w/v) sodium azide, pH 7.4; Buffer A: 

2% Fetal bovine serum (FBS) in 1X DPBS filtered through 0.22 µm filter; Buffer B: 

0.1% BSA (w/v) in DPBS clarified with an Amicon Ultra-4 100-kDa centrifugation 

filter; Buffer C: 25 mM Tris-HCl, pH 7.5, 10% glycerol, 0.1 mg/ml BSA, 5 mM 

MgCl2, and 5 mM DTT. 

Cell Culture 

Spodoptera frugiperda 9 (Sf9) (Cat. # 12659017, ThermoFisher Scientific, 

Cleveland, OH) and Trichoplusia ni BTI-TN5B1-4 (High FiveÊ, Hi5) (Cat. # 

ENH127-FP, Kerafast, Boston, MA) cells were cultured following the vendor's 

recommended protocols. The Sf9 cells were cultured in Gibco SF900-III serum-free 

medium (SFM) (ThermoFisher Scientific, Cleveland, OH) without the addition of 

antibiotics or supplements, while Hi5 cells were supplemented with 5 mM L-

Glutamine. 

Expression and Purification of ABCA4-VLPs in BEVS 

ABCA4-VLP expression in BEVS was conducted as described in the Bac-to-

BacÊ Baculovirus Expression System instruction manual (Invitrogen Life 

Technologies, Carlsbad, CA) with the following modifications. The native ABCA4 

coding sequence corresponding to amino acids 1-2273 of the full-length ABCA4 

protein based on the genome assembly GRCh38:Chr1:83457325-104273917, and 
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Reference Transcript NM_000350.3 was cloned into the pFastBacÊ Dual (pFBD) 

donor plasmid. The pFBD-ABCA4 construct was transformed into competent 

DH10VLPFactoryÊ cells along with empty pFBD to serve as a negative control in 

downstream experiments.  

To generate VLP-producing baculovirus, transfection of the insect cells with 

bacmid construct was performed. Sf9 cells, at a density of 1×106 cells/ml, were 

transfected with the bacmid construct containing the ABCA4 coding sequence. A 

negative control construct was used to generate control VLPs, lacking the ABCA4 

gene, for comparative purposes. Transfections were carried out using a 1:1 DNA-to-

reagent ratio in the six-well-plate setting. Following transfection, cells were 

maintained at 27°C for 72 hours to facilitate baculovirus production. The resulting 

initial titer (V0) was used to achieve a higher titer V1 virus by infecting Sf9 insect 

cells at a 40-60% confluency with 0.5 ml of V0 in the T75 flask setup. The V1 

baculovirus stock was harvested with the cell culture medium 72 hours post-

transfection and used to infect the insect cells for VLP expression. 

The High FiveÊ cell line was chosen for ABCA4-VLP expression due to its 

superior protein expression capacity. Adherent High FiveÊ cells, cultured in a T182 

flask and supplemented with 5 mM L-Glutamine, were infected with 0.40 ml of the 

V1 stock. This was followed by a 2-hour incubation at 27°C with shaking at 60 rpm in 

the dark, and then a 72-hour static incubation. After this period, the culture media, 

containing VLPs, was harvested for purification. 

Throughout the process, the efficiency of baculovirus infection was monitored 

by observing mCherry reporter gene expression under an inverted fluorescence 

microscope after each transfection and infection. Additionally, cells were lysed using 
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RIPA buffer, and the resulting cleared lysates were subjected to Western blot analysis 

to confirm ABCA4 expression. 

Site-directed Mutagenesis of the pFBD-ABCA4 Construct 

To create the variant constructs, c.2894A>G:p.Asn965Ser, 

c.4462T>C:p.Cys1488Arg, and c.5336A>T:p.Tyr1779Phe, site-directed mutagenesis 

was carried out using the Quik-Change® Lightning Site-Directed Mutagenesis Kit 

(Agilent, Santa Clara, CA) following the manufacturer's protocol. The primers used 

for mutagenesis are provided in Supplementary Table S5. Prior to generating the 

recombinant ABCA4-bacmid construct for the variants, the desired mutations and 

absence of unintended mutations were confirmed by DNA sequencing. 

Isolation and Purification of the Virus-Like Particles 

ABCA4-VLPs were recovered from the cell culture media through the 

following steps. The media was clarified through centrifugation at 500 × g for 10 

minutes to remove floating cells, followed by centrifugation at 3,000 × g for 30 

minutes at 4°C to eliminate unwanted cellular debris and bigger particles. 

Subsequently, VLPs were isolated through sedimentation at 100,000 × g at 4°C for 4 

hours. The resulting VLP pellet was resuspended in DPBS. 

For further purification of the VLP sample, Izon qEV1/70nm columns (IZON 

Science, Cambridge, MA) were used according to the manufacturer's instructions. 0.7 

ml fractions were manually collected with DPBS. The fractions confirmed to contain 

ABCA4-VLPs via Western blot analysis were then supplemented with 2 mM of DTT 

and 1X protease inhibitor. 
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Western Blot Analysis 

Western blot analysis (WBA) was conducted to confirm the expression of 

ABCA4 in the insect cells, the presence of ABCA4 in the purified VLP samples, and 

to evaluate the impact of ABCA4 variants on protein folding and membrane 

localization, by comparing the ABCA4 levels in purified VLPs across variants after 

establishing a uniform baseline, achieved by a consistent mCherry reporter signal and 

uniform cell-level expression of ABCA4 across all samples. WBA was carried out 

based on the protein concentration determined by the Bradford assay [176]. An 

ABCA4-specific antibody targeting the Nucleotide Binding Domain 2 (NBD2) (Anti-

NBD2-Rabbit) (Cat. # ab72955, Abcam, Cambridge, UK) was used as a probe. 

Proteins were separated by SDS-polyacrylamide gel electrophoresis using a 3-8% pre-

cast Tris-Acetate gel (Cat. # EA0378BOX, Invitrogen Life Technologies, Carlsbad, 

CA). Following transfer to the nitrocellulose membrane (Cat. #1704158, Bio-Rad, 

Hercules, CA), the membrane was blocked in 5% non-fat dry milk in TBS-T for 60 

min. Primary antibody (anti-NBD2-Rabbit, diluted 1:1000 in 1% non-fat dry milk in 

TBS-T) was added and incubated for 60 min at room temperature, followed by three 

10-minute washes in TBS-T. The membrane was then incubated with anti-rabbit HRP 

secondary antibody (Abcam, ab205718) (diluted 1:10,000 in 1% non-fat dry milk in 

TBS-T) for 30 min and washed with TBS-T. In addition, a GAPDH Loading Control 

Monoclonal Antibody (Cat. #MA5-15738-HRP) was used for the comparison of cell-

level protein expression across WT and variants. For this, after secondary antibody 

staining and additional 3 washing steps of 10 min each, the membrane was incubated 

with anti-GAPDH (diluted 1:1000 in 1% non-fat dry milk in TBS-T) for 1 hour, then 

washed three times in TBS-T. Membranes were subjected to chemiluminescence 

detection using Radiance Plus Chemiluminescent Substrate, Azure Biosystems (Cat# 
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AC2103), then visualized and analyzed using an iBright imaging system 

(ThermoFisher Scientific, Cleveland, OH). 

Flow Cytometry Analysis 

To determine the topological organization of the ABCA4 transmembrane 

protein in this expression system, flow cytometry analysis was performed. ABCA4-

expressing cells were analyzed using specific antibodies targeting different domains of 

ABCA4 to identify the orientation of either ECDs or NBDs towards the outer 

membrane. Empty VLP-expressing cells and uninfected cells were used as negative 

controls along with the appropriate isotype controls. Briefly, 48 hours post-infection, 

1x106 Sf9 cells were washed three times with Buffer A and stained with 10 ɛg/ml of 

either ECD1-specific primary antibody (Cat. # A10556, ABclonal, MA), NBD2-

specific primary antibody (3F4-mouse monoclonal and Anti-NBD2-Rabbit (Abcam)), 

or the respective isotype controls (Rabbit IgG Isotype Control, InvitrogenÊ (Cat. # 

02-610-2) and Mouse IgG2a kappa Isotype Control, eBioscienceÊ (Cat. # 14-4724-

82)) for 30 minutes at room temperature. Subsequently, the cells were washed three 

times with Buffer A, followed by staining with 5 ɛg/ml fluorescently labeled 

secondary antibody (Goat anti-rabbit IgG Alexa Fluor 488, Thermo Fisher, A-11008, 

or Goat anti-Mouse IgG (H+L) Cross-Adsorbed, Alexa FluorÊ 488, A-11001, 

Thermo Fisher, Cleveland, OH,) at room temperature for 30 minutes in the dark. An 

additional staining using only the secondary antibody was performed to both confirm 

the absence of nonspecific binding by the secondary antibody and to determine its 

optimal titer. After three additional washes with Buffer A, the stained cells were 

analyzed using a BD FACSAria Fusion High-Speed Cell Sorter (BD Biosciences, San 
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Jose, CA) at the UDEL Flow Cytometry Core, Delaware Biotechnology Institute, 

Newark, DE. Flow cytometry analysis was conducted in biological triplicates.  

The gating strategy involved selecting cells based on forward (FSC-A) and 

side (SSC-A) scatter, single cells with forward (FSC-H v FSC-A) singlet events, and 

mCherry positive events (for MOI+, V1 viral titer events) in the PE-Texas Red 

channel (600LP, 610/20BP). A minimum of 100,000 events were acquired for each 

sample and evaluated on the FITC channel for ABCA4-Alexa488 expression. Data 

analyses were performed on FlowJoTM software (Version 10.9.0). Initially, 10,000 

events for each MOI+ (mCherry+) population were downsampled using 

DownsampleV3 on FlowJo, followed by gating for ABCA4-Alexa488+ events on the 

FITC channel (502LP, 530/30BP). Median fluorescence intensity (MFI) for ABCA4-

Alexa488+ populations was calculated according to median fluorescence in the FITC+ 

positive gates. 

Nanoparticle Size Determination 

The size of the virus-like particles was determined using the microfluidic 

resistive pulse sensing (MRPS) method with the Spectradyne nCS1 particle analysis 

instrument, hardware version 2. Measurements of VLP samples were taken post-qEV 

column purification, using the 1% tween-20 (v/v) in DPBS microfluidic system for 

priming. Samples (or Buffer B for blank) were diluted (1:1 v/v) in Buffer B and 

loaded into C400 microfluidic cartridges (Spectradyne LLC, CA). Ten seconds of data 

acquisition was repeated until reaching enough samples for <1% error rate. The 

analysis was performed in triplicate. Data was combined and processed in the nCS1 

Data Viewer software (Version 2.5.0.076). Peak filtering, background subtraction, and 
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blank reading CSD (Concentration Spectral Density) file subtraction were applied 

following the manufacturer's operation manual. 

Retinal-Stimulated ATPase Assay 

To determine the biological activity of the ABCA4 in VLPs, the basal and 

retinal-stimulated ATPase assay was conducted following a previously described 

protocol with slight modifications [72]. In brief, 500 µM ATP-Ŭ-32P in Buffer C was 

combined with purified ABCA4-VLP. All VLP samples were diluted to 1 µg/µL total 

protein concentration prior to ATPase measurements. Additionally, the protein content 

of each VLP preparation was verified by SDS-PAGE followed by Coomassie Brilliant 

Blue staining, and WBA. This standardization allowed for a direct comparison of 

ATPase activity between wild-type and variant ABCA4 proteins. A total of 10 ɛL 

reaction mixture with or without 40 ɛM all-trans-retinal (ATR) - 140 µM PE (1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine; DOPE) mixture was incubated in the 

dark at 37ºC for 60 minutes. The radioactive mixtures were spotted on PEI cellulose 

plates. The strips were developed in a thin-layer chromatography (TLC) chamber in 1 

M formic acid, 0.5 M LiCl solution. The spots containing the separated ADP and ATP 

were visualized and excised from the strips under UV fluorescence. The strips were 

counted using a Beckman 6500 liquid scintillation counter. The obtained data were 

used to calculate ATPase activity (pmol/min) using GraphPad Prism software 

(GraphPad Software, Inc. CA). All assays were performed in independent biological 

triplicate and reported with Standard Deviation (SD). 
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In Silico Protein Structure Analysis 

The in silico structure analysis of the variant proteins was performed as 

outlined previously [80] using available experimental structures of human ABCA4 

[26-28] and the refined AlphaFold2 models [105, 106]. PyMOL2 software (The 

PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC, New York, NY) 

was used for protein model visualization and analysis. 

In addition, computational pathogenicity prediction for the p.Y1779F VUS was 

conducted using PolyPhen-2 [64], REVEL [68], MutationTaster [66], CADD [67], and 

ConSurf [102]. 

Other Methods 

Protein concentrations were determined by the Bradford method [176] using 

bovine serum albumin as a standard. 

Statistical Analysis 

ATPase activity assays were performed in triplicate for both wild-type and 

ABCA4 variants (N965S, C1488R, Y1779F). A one-way ANOVA was used to 

compare the basal ATPase activities of each variant with the WT. Subsequently, a 

separate one-way ANOVA was used to compare the fold-change in retinal-stimulated 

ATPase activities. Model residuals were examined for outliers, normality, and 

variability using externally studentized residuals with 95% simultaneous limits 

(Bonferroni), individual limits analyses, residual normal quantile plots, and leverage 

plots, and were found consistent with ANOVA assumptions. 
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Results 

VLPs as a Vehicle for Recombinant Membrane Proteins 

We have produced enveloped virus-like particles (VLPs) by co-expressing a 

membrane protein of interest and a structural viral core protein (in this instance, 

Influenza virus matrix proteins) in a baculovirus expression vector system (BEVS). 

Unlike other sources of membrane proteins extracted from cell membranes, VLPs are 

readily available in cell culture media, homogeneous and physically well-defined and 

present high concentrations of target membrane proteins in their native structure [77, 

177]. Our results demonstrate the efficacy of VLP-based expression platform in 

elucidating the functional impact of ABCA4 variants. An overview of the 

experimental platform's design is presented in Figure 16. 

Expression and Purification of ABCA4 in Enveloped Virus-Like Particles 

The Bac-to-BacÊ Baculovirus Expression System was employed to achieve 

transient expression of ABCA4-VLPs in insect cell lines. The expression of ABCA4 

in High FiveÊ insect cells was confirmed through Western blot analysis (WBA) of 

cell lysates, using an ABCA4 domain-specific antibody as a probe. The antibody 

detected a clear band corresponding to the expected molecular weight of ABCA4, and 

comparable to that of the control ABCA4 protein produced in the HEK 293 cell line 

(Figure 17A). An additional higher molecular weight band was observed, likely 

indicative of post-translational modifications occurring in ABCA4 [178, 179] (Figure 

17A). To confirm the presence of ABCA4 in the virus-like particles, in parallel, WBA 

of ABCA4-VLPs was carried out.  The results identified comparable-sized ABCA4 

bands, suggesting successful protein folding and targeting of the protein to the cell 

surface plasma membrane, leading to its incorporation of the protein into self-
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assembling VLPs (Figure 17A). The purified ABCA4-VLP samples showed high 

recovery, as confirmed by the WBA after size exclusion column purification (Figure 

17B). 

Characterization of ABCA4-VLPs 

ABCA4 expressed on insect cell plasma membrane maintains a uniform and native 

topology  

The native topological arrangement of ABCA4 in the photoreceptor outer 

segment discs is characterized by its NBDs facing the cytoplasm and ECDs oriented 

towards the disc lumen, and this is essential for its proper functioning in vivo. To 

investigate the topological orientation of the ABCA4 protein within the lipid-bilayer 

structure in our in vitro system, we employed flow cytometry analysis to assess the 

cell surface expression of ABCA4 in the insect cells. Given that the transmembrane 

protein ABCA4 is incorporated into the enveloped VLPs through budding from the 

cell plasma membrane, we inferred that the topological organization of ABCA4 on the 

cell surface would reflect that of the VLP structure (Figure 18A). 

To examine ABCA4 protein orientation in the membrane, we utilized 

topologically opposite ABCA4 antibodies, two targeting the NBD2 domain and 

another specific to an epitope on the ECD1 domain, followed by an indirect detection 

using a secondary antibody conjugated with the AF488 fluorophore (Figure 18B). We 

observed a strong AF488 fluorescence signal with the NBD2-specific antibodies 

relative to that observed with the ECD1-specific antibody. The weak signal observed 

with ECD1 antibody staining was likely attributable to non-specific binding to the cell 

surface (Figures 18C & 18D).  The negative control experiments, including isotype 

controls, secondary antibody-only, and empty VLP staining, did not give any signal 
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(Supplementary Figure S6). Our findings confirm that ABCA4 maintains its native 

topology in the VLP assembly, with NBDs oriented towards the external side of the 

insect cell plasma membrane, akin to their cytoplasmic orientation in the outer 

segment discs of photoreceptor cells, while the ECDs remain inside the cells, 

corresponding to their luminal localization (Figures 18A-D). 

Nanoparticle size analysis  

 To evaluate the size distribution, homogeneity, and concentration of the 

purified VLP preparation, nanoparticle size analysis was performed using microfluidic 

resistive pulse sensing (MRPS) (Spectradyne nCS1). We observed a single peak with a 

mean diameter of 93 nm for the particles (Figure 18E). This analysis also indicated a 

high yield of particles in the culture media with a concentration of 5.66×1010 ml-1 +/- 

3.20×108 ml-1 post-qEV column purification, further supporting efficient production 

and release of VLPs from the insect cells (Figure 18E). 

ABCA4 Produced in Virus-Like Particles Demonstrates Retinal Stimulated ATPase 

Basal and retinal stimulated ATPase of the wild-type ABCA4 in the virus-like 

particles - To verify the functional integrity of ABCA4 within VLPs, we assessed the 

basal and retinal stimulated ATPase activity of ABCA4 in the VLPs. Assaying retinal 

stimulated ATPase was chosen as it is a good readout of ABCA4 functionality as it 

simultaneously examines both nucleotide hydrolysis and substrate (retinal) interaction, 

specific for ABCA4. ATP hydrolysis was measured under basal conditions and with 

retinal stimulation (in the presence of ATR-DOPE mixture forming N-retinylidene-

phosphatidyl ethanolamine (NRPE)) using an Ŭ-32P-ATP thin-layer chromatography-

based assay [71, 180, 181]. To differentiate the nucleotide hydrolysis activity 
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associated specifically with ABCA4 and exclude the influence of other potential 

membrane proteins native to High FiveÊ insect cells, we subtracted the ATPase 

activity of the negative control VLPs from that of the ABCA4-VLP. We found that 

ABCA4, expressed in the VLPs, was able to hydrolyze ATP in the rate of 7.78 

pmol/min per µg of total VLP protein concentration, and this rate is increased to 20.9 

pmol/min.µg in the presence of retinal substrate (Figures 19A & 19B). Our findings 

indicate that ABCA4 expressed in the VLPs retains its enzymatic activity. 

ABCA4 Produced in Virus-Like Particles as a Useful Platform for the Analysis of 

Retinal Degenerative Disease Associated Genetic Variants 

To determine the efficacy of the VLP platform for studying ABCA4 variants, 

we examined two known Stargardt disease-associated pathogenic ABCA4 variants, 

p.N965S and p.C1488R [17, 42, 88, 130, 154, 182], in the VLP platform. 

ABCA4 variant p.N965S is found at substantially reduced levels in virus-like particles. 

We investigated the potential impacts of variants on protein folding and 

membrane localization by comparing the ABCA4 targeting levels to VLPs. We first 

ensured uniform infection rates across samples, confirmed by consistent mCherry 

reporter gene expression (Figure 20A), and equivalent ABCA4 expression levels in 

Hi5 cell lysates across wild-type and variants (Figure 20B), which allowed us to 

attribute any observed differences in ABCA4 membrane targeting or activity directly 

to the effects of the variants. Furthermore, we ensured uniformity of purified VLP 

particles by confirming that the SDS-PAGE profiles of the VLPs demonstrated 

comparable levels of endogenous membrane proteins, indicating that different levels 

of ABCA4 in the VLP samples are not due to variations in the sample preparation. 
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 Despite similar expression levels in cell lysates, WBA of purified VLP 

samples revealed a significant reduction in ABCA4 levels for the p.N965S variant 

with only 43% of wild-type levels (Figure 20C & Supplementary Table S6). This 

suggests that the p.N965S variant leads to protein misfolding, preventing its proper 

localization to the membrane. 

Functional characterization of the ABCA4 disease-associated variants p.N965S and 

p.C1488R  

To assess the impact of the N965S and C1488R variants on the enzyme 

function of ABCA4, we compared their basal and retinal-stimulated ATPase activity 

with WT ABCA4-VLPs. Titration experiment of VLP-ABCA4-WT was performed to 

determine the optimal enzyme concentration, where maximum hydrolysis occurs 

while the activity remains within the linear range (Supplementary Figures S7 & S8). 

Based on this assessment, we chose to use 1 µg of each VLP sample for the 

comparison. At this concentration, the ATPase activity of the WT exhibited a 2.2-fold 

stimulation in the presence of the retinal substrate (NRPE). 

The basal ATPase activity of the N965S variant was only 39.8% of that 

observed in WT ABCA4 (p < 0.001), highlighting a substantial decrease, which could 

be reflective of the decreased targeting of the variant protein to the VLPs. In contrast, 

the C1488R variant retained its activity at approximately 80% of the WT level (p < 

0.01) (Figure 20D). The N965S ABCA4 basal level ATPase activity was stimulated 

by 1.8-fold in the presence of NRPE, indicating a substantial, though attenuated 

response compared to WT, which is not statistically significant difference. (Figure 

20D). In contrast, for the C1488R ABCA4 variant, no appreciable stimulation of 
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ATPase activity was observed in the presence of NRPE (p=0.0056), highlighting a 

distinct response profile between the two variants. 

Functional Characterization and Pathogenicity Assessment of a Variant of Uncertain 

Significance, p.Y1779F 

In parallel with our analyses of the known pathogenic variants, we extended 

our investigation to include a VUS, p.Y1779F, as a proof of concept of the utility of 

this platform to assess VUS. VLPs harboring ABCA4 p.Y1779F were produced and 

purified. Its expression was analyzed by WBA and ATPase activities were determined. 

p.Y1779F maintains membrane targeting 

Consistent with our approach for the previously characterized variants, we 

ensured uniform infection rate and expression level compared to WT, as evidenced by 

mCherry reporter, and WBA of cell lysates (Figures 20A & 20B). The Western blot 

analysis of VLPs indicated that the Y1779F variant was successfully targeted to and 

incorporated into the VLP membrane at levels equivalent to the wild-type protein, 

implying correct membrane targeting of this variant (Figure 20C). Furthermore, flow 

cytometry analysis revealed that the topological orientation of the p.Y1779F variant 

remained unchanged, exhibiting the same topology as the WT ABCA4 in the cell 

plasma membrane (Supplementary Figure S9). 

p.Y1779F variant exhibits altered ATPase activity 

p.Y1779F variant demonstrated 79% of the WT basal ATPase activity 

(p=0.0009). However, its ATPase activity showed approximately 1.7-fold retinal 

stimulation, compared to the 2.2-fold increase observed in the WT, indicating 
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reduction in the variant's response to its substrate, which is statistically not significant 

(Figure 20D).  

p.Y1779F variant may affect protein structure 

Computational analysis of the ABCA4 structure revealed that the Tyr-1779 

residue plays a crucial role in maintaining intradomain interactions, particularly by 

forming a hydrogen bond with a residue located in an adjacent Ŭ-helix. As shown in 

Figure 20E, the substitution of Tyr-1779 with Phenylalanine (Phe) disrupts this 

interaction, which may be the reason behind the proteinôs functional impairment. 

Overall, the p.Y1779F variant demonstrates structural and functional 

alterations as evidenced by both in silico structure predictions and in vitro functional 

characterization.  This variant's absence in population databases, its occurrence at a 

highly conserved residue, and its classification as likely pathogenic by multiple 

pathogenicity prediction tools; PolyPhen-2 [64], REVEL [68], CADD [67], and 

MutationTester [66] suggests a probable pathogenic impact. 

Discussion 

We sought to develop a simple, high-throughput approach to assess the 

consequences of ABCA4 genetic variants on protein function without the need for 

detergent solubilization, purification, and reconstitution. This method would be 

particularly valuable for the analysis of ABCA4 variants of uncertain significance 

(VUS) as well as other clinically important membrane proteins. Our results 

demonstrated the feasibility of the virus-like particle (VLP) platform for the 

expression and functional characterization of the ABCA4 transmembrane protein and 

its variants. Our findings showed that the ABCA4 protein expressed in insect cells 
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maintains a native and uniform topology, and it is biologically active with respect to 

retinal-stimulated ATPase activity within the VLP structure. Additionally, we 

demonstrated the platform's efficacy through the in vitro characterization of two 

clinically relevant and well-studied pathogenic ABCA4 genetic variants, namely 

p.N965S and p.C1488R. These variants have been identified in numerous individuals 

affected by the disease, including some cases of homozygosity [42, 88, 127, 154, 182-

187]. 

Previously, the capture of multi-pass membrane cell surface proteins in virus-

like particles has been successfully employed in mammalian cell cultures, including 

G-protein coupled and insulin receptors, for the study of ligand-protein interactions as 

immunogens and therapeutic agents [188-191]. In this study, we utilized an insect cell 

expression system to produce the VLPs. We have been able to successfully express 

ABCA4 in insect cells along with concomitant, robust trafficking to the VLPs; to the 

best of our knowledge, this represents the first report of an ABC transporter in insect 

cell-derived VLPs, and also the first study that employs the VLP system as a platform 

for the functional characterization of a membrane protein and its disease-associated 

variants.  

In our insect cell-based expression system, we observed that the wild-type 

ABCA4 protein was effectively directed to the plasma membrane. This was evident by 

its presence in isolated VLPs, which, due to their formation and secretion processes, 

selectively carry cell membrane surface proteins. Flow cytometry analysis further 

confirmed the efficient targeting of ABCA4 to the insect cell surface in our system. 

This contrasts with some earlier studies that transiently expressed ABCA4 in 

mammalian cell cultures, where it was found that even the wild-type ABCA4 was 
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primarily located in internal membranes [17, 53, 57, 173, 174]. Nevertheless, a recent 

study reported that wild-type ABCA4 is expressed on the plasma membrane in HEK-

293T mammalian cells [192]. Furthermore, the rhodopsin protein, which shares the 

native location with ABCA4, has also been shown to localize on the surface of 

mammalian cells in vitro [193-195]. The reasons behind this variable localization of 

ABCA4 in different heterologous expression systems are not obvious.  

Pathogenic ABCA4 missense variants can be those that impact protein structure 

and function, leading to loss of ABCA4 enzymatic function; although in some cases, 

an amino acid substitution is associated with protein misfolding, resulting in retention 

in the Golgi/ER and a failure to target the outer segment discs of the photoreceptors.  

The phenotypic impact of a misfolding variant can be highly significant since the 

protein never reaches its required cellular destination [193]. In our study, we were able 

to easily identify the N965S variant in the VLP platform as a variant that led to 

misfolding.  Although we found that the N965S was expressed at the same levels as its 

wild-type counterpart, its limited ability to integrate in the VLP suggested failure to be 

targeted to the membrane, consistent with previous reports on this variant conducted in 

a knock-in mouse model showing its retention in the Golgi/ER [130]. Comparison of 

the ABCA4 levels in VLPs of the C1488R variant with WT revealed no differences, 

suggesting that the pathogenicity of this variant is not due to Golgi/ER retention. 

Although several reports support the pathogenicity of the C1488R [42, 81, 88], we 

were unable to locate any in vitro or in vivo studies that describe the cellular 

mistargeting of this variant, supporting that the deficit arises from the loss of protein 

function.  
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The ATP-driven transport of retinoids in the photoreceptor outer segment discs 

is a well-known biological function of ABCA4, which is essential for the continued 

operation of the visual cycle [1, 196]. Numerous research groups have established that 

the ABCA4 protein ATPase activity is stimulated by all-trans retinal, as well as its 

Schiffôs base N-retinylidene-phosphatidyl ethanolamine (NRPE) and its derivatives [6, 

83, 197]. Our study confirmed that the wild-type ABCA4 protein expressed using the 

VLP platform exhibits a 2.2-fold retinal stimulation in ATPase activity, similar to 

what is observed in other expression systems. For instance, ABCA4 expressed in 

HEK293 cells and reconstituted into proteoliposomes exhibits a retinal-stimulated 

increase of Ó2 fold [17, 26, 27, 57]. This comparison highlights the consistency of our 

VLP-based system with established expression systems. Using this platform, we have 

examined two well-characterized ABCA4 variants, N965S and C1488R, to validate 

the efficacy of the VLP system in assessing the effects of missense variants.   

The N965S variant is one of the most common ABCA4 variants in Danish and 

Chinese populations [127, 184, 185]. Our data indicate that the reduced plasma 

membrane representation of the N965S variant is only 49% of wild-type levels, and 

likely accounts for the decrease in ATPase activity observed relative to the WT. The 

evaluation of variant protein activity using the VLP platform revealed that ABCA4 

p.N965S retained its retinal-stimulation of basal level ATPase activity. In contrast to 

our observations, a previous study analyzing the p.N965S variant reported a complete 

loss of retinal-stimulated ATPase [130]. However, this investigation analyzed 

recombinant ABCA4 protein that was extracted, purified, and reconstituted from 

mammalian cell lines, which may account for the observed differences. Quazi et al. 

reported, this variant has exhibited 37% of the N-retinylidene-PE transfer activity 
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relative to the WT ABCA4 [9]. The p.N965S variant localizes to the Walker A 

nucleotide binding motif of the NBD1, which interacts with the ATP molecule 

(Figure 20E) and, therefore, would be expected to impact the ATPase activity of this 

domain [80]. Despite this, the consistent rate of basal activity with VLP targeting and 

the maintained retinal stimulation of ATPase activity in the N965S variant indicate 

that the protein retains functional capacity within the VLP system.  This retention is 

likely due to the complex interaction network within the protein, where multiple 

residues, including those in NBD2, contribute to ATP binding and hydrolysis. This 

nuanced understanding highlights the importance of considering both membrane-

targeting levels and intrinsic enzymatic activity when assessing the impact of genetic 

variants. These consequences are consistent with clinical reports that this mutation 

exerts a significant and early impact on retina function [127, 184, 185]. 

Consistent with previous reports examining the biochemical consequences of 

the p.C1488R, this variant produced in the VLP platform displayed a minor 

attenuation of basal ATPase activity while losing almost all retinal stimulation. These 

results are also in line with our previous findings indicating reduced all-trans-retinal 

binding affinity of this variant protein [8]. This variant has been previously shown to 

have a destabilizing effect on the protein structure in silico, with the disruption of a 

disulfide bond between residues Cys-1488 and Cys-1502 [80], which, based on the 

cryoEM structure of the protein, is important in maintaining the retinal binding pocket 

(Figure 20E) [27, 80], helping to explain our findings.  

Our VLP-based in vitro functional assessment reveals that the Y1779F variant 

exerts a moderate, yet discernible, deleterious impact on ABCA4 protein function. 

Categorized as a VUS in the ClinVar database, the Y1779F variant exhibits a 



 

 93 

diminished response to retinal stimulation. Examination of this variant by flow 

cytometry demonstrated that the topological orientation of the p.Y1779F variant 

remained unchanged, exhibiting the same topology as the WT ABCA4 in the cell 

plasma membrane. In silico structural analyses further highlight the molecular 

implications of this variant, demonstrating disrupted intradomain interactions within 

ABCA4. Such molecular alterations are likely contributors to the functional deficits 

we observed in our experimental assays. While these findings suggest a potential 

pathogenic impact, further studies, including transport assays, are necessary to 

definitively classify the pathogenicity of Y1779F. 

The VLP-based expression system appeared to be a valuable tool for the 

expression of large transmembrane proteins like ABCA4 by simplifying the 

expression and purification process while preserving the protein's native-like 

environment for functional studies and pathogenicity analysis. However, additional 

assays would be needed to detect and distinguish other variants that uniquely affect the 

transport event itself. With that said, the fundamental attributes that would be 

necessary for transport, such as retinal-stimulated ATPase, can be assessed in the VLP 

platform.  Findings from the VLP characterization platform aligned well with and 

extended the existing literature on ABCA4 variants, demonstrating the efficacy of this 

method in the functional analysis of genetic mutations associated with retinal diseases 

(Table 6). Our study supports the application of the VLP platform for future research 

on ABCA4-related IRDs, providing valuable insights into disease mechanisms and 

facilitating pathogenicity prediction of the large number of ABCA4 genetic variants of 

unknown clinical significance.  
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Conclusion 

In vitro functional studies of ABCA4 variants are crucial for the enhanced 

evaluation of which sequence variants are pathogenic and which are benign population 

SNPs. Nevertheless, traditional methods for purifying and characterizing 

transmembrane proteins, like ABCA4, face various limitations. In this study, we 

successfully utilized a virus-like particle (VLP) platform to express and purify 

functionally active ABCA4 transmembrane protein in an insect cell culture system. 

This approach offers significant advantages in terms of simplicity and efficiency, 

enabling the higher throughput functional characterization of ABCA4 protein variants. 

This approach could aid in improving diagnostic precision by reclassifying the 

disease-causing ABCA4 variants of uncertain significance and, quite plausibly, broader 

applicability to other transmembrane proteins and their related genetic disorders. 
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Table 6 Comparative Analysis of Functional Impacts on ABCA4 Variants: 

Previous Findings vs. Current Study. This table summarizes the 

functional characterization of ABCA4 variants c.2894A>G:p.N965S, 

c.4462T>C:p.C1488R, and c.5336A>T:p.Y1779F and compare our 

VLP-based characterization findings with previous findings. 

Variant  Previous Findings This Study 

c.2894A>G:p.N965S 

-Misfolding and Golgi retention 

in a knock-in mouse model 

[130]. 

-Decreased basal and retinal-

stimulated ATPase activity 

[130]. 

-Reduced the N-retinylidene-PE 

transfer activity [9]. 

Suggests misfolding and retention 

in Golgi/ER based on reduced 

VLP targeting.  Reduced basal 

ATPase activity but retinal 

stimulation is largely retained. 

c.4462T>C:p.C1488R 

Disrupted a disulfide bond [26], 

reduced retinal binding affinity 

[8] Decreased ATPase activity 

in the presence of titrated ATR 

[17]. 

Minor decrease in basal ATPase 

activity and significant loss of 

retinal stimulation. 

c.5336A>T:p.Y1779F N/A (VUS) 

-In silico analysis indicates 

disruption of intradomain 

interactions.  

-Minor reduction in basal ATPase 

activity and diminished response 

to retinal stimulation. 
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Figure 15 Schematic representation of ABCA4 protein expression using a virus-

like particle (VLP) system. ABCA4 is assembled into the membrane of VLPs within a 

host cell, mimicking its native membrane topology. Upon release into the culture 

media, the ABCA4-VLPs maintain their functional activity, enabling studies on ATP 

hydrolysis and interaction with the retinal substrate without the need for lipid 

reconstitution. This method facilitates the analysis of ABCA4ôs function and the 

impact of genetic variations relevant to retinal diseases. (Created with 

BioRender.com). 
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Figure 16 Experimental workflow of the study in Chapter 4. Overview of the three 

key elements of the virus-like particle (VLP) platform, demonstrating its 

potential as a valuable tool in the functional study of membrane proteins 

and the characterization of their disease-associated variants. (Created 

with BioRender.com). 
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Figure 17 ABCA4 protein expression and VLP targeting analysis. (A) Western blot 

of ABCA4 protein expression in High FiveÊ (Hi5) insect cell lysates 

and VLP preparations using antibody against ABCA4. From left to right, 

lanes represent: SpectraÊ Multicolor High Range Protein Ladder (Cat# 

26625), ABCA4 from HEK293 lysate (positive control), Hi5 cell lysate 

infected with VLP-producing negative control baculovirus (negative 

control), ABCA4-VLP-producing Hi5 cell lysate, control VLP, and 

ABCA4-VLP. Two distinct bands were observed, with the top band 

likely indicative of post-translational modifications occurring in ABCA4. 

Only the ABCA4-expressing cells and ABCA4-VLP samples show a 

specific ABCA4 signal. Samples were loaded based on an equal total 

protein concentration, as determined by the Bradford assay. (B) Western 

blot analysis of the purified ABCA4-VLP fractions with size exclusion 

chromatography (Izon qEV1/70nm). The initial 2.8 ml was pooled as the 

default buffer volume (void volume). Fractions were loaded as 20 µl. 
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Figure 18 ABCA4 is expressed with NBD domains projecting outwards from the 

lipid bilayer of the VLP. (A) Illustration demonstrating the principle that the VLP 

surface topology mirrors the host cell surface. This similarity arises because the VLP 

buds off unidirectionally from the host cell, thus inheriting its membrane 

characteristics. (B) Flow cytometry experimental design to assess membrane topology 

of the ABCA4 protein expressed in insect cells. (C) Representative flow cytometry 

analysis of Sf9 cells using domain-specific antibodies demonstrated a uniform 

topology of the ABCA4 in the cell plasma membrane, with NBDs outward facing, 

supporting a native and uniform topology of ABCA4 in the VLP assembly. The 

representative plots depict the following: VLP-expressing cells without ABCA4 

stained with an NBD2-specific polyclonal antibody (top left), ABCA4-VLP-

expressing cells stained with an ECD1-specific antibody (polyclonal) (top right), and 

ABCA4-VLP-expressing cells stained with NBD2-specific polyclonal and monoclonal 

antibodies (bottom left and right, respectively). (D) Histograms showing the median 

fluorescence intensity (MFI). (E) ABCA4 is produced in VLPs of uniform size 

distribution.  Microfluidic Resistive Pulse Sensing (MRPS) analysis (Spectradyne 

nCS1) was used to determine the size distributions of ABCA4-VLPs in solution. The 

diluted VLPs were evaluated in triplicate experiments at a temperature of 23ºC, and 

the results were combined to generate the illustrated size distribution of ~93 nm.  

(Created with BioRender.com). 
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Figure 19 ABCA4-VLPs maintain functional activity and specifically demonstrate 

retinal-stimulated ATPase. (A) ATPase activity of empty VLPs and 

ABCA4-VLPs were measured in the presence or absence of 40 µM all-

trans-retinal in the presence of PE (DOPE). All VLP samples were 

diluted to 1 µg/µL total protein concentration using the Bradford assay, 

and ATP hydrolysis rates are presented as pmol/min per µg of total VLP 

protein concentration. The reactions were incubated at 37ºC for 60 min 

under low light conditions. (B) Blank subtracted analysis illustrating the 

ABCA4 attributable ATP hydrolysis in the VLPs. The error bars 

represent the standard deviation, based on assays performed in 

independent biological triplicate. 
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Figure 20 Comparative analysis of WT and variant ABCA4 proteins. (A) 

Fluorescence microscopy images of Hi5 cells depicting the mCherry 

reporter expression, indicating successful baculovirus infection. The 

infection rates are compared across cells expressing empty VLPs (- 

control), VLP-ABCA4 WT and variant proteins. Scale bars = 275 µm. 

(B) Western blot analysis showing the expression levels of ABCA4 in 

High FiveÊ (Hi5) insect cell lysates for wild-type (WT) and variants 

N965S, C1488R, and Y1779F, with the expression of GAPDH as a 

loading control. Samples were loaded based on 5 µg total protein 

concentration, as determined by the Bradford assay. (C) Western blot 

analysis of ABCA4 levels in virus-like particle (VLP) samples, with 10 

µL of each sample loaded. Quantitative analysis of independent triplicate 

blots is provided in Supplementary Table S6. (D) Graph comparing the 

basal and retinal-stimulated ATPase activity of ABCA4-VLPs for WT 

and each variant. The data represents the mean of relative enzymatic 

activity Ñ SD for n Ó 3, where each point represents independent 

biological replicate experiment. Statistical analysis of basal activities was 

performed using one-way ANOVA followed by Tukey post hoc 

comparisons. ANOVA explained 97.1% of the variation (F(3,9)=99.8, 

p<0.0001). Post hoc tests showed significant differences between WT 

and N965S (p<0.0001), Y1779F (p=0.0009), and C1488R (p=0.001). For 

retinal-stimulated activity (fold-change), ANOVA explained 71.1% of 

the variation (F(3,9)=7.4, p=0.0084), with a significant difference 

between WT and C1488R (p=0.0056). ** P < 0.01 *** P < 0.001 versus 

WT. ** P < 0.01 *** P < 0.001 versus WT. (E) In silico protein structure 

analysis, pinpointing the localization of variants within the context of the 

overall three-dimensional structure of ABCA4. As previously shown 

[80], the Asn-965 residue is located in the Walker A sequence of NBD1 

and binds to the ATP molecule, which is disrupted with the Ser 

substitution. In contrast, the p.C1488R variant is in the ECD2, which has 

been shown to be involved in the substrate interaction. The substitution at 

Y1779F leads to a loss of a hydrogen bond, which is likely critical for 

TMD2 intradomain interaction. (Created with BioRender.com). 
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Chapter 5 

DECIPHERING THE PATHOGENICITY OF ABCA4 VARIANTS OF 

UNCERTAIN SIGNIFICANCE  

Introduction  

The ABCA4 gene, the most polymorphic gene linked to IRDs, currently has a 

total of 4,096 variants reported in the ClinVar database. More than 1,600 of these are 

missense variants, and remarkably, around half of the missense variants are classified 

as VUS (https://www.ncbi.nlm.nih.gov/clinvar/, accessed on 10 September 2024). The 

disproportionate prevalence of missense VUS among all ABCA4 variants emphasizes 

the need for a focused study of these specific variants. 

This chapter expands on the previously developed in silico pipeline and virus-

like particle (VLP)-based functional assays, applying these methodologies to a 

selected subset of ABCA4 missense VUS. Specifically, we assess the pathogenicity of 

seven VUS (p.Y345D, p.Y603F, p.L844R, p.G1559E, p.Y1889N, p.E2031K, 

p.Y2165C). Three of these VUS (p.Y603F, p.G1559E, p.Y2165C), highlighted in 

Chapter 2 due to their structural significance, are now evaluated functionally. 

Additionally, a benign variant (p.T1428M), which was structurally assessed in Chapter 

2, serves as a control, analogous to the use of pathogenic variants p.N965S and 

p.C1488R in the previous chapter. The remaining VUS were selected based on initial 

structural assessment, indicating potential deleterious effects. 

Of particular interest are the four VUS involving tyrosine (Tyr) substitutions. 

Tyrosine, an aromatic amino acid, plays a crucial role in protein stability and function 

due to its unique phenolic hydroxyl group, which enables various interactions. Its 

amphipathic nature facilitates membrane protein orientation, anchoring the protein 

https://www.ncbi.nlm.nih.gov/clinvar/
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within the lipid bilayer. In ABCA4, Tyr residues are typically located at the interface 

between the lipid bilayer and the aqueous environment, where they contribute to the 

proteinôs structural integrity (Figure 21A). Many Tyr side chains in ABCA4 form 

hydrogen bonds, likely stabilizing interactions between key domains (Figure 21B). In 

addition to hydrogen bonding, the aromatic ring of tyrosine is involved in non-

covalent interactions, such as ˊ-ˊ and cation-ˊ interactions. These interactions are 

thought to play a significant role in substrate binding, as observed in cryo-EM 

structures (Figure 21B) [27]. Substituting Tyr with a non-aromatic residue in these 

regions could disrupt these stabilizing interactions, potentially impairing the proteinôs 

function. Moreover, the extracytoplasmic domain 1 (ECD1) of ABCA4 contains a 

disproportionate number of tyrosine residuesð23 out of a total of 65ðsuggesting that 

Tyr in this domain may be of particular interest for functional studies (Figure 21C).  

Overall, missense mutations of Tyr residues could have significant 

implications for ABCA4ôs structural and functional integrity, disrupting hydrophobic 

and hydrophilic interactions, destabilizing domain-domain communication, and 

impairing membrane orientation, ultimately leading to protein dysfunction. 

In this study, we elucidated the functional consequences of these specific 

missense VUS in ABCA4, providing critical insights that may inform their 

reclassification under the ACMG/AMP guidelines for pathogenicity. 

Materials and Methods 

The in silico methods used in this chapter follow the same protocols as 

outlined in Chapters 2 and 3, while the in vitro methods followed the same protocols 

as described in Chapter 4, with minor adjustments for specific variant analyses. Key 

experimental details are summarized below. 
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Computational Protein Structure Analysis and Pathogenicity Prediction 

The structural analysis of ABCA4 variants was conducted using available 

cryo-EM structures [18-25], and AlphaFold2 [105, 106] models as detailed in 

Chapters 2 and 3 [80, 121]. Structural changes were visualized using PyMOL2 

software [198], while pathogenicity predictions were performed using PolyPhen-2 

[64], REVEL [68], CADD [67], AlphaMissense [199], and MutPred2 [97]. Allele 

frequencies were sourced from the GnomAD database [103], and evolutionary 

conservation scores were obtained from ConSurf [102]. 

Site-Directed Mutagenesis, Expression and Purification of ABCA4-VLPs 

Variant constructs (c.1033T>G (p.Tyr345Asp), c.1808A>T (p.Tyr603Phe), 

c.2531T>G (p.Leu844Arg), c.4283C>T (p.Thr1428Met), c.4676G>A (p.Gly1559Glu), 

c.5665T>A (p.Tyr1889Asn), c.6091G>A (p.Glu2031Lys), and c.6494A>G 

(p.Tyr2165Cys)) were generated with site-directed mutagenesis using the 

QuikChange® Lightning Kit (Agilent). Primers used are listed in Supplementary 

Table S7. DNA sequencing was performed to confirm the presence of the intended 

mutations. 

The variant constructs in the pFBD vector were transformed into DH10Bac-

VLP FactoryÊ cells for bacmid production. Sf9 insect cells were then transfected 

with the bacmid using the Bac-to-BacÊ Baculovirus Expression System, leading to 

the production of V0 baculovirus. High FiveÊ cells were infected with the resulting 

V1 baculovirus, and optimal titers for each variant were determined based on mCherry 

fluorescence signals under an inverted microscope to ensure uniform expression levels 

of ABCA4. Using these titers, V1 infections were performed to produce virus-like 

particles (VLPs) containing the variant ABCA4 proteins, as well as the WT-ABCA4. 
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Seventy-two hours post-infection, cells were lysed using RIPA buffer and stored at -

20°C, while VLPs were harvested from the cell culture media through differential 

centrifugation, followed by ultracentrifugation at 100,000 x g for 4 hours at 4°C. The 

resulting VLP pellets were resuspended in 50 µl of DPBS, containing 1X HaltÊ 

protease inhibitor (Thermo Scientific, Cat. # 78425) and kept on ice for subsequent 

enzymatic assays. 

The expression of the ABCA4 variants at the cell and VLP levels was 

confirmed by Western blot analysis (WBA). Insect cell lysates containing 5 µg of total 

protein and 10 µl of VLP samples were separated by SDS-PAGE using a 3-8% Tris-

Acetate gel (Invitrogen, Cat. #EA0378BOX). Proteins were transferred onto a 

nitrocellulose membrane (Bio-Rad, Cat. #1704158) and blocked for 60 minutes with 

5% non-fat dry milk in TBS-T. The membrane was probed with an anti-ABCA4 

antibody (Abcam, Cat. #ab72955, diluted 1:1000 in 1% non-fat dry milk in TBS-T) 

for 1 hour at room temperature, followed by three 10-minute washes with TBS-T. The 

membrane was then incubated with an anti-rabbit HRP secondary antibody (Abcam, 

Cat. #ab205718, diluted 1:20,000 in 1% non-fat dry milk in TBS-T) for 30 minutes, 

followed by additional washes. A ɓ-Tubulin Loading Control Antibody 

(ThermoFisher Scientific, Cat. # MA5-16308-HRP, diluted 1:2000 in 1% non-fat dry 

milk in TBS-T) was used to normalize protein expression levels across WT and 

variant samples. Chemiluminescence detection was performed using Radiance Plus 

Chemiluminescent Substrate (Azure Biosystems, Cat. #AC2103), and protein bands 

were visualized using the iBright imaging system (ThermoFisher Scientific). 
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Basal and Retinal-Stimulated ATPase Activity Assay 

The ATPase activity of ABCA4 variants in VLPs was measured using a thin-

layer chromatography-based assay in both basal conditions and in the presence of N-

retinylidene-phosphatidylethanolamine (NRPE), following the protocol detailed in 

Chapter 4 [147]. Data were reported as mean ATP hydrolysis rates ± standard 

deviation (SD) based on biological triplicates. Statistical significance was assessed 

using one-way ANOVA separately for basal and retinal-stimulated activity, with 

significance set at p < 0.05. 

Results 

In Silico Protein Structure Analysis 

The computational structural analysis provided key insights into the potential 

impacts of ABCA4 variants in this study. The benign variant, p.T1428M, and three 

variants of uncertain significance (VUS) ð p.Y603F, p.G1559E, and p.Y2165C ð 

were previously evaluated in Chapter 2, revealing distinct structural outcomes. The 

p.T1428M variant exhibited no structural alterations, consistent with its benign 

classification (Figure 8F). In contrast, the three VUS displayed structural defects, 

indicative of potential pathogenicity [80]. 

For p.Y603F, the substitution of tyrosine with phenylalanine resulted in the 

loss of a key interdomain hydrogen bond between ECD1 and ECD2, likely 

compromising protein stability and domain interactions (Figure 9C). The p.G1559E 

showed substantial steric clashes that were unavoidable across multiple rotamer 

positions (Figure 9G). Lastly, the p.Y2165C variant, located in regulatory domain 2 

(RD2), disrupted both intra- and interdomain hydrogen bonds between RD1 and RD2 

(Figure 9I). 
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In addition to these previously analyzed variants, four other VUS were 

examined in this study: p.Y345D, p.L844R, p.Y1889N, and p.E2031K. Each of these 

variants displayed distinct structural effects. Each of these variants exhibited distinct 

structural effects. The p.Y345D variant, located near the retinal substrate binding site, 

demonstrated a disrupted interaction with the ATR moiety, potentially impairing 

retinal transport (Figure 22A). The p.L844R variant, located in transmembrane 

domain 1 (TMD1), replaces a hydrophobic leucine residue that is exposed to the lipid 

bilayer, with a positively charged arginine. Structure analysis evaluated the potential 

for the arginine side chain to reposition inward to avoid unfavorable contact with the 

lipid environment. However, the arginine could not be repositioned without inducing 

steric clashes or significant conformational changes. Therefore, this substitution 

introduced a charged residue into a hydrophobic environment, potentially leading to 

disruption of the membrane interaction (Figure 22B). 

Two variants exhibited potential pathogenic effects by disrupting critical 

domain-domain interactions. The p.Y1889N variant, located in transmembrane 

domain 2 (TMD2), resulted in the loss of a stabilizing hydrogen bond with an ñEH-

turn-EH insertionò [26], reducing the stability (ææG=+3.58 kcal/mol) (Figure 22C). 

Similarly, the p.E2031K variant in nucleotide-binding domain 2 (NBD2), led to the 

loss of a salt bridge with intracellular helix 3 (IH3), which is only present in the ATP-

bound conformation (Figure 22D). 

All seven VUS involved substitutions of highly evolutionarily conserved 

residues, as indicated by Consurf analysis [102], and showed consensus predicted 

pathogenicity across multiple computational tools, including PolyPhen-2, REVEL, 

AlphaMissense, CADD, and MutPred2. 
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Expression of ABCA4 Variants 

The uniform baculovirus infection and expression of all eight variants was 

successfully achieved, as confirmed by fluorescence signals and WBA of the High 

FiveÊ insect cell lysates (Figure 23A-C). 

The WBA revealed comparable expression levels between the wild-type 

ABCA4 and variant proteins (Figure 23B & C) with the exception of the p.L844R, 

p.E2031K, and p.Y2165C variants, which displayed a noticeably fainter ABCA4 band 

compared to the wild-type and other variants (Figure 23C, left). The use of ɓ-tubulin 

as a loading control confirmed equal protein loading across all samples, suggesting 

that the reduced ABCA4 signal is specific to those variants. 

Functional Characterization of Variants of Uncertain Significance 

Assessment of ABCA4 Variantsô Membrane Targeting 

The ability of the ABCA4 variants to be targeted to the membrane and 

incorporated into virus-like particles (VLPs) was assessed through WBA of the 

purified VLP samples. Successful membrane targeting was indicated by the presence 

of an ABCA4 band in the WBA for the variants: p.Y345D, p.Y603F, p.T1428M, 

p.Y1889N, and p.E2031K, showing comparable levels of ABCA4 to the wild-type 

control (Figure 23C, right). 

However, for the p.L844R and p.G1559E variants, no ABCA4 bands were 

detected in the purified VLP samples (Figure 23C, right). The absence of detectable 

ABCA4 in the VLP preparations of these two variants suggests potential defects in 

folding or trafficking to the host cell plasma membrane, resulting in their failure to 

integrate into the VLP membrane environment. 
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Assessment of ABCA4 Variantsô Enzymatic Activity 

We performed the basal and retinal-stimulated ATPase activity assay with the 

6 variants (p.Y345D, p.Y603F, p.T1428M, p.Y1889N, p.E2031K, and p.Y2165C) that 

were targeted to the VLP membrane. 

The benign variant p.T1428M displayed a similar level basal and retinal-

stimulated ATPase activity (Figure 24).  

The p.Y345D variant showed a complete loss of retinal-stimulated ATPase 

activity (p < 0.001), while retaining most of the basal activity (p =0.002) (Figure 24), 

suggesting that this substitution disrupts interactions critical for effective substrate 

binding and catalytic function. According to cryo-EM structures, Tyr-345 is a key 

residue within the NRPE binding pocket, interacting with the ATR moiety (Figure 

22A), and its substitution likely compromises these crucial interactions. 

The p.Y603F variant exhibited a partial reduction in retinal-stimulated ATPase 

activity (p < 0.001) (Figure 24). Although the aromatic nature of tyrosine is retained 

with phenylalanine, the absence of the hydroxyl group may impair specific hydrogen 

bonds essential for proper enzyme activation (Figure 9C). 

The p.Y1889N variant also showed a complete loss of retinal-stimulated 

ATPase activity (p < 0.001), while maintaining basal activity (Figure 24). This 

suggests that the substitution of tyrosine with asparagine disrupts crucial interactions 

necessary for substrate-induced activation, likely due to the loss of stabilizing 

hydrogen bonds in the transmembrane domain (Figure 22C). 

The p.E2031K variant also showed a significant reduction in retinal-stimulated 

ATPase activity (p < 0.001) (Figure 24). The replacement of a negatively charged 

glutamate with a positively charged lysine likely disrupts a critical salt bridge, leading 

to instability in the ATP-bound conformation (Figure 22D). 
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The p.Y2165C variant exhibited a complete loss of ATPase activity, both in 

basal and retinal-stimulated conditions (p < 0.001) (Figure 24). The substitution of 

tyrosine with cysteine disrupts several hydrogen bonds and alters the conformational 

dynamics necessary for ATP hydrolysis, indicating severe functional impairment 

(Figure 9I ). 

Discussion 

This chapter aimed to elucidate the functional consequences of selected 

ABCA4 variants of uncertain significance (VUS) using the combined in silico and in 

vitro approach. By focusing on a subset of these missense VUS, we sought to provide 

a deeper understanding of their pathogenic potential and facilitate their reclassification 

under the ACMG/AMP guidelines [79]. 

The benign variant p.T1428M expressed and targeted at a similar rate with 

WT, and retained 100% of ATPase activity, with no functional impairment observed 

in vitro. On the other hand, all analyzed VUS showed varying degrees of impairment 

in the membrane localization, basal or retina-stimulated ATPase activity.  

The variants p.L844R and p.G1559E displayed a failure to localize to the VLP 

membrane, indicative of protein misfolding or trafficking defects. These findings align 

with the in silico structural predictions, where both variants showed severe 

stereochemical issues, suggesting a destabilized protein structure. The resulting steric 

clashes and electrostatic repulsion likely prevent proper folding and membrane 

insertion. Additionally, multiple lines of pathogenicity evidence (PP3) and clinical 

data (PP4) support these observations, as both variants are associated with retinal 

disease phenotypes [88]. Additionally, reported patients carrying these variants had a 

pathogenic trans allele, while the cis allele was free from known pathogenic variants 



 

 113 

(PM3), further support their classification as likely pathogenic (LP) under the 

ACMG/AMP guidelines. 

Tyrosine residues play a pivotal role in the structural and functional stability of 

ABCA4, particularly due to their amphipathic nature and their involvement in critical 

hydrogen bonding and aromatic interactions. The four variants involving tyrosine 

substitutionsðp.Y345D, p.Y603F, p.Y1889N, and p.Y2165Cðexhibited varying 

degrees of functional impairment, highlighting the importance of these residues. 

The p.Y345D and p.Y1889N variants, both of which replace tyrosine with 

non-aromatic residues, resulted in a complete loss of retinal-stimulated ATPase 

activity. This suggests a significant disruption in protein-substrate interactions, as 

tyrosine residues are often involved in critical interactions with the retinal substrate or 

in maintaining the structural integrity of substrate-binding sites. In silico analysis 

supports these findings, with p.Y345D disrupting the retinal binding site, and 

p.Y1889N compromising the structural stability of the transmembrane domain through 

the loss of stabilizing hydrogen bonds. The computational pathogenicity predictions 

(PP3) and absence in population databases (PM2) justify their reclassification as LP 

(Figure 25). 

The p.Y2165C variant, located in regulatory domain 2, resulted in a complete 

loss of ATPase activity. This tyrosine-to-cysteine substitution disrupts several 

intradomain and interdomain hydrogen bonds, likely altering the conformational 

flexibility necessary for ATP hydrolysis. The computational predictions (PP3) further 

support its classification as LP (Figure 25). 

The p.Y603F variant, which substitutes tyrosine with phenylalanine, retains the 

aromatic nature but loses the hydroxyl group essential for hydrogen bonding. This loss 
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is reflected in the significantly reduced retinal-stimulated ATPase activity, indicating 

impaired protein-substrate interactions. Notably, substitutions of Tyr-603 to Cys and 

His have been reported as pathogenic in ClinVar, providing strong evidence of 

pathogenicity (PS1) according to the ACMG/AMP guidelines. Combined with 

computational evidence (PP3), this variant can be classified as pathogenic (Figure 

25). Similarly, the p.E2031K variant in NBD2 results in the loss of a salt bridge 

critical for stabilizing the ATP-bound conformation, leading to reduced retinal-

stimulated ATPase activity. The pathogenicity of this variant is further supported by 

computational evidence (PP3) and population data (PM2), suggesting its likely 

pathogenic status (Figure 25). 

The distinct mechanistic pathways through which these variants disrupt 

ABCA4 function highlight the complexity of studying this transmembrane protein and 

the need for comprehensive approaches that integrate structural predictions with 

functional assays. Further research is needed to expand this analysis to a broader 

spectrum of ABCA4 variants and to develop transporter assays that can capture the 

dynamic aspects of ABCA4's function. 

In summary, this chapter demonstrates the diverse impacts of missense variants 

on ABCA4 function and provides a framework for their effective characterization. Our 

findings offer substantial evidence for the reclassification of the studied VUS, 

emphasizing the utility of the combined in silico and VLP-based platform in the 

functional analysis of ABCA4 variants. This integrative approach could be invaluable 

in advancing our understanding of ABCA4-related retinal diseases and improving the 

clinical interpretation of genetic variants. 
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Conclusion 

 

In this chapter, we applied the integrated in silico-in vitro approach to evaluate 

the functional impacts of seven missense ABCA4 VUS. Our findings provide critical 

insights into the functional consequences of these variants and support their 

reclassification under the ACMG/AMP guidelines for variant pathogenicity. 
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Figure 21 Tyrosine (Tyr) residues of ABCA4. (A) Full-length structure of ABCA4 

highlighting Tyr residues (magenta spheres), highlighting their unique 

localization pattern. (B) Close-up view showing hydrogen bonding 

(dashed lines) and non-covalent interactions of Tyr (navy blue sticks for 

NRPE-interaction) within the transmembrane region, contributing to 

domain stability. (C) Extracytoplasmic domain 1 (ECD1) containing a 

highes proportion of Tyr residues (magenta). 
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Figure 22 In silico structure analysis of variant proteins. (A) The p.Y345D 

variant, located near the retinal substrate binding site, likely disrupts the hydrophobic 

pocket and impairs the interaction with the ATR moiety. (B) The p.L844R variant, 

found in transmembrane domain 1, replaces a lipid exposed leucine with a positively 

charged arginine, either introducing a hydrophilic side chain to the hydrophobic 

environment (relative solvent accessibility is 60%) or leading to steric clashes in the 

all internally positioned rotamers. (C) The p.Y1889N variant, located in 

transmembrane domain 2, loses a possible hydrogen bond with the ñEH3-turn-EH4 

insertion, which could compromise protein stability. (D) The p.E2031K variant in 

nucleotide-binding domain 2 causes the loss of a possible salt bridge with intracellular 

helix 3, a bond present only in the ATP-bound state. Wild-type residues are shown as 

blue sticks, and substitutions are highlighted in red. 
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Figure 23 Expression and VLP-incorporation analysis of the variants. (A) 

Fluorescence microscopy images of High5 insect cells showing the mCherry reporter 

expression, confirming successful and uniform baculovirus infection. (B) Western blot 

analysis of benign variant p.T1428M and (C) seven variants of uncertain significance 

(VUS), demonstrating the expression and VLP-targeting levels of ABCA4 variants 

compared to the wild-type. 

  



 

 119 

 

Figure 24 ATPase Activity of VLP-ABCA4 Variants. The bar graph shows the 

basal and retinal-stimulated ATPase activities of ABCA4 incorporated 

into virus-like particles (VLPs) for WT and seven variants (T1428M, 

Y345D, Y603F, E2031K, Y1889N, Y2165C), alongside a negative 

control (-Control). The data represent the mean ± SD of independent 

biological replicates (n = 3). Statistical analysis was conducted using 

one-way ANOVA followed by Tukey's HSD post hoc test 

(Supplementary Table S8). 
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Figure 25 Reclassification of ABCA4 variants of uncertain significance (VUS) 

following ACMG/AMP guidelines. Variants were evaluated using 

integrated in vitro and in silico analyses. PP2 could also be applied to all 

missense variants in the ABCA4, as the guidelines suggest that missense 

variants in gene with low rate of benign missense variants suggest 

supporting level of pathogenicity evidence. These findings justify 

reclassification of the VUS to likely pathogenic (LP) or pathogenic, 

aligning with the ACMG/AMP guidelines [79]. NF: not found. PS, PM, 

PP are strong, moderate, and supporting pathogenicity evidence, 

respectively. 
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Chapter 6 

CONCLUSIONS AND OUTLOOK  

The retina-specific ATP-binding cassette transporter protein, ABCA4, plays a 

critical role in the visual cycle by translocating retinoid byproducts of 

phototransduction, preventing their toxic accumulation. Dysfunction caused by genetic 

variants of ABCA4 is one of the primary causes of a spectrum of inherited retinal 

degenerations (IRDs). Although over 4,000 ABCA4 variants have been identified, 

many remain unclassified in terms of their pathogenic impact. Accurate classification 

is critical not only for understanding disease progression but also for the 

personalization of treatment plans, recruitment into clinical trials, and the development 

of targeted gene therapies. 

This dissertation introduces an interdisciplinary approach combining an in 

silico predictive modeling with an innovative virus-like particle (VLP)-based in vitro 

functional characterization method to investigate the consequences of missense 

ABCA4 variants, with a focus on their structural and functional impacts at the protein 

level. The in silico tools help prioritizing variants and predicting the molecular 

mechanisms underlying ABCA4 dysfunction, while the VLP platform enables 

efficient, high-throughput in vitro characterization.  

In Chapter 2 [80], I introduced a multifaceted computational pipeline 

combining AlphaFold2 protein modeling and cryo-EM-based detailed structure 

analysis with standard pathogenicity prediction, and applied this approach to a subset 

of 30 missense ABCA4 variants, equally divided among pathogenic, benign, and 
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variants of uncertain significance (VUS). The results demonstrated a strong correlation 

between the structure-based predictions and known pathogenicity classifications. 

Specifically, 8 of the 10 benign variants were structurally neutral, while all 10 

pathogenic variants exhibited significant structural damage, such as reduced stability 

or stereochemistry, and disruptions of critical molecular interactions. One of the 

primary insights from this analysis was the ability of protein structural modeling to 

provide evidence for the pathogenicity of VUS. For instance, several VUS exhibited 

structural features commonly associated with pathogenic variants, such as domain-

domain disruption, clashing interactions, and the introduction of destabilizing 

residues. This chapter underscored the utility of combining traditional informatics-

based predictors with detailed structural analysis to improve the accuracy of ABCA4 

variant classification, and illustrated how multiple lines of consensus computational 

evidence can provide a deeper understanding of variantsô potential impacts on 

molecular pathology. 

In Chapter 3 [121], I applied the same in silico analysis pipeline to a 

genetically and phenotypically well-defined cohort of 13 patients with confirmed 

ABCA4-associated retinal disease. This chapter focused on evaluating the concordance 

between predicted structural alterations in missense variants and their associated 

clinical phenotypes. The analysis demonstrated a strong alignment between severe 

phenotypes, such as early-onset disease or significant visual acuity loss, and the 

presence of substantial structural damage in the ABCA4 protein. For example, the 

p.C54Y and p.L541P variants, which were associated with severe retinal degeneration 

in patients, caused significant disruptions to ABCA4ôs secondary structure and 

molecular interactions in protein models. This chapter provides further validation that 
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in silico protein structural analysis can be a valuable tool in assessing the 

pathogenicity of ABCA4 variants. 

In Chapter 4 [147], I developed a novel virus-like particle (VLP)-based system 

that offers an alternative platform for functional characterization of ABCA4 variants, 

addressing the challenges typically associated with traditional methods of studying 

large transmembrane proteins. This VLP system enables the expression and analysis 

of ABCA4 in a near-native membrane environment, ensuring correct topological 

organization and preserving functional activity, all without requiring detergent 

solubilization and reconstitution. In this chapter, I first investigate the general 

characteristics of the VLP-ABCA4 system, including particle size and membrane 

topology. I then validated the efficacy of this system by characterizing ABCA4 WT 

and variants through basal and retinal-stimulated ATPase assays, successfully 

demonstrating its ability to assess the enzymatic function of two previously 

characterized pathogenic variants, p.N965S and p.C1488R, and a VUS, p.Y1779F. 

The p.N965S variant exhibited a reduced rate of membrane targeting to the VLP, 

suggesting mislocalization, while the p.C1488R variant, despite correct localization, 

showed a significant loss of retinal-stimulated ATPase activity. These findings 

highlight distinct mechanisms of dysfunction and confirm the VLP system's capacity 

to discern how different mutations disrupt ABCA4 function. The p.Y1779F variant 

also displayed reduced retinal-stimulated ATPase activity compared to wild-type, and 

structural analysis suggested that disrupted intradomain interactions may underlie the 

functional deficits observed. These results provide evidence that p.Y1779F is likely 

pathogenic, showcasing the platformôs potential for deciphering the clinical relevance 
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of previously unclassified variants. Moreover, its simplicity and efficiency suggest 

broad applicability to the study of other challenging transmembrane protein. 

After demonstrating the predictive power of the computational protein 

structure analysis in Chapters 2 and 3, and the successful application of the VLP 

method in Chapter 4, I integrated these approaches in Chapter 5 to reclassify eight 

ABCA4 VUS according to ACMG/AMP guidelines. The VLP-based system proved to 

be a robust tool for investigating the diverse functional consequences of ABCA4 

missense variants. It successfully identified localization and trafficking defects, as 

seen in the p.L844R and p.G1559E variants, as well as variants with a complete loss 

of ATPase activity, such as p.Y2165C, and a range of intermediate functional 

impairments. These results closely aligned with the predicted effects from the in silico 

structural analysis, demonstrating the complementary nature of these approaches. 

Together, they provide a comprehensive framework for the functional characterization 

and reclassification of ABCA4 variants. 

Taken together, these chapters developed a robust framework that contributes 

to reclassification of ABCA4 variants of unknown clinical significance. This 

integrative approach, combining in silico modeling and in vitro functional assays, 

advances our understanding of how specific variants contribute to retinal disease and 

sheds light on the molecular mechanisms of ABCA4 transporter function. The 

methodologies developed in this research have broad applicability and can be adapted 

to study other membrane proteins involved in genetic disorders. 

Future directions for this work can build upon both the in silico and in vitro 

findings, with several promising avenues to explore. On the in silico front, developing 

an automated, deep learning-based prediction tool specifically tailored for ABCA4 
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could greatly benefit the research community by rapidly predicting the effects of ever 

emerging novel variants. This tool would incorporate a structure-focused approach 

while maintaining multiple lines of computational evidence, which has proven 

effective in predicting pathogenicity. Furthermore, expanding this tool to cover other 

members of the ABC transporter superfamily with known disease associations could 

offer broader applications, improving diagnostic precision across related genetic 

disorders. 

For the in vitro studies, a transporter assay could be developed using the VLP 

system. Given the success of VLPs in maintaining the native topology and functional 

activity of ABCA4, this platform appears to be a promising candidate for such an 

assay. A well-designed transporter assay would enable a comprehensive assessment of 

the effects of variants on the full physiological activity of the protein. While the ATP-

dependent transfer assay developed by Molday and colleagues, using ABCA4-

containing proteoliposomes and acceptor liposomes, was a significant breakthrough in 

understanding N-retinylidene-PE transport [9], there remains a need for a high-

throughput transporter assay capable of accommodating the large number of ABCA4 

variants. 

On a broader scale, the molecular mechanisms underlying ABCA4 function 

has not been fully understood. While cryo-EM studies have yielded a wealth of 

structural information, their static nature limits the ability to capture dynamic events 

involved in the entire transport cycle. One of the unresolved questions is how the 

regulatory domains, RD1 and RD2, modulate ABCA4's activity. The current 

understanding of these domains as "regulatory" is largely inferred from their sequence 

homology and structural classification of domain organization, yet their precise 
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mechanistic role remains elusive. My hypothesis is that the unresolved sections of 

both RD1 and RD2, which seem to extend toward TMD1 and the ATP/Mg binding 

sites, respectively, may undergo conformational changes upon substrate binding or 

passage, and this conformational shift could be the mechanism behind ATPase activity 

stimulation in the presence of the retinal substrate (Figure 25). 

Furthermore, several regions remain unresolved in the cryo-EM structures, and 

gives random coil structures when modeled, likely represent intrinsically disordered 

regions (IDRs). IDRs often provide the necessary flexibility for protein dynamics and 

are crucial for facilitating interactions with small molecules [200]. ABCA4 appears to 

have several of these disordered regions, notably in the N-terminal cytoplasmic side at 

amino acid locations 862ï914, 1162ï1203, and 1280ï1340. These regions correspond 

to the TMD1-NBD1, NBD1-RD1, and RD1-IH3 interfaces, respectively (Figure 26). 

Interestingly, the individually expressed and purified N-terminal cytoplasmic region of 

ABCA4 has been shown to interact exclusively with 11-cis-retinal [7]. In addition, 

ABCA4 has also been shown to clear excess 11-cis-retinal by facilitating its transport 

in the form of 11-cis-N-ret-PE from the lumen to the cytoplasmic side of the 

membrane [10]. These additional IDRs on the N-terminal cytoplasmic sideð

interestingly the only significant difference from its otherwise symmetric counterpart, 

NBD2-sideðmay help explain the reported exclusive 11-cis-retinal interaction, or 

possibly other functional roles of these regions. Investigating the role of these IDRs, 

particularly in the context of retinal molecule interactions, could reveal novel aspects 

of ABCA4's molecular mechanisms.  
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Moving forward, mutation-based functional studies will be key to fully 

understanding the intricate dynamics of ABCA4 and its role in both normal function 

and molecular pathology. 

 

Figure 26 Proposed regulatory mechanism of ABCA4 functional activity 

highlighting the RD1 and RD2 domains and their unresolved regions as 

observed in all available cryo-EM studies. (A) The unresolve part of the 

RD1 (in red in apo state (PDB: 7e7i), and blue in NRPE-bound state 

(PDB:7e7o) extend between the interaction network of the NBDs-RDs 

and the intracellular helix 3 (IH3), which connects to transmembrane 

domain 1 (TMD1). (B) The unresolved portion of the RD2 (in yellow in 

apo state (PDB: 7e7i), and purple in NRPE-bound state (PDB: 7e7o)) 

appears to extend towards the ATP and Mg binding site. The unresolved 

segments may undergo conformational shifts upon retinal substrate 

binding or passage, potentially facilitating ATPase activity stimulation. 

ATP (in brown) and Mg (in green) are shown docked into the structure 

by superimposing the ATP-bound structure (PDB: 7e7q) onto others, 

with the cartoon representation hidden for visual clarity. 

  



 

 128 

 

Figure 27 Unresolved random coils in the cytoplasmic side of the ABCA4 

structure, likely representing intrinsically disordered regions (IDRs). (A) 

Random coil regions are shown in blue on the NBD1 side and in green on 

the NBD2 side of the cytoplasm. The model was generated by separately 

modeling the first (N-terminus) and second halves (C-terminus) of the 

protein using AlphaFold2 and then superimposing them onto the cryo-

EM structure (PDB: 7e7i). (B) Superimposition of the N-terminal and C-

terminal cytoplasmic regions demonstrates that the N-terminal side 

contains longer disordered regions than the otherwise structurally 

identical C-terminal side. These disordered regions are located at amino 

acids 862ï914, 1162ï1203, and 1280ï1340, corresponding to the TMD1-

NBD1, NBD1-RD1, and RD1-IH3 interfaces, respectively, and may play 

a crucial role in ABCA4's function. 
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Appendix A 

SUPPLEMENTARY MATERIAL  FOR CHAPTER 2 

 
Figure S1. Domain-specific WT ABCA4 models generated in the AphaFold2 original 

Colab notebook from Deepmind [68]. The models were colored in the 

ChimeraX [71] using the ñcolor bfactor palette alphafoldò command to color 

the predicted structures by the pLDDT confidence measure. 
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Figure S2. Predicted model of the c.5584G>A:p(Gly1862Ser) variant. The predicted 

effect of this variant is a truncated protein product (blue) superimposed onto 

the WT ABCA4 model (gray). The missing part of the protein is colored red in 

the WT model to illustrate the extent of the structural loss. The truncated 

protein lacks the last helix of the TMD2 and the entire NBD2 domain. 
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Table S1. Detailed analysis and pathogenicity prediction of the ABCA4 variants from the Chapter 2. 
  

 
ABCA4 Variant  
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Allele 

Freq. 

 

 

ConSurf 

Score 

 

 
Functional Study 

 

 

CADD 

Score 

 

 

Prediction 

PolyPhen-2 

 

 

Prediction 

REVEL  

 

 

Prediction 

MutPred-2 

 

AlphaFold2 

Residual 

pLDDT  

Score 

 

 

RMSD 

(Å) 

 

 
TM -

Score 

 

In  silico 

ææG 

(kcal/mol) 

 

 

Steric 

Clashes 

 

RSA 

(WT 

vs. 

Mt)  

 

 
Structural  Change 

 

Predicted 

effect on 

structure 

1 c.229G>A(p.Val77Met) ECD1 - 5 - 10.80 B 0.194 0.194 69.95 0.534 0.9333 -0.09 No 
62% - 
69% 

- Neu 

2 c.635G>A(p.Arg212His) ECD1 4.24 × 

10Ǹ2 

1 (R212C: lower ATPase 
[26]) 

23.9 PrD 0.716 0.309 63.04 0.793 0.9372 -5.19 No 53% - 

71% 

- Neu 

3 c.1268A>G(p.His423Arg) ECD1 
2.56 × 

10Ǹ1 
5 - 5.953 B 0.293 0.095 83.28 0.647 0.9333 -2.3 No 

17% - 

20% 
Newly formed salt bridge with 

D1604 

Mild  

4 c.3626T>C(p.Met1209Thr) NBD1- 

R1 

3.03 × 

10Ǹ3 

5 - 8.439 B 0.16 0.092 87.49 0.539 0.9034 +0.71 No 40% - 

33% 

- Neu 

5 c.3899G>A(p.Arg1300Gln)* NBD1 6.70× 

10Ǹ3 

2 - 5.193 B 0.215 0.052 24.81Ờ 0.775 0.9507 +0.007 No! - - Neu 

6 c.4283C>T(p.Thr1428Met) ECD2 
4.44 × 

10Ǹ3 
1 - 3.688 B 0.25 0.072 87.07 0.660 0.9865 -0.85 No 

49% - 

51% 
- Neu 

7 c.4503G>C(p.Glu1501Asp) ECD2 1.12 × 

10Ǹ3 

3 - 9.501 B 0.209 0.201 85.49 0.326 0.9199 -0.38 No 34% - 

39% 

Newly formed salt bridge with 
R1543 

Mild  

8 c.5843_5844inv(p.Pro1948Leu) NBD2 3.14 × 

10Ǹ2 

1 - - B N/A 0.274 74.38 0.405 0.9652 +0.48 No 92% - 

96% 

- Neu 

9 c.6529G>A (p.Asp2177Asn) 
NBD2- 

R2 

1.09 × 

10Ǹ2 
7 Higher ATPase than WT 

[21] 

14.33 B 0.313 0.112 55.64 0.554 0.9683 -0.02 No 
94% - 

74% 
- Neu 

10 c.6764G>T (p.Ser2255Ile) NBD2 1.59 × 

10Ǹ1 

3 - 5.628 B 0.2 0.050 42.5Ờ 0.302 0.9619 +0.13 No - - Neu 

11 c.1804C>T :p(Arg602Trp) ECD1 4.38 × 

10Ǹ5 

8 Lower ATPase [26] 

Mislocalization [26,27] 

24.7 PoD 0.934 0.564 87.6 0.507 0.9034 +16.56 Yes 16% - 

18% 

Breakage of a salt bridge with 

E579 

Del 

12 c.1819G>C (p.Gly607Arg) ECD1 
2.83 × 

10Ǹ5 
9 - 25.9 PrD 0.952 0.890 90.03 0.588 0.9447 +67.4 Yes 

0% - 

3% 

Steric clashes, Changes in the 

secondary structure, buried Gly 

replaced 

Del 

13 c.1957C>T (p.Arg653Cys) TMD1 
1.61 × 

10Ǹ5 
6 

Lower retinal-

stimulated 

ATPase [25,43] 

28.7 PrD 0.852 0.788 75.59 0.953 0.8201 +0.8 No 
51% - 

49% 
Loss of polar contact with the 

NRPE 

Del 

14 c.2894A>G:p(Asn965Ser) NBD1 1.35 × 

10Ǹ4 

9 Lower expression, lower 

ATPase [20,26] 

24.8 PrD 0.779 0.841 82.07 0.979 0.8819 +1.1 Mild  9% - 

15% 

Breakage of H-bonds with ATP, 

G2100, D2102 (NBD1-2 

interaction in the ATP-bound 

state 

Del 

 

15 

 

c.3352C>T (p.His1118Tyr) 

 

NBD1 
1.0 × 

10Ǹ5 

 

9 

 

- 

 

27.2 

 

PrD 

 

0.979 

 

0.878 

 

83.06 

 

0.487 

 

0.9513 

 

+0.15 

 

Yes 
8% - 

30% 

Clashes with ATP or breaks 

polar content with ATP while 

introducing new H-bond with 

H1119, buried switched to 

exposed 

 

Del 

 

16 

 

c.4462T>C (p.Cys1488Arg) 

 

ECD2 
8.20 × 

10Ǹ6 

 

9 

Lower retinal-

stimulated ATPase 

[20], Lower ATR 

binding [28] 

 

25.5 

 

PoD 

 

0.93 

 

0.889 

 

88.6 

 

0.529 

 

0.9655 

 

+21.16 

 

Yes 
33% - 

12% 

Disulfide Bond breakage with 

C1502, exposed switched to 

buried 

 

Del 

17 c.4469G>A (p.Cys1490Tyr) ECD2 
5.91 × 

10Ǹ5 
9 

Mislocalization, lower 

ATPase [26] 
28.7 PrD 0.95 0.857 88.89 0.345 0.9530 +41.76 Mild  

76% - 

72% 

Disulfide Bond breakage with 

C641 (ECD1-2 interaction) 
Del 

18 c.5936C>T (p.Thr1979Ile) NBD2 - 9 - 28.9 PrD 0.961 0.901 89.13 0.630 0.9698 +2.74 Mild  
57% - 
51% 

Steric clashes with ATP, loss of 

polar contact with Mg, ATP, 

Q2019, D2095 

           Del 



 

 

1
4

5 

 

19 

 

c.6299G>A (p.Gly2100Glu) 

 

NBD2 

 

- 

 

9 

 

- 

 

27.8 

 

PrD 

 

0.952 

 

0.841 

 

74.3 

 

0.450 

 

0.9139 

 

+2.85 

 

Mild  
19% - 

14% 

Newly formed polar interaction 

with ATP, Mg, and Q1010 or 

with S1090, buried Gly replaced 

with a hydrophilic residue 

 

Del 

20 c.6316C>T (p.Arg2106Cys) NBD2 1.31 × 

10Ǹ4 

9 - 31 PrD 0.97 0.908 85.93 0.945 0.7278 +3.24 Mild  5% - 

12% 

Loss of salt bridge with E1270 

in the ATP-bound state (ECD1-

2 interaction) 

Del 

21 c.58A>G (p.Arg20Gly) IH1 - 9 - 28.1 PrD 0.915 0.905 89.54 0.410 0.9429 +2.23 No 
43% - 
68% 

Breakage of an H-bond with 

H1017 (Interchain interaction) 
Del 

22 c.294C>G (p.Asn98Lys) ECD1 1.10 × 

10Ǹ4 

7 - 16.93 B 0.487 0.326 69.03 0.503 0.9547 +0.49 No 65% - 

55% 

Loss of an N-linked 
Glycosylation site 

Del 

23 c.1808A>T (p.Tyr603Phe) ECD1 - 9 - 26.1 B 0.961 0.806 91.27 0.520 0.9567 -0.75 No 
4% - 
5% 

Breakage of an H-bond with 

H1625 (ECD1-2 interaction) 
Del 

24 c.2252T>C (p.Leu751Pro) TMD1 - 7 - 24.8 B 0.817 0.891 94.83 1.019 0.7705 +9.49 Yes 
3% - 
9% 

Helix breakage in the TMD, 

buried Pro introduced 

Del 

25 c.2911A>C (p.Thr971Pro) NBD1 - 9 - 28.3 PrD 0.997 0.886 90.24 0.559 0.9477 +0.68 Yes 
19% - 
22% 

Loss of polar contact with ATP, 

buried pro introduced 

Del 

26 c.3631G>A (p.Val1211Ile) 
NBD1- 

R1 
- 4 - 8.244 B 0.156 0.092 87.7 0.379 0.9606 -3.27 No 

30% - 
31% 

- Neu 

27 c.4672G>A (p.Gly1558Arg) ECD2 - 9 - 27.3 PrD 0.921 0.902 93.1 0.625 0.9339 +74.05 Yes 
0% - 
0% 

Severe clashes, buried Gly 

replaced 

Del 

28 c.5584G>A (p.Gly1862Ser) TMD2 - N/A - 34 PrDǐ 0.661ǐ 0.679ǐ 59.96ǐ 0.628 0.9181 N/A No N/A 
Predicted to affect splicing: 

Broken WT Donor (HSF Pro). 

Premature termination: 

p.G1862fs*4 

pLoF 

29 c.6320G>A:p(Arg2107His) NBD2 
2.03 × 

10Ǹ3 
9 Lower ATPase [26] 29.3 PrD 0.88 0.759 83.56 0.789 0.9615 +1.56 Mild  

8% - 

7% 

Breakage of salt bridges with 

E1223 and E1270 (NBD1-2 

interaction) 

Del 

30 c.6494A>G (p.Tyr2165Cys) NBD2- 

R2 

6.57 × 

10Ǹ6 

9 - 26.7 PrD 0.943 0.852 82.94 0.677 0.9491 +1.38 No 5% - 

12% 

Breakage of H-bonds with S2213 

and E1251 in the ATP-bound 

state (R1-2 interaction) 

Del 

Reference genome assembly: GRCh38:Chr1:83457325-104273917, Reference Transcript: NM_000350.3. ConSurf Score: Amino acid evolutionary conservation scoring is based on the ConSurf web server analysis, and the range is between 1-9 with increasing 

conservation [47]. Allele frequencies are based on The Genome Aggregation Database (gnomAD) v2.1.1 [34]. ǐ The conventional pathogenicity prediction of c.5584G>A (p.Gly1862Ser) was done based the reported nomenclature G1862S. However, this 

variant was predicted to cause aberrant splicing by broking the WT donor splice site (HSF-Pro), likely leading to a premature termination: p.G1862fs*4. Therefore, the predicted pathogenicity may not reflect the true variant impact. Residual pLDDT is based 

on the full-length WT ABCA4 AF2 model. pLDDTÒ50 for Arg-1300 (based on the domain-specific model) and Ser-2255, indicating a lack of confidence, as indicated with Ờ, should be interpreted with caution.  RMSD. (Å): The root-mean-square deviation. 0.0 

< TM-score < 1, where 0 is 100% alignment [24]. RMSD and TM-score are based on the structural comparison of the predicted variant models with the predicted WT ABCA4 model. We did not set a threshold for pathogenicity but showed the less well-

aligning structures in this dataset in bold. Destabilizing variants were predicted using Gibbs free energy change calculation in the FoldX plugin for YASARA [46, 47]. Side chain steric clashes were reported here only when all possible rotamers led to clashing 

interactions. It was given as ñmildò when all rotamers produced clashes, but at least one rotamer showed less severe clashing. ECD: Exocytoplasmic domain, NBD: Nucleotide-binding domain, TMD: Transmembrane domain. IH: intracellular Ŭ-helix. VUS: 

Variants of uncertain significance. Neu: Neutral, Del: Deleterious. PDB IDs of the cryo-EM structures of the human ABCA4 used in the analyses: 7lkp,7lkz,7e7o, 7m1q [30-32]. 20. Sun 2000, 21. Biswas 2003, 25. Garces 2020, 26. Curtis 2020, 27. 

Wiszniewski 2005, 28.Biswas et al 2010, 43. Scortecci 2021. 
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Appendix B 

SUPPEMENTARY MATERIAL FOR CHAPTER 3  

 
Figure S3. Comparison of the Alphafold2 (AF2) generated WT full-length and 

domain-specific ABCA4 models with the experimental structures. A. AF2-

predicted full-length (FL) ABCA4 protein model colored based on the pLDDT 

score. B. Superimposition of AF2 domain-specific models ECD1 (green), 

TMD1 (yellow), NBD1 (cyan), R1 (purple), ECD2 (magenta), TMD2 (blue), 

NBD2 (salmon), R2 (pink) on human ABCA4 cryo-EM structures (gray), 

demonstrating the high structural similarity between AF2-predicted models 

and the available cryo-EM structures of human ABCA4 protein. Visualized in 

PyMol2. 
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Figure S4. Plot showing the residual pLDDT quality scores of the AlphaFold2-

generated ABCA4 WT and variant protein models, indicating the confidence 

of the modeling. The overall pLDDT score for each model is given in 

Supplementary Table S3. 
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Figure S5. ȹȹG variant profiles from eight measurement sources. The plot shows the 

in silico ȹȹG values calculated by the FoldX plugin in YASARA software 

[107, 108], using the mutagenesis option for 10 missense variants in the study 

based on the seven available cryo-EM structures of human ABCA4 and 

AlphaFold2-generated full-length ABCA4 wild-type protein model. The 

complex alleles found in the patient cohort have been analyzed both separately 

for each variant and for the variant protein having the two variants together to 

detect possible combinatorial effects of these variants; however, no alleviating 

or augmenting effect was observed in this analysis. Seven ȹȹG values are 

missing due to the Arg-212 residue not being available in the 7lkp, 7m1p, and 

7lkz structures and the Gly-1961 and Glu-2233 in the 7mlq structure. 
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Table S2. Genetic testing for patients in Chapter 3. 

Patient No. Method Lab 

A01F, A10M Stargardt/Macular Dystrophy panel CEI 
A02M arRP full sequencing panel CEI 

A04F, A05F, A06F ABCA4 - full sequencing + del/dup BCM 
A03M, A09M, A11F Cone rod dystrophy Panel CEI 

A07M, A08M N/A Dr. Allikmets 
A12F Macular dystrophy /Stargardt sequencing panel Emory 
A13M ABCA4/RDS/ELOVL4- sequencing panel Gene Dx 

CEI: Casey Eye Institute Molecular Diagnostics Laboratory, BCM: Medical Genetics Laboratories at 

Baylor College of Medicine, Denver: Denver Genetic laboratories, Emory: Emory Genetics 

Laboratories, arRP: autosomal recessive Retinitis Pigmentosa, RDS: Peripherin 2 (PRPH2), ELOVL4: 

Elongation of Very Long Chain Fatty Acids-Like 4. 
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Table S3. Detailed structure analysis and pathogenicity assessments of the missense ABCA4 variants in Chapter 3. 

  

ABCA4 

Variant  

GnomAD 

Allele 

Freq 

Consurf 
Score 

AF2 

pLDDT 

(Res-WT) 

AF2 

pLDDT 

(FL-Var.) 

RMSD 

(Å) 

 

In silico 

ææG 

Exp. 

In silico 

ææG 

AF2 

 

Structural Change 

 
CADD PolyPhen2 REVEL  

 

HSF-Pro 

Splicing Effect 
1 p.C54Y 0.00004 9 90.28 81.16 1.263 +41.7 +17.21 Broken disulfide bond, clashes 33 PrD /1.00 0.98 No significant impact 
2 p.R212C 0.00008 1 73.86 81.83 0.971 +1.26 +0.45 Broken H bond 26.3 PrD/ 1.00 0.847 Potential alteration of 

ESE / ESS motifs  
3 p.L541P 0.00029 8 87.67 81.82 1.271 +7.65 +9.21 Buried Pro introduced, broken 

helix 
27.0 PrD/0.994 0.983 No significant impact 

4 p.A1038V 1.64 x10-3 7 90.96 81.69 1.248 +6.6 +7.74 Slight conformation change 19.92 B/0.009 0.533 Potential alteration of 

ESE / ESS motifs  
5 p.R1098C 0.00006 9 83.67 81.73 1.217 +2.49 +1.15 Lost salt bridge with Asp-2242 25.8 PrD/1.00 0.894 No significant impact 
6 p.T1253M 0.00024 5 83.9 81.05 1.392 +1.54 +2.19 Premature B-sheet, loss of H-

bond 
23.9 PrD/0.998 0.647 No significant impact 

7 p.P1380L 0.00019 9 86.33 81.64 1.264 +12.2 +13.04 Clashes, loss of the Pro-

induced kink 
25.3 PrD/ 0.996 0.867 Potential alteration of 

ESE / ESS motifs  
8 p.A1598D 2.63 x10-5 1 82.75 81.82 1.197 +13.56 +15.75 Clashes, buried hydrophilic 

introduced 
16.31 PoD/ 0.574 0.685 No significant impact 

9 p.G1961E 0.00269 8 91.45 81.65 0.985 +33.06 +20.89 Clashes, buried hydrophilic 

introduced 
26.2 PrD/1.00 0.76 No significant impact 

10 p.E2233V  

- 
9 78.2 81.49 1.350 +0.75 -2.68 Loss of H-bond: R2-NBD1 

domain-domain interaction 
31 PrD/0.985 0.798 Significant alteration 

of ESE / ESS motifs  
11 p.L541P+  

p.A1038V 
- - - 81.08 1.436 +14.25 +16.95 Buried Pro introduced, broken 

helix, conformation change 
- - - - 

12 p.T1253M+ 

p.G1961E 
- - - 81.8 1.738 +34.03 +23.08 Premature B-sheet, loss of H-

bond, clashes, buried 

hydrophilic introduced 

- - - - 

Reference genome assembly: GRCh38:Chr1:83457325-104273917. Reference Transcript: NM_000350.3. ConSurf Score: A measure of amino acid evolutionary conservation based on 
the ConSurf web server analysis. The score ranges from 1-9 with increasing conservation [102]. Allele frequencies: Based on The Genome Aggregation Database (gnomAD) v3.1.2. 

[103]. AF2 Residual pLDDT: Based on the full-length WT ABCA4 AF2 model and corresponding WT residue. FL-Variant pLDDT: For the entire full-length ABCA4 variant AF2 

models. RMSD (Å): The root-mean-square deviation. Based on the structural comparison of the full-length AF2 predicted variant and WT ABCA4 models. Destabilizing variants: 
Predicted using Gibbs free energy change calculation in the FoldX plugin for YASARA [107, 108]. Side chain steric clashes: Reported only when all possible rotamers lead to clashing 

interactions. ECD (Exocytoplasmic domain), NBD (Nucleotide-binding domain), TMD (Transmembrane domain), and IH (intracellular Ŭ-helix). PDB IDs of the cryo-EM structures of 

the human ABCA4 used in the analyses: 7lkp, 7lkz, 7e7i, 7e7q, 7e7o, 7e7q, 7m1p, 7m1q) [18-24]. HSF Pro Version 4: Used to interpret potential splicing effects [104].
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Table S4. Measure (Variable) by Measure Spearman Pairwise Correlations. 

 
Unadjusted p-values indicate that 26 out of 28 possible paired correlations are 

significant (maximum p-value = 0.0114). The ȹȹGs calculated based on AF2 highly 

correlate (r Ó 0.89) with the experimentally determined structures, except for 7lkz (r = 

0.75). 
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Appendix C 

SUPPLEMENTARY MATERIAL FOR CHAPTER 4  

 
Figure S6. Validation of specificity in flow cytometry analysis using various control 

experiments. (A) Flow cytometry analysis of uninfected (left) and ABCA4-

VLP-infected (right) Sf9 cells gated for the mCherry-PE-TexasRed positive 

signal (MOI+) (top) showing no signal in the AF488 channel (bottom), 

indicating no non-specific signal from unstained controls. (B) Flow cytometry 

analysis of Sf9 cells infected with negative control baculovirus and stained 


















