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ABSTRACT

The retinaspecific ATRbinding cassette transporter, ABCAg crucial for
maintaining retinal health bglearing toxic byproducts generated during
phototransductiorRPathogenic variants iIRBCA4disrupt this function, leading to
blinding inherited retinal diseases such as Stargardt disease, retinitis pigmentosa, and
conerod dystrophycollectively affecing millions worldwide Despite the
identification of over 4,00BBCA4variants, a significant portion remains unclassified
in terms of pathogenicity, posing substantial challenges for accurate diagnosis, clinical
management, and therapeutic interventidre 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 methddss dissertation employs an integrated
approach, combininip silico protein structural analys with a viruslike particle
basedn vitro characterization platform to systematically investigate the pathogenic
impact of missensABCA4variants 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 aAdRCa4VUS,
which effectively led to their reclassification undenerican College of Medical
Genetics and Genomics/Association for Molecular Pathodpggelines. Overall he
in silico methodsserve as a first step prioritizing variants and elucideig the
molecular mechanisms underlying protein dysfunction, while the VLP platform

provides a streamlined, highttroughput method fan vitro functional
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characterization of variant$his integrated methodology advances our understanding
of ABCA4-related retinal diseases and offers a scalable framework that can be adapted

to studyother 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 acrospecieg1-3]. These transporters are characterized by their ability to
harness the energy derived from ATP hydrolysis to translocate a wide range of
substrates across cellular membrafié® sibstrates 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 resistancgs, 4.

The ABC transportesupefamily in humans can be categorizetb seve
subfamilies, designated ABCA through ABCG, based on sequence homology
structual organizatiorphylogenetic analysi®, 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 §fsThese transporters
are integral to the maintenance of cellular lipid composition and the removal of toxic
lipid metabolitesemphasizindheir importance in both normal physiology and disease
statesA number of inherited diseases are linked to genetic variants in the ABCA
subfamily,including ABCAL1in familial high-density lipoprotein (HDL) deficiency

andTangier DiseaseABCA3in pediatric interstitial lung diseas@dfatal surfactant



deficiency, ABCA12in lamellar and harlequin ichthyosis, ahBCA7in Alzheimer's
diseasd1-4].

ABCA4 Transporter Protein

The ABCA4 transporter protein is a member of the ABCA subfamily, playing
a key role in maintaining retinal healthis encoded byhe ABCA4gene(OMIM
#601691)located on chromosome 1p22, which spamgroximately 128 kilobases of
genomic DNA and consists of 50 exoABCA4 is predominantly expressed in the
photoreceptor cells of the retifs], where it is responsible for transporting retinal
byproducts generated during phototransduction from the photoreceptor outer segments
into the cytoplasm for further processirkigure 1A) [6-10]. A recent stug 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 phagocjia$ifABCA4 function is
critical for the visual cycle and the preservation of photoreceptor cell integnity
defects in this process lead to retinal degenerative disgas&3]. Understanding the
structure of ABCA4 igrucialfor elucidating its functional mechanism and the

pathogenic effects of various mutations.

Structural Insights into ABCA4
ABCAA4 is a fultHlength transporter composed of 2273 amino acids, organized
into two homologous halves. Each half contains a transmembrane domain (TMD), an
extracyoplasmic domain (ECD), a nucleotidending domain (NBD), and a regulatory

domain (RD)(Figure 1B). Within the outer segment discs of cone and rod



photoreceptor cells, ABCA4 is positioned with the ECDs facing into the lumen and
the NBDs oriented on the cytoplasmic s{fegure 1A).

Recent cryeelectron microscopy (cry&M) studies have provided detailed
insights into the molecular architecture of ABCHA#-25]. These studies have
resolved the structure of ABCA4 in multiple conformational states, including the apo
state, ATPbound state, and substrdteund forms, atesolutions ranging from 2.9 to
3.6 A. These experimentadtructures reveal that ABCA4 adopts an elongated shape,

extending approximately 2340 A across the lipid bilay§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 outwéading conformation,
creating a hydrophobic cavity thextends intdoth the lumen and the lipid bilayer
which is important for substrate recruitmente substratdinding pocket, located at
the interface between the TMDs, is accessible from the lumen leaflet of the membrane
(Figure 2A) [26-28]. In the substratbound 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 RZD1
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

substratebinding cavity and forming a tightly sealed struct(Fgure 2A). [26-28].



Extracytoplasmic Domains (ECDs)
The ECDs of ABCA4 are large, glycosylated regitotatedabove the TMDs.
These domains exhibit a complex structure with multiptgons including a base, a
tunnel, and a lid26-28]. The tunnel region, which is accessible from the lumen side,
is lined with hydrophobic residues amy play a role in substrate passdgeé, 28]
However, due to their high flexibility, the ECDs are the least-veslblved structures.
Despite this, ECDs exhibit clear conformational changes between théddrtel and
NRPEbound stateR27]. The ECDs are stabilized by sevepalar interactions and
disulfide bridges, crucial for maintaining the structural integrity of the transgjager
28]. The presence of glycosylation sites further suggests that the ECDs may play a role

in the proper folding and trafficking of ABCAA4.

NucleotideBinding Domains (NBDs)

The NBDs of ABCA4 are highlgonserved 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
coordination6]. In the absence of ATP, the NBDs remain separated, allowing the
TMDs to adopt an outwasfhcing conformation. ATP binding, however, induces a
large tweezelike conformational change, causing the NBDs to dimerize and bringing
the TMDs into close proximity, facilitating substrate translocation across the
membrand27, 28] The NBDs are also linked to regulatory domains (RDs), which
could potentiallynodulate 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 cros®main arrangement is further stabilized by ATP

binding, reinforcing an interdomain interaction netwdflg(re 2B). Additionally, the



RDs exhibit amACT-like foldowi t h t he <char act ¢26]jwhithi c

maypl ays a cruci al role in regulating

FunctionalRoleof ABCA4 in Visual Cycle and Retinal Health

Phototransduction iaprocess by which light is converted into electrical
signals, enabling vision. This cascade begins when thtincoupled receptor
rhodopsin binds to ttis-retinal, a derivative of vitamin A, and triggers the
conversion of light into an electrical sigrias].

Following the activation of rhodopsin, tis-retinal is isomerized into all
transretinal[30, 31] To reset the photoreceptor to its liglensitive state, atrans
retinal must be removed and recycled. Howevettralisretinal is highly reactive and
can form toxic compounds when it interacts with membrane |[Bitls

Once alitransretinal is released into the lipid bilayer of the photoreceptor
outer segment diskig forms a reversible covalent bond with
phosphatidylethanolamine (PE), creatingétinylidenephosphatidylethanolamine
(N-retPE)[31, 32] ABCA4 primarily functions by flipping Nret-PE from the inner
to the outer leaflet of the photoreceptor disk membriaiteéting the first step ithe
visual cycl® the regeneration of idis-retinald which is completedhrough
subsequent enzymatic reactions in the retinal pigment epithelium (BBEB3]

Dysfunction in ABCA4 disrupts the normal flipping offdt-PE across the
photoreceptor disk membrafis-17]. When genetic variants lBCA4result in a
deficient or defective protein, or when the protein fails to be properly targeted to the
membrane, Net-PE accumulates on the inner leaflet of the disk membeartkin the
RPE cells This accumulation increases the likelihood of a second retinaldehyde

molecule reacting with Met-PE, leading to the formation of an irreversible and

bUDD L
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insoluble bisretinoid compound known as Athosphatidylethanolamine (A2PBJL,
34].

A2PE is a precursor ti-retinoid-pyridinium-ethanolamin€A2E), a toxic bis
retinoid that forms after the hydrolysis of A2R&hichis highly detrimental to
photoreceptor cells and RREL]. It contributes to the buildup of lipofuscin, a
fluorescent pigment that accumulates within and beneath the RPE, leading to cellular
dysfunction and deatl34]. The presence of A2E and other-k@$inoids is directly
linked to the formation of characteristic pisciform flecks observed in patients with
ABCA4-related retinal diseas¢35].

Moreover, A2E and related bistinoids are phototoxic and can generate
reactive oxygen species (ROS) when exposed to light, exacerbating oxidative stress
and further damaging retinal ce]&6]. Therefore, ABCA4 plays a critical role in
efficiently clearing these reactive molecules and recyclingi¢tetinal for the

phototransduction process, ultimately ensuring retinal héaigure 3).

ABCA4GeneticVariantsand Disease Association

Pathogenic variants kBCA4have beellinked to a series of inherited retinal
disease$lRDs), including Stargardmnacular dystroph{STGD1,0MIM #248200,
conerod dystrophy(CRD, OMIM #604116)andautosomal recessivetinitis
pigmentosdarRP, OMIM #601718)and are also believed tontribue to the
complex diseasagerelated macular degeneratiGhMD) [13, 14, 35, 3746].

Stargardt disease is the most commMA@CA4related 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



roughly 1 in 8,000 to 10,000 individuadtobally [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
progression49, 50]

To date, over 4,000 variants in tABCA4gene have been identified

(https://www.ncbi.nim.nih.gov/clinvar/accessed oh0 SeptembeR024),

contributing to IRDs. Thgenotypic angbhenotypic heterogeneity 8BCA4related
IRDs. This wide variability in clinical presentations can be attributed in part to the
severity of individual mutations and the combined effectrofjue combination of
alleles inherited by each patidbt-54]. SomeABCA4variants 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
ABCAA4 function tend to cause earlier onset and more aggressive progression of retinal
degeneratiofd2, 5563]. Thecomplexrelationship between genotype and phenotype
in ABCA4related diseases &so believed to bmfluenced by factors such as modifier
genesandenvironmental conditionf85]. 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 ABCA4gene contains various types of mutations, including missense,
nonsense, frameshift, splisge 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/

challenges in determining their functional impact compared to other mutation types.
Consequently, a significant numberABCA4missense variants remain classified as
variants of uncertain significance (VUS). Thesissenseariants are dispersed
throughout the entire open reading frame (Of#gqure 4), and can affect multiple
aspects of ABCA4 protein function, such as substrate binding, ATP hydrolysis,

membrane targeting, and protein stability.

Computational Tools andIn Silico MethodsinPr edi ct i ng Vari ant ¢
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 genesAREA4 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 PolyRRéRolymorphism
Phenotyping v4p4], SIFT (Sorting Intolerant From Toleraj&}], and
MutationTastef66] 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 Depl¢@dh)
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)



[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 context$69]. This is especially relevant ftnansportemembrane proteins
like ABCA4, where the structural impacts of variants can desgigtaficantly from
those in soluble proteirjg0].

To overcome these limitations, molecular modeling and structural prediction
techniques, in conjunction witlisingavailable experimental structure modiel$nfer
the impacts ofariantshave become increasingiyportant Especially for missense
variants, hese methods offerkaological context, anchore 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 StudyingABCA4 Membrane Protein In Vitro
Initial studies focused on expressing individual ABCA4 domains in bacterial
systems to biochemically characterize the wylde (WT) protein and its varianfs,
8, 7173]. While thesesfforts provided valuable insights into the roles of specific
domains motifsand residuesheywere limited in scope, as they did not fully capture

the functional complexity and interactions of the entire protein



A major challenge in studying fulength ABCA4in 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 functionalitgolubilization and reconstitution processes
can disrupt crucial lipigorotein interactions, which may lead to alterations in protein
conformation and functiofy4]. Furthermore, reproducing thalancedipid
composition and conditions of native cellular membranes is challenging, and
deviations from the natural context may result in misleading conclusions regarding the
proteindbs behavior and {rthe&lcharacterizati c
Due to these limitations, less than 10% of ABCA4 variants have been
functionally characterized at the protein level usmgitro assays, including
enzymatic assays, expression, and localization st(€iigsre 5). This leaves a
significant gap i n understanding how speci
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-faligth ABCA4, such as
solubilization and reconstitution, alternative approaches are being explored to
facilitate the functional characterization®BCA4VUS. One such approach is the use
of virus-like particles (VLPs), a versatile platform for expressing membrane proteins
in a controlled and nearative environment. VLPs represent a robust tool for studying
ABCA4 because they offer several advantages over tradifionélo systems.
VLPs are norinfectious particles that resemble the structure of viruses but

lack viral genetic material, making them a safe and effective system for protein
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expressionj76-78]. Structurally, VLPs can be classified as either enveloped ar non
enveloped78]. Nonenveloped VLPsonsistof viral capsid proteins that
spontaneouslgssemble into particleahereasenveloped VLPs arenclosedy a

lipid bilayeroriginatingfrom the host cell membrane. This lipid envelope makes
enveloped VLPg$eVLPs)particularly suitable for studying membrane proteins, as
they closely mimic the native lipid bilayer found in cellular membraalésving for
critical lipid-protein interaction$or proper enzymatic functiotimat are often disrupted
in other artificial membrane systerfSgure 6).

Anothermajor advantage of VLPs is their ability to provide a consistent and
uniform orientation of membrane proteithge to the nature of budding process from
the host cell plasma membraffégure 6) [77]. Thisorientationuniformity 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 environmerAs a result, VLPs offer a practicahd scalablsolution
to overcoming the challenges of solubilization and reconstitutrtbigh can
significantly accelerate the paceioivitro studiesto characterize ABCA4 variants

and advance our understanding of their role in retinal diseases.

Integrative Approaches to UnderstandingABCA4 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 higfroughput and feasible method$ie

comprehensive understandingABCA4variants and their pathogenicitan be
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achieved withan integrative approach that combimesilico predictions with
experimental validation. Such a strategy is crucial for both broadening our molecular
understanding oABCA4 functionalmechanismandproviding 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
predictpathogenicityand molecular consequences of a variatidowever, to obtain a
complete picture of variant pathogenicity, these predictions must be complemented by
in vitro experiments, which allow for detailed molecular and biochemical
characterizationEffective in vitro studiescanprovide direct evidence of functional
deficits caused by specifinissens@BCA4variants, ranging from altered substrate
binding to ATP hydrolysis or improper membrane localization.

This integrated strategy aligns with thAeerican College of Medical Genetics
and Genomics and the Association for Molecular Patholda@MG-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 classi6taaoiants

With over800 missenséABCA4VUS, it is essential to comprehensively
understand the genetic var imtonyofors under |l yi
accurate diagnosis and prognosis but also for facilitating personalized therapeutic

approaches.
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Figure 1 Localization andopologicalorganization of the ABCA4rotein (A)

ABCAA4 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 cytoplas(®) 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 contaiamextracytoplasmic domain
(ECD), atransmembrane domain (TMD), a nucleotlieding domain (NBD), and a
regulatorysuldomain (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 highlghts from the cryeEM studiesof ABCAA4. (A) Surface
representation of the ABC transporter in the Affée state (left panels) and the ATP
bound state (right panels), demonstrating the subdinating pocket, which is

located at the interface between the TMDs and ECDs and is accessible from the
luminal leaflet of the membrangpon ATP binding (right), the TMDs undergo a
conformational shift to an inwaifécing state, collapsing the substrbteding cavity
and forming a tightly sealed structure. The previously exposed hydrophobic cavity is
blocked, and the two TMDs come into close contd@@monstrated on NRPEound
and ATRbound cryeEM structures, 7e7d,e7q[21, 22). (B) The domairswapping
arrangement of the nucleotitdénding domains (NBDs) and regulat@yldomains
(RDs). The NBL1 and NBD2(green and purple) are linked to regulatory domains
RD1 and RD2, forming a crogskmain arrangement, where RD1 (an extension of
NBD1, in cyar) is positioned beneath NBD2, and RD2 (an extension of NBD2, in
pink) beneath NBD1. The closg 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 edagsain
interaction network(Demonstrated on ATHBound cryeEM structure, 71k419].)
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Figure 3

Functionalrole of ABCA4 inretinalhealth andpathology. The left panel
represents the healthy retina, where ABCA4 mediates the efficient
translocation of Netinylidenephosphatidylethanolamine {it-PE)
across the photoreceptor disk membrane, enabling the recycling of all
transretinal into 11cis-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@&PE on the inner leaflet of the
disk membrane, resulting in the formation of A2E, a toxierbimoid.

A2E contributes to lipofuscin buildup and photoreceptor damage,
exacerbated by oxidative stress. This accumulation is linked to the
characteristic features &iBCA4related retinal diseaseSreated with
BioRender.com.
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Figure 4

Structural distribution of pathogenic missense variants in ABCA4. The
pathogenianissense variants (blue spheras dispersethroughout the
ABCAA4 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
ABCAA4related retinal diseases.

16



C54Y W339A/G L541P E1399K R1443H T1526M [ K1371A A1794D/P)
G72R Y340A/D V552I W1408R P1486L T1537M P1380L N1805D
N96D/H Y345E R587A/K W1408L C1488R 11562T L1674A 11812A
S100P Y345A/C R602W T1428M C1490Y G1578R S1696N L1815A
S206R F348A/E W605S L1430P C1502R N1588Y Q1703A/E/K R1843W
R212C M448K F608L G1439D R1517S A1598D R1705L N1868I
R290Q E471K D645N . A1773E/V R1898C/H
L797P
G818E
ECD1 W821R ECD2 H1838D/N/R/Y
TMD1 = ] TMD2
\ ;
A1357T RD2
2273
R653C/H C764Y MB840R G863A K969M E1087K/Q  (L1940P L2027F R2107H
L661R S765N D846H T901A T970A G1091E G1961E R2030Q R2107P
L686S S765R V849A P940R T971N R1108C L1971R R2038W C2137Y
G690V V767D G851D R943Q T1019M T1117A  [G1977S R2077W G2146D
T716M  1824T A854T T9591 A1038V R1129L  |K1978A/M E2096K/QD2177N
N965S S1071L C1140W T1979A R2106C P2180L
Figure 5  Overview ofmissenséABCA4variantsthat have beeoharacterized at

the protein levein vitro. The variants arenapped to their domain
locations in the schematic representation of the ABCA4 prdieita
includes variants reported in the literature up until December.2023
Created with BioRender.com.
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Figure 6

VLP-Based ABCA4 Expression

VLP-Based System for ABCA4 Expression and Membrane Protein
Characterization. The enveloped vHite particles (eVLPs), derived

from the host cell membrane, provide a lipid bilayer environment that
supports essential lipigrotein interactions. This system ensures uniform
orientation of ABCA4, enabling accurate functional assays by closely
mimicking the natural orientation and membrane composiGosated

with BioRender.com
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Chapter 2

PREDICTING THE STRUCTURAL AND PATHOGENIC IMPACTS OF
ABCA4VARIANTS IN RETINAL DEGENERATIONS USING IN SILICO
PROTEIN ANALYSIS

The material in this chapter is published in the International Journal of
MolecularSciencesvi t h t $trectutal ahdlPatho@enic Impacts of ABCA4

Variants in Retinal DegeneratiodsAn In-Silico Study [80].

Introduction

The ATRbinding cassette, subfamily A, member 4 gene (OMIM #601691)
encodes the retirgpecific ABCA4 transmembrane protein. This 2273 amino-acid
length protein is involved in recycling retinoid byproducts of phototransdujd&n
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 disease8BCA4pathogenic variants cause several retinal
autosomal recessive disorders, including Stargardt disease (STGD1, OMIM #248200)
[13, 15, 16, 37, 45, 81, 8 onerod dystrophy (CORD3, OMIM #604116)3, 44,
83], and retinitis pigmentosa (RP19, OMIM #6017, 44, 84] They are also
linked to susceptibility to ageslated macular degeneratif89, 40, 8587]. With 3164
genetic variants reported in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/ (accessed
on 31 March 2023)ABCA4is 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 arcfi@8sThis unknown state
of the pathogenicity oABCA4genetic variants represents a serious barrier to future
therapeutic options and prospective prognoses.

Historically, the vast majority oABCA4variant 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 tAd8CA4genetic variations has been well associated
with defects in the enzymatic function of the expressed prpteBy 17, 56, 57, 72,
90-92], which makes functional studies the gold standard for pathogenicity prediction.
However, experimental analysis of the immense amouAB&A4sequence
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
disease$79].

Many in silico tools have been developed for SNV pathogenicity prediction
[64, 65, 67, 68, 9B7]. The firstgeneration bioinformatic tools evaluate variants
primarily based on evolutionary conservation and the physicochemical properties of
the substitution§s9]. 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 strossesl features in

their assessments to enhance the accuracy of the pathogenicity pr¢@ittion 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
missens@ABCA4variants found in the ClinVar clinical database. By applying
computational approaches, including protein structure analysis using the ABCA4
cryo-EM structureg26-28] and the AlphaFoldpredicted 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 missaBs2A4variants of

uncertain significance.

Materials and Methods

Curation of theABCA4Variantsfrom Databases and Pathogenicity Prediction
The missens@BCA4variants were retrieved from the ClinVidatabase. 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 tenABZA4missense
variants were selected to be distributed among the ABCA4 protein domains. We have
included conventional pathogenicity prediction tools, evolutionary conservation
information, and another wediccepted classifier in the variant pathogenicity
assessment, allele frequency, to obtain @An
[79]. We have selected CAD[B7], PolyPher2 [64], REVEL [68], and MutPree?
[97] for the pathogenicity prediction of the variants due to their reported superior
performances in the literatuf@9, 99101] The Combined AnnotatieBependent
Depletion (CADD) so0al edaoatpobvosedPHREDgIi ng f
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higher scores indicating a higher likelihood of pathogenicity. The possible outputs of
Polyphen2 are benign, possibly damaging, and probably damaging, along with a
probability score. The REVEL platform gives premputed scores ranging from 0
(benign) to 1, with a pathogenicity threshold of 0.5. Similarly, the MutRrechle is

from O to 1, with increasing pathogenicity. Despite their known clinical significance,
even benign and pathogenic variants were subjectedsttico pathogenicity

prediction to validate the accuracy of these tools. The ConSurf web server was used to
analyze the evolutionary conservation of the variacations (Table SI102]. Allele
frequencies of the variants were obtained from the GhomAD datflf&eAll

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

Finder Ver. 3.1 (HS#ro from Genomnig)L04].

AlphaFold2 Protein Modeling

The WT and variant ABCA4 proteins were modeled with AlphaFold2-deep
learningbased protein modeling software in Google Colab. We used the
AlphaFold.ipynb notebook by Deepmifith5] for domainspecific models and the
AlphaFold2_advanced.ipynb notebook by the MIT grfi(6] for the fulklength
protein models as it allows for a trimming option; otherwise, modeling 2273 amino
acid-length ABCA4 was not feasible. We trimmed the following residues:: 2@}
862914, 11641203, 12791340, 22252231, and 2258273, which were low
confidence random coils in the domaipecific protein models. All available crEM
structures lack these regiof26-28]. 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.

22



The predicted structures were refined for energy minimization using the

Arepair objectod command i1087,108le Fol dX pl ugi

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 Schrodinger, 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-3ddres were obtained from a web
server by Zhang Lafd.09].

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), AThound and substrateound cryeEM structures were utilized (PDB
ID: 7lkz, 7e7q, 7e70, and 7Tm]18-24]). The APBS (Adaptive PoisséBoltzmann
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 @&@®G met hod using the Fc
[107, 108] The refined fullength ABCA4 AlphaFold2 structure was mutated in the

same program for the &&G calcul ations.
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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 nucleotidending domains of the ABCA4 (NBD1,
NBD2) reached the best sequence coverage in the multiple sequence alignment (MSA)
among the other domainBigure 7D). Similarly, predicted aligned error (PAE) values
are found to be higher in the nucleotisiading (NBDs) and transmembrane domains
(TMDs) than in the exxacytoplasmic domains (ECDdfigure 7C). Overall,
AlphaFold2 has weltlefined the domains of the ABCA4 with high confidence.

We used the AlphaFold2_advanced.ipynb notebook by the MIT ¢i®ép
for the fultlength protein models and trimmed parts that have not been able to be
resolved by the cry&M studies (see Matats and MethodgR6-28]. These parts
were covered in the domaspecific 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, welstructured 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){gure 7). The overall pLDDT score for the WT
full-length protein was 82.74igure 7A). Due to the lower sequence coverage and
inherent structural flexibility26-28], the exocytoplasmic domains of the ABCA4
protein showed the least confidence. The residual pLDDT scores based on the WT
ABCAA4 full-length model are presentedTiable 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 SilicoProtein Structural Analysis and Pathogenicity Prediction oABEA4
Variants of Known Significance

This study aimed to create a workflow that could be used to predict a given
ABCA4v ar i ant 6s pathogenicity.inslicpigeme ompl i sh
that combined protein structure analysis with standard informatics predictive tools,
including allele frequency, evolutionary conservation, and pathogenicity prediction
software (CADD, PolyPhef, REVEL, and MutPre@). Thein silico structurebased
features include protein conformational changes and alignment scores (RMSD and
TM-score), e&e&eG stability changes, <c¢lashing
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 hawsilico structural analysis cABCA4variants correlates
with pathogenicity. Twenty variants with ¢

in the public clinical database ClinVar were selected for the study.
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Analysis of BenigldA\BCA4Variants
Using thein silico pipeline approach, we found that 8 of 10 berdAdsCA4
variants were structurally neutral, while 2 caused mild structural changes by
introducing new Fbonds Figure 8A-J), which may be stabilizing, as also predicted
by t he @ad&bBlei).dhestabdity grediction suggested that 6 of the benign
variants were neutral (70.5 O &®G O +0.5)
p.P1948L, p.D2177N, and p.S22551), 3 of t#+
(p-R212H, p.H423R, and p.T1428M), and one variant, M1209T, was destabilizing
( &G > Table 1). FHe alignment scores, RMSD (A) and Tdore (01),
suggested a good alignment between the variants and the WT protein stilailee (
1). Standard informatiebased 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,
PolyPheRr2, and REVELpredictions. (Table S1). Despite this conflicting
classification of the p.R212H in these predictive tpalsother qualifiers suggest that
this variant is benign. We observed that protein structure analyses were consistent with

standard informatiecbased predictions for the known benign variants.

Analysis of PathogeniaBCA4Variants

Next, thein silico pipeline method was used to evaluaBCA4variants
previously classified as pathogenic in ClinVar. In our study, for the ten pathogenic
variants, we found an array of structural alteratiéhgure 8K-T). All the analyzed
pathogenic variants were structurally damagihable 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.R653CNRPE, p.N965SATP-, p.H1118¥ATP-, and p.T1797ATP&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 bbiglg¢ 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 stat&igure 80). 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 ami n G stability chlculatibmdudgestedstiajall T h e

pathogenic variants were destabilizing
which had a neutral stabilityréble 1). While several measures contributed toithe

silico evaluation of the variant protein structure, the RMSD andstbte 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 ¥dores (0.82, 0.88, and 0.73, respectively) in

this group, suggestive of conformational chantgb({e 1). We saw consistent

agreement of the pathogenicity prediction with the strudtaseed and standard

measures (Table S1).

In SilicoPipeline Analysis oABCA4Variants of Uncertain Significance
We next applied thim silico analysis toABCA4variants classified by ClinVar
as having uncertain significance (VUS). Seven of thA@GA4VUS (p.R20G,
p.Y603F, p.L751P, p.T971P, p.G1558R, p.R2107H, and p.Y2165C) were predicted to

be pathogenic by the informatibsised prediction tools, and all of these variants
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represent a substitution of highly conserved amino agialsl¢ 1and 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 damagingTi@ble 1). The variants p.R20G, p.Y603F, p.R2107H, and
p.Y2165C caused structural changes by breaking in deduarain 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 i1intablelated by the predict

The variants p.N98K and p.V1211l were deemed benign in CADD, PolyPhen
2, REVEL, and MutPre@. The structural analysis agreed on the p.V1211l variant
being neutral; however, it found p.N98K damaging by substituting-amkigd
glycosylation site in the ECDFigure 9).

The remainindABCA4VUS 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 (HSHPro)[104]. This variant, which changes G to A at the last nucleotide
ofexon39(thel of the canonical 506 splice site),
amino acids after PREB61 until it reaches premature termination. Therefore, although

it was reported as ¢.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, systematisilico structurebased approach to predict
the pathogenicity of thABCA4VUS. To assess their reliability, we first applied this
method to variants with known pathogenicity. Our results indicated that silico
predictions align well with the reported pathogenicity of AlBECA4dvariants 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 significan¢ieigure 10).

Functional studies of the ABCA4 protein are important to understand how

genetic variations affect the proteinés

a C

functi on. Functional studies can help conf

is essential for making an accurate diagnosis and providing appropriate treatment. Five
of theABCA4variants 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 functiona[y, 17, 28, 56, 72, 91, 92All variants in the

pathogenic group have been reported with functional dgfect28, 56, 91, 92]The
p.D2177N benign variant was shown to have a higher basal and-sttmalated

ATPase activity than the wilthpe ABCA4 protei{72]. Thus, our results agree well

with previous functional studie3éble 1and Table S1). It is worthwhile to note that
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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-wamesuming 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 ABCA4VUS 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 f oif79auryedin apprgpaclv USS6s pat
combines computational prediction toafs silico modeling, and clinical correlation to
assess pathogenicity. Our prediction defined eight cABA4VUS as pathogenic
and one VUS (p.V1211l) as benighaple 1and Table S1), which provided
supporting evidence (PP3 and BP4, respectively) for these variants following the
ACMG/AMP guidelineq79]. One variant (p.N98K), on the other hand, was found
structurally deleterious yet predicted to be benign in all informatsed tools
(Figure 9B, Table S1). Ongariant in the VUS group, p.R2107H, has been shown to
adversely affect the basal ATPase activity in functiam&itro experiment$56]. Our

computational structure analysis demonstrating the molecular effect of this variant on
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the NBDENBD2 domaindomain interaction overlaps with this previous finding of
the negative impact on the basal but not retsti@hulated 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 availabl&Ebtyo
structures of the human ABCA4 protein. Domapecific 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
missenséBCA4variants falling within these regions. A limited number of these
variants have been computationally analyzed using classical inforrbasesl tools
[51, 112, 113pr 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 functj@f-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 confor me
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 limitatidi$-119]. For instance, the
rootmeansquare deviation (RMSD) is one of the most commonly used methods for
computing backbone alignment scores, but this disthased method is size
dependent and has low confidence in certain circumst§h@®s120] 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 oABE Advariants.
Although these measures indicated no deleterious effect for the benign variants (low
RMSD, high TMscore), most of the pathogenic variants also gave good alignment
scores Table 1). The RMSDs ranged from 0.302 to 1.915 A, and thestidres 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 lower3Sddres 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 splicifi@4]. 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 tivasilico structural analysis, particularly

when combined with other bioinformatibased tools, can provide insight ikBCA4

variantsoé impact on the mol ecul ar mechani
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for functional characterization, and aid in pathogenicity prediction. Our findings
demonstrate that computational approaches can forecast the structural aberrations
arising fromABCA4genetic variants. Overall, the findings of this study suggest that
anin 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 missengeBCA4VUS using a multifacetenh 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 geneABCA4variations at the protein level.
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Table 1 ABCA4 missense variants with their corresponding pathogenicity anth silico structural analysis

results.
C.Iinic':gl ABCA4 Variant Previous Functional Studie: Allele Freq. P;L%C;;gzeigity ResidualRMSD - TM - Inaz,lelgo E:‘?edtl:?c?r?
Significance : LDDT (A) Score
(Collective) (kcal/mol) Structure
€.229G>Ap.V77M) - - Benign 69.95 0.534 0.9333 -0.09 Neu
€.635G>A(p.R212H) - (R212C:®ATPas®®)  4.24x1d> Pathogenit 63.04 0.793 0.9372 -5.19 Neu
€.1268A>G(p.H423R) - 2.56X10" Benign 83.28 0.647 0.9333 -2.3 Mild
€.3626T>C(p.M1209T) - 3.03x10° Benign 87.49 0.539 0.9034 +0.71 Neu
_ €.3899G>A(p.R1300Q) - 6.70x10° Benign 24.8° 0.775 0.9507 +0.007  Neu*
Benign . 4283C>T(p.T1428M) ; 4.44x3° Benign  87.07 0.660 0.9865 -0.85  Neu
¢.4503G>C(p.E1501D) - 1.12x10° Benign 85.49 0.326 0.9199 -0.38 Mild
¢.5843_5844inv(p.P1948 - 3.14x10° Benign 74.38 0.405 0.9652 +0.48 Neu
€.6529G>A (p.D2177N) - ATPasé&? 1.09x10 2 Benign 55.64 0.554 0.9683 -0.02 Neu
€.6764G>T (p.S2255I) - 1.59x10" Benign 425 0.302 0.9619 +0.13 Neu
C.1804C>T :p(R602W) Misﬁ?;i:;fgl&gz] 4.3840°  panogenic  87.6 0507 0.9034 +16.56  Del
€.1819G>C (p.G607R) - 2.83x10°>  Pathogenic 90.03 0.588 0.9447 +67.4 Del
c.1957C>T (p.R653C)  ®Retinatstim. ATPasB %1 161x10°  Pathogenic 75.59 0.953 0.8201 +0.8 Del
Pathogenici; 2894A>G:p(N965S)  ®Expressior®ATPasé”5 1 35qd*  Pathogenic 82.07 0.979 0.8819 +1.1 Del
;;kti'g’genicc.ssszcw (p.H1118Y) - 1.0x1d°  Pathogenic 83.06 0.487 0.9513 +0.15  Del

(PILP) c.4462T>C (p.C1488R) ®ATPasé7,@ATR bindind® 8.20xd°  Pathogenic 88.6 0.529 0.9655 +21.16  Del
C.4469G>A (p.C1490Y) Mislocalization ® ATPas&®! 591x10°>  Pathogenic 88.89 0.345 0.9530 +41.76  Del
¢.5936C>T (p.T19791) - - Pathogenic 89.13 0.630 0.9698 +2.74 Del
€.6299G>A (p.G2100E) - - Pathogenic  74.3 0.450 0.9139 +2.85 Del
€.6316C>T (p.R2106C) - 1.31x0° Pathogenic 85.93 0.945 0.7278 +3.24 Del




ge

Predicted

In silico Predicted

C.I'n'g‘f"l ABCA4 Variant Previous Fynctlonal Allele Freq. Pathogenicity Residual RMSD TM-Score &@&  Effecton
Significance Studies : LDDT (A
(Collective) (kcal/mol) Structure

¢.58A>G (p.R20G) - - Pathogenic 89.54 0.410 0.9429 +2.23 Del
€.294C>G (p.N98K) - 1.10<10 ¢ Benign 69.03 0.503 0.9547 +0.49 Del
¢.1808A>T (p.Y603F) - - Pathogenie 91.27 0.520 0.9567 -0.75 Del
€.2252T>C (p.L751P) - - Pathogenit 94.83 1.019 0.7705 +9.49 Del
€.2911A>C (p.T971P) - - Pathogenic 90.24 0.559 0.9477 +0.68 Del

vus C.3631G>A (p.V1211]) - ; Benign 877 0.379 0.9606 -327  Neu
€.4672G>A (p.G1558R - - Pathogenic 93.1 0.625 0.9339 +74.05 Del
¢.5584G>A (p.G1862S - - Pathogenic 59.96 0.628 0.9181 N/A pLoF
€.6320G>A:p(R2107H) ®ATPasé®l 2.03x10° Pathogenic 83.56 0.789 0.9615 +1.56 Del
€.6494A>G (p.Y2165C - 6.5710° Pathogenic 82.94 0.677 0.9491 +1.38 Del

Reference genomessembly: GRCh38:Chr1:834573264273917; reference transcript: NM
Aggregation Database (gnomAD) v2.11D3]. Functional studi es:

CADD O 20. a: The variant R212H was

Z Reduced
prediction: a variant is pathogenic when PolyRBegiredicts probably damaging or possibly damaging, REVEL and MufPsedre 0.5, and

| 000350.3. Allele frequencies are based on the Genome

ATPase activity,

p -2, ardd REMEIe it neutral ib the MutPr@dbo:Jleeni ¢ i n

variants Y603F and L751P were predicted to be damaging in the CADD, Mi2Paed REVEL but benign in the PolyPh2nFor these three
conflicting outputs, three agreeing results were given hdiiee conventional pathogenicity prediction of ¢.5584G>A (p.Gly1862Ser) was
conducted based on the reported nomenclature G1862S. However, this variant was predicted to cause aberrant spliciimgy biyebvgdatonor
splice site (HSHPro), likely leading to a premature termination: p.G1862fs*4. Therefore, the predicted pathogenicity may not reflectahiaritue
impact[104]. Resi dual p L-D3D0N(ba€ed 6nGhe Homaspedfic model) and S€¥255, suggesting a lack of confidence as indicated
by O, should be inter pr et-mednsouare deviatoa)aridiTcare arePbd8ddn the shructral tcomparisonmt the
predicted variant models with the predicted WT ABCA4 model. 0.0 <sEbte < 1, where 0 is 100% alignm§gH9]. We did not set a threshold

for pathogenicity but showed the lessweell i gned structures in
energy change calculations in the FoldX plugin for YASARA7, 108] In the last column, the predicted effect on the structure is solely based on

the protein structures and predicted
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model s
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analysis results, see Table S1.
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Figure 7 Confidence and quality of the felkngth WT ABCA4 AlplaFold2 model
generated in the ColabFol@) ABCA4 WT model colored based on the
pLDDT (predicted Local Distance Difference Test) score in PyM&2}.
Scatter plot illustrating the residual pLDIXTC) Predicted aligned error
(PAE), demonstrating the expected distance error in A, 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 tdgft to bottomright,
respectively. Except for the ECD1, all domains are-deflned in the
AlphaFold2 model(D) Sequence coverage before and after trimming the
following residues: 164208, 862914, 11641203, 12791340, 2225
2231, and 22568273. The graphical dat& 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 benigrJ]) and pathogeni(K-T) ABCA4 variantsfrom

Chapter 2WT residue (blue) and the substitution (green when there is no change, orange for mild change, and
red for substantial change) were shown as sticks wi
PyMol2. No structural change was found in the benign variants, except for two mild structural c(@nges:

R423H andG) E1501D, which are predicted to introduce a new salt bridge to the structure. Pathogenic
variants: K) R602W; broken salt bridge with E579 and clash{hg.G607R; clashingtM) R653C; loss of

polar contact with NRPE, altered surface properties around the sul®)t©65S; broken Fbonds with

ATP, G2100, and D2102 (NBBNBD?2 interaction in the AT#ound stateO) H1118Y; clashes with ATP

or breaks polar content with ATP while introducing a newdthd with H1119(P,Q) C1488R and C1490Y;

disulfide bondbreakage with C1502 and C641 (EGECD?2 interaction), respectivel{fR) T1979I; steric

clashes with ATP, loss of polar contact with Mg, ATP, Q2019, and DZ89&2100E; newly formed polar
interactions with ATP, Mg, and Q1010 (rotarigror with S1090 (rotame), buried Gly replaced with a

hydrophilic residue(T) R2106C; broken salt bridge with E1270 in the NBD1 (doralimain 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 cryeEM structures of the human ABCA48-24, 2628]. 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 tA8CA4VUS from Chapter 2WT

residue (blue) and the substitution (green when there is no change, orange
for mild change, and red for substantial change) were shown as sticks
withtheirst ruct ur al effects using.the
(A) R20G; broken interchainddond (IH1 (orangeNBD1 (green)
interaction).(B) N98K; WT glycosylated Asn is replaced with Lys,

which would otherwise be a neutral substituti@). Y603F; loss of an
interchain Hbond (ECD1 (blueECD?2 (light green) interaction{D)

L751P; disrupted Hbond necessary for helix formation and steric clashes
due to Pro not being able to accommodate into the TMD H&)x.

T971P; loss of polar contact with the ATP molecule (purple), steric
clashes with ATP(F) V1211I; no structural change was fou@)

G1558R; severe steric clashirfgl) R2107H; interdomain salt bridge
breakage (NBD2 (blueNBD1-R1 (pink) interaction)(l) Y2165C; intra

and interchain Fbond breakage (NBDR2 (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 eBM structures of the human
ABCA4 [18-24, 2628]. 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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Predicting the Pathogenicity of the ABCA4 Variants

Protein Structure Analysis Standard Bioinformatic-based Prediction
AlphaFold2 e Prediction Tools
. PolyPhen-2
Conformation AAG REVEL
. MutPred-2
/Alignment Stability Human Splicing Finder
— Allele Frequency
Steric
Clashes Molecular

MY O interaction
Secondary By Evolutionary Conservation
Structure

Validation with ABCA4 variants of known pathogenicity

Neutral (n=8)
Benign Variants E Mild (n=2)
(n=10)

Deleterious (n=0)

Pathogenicity prediction of the variants of uncertain significance

VUS —> Deleterious (n=8)
(n=10) (— Neutral (n=1)
|, Conflicting (n=1)

Figure 10 Summary of the methodology and results ofithsilico pipeline
prediction approach developed@mapter 2 This study examined 30
missens@ABCA4variants 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 ABCA4VARIANTS IN PATIENTS WITH
INHERITED RETINAL DISEASE

The material in this chapter is published in the Molecular Vision Jowmital

the title AProtein modeling and in silico
variants in patients [MiJth inherited retine
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 theBCA4gene are known to be associated with a wide range
of autosomal recessive inherited retinal disorders (IRDs), including Stargardt disease
(STGD1, OMIM 248200), coneod dystrophy (CORD3, OMIM 604116), fundus
flavimaculatus (FFM), and retinitis pigmentosa (RP, OMIM 268000). To date, more
than 3,000 variants in tBCA4gene have been reported (ClinVar; accessed April
23, 2023), witPABCA4representing the most frequently mutated gene associated with
human retinal dystrophj8]. ABCA4variants include missense, nonsense, frameshift,
splicing, and structural mutations, with missense variants constituting4&o

The ABCA4gene consists of 50 exons coding for a 2;@i#8nc-acid
polypeptide chain. The ABCA4 protein consists of two tanderanged halves, each
consisting of six membrarp anni ng U hel i ces-consarvetl ar ge an
extracytoplasmic domain (ECD), a cytoplasmatic nucledtidding domain (NBD),

and a regulatory domain (RBigure 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 bif&li23].

Genetic variation databases such as Clif¥a2], Online Mendelian
Inheritance in Man (OMIM]123], the Human Gene Mutation Database (HGMD)
[124], and the Leiden Open Variation Database (LOYI2b] are widely used in
clinical settings to infer a variantods phe
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 il classification: benign, likely benign,
uncertain, likely pathogenic, and pathog€f@@]. At least half of the missengd8CA4
variations have been designated as variants of uncertain significance (VUSs), and 12%
of the remainder have conflicting interpretations (Cls; ClinVar; accessed April 23,
2023). Thus, elucidatingBCA4VUSs is a critical step in the progress of precision
medicine in retinal diseases.

A remaining challenge iIABCA4opathies is pinpointing the causative variants
and assessing the combinatorial effects of biallelic var[&8{54, 126, 127]
Although some recurring variants ABCA4have 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
ABCAA4variants may be infeasible. Only a fractionAdBCA4variants have been
functionally studied17, 57, 72, 90, 91, 12830]. Genotypéephenotype correlation for
ABCA4related 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 phenotyfigs, 57, 62, 92, 126, 131]

Thus, a robust platform is needed to predict the molecular consequences of
ABCAA4variants.In silico studies may provide a suitable predictive model for the role
of ABCA4variants 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 resultsrosilico studies can be enhanced using a
structurebased pathogenicity analysis of ABCA4 variants, which may lead to an
improved predictive pathogenicity model.

A comprehensive study testing the reliability of thdé®mensional (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
variationsd pathogenic impact on various ¢
neurologic, and metabolic disord¢id8, 132138]. Our recenin silico study found
concordance between predicted protein structural changes and known pathogenicity
classification in a set gk BCA4clinical variant480].

In this study, we further assessed the ability of computational protein structure
analyses to predict the pathogenic impaddBCA4variants in a phenotypically well
defined cohort of inherited retinal disease patients. Using AlphaFold2 (AF2) protein
modeling[105] and available cryogenic electron microscopy (éi§M) structures of
the human ABCAA4 protein, we identified an alignment between severe clinical

phenotypes and alterations in protein structure caus@édBBA4mutations.
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Materials and Methods

Patients

This retrospective study was conducted in accordance with Institutional
Review Board approval (IRB#1403E) of the Wills Eye Hospital and Thomas
Jefferson University. A retrospective chart review was conducted for those patients
with retinal diseagénarboring mutations in theBCA4gene. 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
heterozygou®&ABCA4mutation 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), spect@main optical coherence tomography (SQT),
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 standafdS89]. 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 ABCA4gene 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 patientséo
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(Supplementary Table $2WVhen clinically indicated testing could not be
performed for example, due to a lack of insurance covedagesearch testing was
offered with the confirmation of detected variants performed in a Clinical Laboratory

Improvement Amendments (CLIAgertified laboratory.

Protein Modeling and Pathogenicity Prediction

To predict the structural and functional consequences of misa8s&4
variants, protein structure analysis was performed ongkEdicted protein models
and the existing experimental structures of the human ABCA4 pi@@ik8]. Full-
length (FL) and domaispecific protein modeling was performed using AE25] 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 structufég0]. 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 AmbeRe | ax opti on in Col abFol d,
feature in the FoldX plugin in YASARA View (free version: 22.5.p0)7, 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 Schrddinger, 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 roaheansquare deviation (RMSD) alignment scores, and to identify
potential impairments in secondary structure elements. Second, we evaluated the
substitutions on the ABCA4 cryBM 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 aitom RMSD between the ARgenerated FL WT model and each
variant, employing the faligno command wi't
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
t he YASARA s of t wenergy chanbdy ealcudatpdas the difference
between the folded and unfolded freen e r gy st a ti @6 w Etygpeh, wast a n t
determined using the @muiflerglo8iWerepsrted f eat ur e
the opG values obtained from al/|l avail abl e

Furthermore, we evaluated the suitability of the Aff@dicted FL ABCA4
model for this stability analysis, by c¢omg
using the AF2 model with those based on the experimentally determined structures. To
facilitate this comparison, we conducted e
statistical software package (JMP®, Version 17, SAS Institute, Inc., Cary, NQ, 1989
2021). It is important to note thet silicogppgpG v al ues are approxi mat

potential stability changes rather than absolute, experimentally determined values.

46



For the informaticsased pathogenicity prediction of missense variants, we
used Combined Annotation Dependent Depletion (CA[®D), Polypher2 [64],
REVEL [68], and ConSurf102] for the evolutionary conservation of the amino acids.
We also used Human Splicing Finder (HB#©) Version 4 to predict the possible

splicing effects of all variants in the stuy4].

Results

Patient Characteristics

We enrolled 13 patients diagnosed with retinal dystrophy caused by variants in
the ABCA4gene. Segregation analysis was performed for all patients to ascertain that
the patients were biallelic for variants in thBCA4gene. To our knowledge, the
patients did not harbor any other pathogenic variants in other confounding retinopathy
genes. Genotyp@henotype comparisons were conducted foABE Advariants
occurring in these patients.

The clinical characteristics of the patient cohort are summarizeahie 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
bestcorrected visual acuity varied from 20/30 to light perception. Two patients
(AO3M, AO8M) had a visual acuity difference between the fellow eyes of more than
two Snellen lines. In patients AO2M and AO5F, eccentric fixation was observed. The
extraocular movements and applanation tonometry were normal in all patients.
Nuclear sclerosis cataract was found in two patients (AO2M and AO4F).

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
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 homozygodwBCA4mutation patients and 10 compound
heterozygous ABCA4 mutation patients. We identified 19 diffeB€A4variants
among the 13 patients: 3 frameshift variants, 1 nonsense variant, 5 splicing variants,
and 10 missense varian®&aple 3). We also identified one VUS, four Cls, and one
novel ABCA4variant in this study, as reported in the ClinVar datab&sblé 4 and
Table 5).

Protein Modeling and Structure Anslysis

To compare the deleterious impacts of
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,
7e70, 7e7q, 7mlp, 7mlqg). ABCA4 WT and variant models were obtained in high
confidence (pLDDT > 80%) and with high structural similarity with the experimental
structures $upplementary Figures S3 & S4, Tablg.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

48



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 usedn 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, a-endrgyGhamhgbss silicea@lysfs foend a range of
structural alterations in 10 missemsBCA4variants 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 stédigitye(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
destabi |l i zi nTgblew,iStupplemaraaty Table $3 (

We examined how the AF2 model deter mi ne

calculated using the ABCA4dcneM st ructures. The @&a&eG profi
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variants (and 2 complex alleles) were formed to compare these measures. Seven

values were missing because the-2f residue was unavailable in the 7lkp, 7m1p,

and 7lkz structures, and the G961 and Gl2233 residues were absent in the 7mlq
structureSupplementary Table fh ows agr eement i n the rel
each missense variant among the experimental structures and the AF2 model. We
formalized the similarity seen with a pai

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

r

be significant (maximum p value = 0.0114),;

specifically correlated with those done on the experimentally determined structures at
approximately 0.89 or above for all except 7lkz=(0.75;Supplementary Figure $5
Based on these findings, opG predictions

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, 3in NBD1, 1 in ECD2, 1 in transmembrane den@dkiD?2),
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, A0O4F and
AO5F, 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 interactiong={gure 12A), along with a poor alignment score (RMSD = 1.26)

5C
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and destabilization as reflected by the @e¢
deleterious effect of this varianfgble 4). The informatics tools also predicted the

variant to be pathogenid@éble 4, Supplementary Table3s The observed severity of

this variant, bas e dTalde®),dlidgnedwpllavithithe proteins p h e n c
structural change.

Variant p.R212C waslentified in a 6yearold patient (AO9M) with a rapidly
progressing disease. The patientds visual
20/80 to 20/200, with constricted visual fields. OCT showed subretinal deposits and
geographic atrophyT@ble 2). The p.R212C variant was found in trans with the
€.768G>T:p(V256=) synonymous variant that was predicted to be pathogenic due to
its likely effect on splicing (HS#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 patientodés disease severity.
pathogenic by the informati¢sols (Supplementary TabS), and structure analysis
revealed a missing4dond with GIn190 due to the substitutioRigure 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 (AO6F, AO7M,
and AO8M) in our study. The siblings AO7M and A0O8M 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 tréablé 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 siblifgslé 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 |locatedewi thinragi &n and -Helxstpatueedi ct ed t
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 &&G (+ 6.56 kcal/ mol ), i
mutation Eigure 12D). The informaticsdbased tools suggested that the p.L541P
variant is pathogenic while p.A1038V is bgniSupplementaryrable ). Forthe
complex allele L541P/A1038V, the computational analysis of the variant on the
ABCAA4 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 Arg1098 residue, localized inside the NBD1, was
found to have an essential role in the NBRD2 interdomain interaction by forming
a salt bridge, which is disrupted by the Cys substituftagufe 12E). Prediction tools
classified p.R1098C as pathogenialle 4, Supplementary Table3jr Forthis
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
c.5714+5G>A splicing variant in trans, which is predicted to affect the splicing pattern
according to HS#ro[104. The patient presented with a

in fundus imaging, with lipofuscin deposits centrally and a mild surrounding ring of

52



hyperpigmentationfable2) . Remar kably, 10 years after
vision remained relatively preserved compared to the other patients in our gohort.
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 eldfigane(12F).
While, the p.G1961E variant replaced a hydrophobic buried residue with a hydrophilic
amino acid, which was predicted to destabi
value [Table 4) and as shown iRigure 12I. The prediction tools unanimously
supported the pathogenicity of batariants (Supplementary Tabl&)S
The p.P1380L variant was identified in ay€arold homozygous patient
(AO10M) with a highly progressivABCA4r et i nopat hy. The patient
phenotypic findingsTable 2) are consistent with protein modeling that indicates the
Pro Y Leu substitution within the transmer
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 subgimated crye
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
AO01F, 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 gtB&A4variants

detectedIn silicoanalysis revealed that by introducing a hydrophilic residue to a
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buried |l ocation, the p.A1598D variant rest
kcal/mol) and caused steric clashEeggre 12H). However, the conventional
pathogenicity assessment of this variant resulted in inconclusive predictions.
PolyPher2 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. Al&98 is not evolutionarily
conserved102], but the variant has a |l ow allele
Supplementary Table3p[103]. Overall, the patientds seve
consistent with the substantial changes observed in the protein structure predicted by
structure analysis.
Variant p.E2233V was identified in siblings AO4F and AO5F, who had
comparable age of onset and visual acuigble 2). 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 migeriphery 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 Hbond with a residue in the NBD1 domain, significantly impairing the
protein structure (RMSD = 1.35jgure 12J). This variant was also predicted to affect
splicing by altering the auxiliaroy sequenc

[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
ABCAA4 protein structure and the patient phenotype.

Our cohort had three patients who did not have a misgedGA4variation.
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
(HSFPro[104],), resulting in translated product lacking the last quarter of the protein.
Patient A11F was compound heterozygous with the ¢ B5B>C and
€.4539+2028C>T intronic variants, present in the ClinVar database as a Cl 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 110 as-PpCtdTihect4838+2028§C>T deep intrbBid-
variant has previously been shown to causer@4iseudoexon insertion with a likely
effect on the protein level (p.R1514{4)1]. Unless there are other undetermined
variations in the patient, the phenotype suggests that these intronic variants are
pathogenic. Patient A12F carried two different frameshift vadapt284Vfs*33 and
p.V2062Tfs*51 both with high levels of pathogenicity.

Discussion
The ABCA4gene, 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

detailedin silico investigations of specific variants and to correlate them with
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available clinical findings, even in the absence omnaritro functional analysis. In
this study, we investigated the use ofithsilico 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 patsased study of individuals
with confirmedABCAd4retinopathy. 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 &BCA4retinopathies depends on the collective effect of
the specific variants in the patid36, 127, 142] Therefore, we included all types of
variants with their predicted effects wher
genotype and phenotype. Furthermore, we applied a combinatorial approach to
increase accuracy in predicting pathogenicity and explaining the pathogenicity of
diseaseassociated variants, as no single type of analysis is sufficient to explain the
deleterious effect of a genetic variant at the protein Id&iglfe 13).

We used AF2, a highly reliable way to predict protein strucfli@s, 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 &&G calculation to con

amino acid substitution. We observed the consistency betweenditieo qp o G
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values determined by the AF2 model and the ABCA4-gtlbstructures

(Supplementary FigureSSTable &). 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 leafitiaged 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 fungtibfi.

We also acknowledge that the structural changes we mention here are insufficient to
explain all than vivo effects and all aspects of the mutation consequences, including
MRNA-level and postranscriptional 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) guidelirj&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 cifigure 14), and all of them were structurally damagifgg(re

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 studie§l?, 56, 57, 91, 924nd presented with impairments in protein
expression, localization, or enzymatic function (PEihle 4, Figure 14); this
provided an excellent opportunity to assess the employstico approach. We found
severe structural defects and destabilizing effects in relation to the variants p.L541P,
p.P1380L, p.A1598D, and p.G1961EHdure 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 acti\Gie91] The
variants p.A1598D and p.G1961E, in contrast, showed almost a complete loss of
retinakstimulated ATPase activif)L7, 57] These findings suggest thatsilico
protein structure analysis can predict the functional effecdB&fA4missense
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 varia®0]. Our study provided different degrees of
pathogenicity evidence for nine misseA&CA4variants, 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 probatdynaging (Supplementary Table
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S3), and protein modeling demonstrated substantial impairment in the structure (PP3).
We determinedhe p.E2233V variant as likely pathogenic based on the supporting
evidence, and we deposited it into the ClinVar database (Accession:
SCV002526665.1).

Identifying disease&ausing variants in inherited diseases is undoubtedly
crucial in clinical management, including future clinical trials. In our study, three
missenséBCA4variants 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 (ClinvVar 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 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 outcomd@sble 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 genotype
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 fibeaten bronzeo appearance on exeé
pigmentary clumps. OCT showed subretinal deposits and geographic atropifigo
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 middolescence 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
(Table 4, Figure 12H). The last biallelic variant was the intronic ¢.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 perceptaig 2). This
variant was predicted to affect splicing by the H3® web serverTiable 5) [104].

In this study, we illustrated the predicted structural consequences of genetic
variations found in patients withBCA4retinopathies. It is promising to see that the
protein modeling anth 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 thisilico approach by assessing known
pathogenic and known benigBCA4missense variants retrieved from clinical
databasef80]. However, it is important to test this 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, ABCA406s function is ¢

[145, 146] and some sequence variants can impact the dynamic properties of the
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protein. In this study, we did not assess these potential molecular dyinaaites
impacts. Also, we did not conduct deep intronidBCA4promoter 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 AB@#4
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, conventionalilico 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
smaltscale 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 pathogenicityABCA4VUS 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 silicoi predicted protein structural changes
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caused by missen®BCA4variants. Determining diseasausing variants is a crucial
part of clinical management, and we believe that our research will contribute to
elucidating the molecular pathology of variants associatedAfthA4retinal

diseases.
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Table 2 Phenotypic characteristics of the patients wittABCA4 mutations in Chapter 3.

Age of onset/ Fundus findings
Pt Time from '
No./Sex onset to first VA first seen Flecks Pig OCT GVF ffERG mfERG IVFA
seen OD-0S clumps
(years)

AO1F 15/8 20/200- 20/200  Mac RPE alt SD Constrict *Photopic>Scotopic Iso DC
AO2M? 15/50 LP-LP No Mac SD+GA N/A Iso Photopic&Scotopic ~ N/A N/A
AO3M 13/10 20/70- 20/30 No Mac, BB SD Normal *Photopic *Cen No DC
AO04P° 14/ 37 20/400- CF No Diffuse ~ SD+GA Normal *Scotopic>Photopic Iso DC
AO5P° 13/29 20/200- 20/400  Mac Mac SD+GA  Constrict *Photopic>Scotopic Iso No DC
AO6F 8/0 20/30- 20/25  Diffuse  CHRPE SD Normal *Photopic *Cen N/A
AQ7M° 12/2 20/125- 20/100  Mac RPE alt SD Normal *Photopic Iso N/A
AOBM® 14/3 20/60- 20/200 Mac RPE alt SD+GA  Constrict Normal *Cen DC
AQSM 6/0 20/80- 20/200 No No SD+GA N/A *Photopic Iso No DC
AlOM 10/0 20/100- 20/125 Diffuse Mac, BB SD+GA N/A *Photopic *Cen DC
AllF 711 20/80- 20/80 No No, BB SD Normal Borderline photopic *Cen N/A
Al2F 9/2 20/125- 20/200 Diffuse No, BB  SD+GA  Central sco *Photopic *Cen N/A
Al13M 11/2 20/40- 20/30 No No, Bulls  Normal Normal N/A *Cen DC

3Consanguinityin the family.® AO4F and AGF are siblings® AO7M and ABM are siblings.Abbreviation Pt: Patient, BB'beatenbronze
appearance, CF: count finge@HRPE: Congenital Hypertrophy of the Retinal Pigment Epithelibif: diffuse, IVFA: Intravenous fluorescein
angiography, Mac: Macular, OCT: Optical coherence tomography, GA: geographic atrophy, SD: subretinal deposits, N/Acaigeappli Light
perception GVF: Goldmann visual field, Constrict: constrict visual field, Central sco: Central scotoma, ffERi@Idfidlectroretinography, *P:
Abnormal photopic, *Photopic>Scotopic: Abnormal photopiore affected thascotopic, IsoPhotopic&Scotopic: Isoelectric photopic and scotopic,
*Scotopic>PhotopicAbnormal scotopicmore affected thaphotopic, nfERG. multifocal electroretinography, *Central: Abnormal central part of
MfERG, Iso: isoelectric mfERG
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Table 3 Genotypic characteristics of the patients withPABCA4 mutations in Chapter 3.

Allele 1 Allele 2
Patient ~ ABCA4 Location ABCA4 Location
No./Sex Variation (Domain) Variation (Domain)
AO1F? c.4793C>A:p(A1598D) ECD2 C.4793C>A:p(A1598D) ECD2
A02M?2 ¢.5018+2 T>C SECD2 c.5018+2 T>C SECD2
AO3M c.5714+5G>A sNBD2 .3758C>T:p(T1253M);c.5882G>A:p(G1961E) RD1, NBD2
AD4FP .161G>A:p(C54Y) ECD1 *C.6698A>T:p(E2233V) RD2
AO5P° .161G>A:p(C54Y) ECD1 *C.6698A>T:p(E2233V) RD2
AO6F €.1622T>C:p(L541P);c.3113C>T:p(A1038V) ECD1, NBD1 c.4234C>T:p(Q1412%) ECD2
AO7M¢  ¢.1622T>C:p(L541P);c.3113C>T:p(A1038V) ECD1, NBD1 c.5714+5G>A sTMD2
AO8BM®  ¢.1622T>C:p(L541P):c.3113C>T:p(A1038V) ECD1, NBD1 c.5714+5G>A sTMD2
A09M €.634C>T:p( R212C) ECD1 C.768G>T:p( V256=) ECD1
A10M €.4139C>T:p(P1380L) TMD2 €.4139C>T:p(P1380L) TMD2
AllF €.4539+2028C>T SECD2 €.85913T>C SECD1
A12F c.850_857delATTCAAGA:p(1284fs) ECD1 €.6184_6187delGTCT:p(V2062fs) NBD2
Al13M €.3292C>T:p(R1098C) NBD1 €.664delG:p(A222fs) ECD1

aConsanguinity in the family>. AOO7F and AOOS8F are siblingsA014M and A015M are siblingsNovel variant, FS Frameshift. NBD:
NucleotideBinding domain, ECDExocytoplasmicDomain, TDM: Transmembran®omain RD: Regulatory DomainReference genome
assembly, GRCh38:Chrl1:834573284273917, Reference Transcript: NM_000350.3
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Table 4 Structure analysis and overall pathogenicity assessments of the misseASCA4 variants in Chapter 3.

Domain  ABCA4 Variants Clinical Functional in vitro Pathogenicity RMSD In silico Protein Structural
Significance Studies Prediction eet Changes
(kcal/mol)
ECD1 c.161G>A:p(C54Y) P/LP - P 1.263 +41.7 Broken disulfide bond,
clashes
€.634C>T:p(R212C) P/LP ®ExpressioR” 58, GATP P 0.971 +1.26 Broken H bond
binding*”, ® ATPasé&*!
€.1622T>C:p(L541P Cl MislocalizationRATPasé’ 571 P 1.271 +7.65 Buried Pro introduced,
broken helix
NBD1 ¢.3113C>T:p(A1038Vv P/LP ®Basal&Stim. ATPagd#], B 1.248 +6.6 Slight conformation
Normal subcellular lo€? change
€.3292C>T:p(R1098( P/LP - P 1.217 +2.49 Lost salt bridge with Asp
2242
RD1 ¢.3758C>T:p(T1253NM Cl - P 1.392 +1.54 Premature Bsheet, loss ¢
H-bond
TMD2 c¢.4139C>T:p(P1380L P/LP ®Basal&Stim. ATPade!l P 1.264 +12.2 Clashes, loss of the Rrc
induced kink
ECD2 c.4793C>A:p(A1598LC P/LP ®Expression® ATPasé®! PO 1.197 +13.56 Clashes, buried hydrophil
introduced
NBD2 ¢.5882G>A:p(G1961E Cl ®Basal&Stim.ATPasé " 57 P 0.985 +31.68 Clashes, buried hydrophi
introduced
RD2 ¢.6698A>T:p(E2233V Novel - P 1.350 +0.71 Loss of Hbond: RD2

NBD1 interaction *
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Reference genome assembly, GRCh38:Chr1:8345182373917, Reference Transcript: NM_000350.3. Informdicssed pathogenicity

prediction is based on CADD, PolyPh2n,

REVEL,

and

Consur f

ami no

acid

conservation

based on the majorityfsediction. (See supp. Tali8). *The novel variant c.6698A>T:p(E2233V) was also predicted to impact splicing with
significant alteration of auxiliary sequences ESE / ESS maotifs rdfl) (HSFPro [54]). The wildtype (WT) and variant protein models were
predicted in the AlphaFold2 [35] through the ColabFold AlphaFold2_advanced notebook running in Google Colaboratoryif#8ilicdhstability

change
48] . @&&G is

prediction is
t he

measure of

t he
free

based on
t he

me an
energy

of xxeGs

change

cal cuhfartyesdra[#®, om al |
dest abi BhzamgnoFarc

values based on each protein structure, and their correlations, seBlssipipigure $ and Table 8. All otherstructural analyses were performed in
PyMOL2. Rootmean square displacement (RMSD)-&tthm) is calculated to determine the structural alignment scores. VUS: Variants of Uncertain
significance, CI: Conflicting interpretation, NBD: nucleotidmding domain, ECD: Exocytoplasmic Domain, TMD: Transmembrane Domain, RD:

Regulatory Domain.

Table 5

Putative Loss of Function (pLoF) and intronicABCA4 variants in Chapter 3.

ABCA4 pLOF and Intronic Predicted Effect Predicted Effect on Clinvar
Variants Protein Asses.
c.664delG New Acceptor site p.A222Qfs*19 P
C.768G>T Splicing (Exonintron boundary) p.vV256=fs*12 P/LP
€.850 _857delATTCAAGA Splicing (Broken WT donor site)) p.1284V{s*33 P
€.85913T>C No impact on splicing ? VUS
c.4234C>T Nonsense p.Q1412* P
No impact on splicing ?

C.4539+2028C>T 345nt pseudoexon insertion p.R1514Lfg36°° cl
€.5018+2T>C Splicing (Broken WT donor site)) p.T1675V{s*30 P/LP
C.5714+5G>A Splicing (Broken WT donor site)) Skipping of exon 4% P/LP
€.6184 6187delGTCT Frameshift p.V2062Tfs*51 P

THSFPra Human Splicing Finderversion 4 , P: Pathogenic, LP: LikelfPathogenic, VUS: Variants dfncertain
Significance, CI: Conflicting interpretation, NP: Not provided

scores
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Figure 11 Topological organization of the ABCA4 protedemonstrating the
missense variants found in the patiant€hapter 3Transmembrane
domain 1 (TMD1) aa 2215/648 854, exocytoplasmic domain 1 (ECD1)
aa 62646, nucleotidéinding domain 1 (NBD1) aa 914152,
regulatory domain 1 (RD1) aa 119280, transmembrane domain 2
(TMD2) aa 13751395/16651898, exocytoplasmic domain 2 (ECD2) aa
1395 1665, nucleotidéinding domain 2 (NBD2) aa 1918163, and
regulatory domain 2 (RD2) aa 21&237. (Created with
BioRender.com.).
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Figure 12

In silico structure analysis of the missed8CA4variantsin 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 clidén
conformation resulted in clashes in experimental and predicted structures,
but only the highest possibility conformation is shown h@geC54Y
results in disulfide bond breakage and clashing interact{Bn&212C
leads to an intrelomain Hbond breakagdC)L 54 1 P di shelm pt s an
and produces steric clash@3) A1038V causes slight conformational

change(E) R1098C causes the loss of a salt bridge affecting NBD1

RD2 domaifidomain interaction; the RD2 is colored light gre@).

T1253M inside the RD1 leads to a loss of thb ld n d

and

a premat

sheet(G) P1380L results in clashing interactions with neighboring
residues as well as changes in the swivel angle of the transmembrane

helix and indirectly breaksdonds with His1365 and

phosphatidylethanolamine (PE; shown in pink). This preiimiced
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 cifgM structure of the human ABCA4:

7e7o0 (gray) to show the distortigiid) A1598D results in steric clashes
and introduces a buried hydrophilic residue with an expected
destabilizing effect(l) G1961E causes clashing interactions and replaces
a buried hydrophobic residue with a hydrophilic amino gdidThe

E2233V novel variant in the RD2 results iAddnd 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 Chapter 3The genetic and phenotypic
information collected from a wetlefined retrospective cohort of
ABCA4 retinopathy patients provided a list of ABCA4 missense
variants, allowing us to test the protein strudtbesed 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 ingerd intramolecular
binding/interaction, surface properties, and solvent accessibility, mainly
using experimental structures. In conjunction with othesilico
pathogenicity prediction methods, these analyses can aid in
understanding the genotyig#henotype association ABCA4related
inherited retinal diseases and in classifying VUS
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Figure 14 Pathogenicity evidence of tABCA4missense variants 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 missens@BCA4variants. 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 ardted in Tables.
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Chapter 4

VIRUS-LIKE PARTICLES AS ROBUST TOOLS FOR IN VITRO
FUNCTIONAL ASSESSMENT OF ABCA4VARIANTS

The material in this chapter is published in the Journal of Biological
Chemistrywi t h t h e -like particles asfrobust taols for functional assessment:
Deci phering the pathogenicity of ABCA4
[147].

Introduction

The retinaspecific 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 ARCA4gene have been linked to a
broad spectrum of inherited retinal degenerations (IRDs), including Stargardt macular
dystrophy (STGD1, OMIM #24820¢).2, 1416, 37, 45, 81, 82, 142)ndus
flavimaculatus (FFM]59, 148150], autosomal recessive retinitis pigmentosa (arRP,
OMIM #601718)[12, 44, 46, 59, 60, 84, 151donerod dystrophy (arCRD, OMIM
#604116)44, 58, 83, 152155], and potentially contribute to agelated macular
degeneration (AMD)14, 45, 152, 15d459]. These disorders are characterized by
progressive vision loss, and atrophy of the photoreceptors and retinal pigment
epithelium, ultimately leading to blindneds60, 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 theABCA4gene, and 1,630 of these have been identified as missense
(https://www.ncbi.nim.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 508%8GA%H s
missense variants remain unclassified (variants of uncertain significance, VUS) or
have conflicting interpretations of their clinical significance (ClI) (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 asastaed
methods. The structural and functional consequences of the vast majority of these
variants remain unknowj35, 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 patierji9, 170]

The American College of Medical Geneti&ssociation for Molecular
Pathology (ACMGAMP) standards regard wedlstablishedh vitro functional
assessment of genetic variants as strong evidence to assess path{igétjicity
Despite success in our and other laboratd6eg, 15, 41, 45, 53, 61, 72, 80, 83, 88,
90, 92, 148, 17A74], extensive functional characterizationABCA4variants 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 tioo@suming, prone to protein denaturation,
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and may disrupt the native conformation and interactions of the pfétit75]

Hence, the options for higthroughput functional characterization of large membrane
proteins remain somewhat limited, particularly those that entail detergent
solubilization of recombinantly expressed transporters followed by reconstitution in
protecliposomes 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 virke particle (VLP}based
platform for the higthroughput 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 reconstitutiéigyre 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

diseaseassociated genetic variants.
Materials and Methods

Reagents and Buffers
ATP-U-32P was purchased from Perkin Elmertahsretinal (ATR) from
SigmaAl dri ch (Cat . # RQi§ BB, 2dioldoybdr@yceroB-8: 1 ( 9
phosphoethanolamine)) from Avanti Polar Lipids (Cat. # 850725C)EHpibtease
inhibitor from Thermo Scientific (Cat. # 78425) and TLC plates from Sigidech

(Cat. # 2122882). The following buffers were used in the study: Dulbecco's
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Phosphatduffered saline (DPBS) (Cat. #14040133, ThermoFisher Scientific,
Cleveland, OH): 1X, filtered through 0.22 um filter; FBsiffered SalineTween 20
(TBS-T): 10 mM TrisHCI, pH:8, 150 mM NacCl, 0.1% (v/v) Twee0; RIPA Buffer:
50 mM Tris HCI, 150 mM NacCl, 1.0% (v/v) N&0O, 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 um filter; Buffer B:
0.1% BSA (w/v) in DPBS clarified with an Amicon Ultta100kDa centrifugation
filter; Buffer C: 25 mM TrisHCI, pH 7.5, 10% glycerol, 0.1 mg/ml BSA, 5 mM
MgClI2, and 5 mM DTT.

Cell Culture
Spodoptera frugiperda 9 (Sf9) (Cat. # 12659017, ThermoFisher Scientific,
Cleveland, OH) and Trichoplusia Birl-TN5B1-4 (High FiveE , Hi5) (Cat. #
ENH127FP, Kerafast, Boston, MA) cells were cultured following the vendor's
recommended protocols. The Sf9 cells were cultured in Gibco SR YumMfree
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 ABCAMLPs in BEVS
ABCA4-VLP expression in BEVS was conducted as described in thédBac
Bad= Baculovirus Expression System instruction manual (Invitrogen Life
Technologies, Carlsbad, CA) with the following modifications. The native ABCA4
coding sequence corresponding to amino acidg713 of the fulllength ABCA4

protein based on the genome assembly GRCh38:Chr1:834903253917, and
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Reference Transcript NM_000350.3 was cloned into the pFaStBaml (pFBD)
donor plasmid. The pFBIBBCA4construct was transformed into competent
DH10VLPFactorg cells along with empty pFBD to serve as a negative control in
downstream experiments.

To generate VLProducing baculovirus, transfection of the insect cells with
bacmid construct was performed. Sf9 cells, at a density of 1x106 cells/ml, were
transfected with the bacmid construct containingABEA4coding sequence. A
negative control construct was used to generate control VLPs, lackiAg G4
gene, for comparative purposes. Transfections were carried out using a 1:tbDNA
reagent ratio in the siwell-plate setting. Following transfection, cells were
maintained at 27°C for 72 hours to facilitate baculovirus production. The resulting
initial titer (VO) was used to achieve a higher titer V1 virus by infecting Sf9 insect
cells at a 4660% confluency with 0.5 ml of VO 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 Fivé& cell line was chosen for ABCAYLP expression due to its
superior protein expression capacity. Adherent HighfFivells, cultured in a T182
flask and supplemented with 5 mMG&lutamine, were infected with 0.40 ml of the
V1 stock. This was followed by atibur incubation at 27°C with shaking at 60 rpm in
the dark, and then a #fbur 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 pFBABCA4Construct
To create the variant constructs, ¢.2894A>G:p.Asn965Ser,
€.4462T>C:p.Cys1488Arg, and c.5336A>T:p.Tyrl779Phe,dierted mutagenesis
was carried out using the Qui¥hange® Lightning Sit®irected Mutagenesis Kit
(Agilent, Santa Clara, CA) following the manufacturer's protocol. The primers used
for mutagenesiare provided in Supplementary Tabl& 8rior to generating the
recombinanABCA4bacmid construct for the variants, the desired mutations and

absence of unintended mutations were confirmed by DNA sequencing.

Isolation and Purification of the Virdske Particles

ABCA4-VLPs were recovered from the cell culture media through the
following steps. The media was clarified through centrifugation at 500 x g for 10
minutes to remove floating cells, followed by centrifugation at 3,000 x g for 30
minutes at 4°C to eliminate unwanted cellular debris and bigger particles.
Subsequently, VLPs were isolated through sedimentation at 100,000 x g at 4°C for 4
hours. The resulting VLP pellet was resuspended in DPBS.

For further purification of the VLP sample, 1zon gEV1/70nm 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 Westeribplot analysis were then supplemented with 2 mM of DTT

and 1X protease inhibitor.

76



Western Blot Analysis

Westerrblot 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 @éBCA4variants 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 celtlevel expression of ABCA4 across all samples. WBA was carried out
based on the protein concentration determined by the Bradford[&g§hyAn
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 Sp&8yacrylamide gel electrophoresis using-898 pre
cast TrisAcetate gel (Cat. # EA0378BOX, Invitrogen Life Technologies, Carlsbad,
CA). Following transfer to the nitrocellulose membrane (Cat. #1704 158 &b
Hercules, CA), the membrane was blocked in 5%fatry milk in TBST for 60
min. Primary antibody (anrtNBD2-Rabbit, diluted 1:1000 in 1% neat dry milk in
TBS-T) was added and incubated for 60 min at room temperature, followed by three
10-minute washes in TB$. The membrane was then incubated with-eadtbit HRP
secondary antibody (Abcam, ab205718) (diluted 1:10,000 in 1%ata@iny milk in
TBS-T) for 30 min and washed with TBB In addition, a GAPDH Loading Control
Monoclonal Antibody (Cat. #MAB5738HRP) 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 anttGAPDH (diluted 1:1000 in 1% nefat dry milk in TBST) for 1 hour, then
washed three times in TBE 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 VLI@xpressing cells and uninfected cells were used as negative
controls along with the appropriate isotype controls. Briefly, 48 hoursipfestion,
1x106 Sf9 cells were washed three times wi
either ECD31specific primary antibody (Cat. # A10556, ABclonal, MA), NBD2
specific primary antibody (3Fmouse monoclonal and ARIBD2-Rabbit (Abcam)),
or the respective isotype controls (Rabbit IgG Isotype Control, Invitiogeat. #
02-610-2) and Mouse lIgG2a kappa Isotype Control, eBioscien(@at. # 144724
82)) for 30 minutes at room temperature. Subsequently, the cells were washed three
ti mes with Buffer A, followed by staining
secondary antibody (Goat an#ibbit IgG Alexa Fluor 488, Thermo Fisher;1A008,
or Goat antiMouse 1gG (H+L) Cros#\dsorbed, Alexa Fludt 488, A11001,
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 Hi§ipeed 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-£&@d
side (SSEA) scatter, single cells with forward (FS€v FSGA) singlet events, and
mCherry positive events (for MOI+, V1 viral titer events) in theTRas Red
channel (600LP, 610/20BP). A minimum of 100,000 events were acquired for each
sample and evaluated on the FITC channel for AB@#eka488 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 ABGCAdexa488+ 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 viruike 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 taketdost
column purification, using the 1% twe@0 (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.

RetinalStimulated ATPase Assay

To determine the biological activity of the ABCA4 in VLPs, the basal and
retinatstimulated ATPase assay was conducted following a previously described
protocol with slight modificationf72]. In brief, 500 uM ATRU-32P in Buffer C was
combined with purified ABCA4/LP. All VLP samples were diluted to 1 pg/uL total
protein concentration prior to ATPase measurements. Additionally, the protein content
of each VLP preparation was verified by SBAGE followed by Coomassie Brilliant
Blue staining, and WBA. This standardization allowed for a direct comparison of
ATPase activity betweenwidly pe and vari ant ABCA4 protei
reaction mixtur e wranstetina (ATRy+-il40pMRE(1,242 0 e M al |
dioleoylsnglycera3-phosphoethanolamine; DOPE) mixture was incubated in the
dark at 37°C for 60 minutes. The radioactive mixtures were spotted on PEI cellulose
plates. The strips were developed in adayer 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 SilicoProtein Structure Analysis

Thein silico structure analysis of the variant proteins was performed as
outlined previously80] using available experimental structures of human ABCA4
[26-28] and the refined AlphaFold2 mod¢l5, 106] PyMOL?2 software (The
PyMOL Molecular Graphics System, Version 2.0 Schrodinger, 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 PolyPhen64], REVEL [68], MutationTastef66], CADD [67], and
ConSurf[102].

Other Methods
Protein concentrations were determined by the Bradford m§tiiédiusing

bovine serum albumin as a standard

Statistical Analysis

ATPase activity assays were performed in triplicate for both-type and
ABCAA4 variants (N965S, C1488R, Y1779F). A emay ANOVA was used to
compare the basal ATPase activities of each variant with the WT. Subsequently, a
separate oneray ANOVA was used to compare the faldange in retinastimulated
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 &/ehicle forRecombinanMembraneProteins

We have produced enveloped vilike particles (VLPS) by cexpressing 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 physicalideftied and
present high concentrations of target membrane proteins in their native stfti¢iure
177]. Our results demonstrate the efficacy of Vih#sed expression platform in
elucidating the functional impact of ABCA4 variants. An overview of the

experimental platform's design is presenteBigure 16.

Expression and Purification of ABCA4 in Enveloped Vitlike Particles

The Baeto-BacE Baculovirus Expression System was employed to achieve
transient expression of ABCAMLPs in insect cell lines. The expression of ABCA4
in High FiveE insect cells was confirmed through Western blot analysis (WBA) of
cell lysates, using an ABCA4 domaspecific 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 postranslational modifications occurring in ABCA#78, 179](Figure
17A). To confirm the presence of ABCA4 in the vHlike particles, in parallel, WBA
of ABCA4-VLPs was carried out. The results identified comparaizded 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 VLPsHigure 17A). The purified ABCA4VLP samples showed high
recovery, as confirmed by the WBA after size exclusion column purificafiguie

17B).

Characterization of ABCA4/LPs

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 functioningo. To
investigate the topological orientation of the ABCA4 protein within the -iyliayer
structure in oum 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 structurey(ire 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 fluoropkageré 18B). We
observed a strong AF488 fluorescence signal with the N&i22ific antibodies
relative to that observed with the ECBfiecific antibody. The weak signal observed
with ECD1 antibody staining was likely attributable to repecific binding to the cell
surface Figures 18C & 18D). The negative control experiments, including isotype

controls, secondary antiboayly, and empty VLP staining, did not give any signal
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(Supplementary Figure6h Our findingsconfirm 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 localizatioRigures 18A-D).

Nanopatrticle size analysis

To evaluate the size distribution, homogeneity, and concentration of the
purified VLP preparation, nanopatrticle 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 particlegy(re 18E). This analysis also indicated a
high yield of particles in the culture media with a concentration of 5.66x1010+Al
3.20x108 mil postqEV column purification, further supporting efficient production

and release of VLPs from the insect cefigy(ire 18E).

ABCA4 Produced in Virukike Particles Demonstrates Retinal Stimulated ATPase
Basal and retinal stimulated ATPase of the vijide ABCA4 in the virukke
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 AIFOPE mixture forming Netinylidene
phosphatidyl ethanolamine (NRPE)) usingdB2P-ATP thin-layer chromatography
based assdy'1, 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 Aivensect cells, we subtracted the ATPase
activity of the negative control VLPs from that of the ABGXUP. We found that
ABCA4, expressed in the VLPs, was able to hydrolyze ATP in the rate of 7.78
pmol/min per pg of total VLP protein concentration, and this rate is increased to 20.9
pmol/min.ug in the presence of retinal substr&igires 19A & 19B). Our findings

indicate that ABCA4 expressed in the VLPs retains its enzymatic activity

ABCA4 Produced in Virud.ike 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 diseassociated pathogenic ABCA4 variants,

p.N965S and p.C1488R7, 42, 88, 130, 154, 183h the VLP platform.

ABCA4 variant p.N965S is found at substantially reduced levels inlikeiparticles.

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 expressioRigure 20A), and equivalent ABCA4 expression levels in
Hi5 cell lysates across witype and variantdsjgure 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 SEFSAGE 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 wildtype levels Figure 20C & Supplementary Table@. This
suggests that the p.N965S variant leads to protein misfolding, preventing its proper

localization to the membrane.

Functional characterization of the ABCA4 diseassociated 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 retstahulated ATPase activity
with WT ABCA4-VLPs. Titration experiment of VLIABCA4-WT was performed to
determine the optimal enzyme concentration, where maximum hydrolysis occurs
while the activity remains within tHeear range (Supplementary Figures&S8).

Based on this assessment, we chose to use 1 pg of each VLP sample for the
comparison. At this concentration, the ATPase activity of the WT exhibitedfal@.2
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 ABCAA4 basal level ATPase activity was stimulated
by 1.8fold in the presence of NRPE, indicating a substantial, though attenuated
response compared to WT, which is not statistically significant differeRiceiré

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 lysatédgures 20A & 20B). TheWestern blot
analysisof VLPs indicated that the Y1779F variant was successfully targeted to and
incorporated into the VLP membrane at levels equivalent to thetyyike protein,
implying correct membrane targeting of this varidxg(re 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

plasmamembrane (Supplementary Figur®.S

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 approximatelold/retinal

stimulation, compared to the 2(@d 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 thd 739
residue plays a crucial role in maintaining intradomain interactions, particularly by
forming a hydrogen bond wi-hdix. Asshownsn due | oc
Figure 20E, the substitution of TyL779 with Phenylalanine (Phe) disrupts this
interaction, which may be the reason behir
Overall, the p.Y1779F variant demonstrates structural and functional
alterations as evidenced by batrsilico structure predictions and 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; PolyPh&2ii64], REVEL [68], CADD [67], and

MutationTestef66] suggests arobable pathogenic impact.

Discussion

We sought to develop a simple, hititroughput approach to assess the
consequences &BCA4genetic variants on protein function without the need for
detergent solubilization, purification, and reconstitution. This method would be
particularly valuable for the analysis ABCA4variants of uncertain significance
(VUS) as well as other clinically important membrane proteins. Our results
demonstrated the feasibility of the virlilse 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

88



maintains a native and uniform topology, and it is biologically active with respect to
retinalstimulated ATPase activity within the VLP structure. Additionally, we
demonstrated the platform's efficacy throughithetro characterization of two
clinically relevant and welstudied pathogeni@BCA4genetic variants, namely
p.N965S and p.C1488R. These variants have been identified in numerous individuals
affected by the disease, including some cases of homozy§taity8, 127, 154, 182
187},

Previously, the capture of mujtiass 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 ligantein interactions as
immunogens and therapeutic agda&3-191]. 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 diassseiated
variants.

In our insect celbased expression system, we observed that thetypitd
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 ABCAA4 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 thetypld ABCA4 was
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primarily located in internal membrangs, 53, 57, 173, 174Nevertheless, a recent
study reported that wiltype ABCAA4 is expressed on the plasma membrane in-HEK
293T mammalian celld92]. Furthermore, the rhodopsin protein, which shares the
native location with ABCA4, has also been shown to localize on the surface of
mammalian cellén vitro [193-195]. The reasons behind this variable localization of
ABCAA4 in different heterologous expression systems are not obvious.
PathogeniABCA4missense 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 destingfi®8]. 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 knockin mouse model showing its retention in the GolgifEB0]. 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 C1{88R1, 88] we
were unable to locate aimy vitro or in vivostudies that describe the cellular
mistargeting of this variant, supporting that the deficit arises from the loss of protein

function.
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The ATRdriven transport of retinoids in the photoreceptor outer segment discs
is a weltknown biological function of ABCA4, which is essential for the continued
operation of the visual cycl&, 196] Numerous research groups have established that
the ABCA4 protein ATPase activity is stimulated bytadinsretinal, as well as its
Schi f f ératinyldansephosihatidyl ethanolamine (NRPE) and its derivatj@es
83, 197] Our study confirmed that the wikype ABCA4 protein expressed using the
VLP platform exhibits a 2-2old 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 rstinallated
i ncr eas e[1736, 20 87]Thisdordparison highlights the consistency of our
VLP-based system with established expression systems. Using this platform, we have
examined two weltharacterized 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 ABCAA4 variants in Danish and
Chinese populationd 27, 184, 185]Our data indicate that the reduced plasma
membrane representation of the N965S variant is only 49% oftyykllevels, 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 retiratimulation of basal level ATPase activity. In contrast to
our observations, a previous study analyzing the p.N965S variant reported a complete
loss of retinalstimulated ATPasfEL30]. 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 theehinylidenePE transfer activity
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relative to the WT ABCA49]. 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 fundii@7, 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 reducecaal-retinal
binding affinity of this variant proteif8]. This variant has been previously shown to
have a destabilizing effect on the protein structuiglico, with the disruption of a
disulfide bond between residues €88 and Cy4502[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-basedn 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
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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 membranén 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-tikéve
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 retstahulated ATPase, can be assessed in the VLP
platform. Findings from the VLP characterization platform aligned well with and
extended the existing literature ABCA4variants, 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 ABCA4related 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 virdke 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
diseasecausingABCAA4variants 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 onABCA4 Variants:
Previous Findings vs. Current Study. This table summarizes the
functional characterization of ABCA4 variants ¢.2894A>G:p.N965S,
€.4462T>C:p.C1488R, and ¢.5336A>T:p.Y1779F and compare our
VLP-based characterization findings with previous findings.

Variant

Previous Findings

This Study

€.2894A>G:p.N965S

-Misfolding and Golgi retention
in a knockin mouse model

[130].

-Decreased basal and retinal
stimulated ATPase activity

[130].

-Reduced the MetinylidenePE

transfer activity{9].

Suggests misfolding and retentio
in Golgi/ER based on reduced
VLP targeting. Reduced basal
ATPase activity but retinal
stimulation is largely retained.

€.4462T>C:p.C1488F

Disrupted a disulfide bon@6],

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 ATPas¢
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 ABCA4VLPs maintain their functional activity, enabling studies on ATP

hydrolysis and interaction with the retinal substrate without the need for lipid
reconstitution. This method facilitates tF
impact of genetic variations relevant to retinal diseases. (Created with

BioRender.com).
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Figure 16 Experimental workflow of the studyp Chapter 40verview of the three
key elements of the virtigke particle (VLP) platform, demonstrating its
potential as a valuable tool in the functional study of membrane proteins

and the characterization of their diseassociated variants. (Created
with BioRender.com).
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Figure 17 ABCA4 protein expression and VLP targeting analy@$.Western blot

of ABCA4 protein expression in High Filze (Hi5) insect cell lysates

and VLP preparations using antibody against ABCA4. From left to right,
lanes represent: SpediraMulticolor High Range Protein Ladder (Cat#
26625), ABCA4 from HEK293 lysate (positive control), Hi5 cell lysate
infected with VLRproducing negative control baculovirus (negative
control), ABCA4VLP-producing Hi5 cell lysate, control VLP, and
ABCA4-VLP. Two distinct bands were observed, with the top band
likely indicative of postranslational modifications occurring in ABCA4.
Only the ABCA4expressing cells and ABCAMLP samples show a
specific ABCA4 signal. Samples were loaded based on an equal total
protein concentration, as determined by the Bradford a8pWestern

blot analysis of the purified ABCA¥LP fractions with size exclusion
chromatography (Izon geV1/70nm). The initial 2.8 ml was pooled as the
default buffer volume (void volume). Fractions were loaded as 20 pl.
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Figure 18  ABCA4 is expressed with NBD domains projecting outwards from the
lipid bilayer of the VLP(A) lllustration 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
characteristic§B) Flow cytometry experimental design to assess membrane topology
of the ABCAA4 protein expressed in insect cgl3) Representative flow cytometry
analysis of Sf9 cells using domaspecific 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: \MeRpressing cells without ABCA4

stained with an NBD3pecific polyclonal antibody (top left), ABCAYLP-

expressing cells stained with an EGBdecific antibody (polyclonal) (top right), and
ABCA4-VLP-expressing cells stained with NBBpecific polyclonal and monoclonal
antibodies (bottom left and right, respectivelf{)) Histograms showing the median
fluorescence intensity (MFIJE) 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 ABZIA2s in solution. The
diluted VLPs were evaluated in triplicate experiments at a temperature of 23°C, 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
retinatstimulated ATPas€A) ATPase activity of empty VLPs and
ABCA4-VLPs were measured in the presence or absence of 40 yM all
transretinal in the presence of PE (DOPE). All VLP samples were
diluted to 1 pg/pL total protein concentration using the Bradford assay,
and ATP hydrolysis rates are presented as pmol/min per ug of total VLP
protein concentration. The reactions were incubated at 37°C for 60 min
under low light conditiongB) 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 prote{A3.
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), VLRABCA4 WT and variant proteins. Scale bars = 275 um.
(B) Western blot analysis showing the expression levels of ABCA4 in
High FiveE (Hi5) insect cell lysates for wikype (WT) and variants
N965S, C1488R, and Y1779F, with the expression of GAPDH as a
loading control. Samples were loaded based on 5 g total protein
concentration, as determined by the Bradford ag€gyWVestern blot
analysis of ABCA4 levels in virukke particle (VLP) samples, with 10
pL of each sample loaded. Quantitative analysis of independent triplicate
blots isprovided in Supplementary Tabl€.3D) Graphcomparing the
basal and retinadtimulated ATPase activity of ABCAXLPs for WT
and each variant. The data represents the mean of relative enzymatic
activity N SD for n O 3, where each |
biological replicate experiment. Statistical analysis of basal activities was
performed using oreray 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
retinatstimulated activity (folechange), 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 WTE) In silico protein structure
analysis, pinpointing the localization of variants within the context of the
overall threedimensional structure of ABCA4. As previously shown
[80], the Asr965 residue is located in the Walker A sequendeRD1
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 ABCA4VARIANTS OF
UNCERTAIN SIGNIFICANCE

Introduction
The ABCA4gene, the most polymorphic gene linked to IRDs, currently has a
total of 4,096 variants reported in the ClinVar database. More than 1,600 ocatbese
missense variants, and remarkably, around half of the missense variants are classified

as VUS(https://www.ncbi.nlm.nih.gov/clinvaraccessed oh0 SeptembeR024). The

disproportionatgrevalence ofmissense VU&mong allABCA4variantsemphasizes
the need for a focused study of these speciiants

This chapter expands dine previously developeth silico pipeline and virus
like particle (VLP}based functional assays, applying these methodologies to a
selected subset &BCA4missense VUSSpecifically, we assess the pathogenicity of
seven VUS (p.Y345D, p.Y603F, p.L844RG1559E, 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 contrainalogous to the use of pathogenic varig©65S and
p.C1488R in the previous chapter. The remaining VUS were selected based on initial
structural assessmeiridicating 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
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within the lipid bilayer. In ABCA4Tyr residues are typically located at the interface
between the lipid bilayer and the aqueous environment, where they contribute to the
proteinodos s t(Figure 21A)rMahy Tyir side ehains in ABCA4 form
hydrogen bonds, likely stabilizing interactions between key domiigarg 21B). In
addition to hydrogen bonding, the aromatic ring of tyrosine is involved in non
covalent interaand-Onastnit®@hede interactioss are
thought to play a significant role in substrate binding, as observed irEdfyo
structuregFigure 21B) [27]. Substituting Tyr with a nocaromatic residue in these
regions could disrupt these stabilizing ir
function. Moreover, the extrgtmplasmicdomain 1 (ECD1) of ABCA4 contains a
disproportionate number of tyrosine residué3 out of a total of 6& suggesting that
Tyr in thisdomain may bef particularinterestfor functional studiegFigure 21C).
Overall, missense mutations of Tyr residues could have significant
i mplications for ABCA40s dstuptingchydwophabic and f v
and hydrophilic interactions, destabilizing domdwmain communication, and
impairing membrane orientation, ultimately leading to protein dysfunction.
In this study, we elucidateghe functional consequences of these specific
missense VUS iABCA4 providing critical insights that may inform their

reclassification under the ACMG/AMP guidelines for pathogenicity.

Materials and Methods
Thein silico methods used in this chapter follow the same protocols as
outlined in Chapters 2 and 3, whilee in vitromethods 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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ComputationaProtein Structure Analysend Pathogenicity Prediction

The structural analysis of ABCA4 variants was conducted using available
cryo-EM structureg18-25], and AlphaFold2105, 106]modelsas detailed in
Chapters 2 and [BO, 121] Structural changes were visualized using PyMOL
software[198], while pathogenicity predictions were performed using PolyZhen
[64], REVEL [68], CADD [67], AlphaMissens¢199], and MutPred?97]. Allele
frequencies were sourced from the GhomAD datafdd3], and evolutionary

conservation scores were obtained from ConRi2].

Site-Directed Mutagenesig&xpression and Purification of ABCAMLPs

Variant constructs (¢.1033T>G (p. BAS5Asp), ¢c.1808A>T (p.Tyr603Phe),
€.2531T>G (p.Leu844Arg), c.4283C>T (p.Thrl428Met), c.4676G>A (p.Gly1559Glu),
c.5665T>A (p.Tyrl889Asn), c.6091G>A (p.Glu2031Lys), and c.6494A>G
(p.Tyr2165Cys)) were generated with siieected 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 Factong cells for bacmid productiorsf9 insect cells were then transfected
with the bacmid using the Bdo-BacE Baculovirus Expression System, leading to
the production of VO baculovirus. High Fizecells 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-hkeis

particles (VLPs) containinthevariant ABCA4 proteinsas well as the W ABCA4.
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Seventytwo hours posinfection, 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 atHf€E.
resulting VLP pellets were resuspended in 50 |DBBS, containing 1)HaltE
protease inhibito(Thermo ScientificCat. # 78425and 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 pg of total
protein and 10 pl of VLP samples were separated by-BASE using a 8% Tris
Acetate gel (Invitrogen, Cat. #EA0378BOX). Proteins were transferred onto a
nitrocellulose membrane (Bigad, Cat. #1704158) and blocked for 60 minutes with
5% nonfat dry milk in TBST. The membrane was probed with an-&BICA4
antibody (Abcam, Cat. #ab72955, diluted 1:1000 in 1%fabdry milk in TBST)
for 1 hour at room temperature, followed by threeriiute washes with TBS$. The
membrane was then incubated with an-gaibbit HRP secondary antibody (Abcam,
Cat. #ab205718, diluted2D,000 in 1% noffat dry milk in TBST) for 30 minutes,
followed by additional washeé. -Tubulin Loading Control Antibody
(ThermoFisher Scientific, Cat.MA5-16308HRP, diluted 12000 in 1% norfat 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).



Basal andRetinatStimulated ATPas@Activity Assay
The ATPase activity of ABCA4 variants in VLPs was measured using-a thin
layer chromatographipased assay in both basal conditions and in the presenee of N
retinylidenephosphatidylethanolamine (NRPE), following the protocol detailed in
Chapter 4147]. Data wereeported as mean ATP hydrolysis rates * standard
deviation (SD) based on biological triplicates. Statistical significance was assessed
using oneway ANOVA separately for basal and retirsgimulated activity with

significance set at p < 0.05.

Results

In Slico Protein Structure Analysis

Thecomputationaktructural analysis provided key insights into the potential
impacts ofABCA4variants in this studylhe benign variant, p.T1428M, and three
variants of uncertain significance (VU8) p.Y603F, p.G1559E, and p.Y2165C
were previously evaluated in Chapteréyealing distinct structural outcomé&she
p.T1428Mvariant exhibited no structural alterations, consistent with its benign
classification(Figure 8F). In contrast, the three VUS displayed structdefects
indicative of potential pathogenicif§0].

For p.Y603F, the substitution of tyrosine with phenylalanine resulted in the
loss of a key interdomain hydrogen bond betwe€D1andECD2, likely
compromising protein stability and domain interacti¢frigure 9C). Thep.G1559E
showed substantial steric clashes that wa/oidable across multiple rotamer
positions(Figure 9G). Lastly, the p.Y2165C variant, located in regulatory domain 2
(RD2), disrupted both intraand interdomain hydrogen bonds between RD1 and RD2
(Figure 91).
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In addition to these previously analyzed variardgsy bther VUS were
examined in this study: p.Y345D, p.L844R, p.Y1889N, and p.E2031K. Each of these
variants displayed distinct structuedfects 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 transporfFigure 22A). The p.L844R variant, located in transmembrane
domain 1 (TMD1), replaces a hydrophobic leucine residatis exposed tthe lipid
bilayer, with a positively charged arginirgtructure analysisvaluated 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 changsrefore, thisubstitution
introduced a charged residue into a hydrophobic environmetantiallyleading to
disruptionof the membrane interactigrigure 22B).

Two variants exhibited potential pathogenic effects by disrupting critical
domaindomain interactionslhe p.Y1889N variant, located in transmembrane
domain 2 (TMD2), resulted in the loss of a stabilizing hydrogen bond withEa-H
turn-EH insertiom [26], reducing the stabilityee ae &+3.58kcal/mo) (Figure 22C).
Similarly, the p.E2031K variant in nucleotideending domain 2 (NBD2), led to the
loss of asalt bridgewith intracellular helix 3 (IH3)which is only present in the ATP
bound conformatioifFigure 22D).

All seven VUS involved substitutions of highly evolutionarily conserved
residues, as indicated by Consurf analj/Bi®], and showed consensus predicted
pathogenicityacross multiple computational tools, including PolyRBeREVEL,
AlphaMissense, CADD, and MutPred2.



Expressiorof ABCA4Variants

Theuniform baculovirus infection anekpression of akkightvariantswas
successfully achieved, as confirmedflaprescence signals amdBA of the High
FiveE insect cell lysatesHigure 23A-C).

The WBA revealed comparable expression levels between thaywpid
ABCA4 and variant proteind=igure 23B & C) with the exception of the p.L844R
p.E2031K, and p.Y2165¢arians, which displayed a noticeably fainter ABCA4 band
compared to the wildype and other varian{figure 23C, left). Th e u gubuliro f b
as a loading control confirmed equal protein loading across all samples, suggesting

that the reduced ABCA4 signalspecific to tlose variants
Functional Characterization ®ariants of Uncertain Significance

Assessment of ABCA4 VarisilVlembrane Targeting

The ability of the ABCA4 variants to be targeted to the membrane and
incorporated into virudike 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 thetylel
control(Figure 23C, right).

However, for the p.L844R and p.G1559E variants, no ABCA4 bands were
detected in the purified VLP sampl@agure 23C, right). The absence of detectable
ABCAA4 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 &BCA4 Varians Bnzymatic Activity

We performed the basal and retiséimulated 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 activitfFigure 24).

The p.Y345D variant showed a complete loss of restidulated ATPase
activity (p < 0.00}, while retainingmost of thebasal activity(p =0.002 (Figure 24),
suggesting that this substitution disruipiteractions critical for effective substrate
binding and catalytic function. According to criaM structures, Ty345 is a key
residue within the NRPE binding pocket, interacting with the ATR mokgtufe
22A), and its substitution likelgompromises these crucial interactions.

The p.Y603F variant exhibited a partial reduction in retgiamhulated ATPase
activity (p < 0.00} (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 activafiigure 9C).

The p.Y1889N variant also showed a complete loss of retimallated
ATPase activityp < 0.00), while maintaining basal activityF{gure 24). This
suggests that the substitution of tyrosine with asparagine disrupts crucial interactions
necessary for substratgduced activation, likely due to the loss of stabilizing
hydrogen bonds in the transmembrane donfague 22C).

The p.E2031K variant also showed a significant reduction in rettmallated
ATPase activityp < 0.00) (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 ATPbound conformationHigure 22D).
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The p.Y2165C variant exhibited a complete loss of ATPase activity, both in
basal and retinadtimulated condition§p < 0.00) (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
ABCAA4 variants of uncertain significance (VUS) usthg combinedn silico andin
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 guidelingdg9].

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 retstianulated 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 thein 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. Additionallymultiple lines of pathogenicity evidence (PP3) and clinical
data (PP4) support these observations, as both variants are associated with retinal
disease phenotyp§38]. Additionally, reported patients carrying these variants had a

pathogenidransallele, while thecis allele was free from known pathogenic variants
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(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
ABCAA4, particularly due to their amphipathic nature and their involvement in critical
hydrogen bonding and aromatic interactions. The four variants involving tyrosine
substitutiond p.Y345D, p.Y603F, p.Y1889N, and p.Y2165@xhibited varying
degrees of functional impairment, highlighting the importance of these residues.

The p.Y345D and p.Y1889N variants, both of which replace tyrosine with
nonraromatic residues, resulted in a complete loss of redtirallated ATPase
activity. This suggests a significant disruption in protibstrate interactions, as
tyrosine residues are often involved in critical interactions with the retinal substrate or
in maintaining the structural integrity of substraiading siteslIn 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 tyroshte-cysteine substitution disrupts several
intradomain and interdomain hydrogen bonds, likely altering the conformational
flexibility necessary for ATP hydrolysi3he computational predictions (PP3) further
support its classificatioas 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 rethséimulated ATPase activity, indicating
impaired proteirsubstrate interactions. Notably, substitutions of@98 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 path@guare

25). Similarly, the p.E2031K variant in NBD2 results in the loss of a salt bridge
critical for stabilizing the ATFbound 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 statug-igure 25).

The distinct mechanistic pathways through which these variants disrupt
ABCAA4 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 demonstratesdiverseimpacs of missenseariants
on ABCAA4 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 combinedsilico and VLRbased platform in the
functional analysis oABCA4variants. This integrative approach could be invaluable
in advancing our understandingMBCA4related retinal diseases and improving the

clinical interpretation of genetic variants
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Conclusion

In this chapter, we applied the integratedilico-in vitro approach to evaluate
the functional impacts afevenmissensédBCA4VUS. Our findings provide critical
insights into the functional consequencethekevariants and support their

reclassification under the ACMG/AMP guidelines for variant pathogenicity.
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Figure 21 Tyrosine (Tyr) residues of ABCA4A) Full-lengthstructure of ABCA4
highlighting Tyr residues (magenta spheréghlighting their unique
localization pattern(B) Closeup view showing hydrogen bonding
(dashed lines) and narovalent interactionsf Tyr (navy bluesticksfor
NRPEinteraction) within the transmembrane region, contributing to
domain stability(C) Extracytoplasmic domain 1 (ECD1) containing a
highes proportiorof Tyr residues (magenta)
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Figure 22 In silico structure analysis of variant protei8) The p.Y345D

variant, located near the retinal substrate bindingls«dy disrupts the hydrophobic
pocket and impairs the interaction with the ATR moi€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
environmen{relative solvent accessibility is 60%i) leading to steric clashésthe

all internally positioned rotamer§C) The p.Y1889N variant, located in
transmembrane domain 2, | oses -tanghéssi bl e T
insertion, which could compromise protein stabil{y) The p.E2031K variant in
nucleotidebinding domain 2 causes the loss g@iossiblesalt bridgewith intracellular

helix 3,a bond present only in the ATdund state. Wildype residues are shown as
blue sticks, and substitutions are highlighted in red.
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Figure 23 Expression and VLIhcorporation analysis of the varian{8)
Fluorescence microscopy images okl insectcells showing the mCherry reporter
expression, confirming successénld uniformbaculovirus infection(B) Western blot
analysis of benign variant p.T1428M afi@) seven variants of uncertain significance
(VUS), demonstrating the expression and MaRyeting levels of ABCA4 variants
compared to the wildype.
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ATPase Activity of ABCA4-VLPs
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Figure 24 ATPase Activity ofVLP-ABCA4 Variants The bar graph shows the
basal and retinadtimulated ATPase activities of ABCA4 incorporated
into viruslike 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 (& 3). Statistical analysis was conducted using
oneway ANOVA followed by Tukey's HSD post hoc test
(Supplementary Table S8)

11¢€



Y345D

Y603F

L844R

G1559E

Y1889N

E2031K

Y2165C

. Comput. In silico . . s
Functional Study A Amino acid q Pathogenicity
Evidence Structure Allele Freq. Patient data
(PS3) (PP3) Analysis Cons. Score Assessment
Dl Pathogenic Del 9 NF (PM2) PP4 Lt
stimulation 9 Pathogenic
Reduced retinal-— p,ipogeni Del 9 NF (PM2 PST Pathogeni
stimulation athogenic el ( ) athogenic
Mislocalization ~ Pathogenic Del 8 1.37%10°  PM3,PP4 L5
: ! Pathogenic
. - . Likely
-7
Mislocalization Pathogenic Del 9 6.84x10 PM3, PP4 Pathogenic
No retinal- . Likely
stimulation Pathogenic Del 8 NF (PM2) i Pathogenic
Reduced retinal- q Likely
stimulation Pathogenic Del 9 NF (PM2) PP4 Pathogenic
ATPase activity lost ~ Pathogenic Del 9 2.05x10°® PP4 Likely ]
: Pathogenic

Figure 25 Reclassification oABCA4variants of uncertain significance (VUS)

following ACMG/AMP guidelines. Variants were evaluated using
integratedn vitro andin silico analyses. PPcould also be applied to all
missense variants in the ABCA4, as the guidelines suggest ifsdnse
variantsin gene with low rate of benignissenseariantssuggest
supporting level opathogenicity evidencd hese findings justify
reclassification of the VUS to likely pathogenic (LP) or pathogenic,
aligning with the ACMG/AMP guidelineg9]. NF: not found. PS, PM,
PP are strong, moderate, and supporting pathogenicity evidence,
respectively.
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Chapter 6
CONCLUSIONS AND OUTLOOK

The retinaspecific ATRbinding 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 ofABCAdJis one ofthe primary causeof a spectrum of inherited retinal
degenerationdRDs). Although over 4,00ABCA4variants have been identified,
many remain unclassified in terms of their pathogenic impacurate 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 combiniimg an
silico predictve modelingwith an innovative virudike particle (VLP}basedn vitro
functional characterization method to investigate the consequences of missense
ABCAA4variants, with a focus on their structural and functional impacts at the protein
level. Thein silico toolshelp prioritizing variants and predicting the molecular
mechanisms underlying ABCA4 dysfunction, while the VLP platform esable
efficient, highthroughputn vitro characterization.

In Chapter 480], | introduced a multifaceted computational pipeline
combiningAlphaFold2protein modeling andryo-EM-based detailed structure
analysis withstandard pathogenicity prediction, and applied this approazisubset

of 30 missensABCA4variants, equally divided among pathogenic, benign, and
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variants of uncertain significance (VUS). The results demonstrated a strong correlation
between thatructurebasedredictions and known pathogenicity classifications.
Specifically, 8 of the 10 benign variants were structurally neutral, \ahild
pathogenic variants exhibited significant structural damsgeh as reduced stability
or stereochemistrygnd disruptionsf critical molecular interaction©ne 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 accuraABCé#4
variant classificationandillustrated howmultiple lines of consensus computational
evidencecanprovide a deeper understandingvof r | @oterttiairdpacts on
molecular pathology

In Chapter 3121}, | applied the samia silico analysis pipeline to a
geneticaly and phenotypicallyvell-defined cohort of 13 patients with confirmed
ABCA4associated 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 eadwgset disease or significant visual acuity loss, and the
presence of substantial structural damage in the ABCA4 préteirexample, the
p.C54Y and p.L541P variants, which were associated with severe retinal degeneration
in patients, caused significant disruptior

molecular interactions in protein modeldis chapter provides further validation that
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in silico protein structural analysis can be a valuable tool in assessing the
pathogenicity oABCA4varians.

In Chapter 4147], | developeda novel virudike particle (VLP}based system
that offers an alternative platform for functional characterizatichBS£A4variants,
addressing the challenges typically associated with traditional methods of studying
large transmembrane proteid$is VLP system enables the expression and analysis
of ABCA4 in a neainative membrane environment, ensuring correct topological
organization and preserving functional activity, all without requiring detergent
solubilization and reconstitutiom this chapter, | first investigate the general
characteristics of the VI-RBCA4 system, including particle size and membrane
topology.l thenvalidated the efficacy of this system by characterizing ABGWA
andvariants through basal and rethstimulated ATPase assays, successfully
demonstrating its ability to assess the enzymatic function of two previously
characterized pathogenic varigmsN965S and p.C1488Bnd avuUS, 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 retirgtimulated ATPase activitythese 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 retirgtimulated ATPase activity compared to wijghe, and
structural analysis suggested that disrupted intradomain interactions may underlie the
functional deficits observedhese results provide evidence that p.Y17i&ikely

pat hogeni c, showc asi ndecighdrieghgclineal relevanoed s
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of previously unclassified variantsloreover, 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, | integrated these approaches in Chapter 5 to reclassify eight
ABCA4VUS according to ACMG/AMP guideline$he 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 fromsitieo
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 chaptdeveloped a robust framework tltantributes
to reclassification oiABCA4variants of unknown clinical significanc&his
integrative approach, combinimg silico modeling andn vitro functional assays,
advances our understanding of how specific variants contribute to retinal disease and
sheds light on the molecular mechanisms of ABCA4 transporter funétien.
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 bothithsilico andin vitro
findings, with several promising avenues to expl@me thein silico front, developing

an automated, deep learnibgsed prediction tool specifically tailored for ABCA4
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could greatly benefit the research community by rapidly predicting the effestgiof
emergingnovelvariants. This tool would incorporate a structtoeused approach

while maintainingmultiple 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 thein 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 ABCAA4, this platform appears to be a promising candidate for such an
assayA well-designed transporter assay would enable a comprehensive assessment of
the effects of variants on the full physiological activity of the protihile the ATR
dependent transfer assay developed by Molday and colleagues, using ABCA4
containing proteoliposomes and acceptor liposomes, was a significant breakthrough in
understanding NetinylidenePE transporf9], there remains a need for a high
throughput transporter assay capable of accommodating the large nurAB&: Aot
variants.

On a broader scale, the molecular mechanisms underlying ABCA4 function
has not been fullynderstood. While cry&M 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 domaindkRD1 and RD2modulate ABCA4's activity. The current
understanding of these domains as "regulatorigrgely inferred from their sequence

homology and structural classification of domain organizagentheir precise
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mechanistic role remains elusiy hypothesis is that the unresolved sections of

both RD1 and RD2, which seem to extend toward TMD1 and théMd Binding

sites, respectively, may undergo conformational changes upon substrate binding or
passageand his conformational shift could be the mechanism behind ATPase activity
stimulationin the presence of the retinal substi@&igure 25).

Furthermore, several regions remain unresolved in theEMstructures, and
givesrandom coilstructures when modelglikely represent intrinsically disordered
regions (IDRs). IDRs often provide the necessary flexibility for protein dynamics and
are crucial for facilitating interactions with small molec®30]. ABCA4 appears to
have several of these disordered regions, notably in{teernal cytoplasmic side at
amino acid locations 86914, 11621203, and 1280L340.These regions correspond
totheTMD1-NBD1, NBD1-RD1, and RDAIH3 interfaces, respectivelfigure 26).
Interestingly, the individually expressed and purifiéderminalcytoplasmic region of
ABCAA4 has been shown to interact exclusively withkcistretinal [7]. In addition,

ABCA4 has also been shown to clear excessi&tetinal by facilitating its transport

in the form of 11cis-N-ret-PE from the lumen to the cytoplasnsideof the
membrand10]. These additional IDRs on thetrminal cytoplasmic side

interestingly the only significant difference from its otherwise symmetric counterpart,
NBD2-sided may help explain theeported exclusivél-cis-retinal interaction, or
possibly othefunctional 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, mutatiorbased functional studies will be key to fully
understanding the intricate dynamics of ABC&dits role in both normal function

andmolecularpathology

Figure 26 Proposed regulatory mechanism of ABCA4 functional activity
highlighting the RD1 and RD2 domaiaadtheir unresolved regions as
observed in all available cry#M studies(A) The unresolve part of the
RD1 (in red in apo statedPOB: 7e7i), and blue in NRRBound state
(PDB:7e70)extend between the interaction network of the NBD}s
and the intracellular helix 3 (IH3), which connects to transmembrane
domain 1 (TMD1)(B) The unresolved portion of the R yellow in
apo stateRDB: 7e7i), and purple in NRRBound stateRDB: 7e70))
appears to extend towards ¥tW€P and Mg bindingsite. 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 AFBound structure (PDB: 7e7q) onto others,
with the cartoon representation hiddenvmual clarity.



Figure 27 Unresolved random caiin the cytoplasmic side of the ABCA4
structure, likely representing intrinsically disordered regions (ID{R3).
Random colil 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 (Nlerminus) and second halvesi{@&minus) of the
protein using AlphaFold2 and then superimposing them onto the cryo
EM structure (PDB: 7e7i)B) Superimposition of the Xerminal and €
terminal cytoplasmic regions demonstrates that therhMinal side
contains longer disordered regions than the otherwise structurally
identical Gterminal side. These disordered regions are located at amino
acids 862914, 11621203, and 12801340, corresponding to the TMP1
NBD1, NBD1-RD1, and RDIH3 interfaces, respectivelandmay play
a crucial role in ABCA4'$unction.
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Appendix A
SUPPLEMENTARY MATERIAL FOR CHAPTER 2

ECD1 NBD1

NBD2

Figure S1.Domainspecific WT ABCA4 models generated in the AphaFold2 original
Colab notebook from Deepmind [68]. The models were colored in the
ChimeraX [71] wusing the fAcolor bfactor
the predicted structures by the pLDDT confidence measure
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Figure S2. Predicted model of the ¢.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
theWT 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 variaois the Chapter 2.
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10? [26]) 71%
. 2.56x% A 17%-| . . "
3| ¢.1268A>G(p.His423Arg) ECD1 5 - 5.953 B 0.293 0.095 83.28 0.647 | 0.9333 -2.3 No Newly formedsaltbridgewith Mild
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Reference genome assembly: GRCh38:Chr1:8345782373917, Reference Transcript: NM_000350.3. ConSurf Score: Amino acid evolutionary conservation scoring is basedSurfthes@server analysis, and the range is betwe®with increasing
conservation [47]. Allele frequencies are based on The Genome Aggregation Database (gnomAD) v2. Thg3®épventional pathogenicity prediction of c.5584G>A (p.Gly1862Ser) was done based the reported nomenclature G18623hidoweve
variant was predicted to cause aberrant splicing by broking the WT donor splice sitr¢)Slikely leading to a premature termination: p.G1862fs*4. Therefore, the predicted pathogenicity may not reflectatiaritumpactResidual pLDDT is based

on the fulllength WT ABCA4 AF2 modelp L DD T O5 0 -1300 (based orgthe domaspecific model) and S&255, indicating a lack of confidence, as indicatétth O,

< TM-score < 1, where 0 is 100% alignment [24]. RMSD andstlre are based on the structural comparison of the predicted variant models with the predicted WT ABCA4 model. Wealithneshséd for pathogenicity but showed the less-well

aligning structures in this dataset in bold. Destabilizing variants were predicted using Gibbs free energy change aalihdafimidX plugin for YASARA [46, 47]. Side chain steric clashes were reported here only when all possible rotametaslugto
r ot a nECD:E£xopyromlagnuiccdentain,dNBRx Blutleosiei nbduitn ga td o neaaisnt,
Variants of uncertain significance. Neu: Neutral, Del: Deleterious. PDB IDs of theedfystructures of the human ABCA4 used in the analyses: 7lkp,7lkz,7e70, 7m38][2D. Sun 2000, 21. Biswas 2003, 25. Garces 2020, 26. Curtis 2020, 27.
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Appendix B

SUPPEMENTARY MATERIAL FOR CHAPTER 3

AF2 ABCA4 FL model
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Figure S3. Comparison of the Alphafold2 (AF2) generated WT-faligth and
domainspecific ABCA4 models with the experimental structures. A.-AF2
predicted fullength (FL) ABCA4 protein model colored based on the pLDDT
score. B. Superimposition of AF2 domapecific models ECD1 (green),
TMD1 (yellow), NBD1 (cyan), R1 (purple), ECD2 (magenta), TMD2 (blue),
NBD2 (salmon), R2 (pink) on human ABCA4 cHaM structures (gray),
demonstrating the high structural similarity between AF&dicted models
and the available cryBM structures of human ABCA4 protein. Visualized in
PyMol2.
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Figure $4. 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
Supplementaryfable S.
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Figure 5. pgpG v ari ant profiles from eight measu
in silico opG values calcul ated by the

[107, 108] using the mutagenesis option for 10 missense variants in the study

based on the seven available eBM structures of human ABCA4 and
AlphaFold2generated fullength ABCA4 wildtype 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 tF
missing due to the Arg12 residue not being available in the 7lkp, 7mlp, and

7lkz structures and the G961 and GIk2233 in the 7mlq structure.
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Table S2.Genetic testing for patients ®hapter 3.

Patient No. Method Lab
AO1F, A1OM Stargardt/Macular Dystrophy panel CEl
A02M arRPfull sequencing panel CEl
AO4F, AO5F, AO6F ABCA4- full sequencing + del/dup BCM
AO03M, A09M, Al1lF Cone rod dystrophy Panel CEl
AO07M, AOBM N/A Dr. Allikmets
Al12F Macular dystrophyStargardt sequencing panel Emory
Al13M ABCA4/RDS/ELOVI4sequencing panel Gene Dx

CEl: 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), ELOVLA4:
Elongation of Very Long Chain Fatty Acidske 4.
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Table S3.Detailed structure analysis and pathogenicity assessments of the missense ABCA4 variants in Chapter 3.

JST

GnomAD Consurf AF2 AF2 RMSD  |n sjlico In silico
ABCA4 Allele  “g > pLDDT pLDDT (A) ®®G @aG StucturalChange cADD PolyPhen2 REVEL HSF-Pro
Variant Freq (ResWT)  (FL-Var.) Exp. AF2 Splicing Effect
1 p.Cs4y 0.00004 9 90.28 81.16 1.263 +41.7  +17.21 Broken disulfide bondilashe 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
p.L541P 0.00029 8 87.67 81.82 1.271 +7.65  +9.21 Buried Pfdfﬁgﬁguce"’ broke  27.0 PrD/0.994  0.983  No significant impact
4  p.A1038v  164x10° 7 90.96 81.69 1.248 +6.6 +7.74  Slight conformation chang: 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 |Lostsaltbridge with As224: 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 ﬁ;zeﬁ lossof - 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 C'ashes- 'OSdSl?f tkhe Pro 253  PrD/0.996 0.867 Potential alteration of
nduced iin ESE / ESS motifs
p.A1598D 2.63x10° 1 82.75 81.82 1.197 +13.56 +15.75 C'aShesihgggﬁgeszmPh”i‘ 16.31 PoD/0.574 0.685 No significant impact
p.G1961E  0.00269 8 91.45 81.65 0.985 +33.06 +20.89 C'aSheSihgl;gﬁgezydfophi'i' 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 Hbond: R2NBD1 31 PrD/0.985 0.798 Significant alteration
_ domaindomaininteraction of ESE / ESS motifs
11 p.L541P+ - - - 81.08 1.436 +14.25 +16.95 Buried Prointroduced, brok - - -
p.A1038V helix, conformation change
12 p.T1253M+ - - - 81.8 1.738 +34.03 +23.08 Premature Bsheet, loss of k - - - -
G1961E bond cI§§h_es, buried
p- hydrophilic introduced

Reference genome assembly: GRCh38:Chr1:8345182373917. Reference Transcript: NM_000350.3. ConSurf Score: A measure of amino acid evolutionary conservation based on

the ConSurf web server analysis. The score ranges fi@mith increasing conservatigh02]. Allele frequencies: Based on The Genome Aggregation Database (gnomAD) v3.1.2.

[103]. AF2 Residual pLDDT: Based on the fighgth WT ABCA4 AF2 model and corresponding WT residueMakiant pLDDT: For the entire fulength ABCA4 variant AF2

models. RMSD (A): The roaneansquare deviation. Based on the structural comparison of tHerfigith AF2 predicted variant and WT ABCA4 models. Destabilizing variants:

Predicted using Gibbs free energy change calculation in the FoldX plugin for YASAIRA108] Side chain steric clashes: Reported only when all possible rotamers lead to clashing

interactions. ECD (Exocytoplasmic domain), NBD (Nucleotde ndi ng domain), TMD ( Tr ans me mielixaRD8 IDd af tmeacryd) structuresddof | H (i ntr ac
the human ABCA4 used in the analyses: 7Ikp, 7lkz, 7e7i, 7e7q, 7e70, 7e7q, 7m1p[IBs2U}) HSF Pro Version 4: Used to interpret potential splicing effa€4].



Table S4 Measure (Variable) by Measure Spearman Pair@meelations.
Variable by Variable Spearmanp Prob>lp| -8-6-4-2 0 .2 4 .6 .8

7Ikp 7€e7i 0.9000 0.0002* |
7mip 7e7i 0.9364 <.0001* |
mip 7lkp 0.9455 <.00071" |
7e7q 7e7i 0.6993 0.0114* |
7e7q 7lkp 0.8909 0.0002* |
7e7q 7mip 0.8273 0.0017* |
7lkz 7e7i 0.5909 0.0556

7lkz 7lkp 0.8182 0.0021* |
7lkz 7mip 0.7455 0.0085* 1
7lkz 7e7q 0.8818 0.0003* |
7e70 7e7i 0.8671 0.0003" |
7e70 7lkp 0.9455 <.0001* |
7e70 7mip 0.9273 <.0001* |
7e70 7e7q 0.8881 0.0001* |
7e70 7lkz 0.7818 0.0045" |
7miq 7e7i 0.6667 0.0710 |
7miq 7lkp 0.9524 0.0003" |
7miq 7mip 0.8810 0.0039* |
7miq 7e7q 0.9524 0.0003" |
7miq 7lkz 0.8810 0.0039* |
7miq 7e70 0.9524 0.0003* |
AF2 7e7i 0.8881 0.00071" |
AF2 7lkp 0.9545 <.0001~" |
AF2 7mip 0.9636 <.0001* |
AF2 7e7q 0.8951 <.0001* |
AF2 7lkz 0.7545 0.0073" |
AF2 7e70 0.9021 <.0001* |
AF2 miq 0.9524 0.0003* |
Unadjusted pralues indicate that 26 out of 28 possible paired correlations are
significant (maximumg al ue = 0. 0114). The @mpGs cal cul

correlate (r O 0.89) with the experiment al
0.75).

151



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 mCheR#-TexasRed positive
signal (MOI+) (top) showing no signal in the AF488 channel (bottom),
indicating no norspecific signal from unstained controls. (B) Flow cytometry
analysis of Sf9 cells infected with negative control baculovirus and stained

152



























