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Protein modeling and in silico analysis to assess pathogenicity of
ABCA4 variants in patients with inherited retinal disease
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Purpose: The retina-specific ABCA transporter, ABCA4, plays an essential role in translocating retinoids required
by the visual cycle. ABCA4 genetic variants are known to cause a wide range of inherited retinal disorders, including
Stargardt disease and cone-rod dystrophy. More than 1,400 ABCA4 missense variants have been identified; however,
more than half of these remain variants of uncertain significance (VUS). The purpose of this study was to employ a
predictive strategy to assess the pathogenicity of ABCA4 variants in inherited retinal diseases using protein modeling
and computational approaches.

Methods: We studied 13 clinically well-defined patients with 4BCA4 retinopathies and identified the presence of 10
missense variants, including one novel variant in the ABCA4 gene, by next-generation sequencing (NGS). All variants
were structurally analyzed using AlphaFold2 models and existing experimental structures of human ABCA4 protein.
The results of these analyses were compared with patient clinical presentations to test the effectiveness of the methods
employed in predicting variant pathogenicity.

Results: We conducted a phenotype—genotype comparison of 13 genetically and phenotypically well-defined retinal
disease patients. The in silico protein structure analyses we employed successfully detected the deleterious effect of
missense variants found in this affected patient cohort. Our study provides American College of Medical Genetics and
Genomics (ACMG)—defined supporting evidence of the pathogenicity of nine missense 4BCA4 variants, aligning with
the observed clinical phenotypes in this cohort.

Conclusions: In this report, we describe a systematic approach to predicting the pathogenicity of ABCA4 variants by
means of three-dimensional (3D) protein modeling and in silico structure analysis. Our results demonstrate concordance
between disease severity and structural changes in protein models induced by genetic variations. Furthermore, the pres-
ent study suggests that in silico protein structure analysis can be used as a predictor of pathogenicity and may facilitate

the assessment of genetic VUS.

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 flavi-
maculatus (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),
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with ABCA4 representing the most frequently mutated gene
associated with human retinal dystrophy [1]. ABCA4 variants
include missense, nonsense, frameshift, splicing, and struc-
tural mutations, with missense variants constituting 46% [2].

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 a helices, a large and evolutionary-
conserved extracytoplasmic domain (ECD), a cytoplasmatic
nucleotide-binding domain (NBD), and a regulatory domain
(RD; Figure 1). Adenosine triphosphate (ATP) binding and
hydrolysis occur in the two symmetric NBDs (NBDI and
NBD?2), while ECD1 and ECD2 are suggested to play a role
in retinal substrate binding [3,4].
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Figure 1. Topological organization of the ABCA4 protein. The pictorial representation shows the domains of ABCA4, as follows: trans-
membrane domain 1 (TMDI) aa 22-45/648—-854, exocytoplasmic domain 1 (ECDI1) aa 62—-646, nucleotide-binding domain 1 (NBDI) aa
914-1152, regulatory domain 1 (RD1) aa 1153-1280, transmembrane domain 2 (TMD?2) aa 1375-1395/1665-1898, exocytoplasmic domain
2 (ECD2) aa 1395-1665, nucleotide-binding domain 2 (NBD2) aa 19162163, and regulatory domain 2 (RD2) aa 2164-2237. Variations in
our cohort are depicted in the structure. (Created with BioRender.com.).

Genetic variation databases such as ClinVar [2], Online
Mendelian Inheritance in Man (OMIM) [5], the Human
Gene Mutation Database (HGMD) [6], and the Leiden Open
Variation Database (LOVD) [7] are widely used in clinical
settings to infer a variant’s 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 classifica-
tion: benign, likely benign, uncertain, likely pathogenic, and
pathogenic [8]. At least half of the missense A BCA4 variations
have been designated as variants of uncertain significance
(VUS:s), and 12% of the remainder have conflicting inter-
pretations (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 4BCA4-opathies is pinpointing
the causative variants and assessing the combinatorial effects
of biallelic variants [9-12]. Although some recurring vari-
ants 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 4BCA4 variants may be
infeasible. Only a fraction of ABCA4 variants have been func-
tionally studied [13-20]. Genotype—phenotype 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 sequence
variations. Relatively few studies have reported on specific
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gene variants that are correlated with specific phenotypes
[9,17,21-24].

Thus, a robust platform is needed to predict the molec-
ular 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 pathoge-
nicity analysis of 4BCA4 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 [25]. Several studies have successfully used compu-
tational protein modeling to assess variations’ pathogenic
impact on various conditions, including developmental,
neurologic, and metabolic disorders [26-33]. Our recent in
silico study found concordance between predicted protein
structural changes and known pathogenicity classification in
a set of ABCA4 clinical variants [34].

In this study, we further assessed the ability of compu-
tational 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 [35] and available cryogenic elec-
tron 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.

METHODS

Patients: This retrospective study was conducted in accor-
dance with Institutional Review Board approval (IRB#14—
403E) of the Wills Eye Hospital and Thomas Jefferson
University. A retrospective chart review was conducted for
those patients with retinal disease—harboring 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 4BCA4
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
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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 [36]. 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 pheno-
type and considering the patients’ insurance coverage for
testing (Appendix 1). When clinically indicated testing could
not be performed—for example, due to a lack of insurance
coverage—research testing was offered with the confirma-
tion of detected variants performed in a Clinical Laboratory
Improvement Amendments (CLIA)—certified 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 experi-
mental structures of the human ABCA4 protein [4,37,38].
Full-length (FL) and domain-specific protein modeling was
performed using AF2 [35] for wild-type (WT) proteins and
each variant protein separately, as described previously
[34]. We used AF2 through the ColabFold notebook in the
Google Colaboratory [39], which is reported to have a level
of accuracy that is almost identical to that of AlphaFold
v2.3.1 locally for monomeric structures [36]. 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 gener-
ated models. The predicted WT and variant structures were
refined for energy minimization using the Amber-Relax
option in ColabFold, and the “repair object” feature in the
FoldX plugin in YASARA View (free version: 22.5.22)
[40,41]. 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 Schrodinger, LLC) was used for model visualiza-
tion 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, to calcu-
late the root-mean-square deviation (RMSD) alignment
scores, and to identify potential impairments in secondary
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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 “align” 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 struc-
tural destabilization due to a mutation.

To predict stability changes in protein variants, we
used the FoldX plugin for the YASARA software. The AAG
free-energy change, calculated as the difference between the
folded and unfolded free-energy states (AGmutant — AGwild-
type), was determined using the “mutagenesis” feature of the
software [40,41]. We reported the AAG 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 AAG values per variant calculated using
the AF2 model with those based on the experimentally deter-
mined structures. To facilitate this comparison, we conducted
a Spearman’s rank correlation using the JMP statistical
software package (JMP®, Version 17, SAS Institute, Inc.,
Cary, NC, 1989-2021). It is important to note that in silico
AAG values are approximate indicators of potential stability
changes rather than absolute, experimentally determined
values.

For the informatics-based pathogenicity prediction of
missense variants, we used Combined Annotation Depen-
dent Depletion (CADD) [42], Polyphen-2 [43], REVEL [44],
and ConSurf [45] 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 [46].

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 ascer-
tain 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.
Genotype—phenotype comparisons were conducted for the
ABCA4 variants occurring in these patients.
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The clinical characteristics of the patient cohort are
summarized in Table 1. 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, AO8M) had a visual
acuity difference between the fellow eyes of more than two
Snellen lines. In patients AO2M and AOSF, eccentric fixation
was observed. The extraocular movements and applanation
tonometry were normal in all patients. Nuclear sclerosis cata-
ract 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 with
geographic atrophy, and five patients had only subretinal
deposits. The foveal thickness in the right eye varied from
69 to 226 um. 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 4 BCA4 mutation patients and
10 compound heterozygous 4ABCA4 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 2). We also identified one
VUS, four Cls, and one novel ABCA4 variant in this study, as
reported in the ClinVar database (Table 3 and Table 4).

Protein modeling and structure analysis: To compare the
deleterious impacts of the missense variants with the patients’
disease severities, we used AF2 protein modeling and all
existing human ABCA4 cryo-EM structures (Protein Data
Bank identifiers [PDB IDs]: 7lkp, 71kz, 7e7i, 7¢7q, 7¢70, Te7q,
7mlp, 7Tmlq). ABCA4 WT and variant models were obtained
in high confidence (pLDDT > 80%) and with high structural
similarity with the experimental structures (Appendix 2,
Appendix 3 and Appendix 4).

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 lead to
the misfolding and mislocalization of the ABCA4 or trun-
cating mutations, which result in the complete loss of func-
tion (LoF). However, LoF can also result from local effects
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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 intra-
molecular 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 AAG free-energy
changes. In silico analysis found a range of structural
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alterations in 10 missense A BCA4 variants carried by affected
individuals (Table 3, Figure 2).

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 inter-
actions (p.R212C, p.R1098C, p.P1380L, and p.E2233V). The
remaining variant, p.A1038V, led to a local conformational

TABLE 1. PHENOTYPIC CHARACTERISTICS OF THE PATIENTS WITH ABCA4 MUTATIONS.

Age of onset/ Fundus findings

Pt. No./ time from VA first
o . seen OCT GVF ffERG mfERG IVFA
Sex onset to first OD-OS
seen (years) Flecks Pig clumps

20/200

AO1F* 15/8 -20/200 Mac RPE alt SD Constrict *Photopic>Scotopic  Iso DC

Iso
a - +

A02M 15/50 LP-LP No Mac SD+GA N/A Photopic&Scotopic N/A N/A
20/70 « . * No

A03M 13/10 -90/30 No Mac, BB SD Normal Photopic Cen DC
20/400 . . .

AO04F® 14/37 _CF No Diffuse SD+GA Normal  *Scotopic>Photopic  Iso DC
20/200 . . . No

b *

AOQSF 13/29 ~0/400 Mac Mac SD+GA Constrict *Photopic>Scotopic  Iso DC
20/30 . .

AQ6F 8/0 -20/25 Diffuse CHRPE SD Normal  *Photopic *Cen N/A
20/125 ;

AQTMe 12/2 -20/100 Mac RPE alt SD Normal  *Photopic Iso N/A
20/60 .

AO8M* 14/3 Mac RPE alt SD+GA Constrict Normal *Cen DC
-20/200
20/80 * . No

A0SM 6/0 ~90/200 No No SD+GA N/A Photopic Iso DC
20/100 . .

A10M 10/0 20/125 Diffuse Mac, BB SD+GA N/A *Photopic *Cen DC
20/80 . .

Al1F 1 ~20/20 No No, BB SD Normal  Borderline photopic ~ *Cen N/A

AI2F 9/2 201125 hiffuse No, BB sprGa  Comralupn topic *Cen N/A
-20/200 sco
20/40

Al13M 11/2 -20/30 No No, Bulls Normal Normal N/A *Cen DC

*Consanguinity in the family.® AO4F and AOSF are siblings. © AO7M and AO8M are siblings. Abbreviation Pt: Patient, BB: “beaten
bronze” appearance, CF: count fingers, CHRPE: Congenital Hypertrophy of the Retinal Pigment Epithelium, Dif: diffuse, IVFA: Intra-
venous 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.
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TABLE 2. GENOTYPIC CHARACTERISTICS OF THE PATIENTS WITH ABCA4 MUTATIONS.

Patient Allele 1 Allele 2
No./ Location Location
Sex ABCA4 Variation (Domain) ABCA4 Variation (Domain)
AO1F? ¢.4793C>A:p(A1598D) ECD2 ¢.4793C>A:p(A1598D) ECD2
A02M?  ¢.5018+2 T>C sECD2 c.5018+2 T>C sECD2
AO3M  ¢.5714+5G>A sNBD2 ¢.3758C>T:p(T1253M);c.5882G>A:p(G1961E) RDI1, NBD2
AO04F®  ¢.161G>A:p(C54Y) ECDI1 *c.6698A>T:p(E2233V) RD2
AO5F®  ¢.161G>A:p(C54Y) ECDI1 *c.6698A>T:p(E2233V) RD2
AO6F ¢.1622T>C:p(L541P);c.3113C>T:p(A1038V) I]::I?BDDII’ c.4234C>T:p(Q1412%) ECD2

. ECDI,
AQ0TM®  ¢.1622T>C:p(L541P);c.3113C>T:p(A1038V) NBDI c.5714+5G>A sTMD2

ECDI,

AOSM®  ¢.1622T>C:p(L541P);c.3113C>T:p(A1038V) NBDI c.5714+5G>A sTMD2
AOOM  ¢.634C>T:p(R212C) ECDI1 c.768G>T:p( V256=) ECD1
AIOM  ¢c.4139C>T:p(P1380L) TMD2 c.4139C>T:p(P1380L) TMD2
AllF ¢.4539+2028C>T sECD2 ¢.859-13T>C sECD1
A12F ¢.850 857del ATTCA AGA:p(1284fs) ECDI1 c.6184 6187delGTCT:p(V2062£s) NBD2
AI3M  ¢.3292C>T:p(R1098C) NBDI1 ¢.664delG:p(A222fs) ECDI1

*Consanguinity in the family.® AOO7F and AOOSF are siblings. ¢ AO14M and A015M are siblings *Novel variant, FS — Frameshift. NBD:
Nucleotide Binding domain, ECD: Exocytoplasmic Domain, TDM: Transmembrane Domain, RD: Regulatory Domain. Reference ge-
nome assembly, GRCh38:Chr1:83457325-104273917, Reference Transcript: NM_000350.3

change in the backbone and reduced stability (Figure 2, Table
3). 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 AAG > 5
(Table 3 , Appendix 4).

We examined how the AF2 model determined AAG
values compared to those calculated using the ABCA4
cryo-EM structures. The AAG profiles over 10 missense vari-
ants (and 2 complex alleles) were formed to compare these
measures. Seven values were missing because the Arg-212
residue was unavailable in the 7lkp, 7mlp, and 7lkz struc-
tures, and the Gly-1961 and Glu-2233 residues were absent
in the 7mlq structure. Appendix 5 shows agreement in the
relative AAG values for each missense variant among the
experimental structures and the AF2 model. We formalized
the similarity seen with a pairwise correlation analysis using
Spearman’s rank correlation. Unadjusted p values showed 26
of 28 possible paired correlations to be significant (maximum
p value = 0.0114); the AAGs calculated based on AF2 specifi-
cally correlated with those done on the experimentally deter-
mined structures at approximately 0.89 or above for all
except 7lkz (p = 0.75; Appendix 6). Based on these findings,
AAG predictions from the AF2 model can be considered an

alternative to those obtained from experimentally determined
structures.

In silico protein structure analysis and phenotypic asso-
ciation: The missense variants were distributed across the
ABCAA4 protein sequence: there were 3 in ECDI, 3 in NBDI,
1 in ECD2, 1 in transmembrane domain-2 (TMD?2), and 2
in NBD2 (Figure 1, Table 3). 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, AO4F and AOSF, with ages of onset of 14 and 13
years, respectively. The two patients had the same bial-
lelic 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 2A), along with a poor align-
ment score (RMSD = 1.26) and destabilization as reflected by
the AAG (+ 41.68 kcal/mol), supporting the deleterious effect
of this variant (Table 3). The informatics tools also predicted
the variant to be pathogenic (Table 3, Supplementary Table
S2). The observed severity of this variant, based on the
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TABLE 3. STRUCTURE ANALYSIS AND OVERALL PATHOGENICITY ASSESSMENTS OF THE MISSENSE A BCA4 VARIANTS FOUND IN THE STUDY.

Pathoge- -
Clinical F ional in vi nicit In silico P . .
Domain ABCA4 variants signifi- unc.tmna in vitro M RMSD rotein structura
studies L. AAG exp. changes
cance prediction (keal/mol)
ECDI ¢.161G>A:p(C54Y) P/LP - P 1.263 417 Broken disulfide
bond, clashes
| Expression®-®, | ATP
¢ .634C>T:p(R212C) P/LP binding?, Basal&Stim. P 0.971 1.26 Broken H bond
ATPase®
Mislocalization, Buried Pro intro-
¢ .1622T>C:p(L541P)  CI ~ Basal&Stim. P 1.271 7.65 uried oo
17,20 duced, broken helix
ATPase'”
| Basal&Stim.
17 1 1
NBDI  ¢.3113C>T:p(A1038V) P/LP ATPase", Normal B 1.248 6.6 Slight conformation
subcellular change
localization?
. Lost salt bridge
¢ .3292C>T:p(R1098C) P/LP - P 1.217 2.49 with Asp-2242
RDI ¢.3758C>T:p(T1253M)  CI - p 1392 1.54 Premature B-sheet,
' ’ ’ ’ loss of H-bond
) | Basal&Stim. ATPase Clashes, loss of the
TMD2 c.4139C>T:p(P1380L)  P/LP M P 1.264 12.2 Pro-induced kink
| Expression, | Clashes, buried
ECD2 c.4793C>A:p(A1598D) P/LP Basal&Stim. ATPase © P+ 1.197 13.56 hydrophlllc
introduced
. Clashes, buried
NBD2  ¢.5882G>A:p(GI961E) CI ﬁyfasal&sum' ATPase 0.985 31.68 hydrophilic
introduced
Loss of H-bond:
RD2 ¢.6698A>T:p(E2233V) Novel - P 1.35 0.71 RD2-NBDI inter-

action *

Reference genome assembly, GRCh38:Chr1:83457325-104273917, Reference Transcript: NM_000350.3. Informatics-based pathoge-
nicity prediction is based on CADD, PolyPhen-2, REVEL, and Consurf amino acid conservation scores [45]. + When there is no absolute
consensus, given based on the majority's prediction. (See supp. Table 2). *The novel variant c.6698 A>T:p(E2233V) was also predicted
to impact splicing with significant alteration of auxiliary sequences ESE / ESS motifs ratio (—10; HSF-Pro [46]). The wild-type (WT)
and variant protein models were predicted in the AlphaFold2 [35] through the ColabFold AlphaFold2 advanced notebook running in
Google Colaboratory [39]. The in silico stability change prediction is based on the mean of AAGs calculated from all ABCA4 experi-
mental structures (exp.) using the FoldX plugin for Yasara [40,41]. AAG is the measure of the free energy change due to an amino acid
substitution. AAG >1, the substitution is defined as destabilizing. For AAG values based on each protein structure, and their correlations,
see supplementary files: Figure S3 and Table S3. All other structural analyses were performed in PyMOL2. Root-mean square displace-
ment (RMSD; all-atom) is calculated to determine the structural alignment scores. VUS: Variants of Uncertain significance, CI: Conflict-
ing interpretation, NBD: nucleotide-binding domain, ECD: Exocytoplasmic Domain, TMD: Transmembrane Domain, RD: Regulatory
Domain.

patient’s phenotype (Table 1), 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 patient’s
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 1). The p.R212C
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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 4) [46]. 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 patient’s disease severity. The p.R212C
variant was predicted to be pathogenic by the informatics
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TABLE 4. PUTATIVE Loss OF FUNCTION (PLOF) AND INTRONIC A BCA4 VARIANTS IN THE STUDY.

ABCA4 pLOF and intronic variants Predicted effect Predicted effect on protein ClinVar Asses.
¢.664delG New Acceptor site= p-A222Qfs*19 P

c.768G>T Splicing (Exon-intron boundary) = p-V256=fs*12 P/LP
¢.850_857del ATTCAAGA Splicing (Broken WT donor site) = p-1284V{s*33 P

¢.859-13T>C No impact on splicing® ? VUS
c.4234C>T Nonsense p-Q1412* P
e4539-2028C=T 245t puedosuon isertion PRISHLE 36" ci
¢.50182T>C Splicing (Broken WT donor site) p-T1675V{s*30 P/LP
¢.5714+5G>A Splicing (Broken WT donor site) = Skipping of exon 40% P/LP

c.6184 6187delGTCT Frameshift p-V2062Tfs*51 P

*HSF-Pro: Human Splicing Finder, version 4 [46], P: Pathogenic, LP: Likely Pathogenic, VUS: Variants of Uncertain Significance, CI:
Conflicting interpretation, NP: Not provided.

Figure 2. In silico structure analysis of the missense 4BCA4 variants. 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 a-helix and produces steric clashes. D. A1038V causes slight conformational change. E. R1098C causes the loss of a salt bridge
affecting NBD1-RD2 domain—domain interaction; the RD2 is colored light green. F. T1253M inside the RD1 leads to a loss of the H-bond
and a premature -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: 7e70 (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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tools (Supplementary Table S2), and structure analysis
revealed a missing H-bond with Gln-190 due to the substitu-
tion (Figure 2B, Table 3). However, p.R212C is in the part of
the ECDI 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 (AO6F, AO7M, and AOSM) in our study. The siblings
A07M and AO8M had the same biallelic combination with the
¢.5714+5G>A splicing variant on the trans allele, while the
third patient had a p.Q1412* nonsense mutation in trans (Table
2). All three patients exhibited fundus flecks, subretinal
deposits, and pigmentary clumps. The age of onset, visual
acuity, and other findings were comparable in the siblings
(Table 1). 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 substitu-
tion is located within an a-helical region and is predicted to
disrupt the a-helix structure and cause clashing interactions,
leading to conformational changes (RMSD = 1.27; Figure 2C,
Table 3). 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 AAG
(+ 6.56 kcal/mol), indicating that it can be a destabilizing
mutation (Figure 2D). The informatics-based tools suggested
that the p.L541P variant is pathogenic while p.A1038V is
benign (Table S2). 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 (Ala222GInfs*19), which leads to a complete
loss of function. The Argl098 residue, localized inside the
NBDI1, was found to have an essential role in the NBD1-RD2
interdomain interaction by forming a salt bridge, which is
disrupted by the Cys substitution (Figure 2E). Prediction tools
classified p.R1098C as pathogenic (Table 3, Supplementary
Table S2). 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 AO3M, with the ¢.5714+5G>A splicing variant in trans,
which is predicted to affect the splicing pattern according to
HSF-Pro [46]. The patient presented with a “beaten bronze”
appearance in fundus imaging, with lipofuscin deposits
centrally and a mild surrounding ring of hyperpigmenta-
tion (Table 1). Remarkably, 10 years after the diagnosis, the
patient’s vision remained relatively preserved compared to the
other patients in our cohort. In silico analysis predicted that
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both missense variants individually cause protein structural
changes. The p.T1253M variant, located within RDI, led to
a major structural alteration with a degenerated secondary
structure element (Figure 2F). 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 AAG value (Table 3) and as shown in
Figure 21. The prediction tools unanimously supported the
pathogenicity of both variants (Supplementary Table S2).

The p.P1380L variant was identified in a 10-year-old
homozygous patient (A010M) with a highly progressive
ABCA4 retinopathy. The patient’s severe phenotypic findings
(Table 1) are consistent with protein modeling that indicates
the Pro — 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 trans-
location (Figure 2G).

The p.A1598D variant, located in the ECD2 domain,
was identified in patient AO1F, 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 buried
location, the p.A1598D variant resulted in destabilization
(AAG = + 13.56 kcal/mol) and caused steric clashes (Figure
2H). 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 [45], but the variant has a low allele frequency
(2.63 x 107% Supplementary Table S2) [47]. Overall, the
patient’s severe phenotype was consistent with the substan-
tial changes observed in the protein structure predicted by
structure analysis.

Variant p.E2233V was identified in siblings AO4F and
AOSF, who had comparable age of onset and visual acuity
(Table 1). AO4F presented with large retinal pigmentary
clumps involving the macula and mild periphery, choroidal
attenuation, but no fleck lipofuscin deposits. AOSF showed
geographic atrophy in the macular area with mid-periphery
pigmentary clumping, with several subretinal flecks in the
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macula. A grayish elevation in the superior macula could
represent either a choroidal nevus or subretinal neovas-
cular membrane. Both patients had relatively healthy optic
nerves, with minimal pallor as well as mild retinal vascular
attenuation (Table 1). 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 2J). This variant
was also predicted to affect splicing by altering the auxil-
iary sequences’ ESE/ESS motifs ratio (—10; HSF-Pro [46]).
Although the true consequence of this variant is not yet fully
understood, we saw an agreement between the computational
analysis of the missense effects on the ABCA4 protein struc-
ture and the patient phenotype.

Our cohort had three patients who did not have a
missense ABCA4 variation. Patient AO2M carried the
¢.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 [46],), resulting in translated
product lacking the last quarter of the protein. Patient A11F
was compound heterozygous with the ¢.859-13T>C and
¢.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 —10 as predicted by the HSF-Pro [46].
The ¢.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) [48]. Unless there
are other undetermined variations in the patient, the pheno-
type suggests that these intronic variants are pathogenic.
Patient A12F carried two different frameshift variants—p.
1284V{£s*33 and p.V2062Tfs*51—both 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 advance-
ment 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 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
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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 4ABCA4 retinopathy.
Subsequently, we performed a computational protein struc-
ture 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 [12,49,50]. There-
fore, we included all types of variants with their predicted
effects when discussing the relation between a patient’s geno-
type 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 delete-
rious effect of a genetic variant at the protein level (Figure 3).

We used AF2, a highly reliable way to predict protein
structures [35,51,52], along with recently resolved experi-
mental structures of ABCA4 to analyze the structural
impacts of the variants. In addition to physically observable
conformational changes, we evaluated bonding, interac-
tion, 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 align-
ment scores between the WT and mutant predicted protein
structures, and the AAG calculation to compare thermody-
namic stability changes upon amino acid substitution. We
observed the consistency between the in silico AAG values
determined by the AF2 model and the ABCA4 cryo-EM
structures (Supplementary Figure S3, Supplementary Table
S3). Our findings are in line with a recent study by Akdel et
al. [52], 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 learning—based 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 func-
tion [53]. 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.
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Figure 3. General workflow of the study. The genetic and phenotypic information collected from a well-defined retrospective cohort of
ABCA4 retinopathy patients provided a list of 4ABCA4 missense variants, allowing us to test the protein structure—based computational patho-
genicity 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 genotype—phenotype association in A BCA4-related inherited

retinal diseases and in classifying VUS.

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 [8], 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),
€.3292C>T:p(R1098C), ¢.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 4), and all of them were structurally
damaging (Figure 2). Our findings from the protein struc-
ture analysis support the expected 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 character-
ized in functional studies [17,19,20,23,54] and presented with
impairments in protein expression, localization, or enzymatic
function (PS3; Table 3, Figure 4); 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 2, Table 3), consistent with previous func-
tional studies. Specifically, p.L541P and p.P1380L exhibited
mislocalization and a significant reduction in basal and retinal
stimulated ATPase activities [17,19]. The variants p.A1598D
and p.G1961E, in contrast, showed almost a complete loss
of retinal-stimulated ATPase activity [17,20]. These findings
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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 [8]. Our study provided
different degrees of pathogenicity evidence for nine missense
ABCA4 variants, including this novel variant (Figure 4). The
p-E2233V variant was found in affected siblings in our cohort
(supporting evidence of pathogenicity: PP1 and PP4, ACMG/
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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 (Supple-
mentary Table S2), and protein modeling demonstrated
substantial impairment in the structure (PP3). We deter-
mined 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

Specific patient phenotype linked to the ABCA4 gene (PP4)

Multiple lines of computational evidence (PP3)

Only in
trans with

pathogenic
variant

(PM3)

R1098C

Co-segregation
with disease in
amily (PP1)

R212C
P1380L

T1253M

Absent in
population
database
(PM2)

Functional
study (PS3)

Figure 4. Pathogenicity evidence of the ABCA4 missense variants in the study 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 3.
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future clinical trials. In our study, three missense 4BCA4
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 submis-
sion with uncertain significance (ClinVar submissions: 13
pathogenic, 2 likely pathogenic, and 1 uncertain signifi-
cance). The other variants with conflicting interpretations
were p.T1253M and p.G1961E, which were found together as
a complex allele in patient AO3M 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 AO3M carried this complex allele
in trans to the pathogenic ¢.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 (AO7M and
A08M), who presented with poorer outcomes (Table 1). 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 genotype—phenotype relationship in auto-
somal recessive diseases. In our study, we had three homo-
zygous 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 showed a “beaten
bronze” 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 interac-
tions (Table 3, Figure 2G). 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 AAG value (Table 3, Figure 2H). The last
biallelic variant was the intronic ¢.5018+2T>C variant, found
in a patient with onset at 15 years old. Over a disease dura-
tion of 50 years, the patient lost his vision to the degree of
light perception (Table 1). This variant was predicted to affect
splicing by the HSF-Pro web server (Table 4) [46].

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 success-
fully identified structural defects in variants found in affected
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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 [34].
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, ABCA4’s function is closely related to its
dynamic properties [55,56], and some sequence variants can
impact the dynamic properties of the protein. In this study,
we did not assess these potential molecular dynamics—related
impacts. Also, we did not conduct deep intronic or ABCA4
promoter sequencing, so the effects of these potential vari-
ants, 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 func-
tional 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 biochem-
ical and molecular focuses can be conducted to better under-
stand 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 struc-
ture 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 silico—predicted protein structural changes caused by
missense A BCA4 variants. Determining disease-causing vari-
ants is a crucial part of clinical management, and we believe
that our research will contribute to elucidating the molecular
pathology of variants associated with A BCA4 retinal diseases.
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APPENDIX 1. SUPPLEMENTARY TABLE S1.
GENETIC TESTING FOR PATIENTS IN THIS
STUDY.

To access the data, click or select the words “Appendix 1.”
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.

APPENDIX 2. SUPPLEMENTARY FIGURE S1.

To access the data, click or select the words “Appendix 2.”
Comparison of the Alphafold2 (AF2) generated WT full-
length and domain-specific ABCA4 models with the experi-
mental structures. A. AF2-predicted full-length (FL) ABCA4
protein model colored based on the pLDDT score. B. Super-
imposition of AF2 domain-specific models ECD1 (green),
TMDI (yellow), NBDI (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 ABCAA4 protein. Visualized
in PyMol2.

APPENDIX 3. SUPPLEMENTARY FIGURE S2.

To access the data, click or select the words “Appendix
3.” 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 Supplemen-
tary Table S2.

APPENDIX 4. SUPPLEMENTARY TABLE S2.

To access the data, click or select the words “Appendix 4.”
Detailed structure analysis and pathogenicity assessments
of the missense ABCA4 variants in the study. Reference
genome assembly: GRCh38:Chrl: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 [45]. Allele frequencies: Based
on The Genome Aggregation Database (gnomAD) v3.1.2 [47].
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 (A): The root-mean-square deviation. Based
on the structural comparison of the full-length AF2 predicted
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variant and WT ABCA4 models. Destabilizing variants:
Predicted using Gibbs free energy change calculation in the
FoldX plugin for YASARA [40,41]. Side chain steric clashes:
Reported only when all possible rotamers lead to clashing
interactions. ECD (Exocytoplasmic domain), NBD (Nucleo-
tide-binding domain), TMD (Transmembrane domain), and
IH (intracellular a-helix). PDB IDs of the cryo-EM structures
of the human ABCAA4 used in the analyses: 71lkp, 7lkz, 7¢7i,
7¢7q, 7¢70, 7€7q, 7Tmlp, 7mlq). HSF Pro Version 4: Used to
interpret potential splicing effects [46].

APPENDIX 5. SUPPLEMENTARY TABLE S3.

To access the data, click or select the words “Appendix 5.”
Measure (Variable) by Measure Spearman Pairwise Correla-
tions. Unadjusted p-values indicate that 26 out of 28 possible
paired correlations are significant (maximum p-value =
0.0114). The AAGs calculated based on AF2 highly correlate
(p = 0.89) with the experimentally determined structures,
except for 7lkz (p = 0.75).

APPENDIX 6. SUPPLEMENTARY FIGURE S3.

To access the data, click or select the words “Appendix 6.”
AAG variant profiles from eight measurement sources. The
plot shows the in silico AAG values calculated by the FoldX
plugin in YASARA software [40,41], 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 AAG values are missing due to the Arg-212 residue not
being available in the 7lkp, 7mlp, and 71kz structures and the
Gly-1961 and Glu-2233 in the 7mlq structure.
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