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Zusammenfassung

Zusammenfassung

Pathologische Mutationen im RS1-Gen auf Xp 22.13 verursachen die X-chromosomale
juvenile Retinoschisis (XLRS) (Sauer et al. 1997), eine erbliche Netzhautdystrophie, die bei
jugendlichen oder heranwachsenden Mannern auftritt (Pagenstecher et al. 1913). Ein
Kennzeichen von XLRS ist die Spaltung der inneren Netzhautschichten (Schisis) und Defekte
in der Signalweiterleitung von den Photorezeptoren zu den Bipolarzellen (Khan et al. 2001).
Das RS1-Gen kodiert fur das retina-spezifische Protein Retinoschisin, welches direkt mit der
ATP1B2-Untereinheit der retinalen Na/K-ATPase in den inneren Segmenten der
Photorezeptoren interagiert (Molday et al. 2007; Plossl et al. 2017a). Die retinale Na/K-
ATPase, bestehend aus den beiden Untereinheiten ATP1A3 und ATP1B2, verankert
Retinoschisin an der Plasmamembran von Photorezeptoren (Friedrich et al. 2011). Ziel dieser
Arbeit war es, die strukturellen und funktionellen Merkmale des Retinoschisin-Na/K-ATPase-
Komplexes zu analysieren, um so einen Beitrag zur weiteren Aufklarung der initialen

Ereignisse der XLRS-Pathologie zu leisten.

Das erste Projekt befasste sich mit der Fragestellung zur ATP1B2-Retinoschisin
Interaktionsflache sowie zur Diffusion des Komplexes innerhalb der Plasmamembran. Bei der
Analyse der Bindung von Retinoschisin an die deglykosylierte retinale Na/K-ATPase in
Gegenwart verschiedener Zucker oder an mutiertes ATP1B2 zeigte sich, dass die Bindung
von Retinoschisin an die retinale Na/K-ATPase durch hohe Zuckerkonzentrationen
abgeschwacht wird, aber dennoch unabhangig von ATP1B2-gebundenen Zuckerketten
erfolgt. Im Gegensatz dazu wurde gezeigt, dass Retinoschisin direkt mit der ATP1B2-
Untereinheit interagiert. Zudem wurde festgestellt, dass die Anwesenheit eines polaren Restes
an der Aminosdure 240 eine Schllsselrolle bei der Interaktion mit Retinoschisin spielt.
Fluoreszenz-Korrelation spektrometrische Analysen an Hek293 Zellen, die die retinalen Na/K-
ATPase-Untereinheiten ATP1A3 und ATP1B2 heterolog exprimieren, zeigten keinen Effekt
von Retinoschisin auf die laterale Diffusion der Na/K-ATPase.

In einem zweiten Projekt wurde das Zusammenspiel von Retinoschisin und Herzglykosiden,
die an die ATP1A3-Untereinheit der Na/K-ATPase binden, untersucht. Retinoschisin-
Bindungsversuche zeigten eine Verdrangung von Retinoschisin gegeniber der retinalen Na/K-
ATPase durch die beiden Herzglykoside Ouabain und Digoxin. Enzymatische Assays zur
Quantifizierung der Herzglykosid-sensitiven Na/K-ATPase Pumpaktivitat sowie Analysen zur
Messung der Retinoschisin-abh&ngigen Bindung von Tritium-markiertem Ouabain an die
Na/K-ATPase zeigten keinen Einfluss von Retinoschisin auf die Bindung von Herzglykosiden
an die retinale Na/K-ATPase. Die immunhistochemische Farbung von Netzhautexplantaten

Retinoschisin-defizienter Mause, die mit rekombinantem Retinoschisin oder Herzglykosiden
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Zusammenfassung

behandelt wurden, zeigte, dass bei Anwesenheit von Herzglykosiden die Fahigkeit von
Retinoschisin, vor der Degeneration der Photorezeptoren zu schiitzen, beeintrachtigt ist.

Ziel des dritten Projektes der Dissertation war es, etwaige weitere Interaktionspartner des
Retinoschisin-Na/K-ATPase-Komplexes zu identifizieren. Western Blot Analysen einer Ko-
Immunprazipitation von Schweineretina-Lysaten mit ATP1A3 zeigten, dass keiner der
bekannten Interaktionspartner anderer a-Untereinheiten der Na/K-ATPasen (z.B. SRC, RAS,
PI3K, NCX und PLC fur ATP1Al) an die retinale Na/K-ATPase bindet. Die immun-
histochemische Farbung von Retinoschisin-defizienten Mausen zeigte eine Fehllokalisierung
des aus der Literatur bekannten retinalen Na/K-ATPase-Interaktionspartners AnkB ab dem
postnatalen Tag (P) 18, ahnlich zur Fehllokalisierung der retinalen Na/K-ATPase. Ein
ungerichteter Ansatz, bei dem eine massenspektrometrische Analyse der ATP1A3 Ko-
Immunprézipitationsprodukte aus Schweineretina-Lysaten durchgefuhrt wurde, identifizierte
mehr als 200 mdgliche Interaktionspartner der retinalen Na/K-ATPase. Drei Kandidaten,
ANXA2 und die beiden Kv-Kanal Untereinheiten Kv2.1 und Kv8.2, wurden weiteren
Untersuchungen unterzogen. Wéahrend eine Ko-Immunprazipitation aus murinen Netzhaut-
Lysaten eine direkte Interaktion der retinalen Na/K-ATPase mit AnxA2 nicht bestétigte, wurde
die Interaktion mit Kv2.1 und Kv8.2 bestatigt. Bei der immunhistochemischen Farbung von
retinalen Kryoschnitten wurde eine zunehmende Fehllokalisierung von AnxA2, Kv2.1 und
Kv8.2 wahrend der postnatalen Entwicklung der Retinoschisin-defizienten Mausretina
festgestellt. Insbesondere Kv2.1 zeigte bereits bei P7 eine Fehlverteilung, wahrend eine
fehlerhafte Lokalisation fur AnxA2, ahnlich wie bei AnkB und der retinalen Na/K-ATPase, bei
P18, nach Schisis und Photorezeptorapoptose, auftrat. Bei weiteren Untersuchungen von
Kv2.1 und Kv8.2 in Retinoschisin-defizienten Mausen wurde mittels Western Blot Analyse eine
Verringerung ihrer Proteinkonzentrationen, ebenfalls vor P14, inshesondere bei P10,
nachgewiesen, wahrend jeweils keine Auswirkung auf die Genexpression nachzuweisen war.
SchlieB3lich wurde die Kv-Kanalaktivitat in Y-79 Zellen gemessen. Patch-Clamp Analysen und
Live-Cell Calcium Imaging zeigten keine Auswirkungen von Retinoschisin auf den Kv-Kanal-

vermittelten Kalium-lonenfluss oder die Calcium-Homoostase.

Zusammenfassend geben die durchgefihrten experimentellen Arbeiten neue Einblicke in die
funktionelle und strukturelle Zusammensetzung des Retinoschisin-Na/K-ATPase-Komplexes
und deuten auf die Bildung eines makromolekularen Komplexes in den inneren Segmenten
der Photorezeptoren u.a. mit den Kanaluntereinheiten Kv2.1 und Kv8.2 hin. Damit liefern diese
Befunde neue Erkenntnisse fur die initialen pathologischen Prozesse der XLRS und kdnnten
somit die Entwicklung neuer therapeutischer Optionen fir diese derzeit unbehandelbare

Krankheit fordern.
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Summary

Pathologic mutations in the RS1 gene on Xp 22.13 cause X-linked juvenile retinoschisis
(XLRS) (Sauer et al. 1997), a hereditary retinal dystrophy manifesting in juvenile or adolescent
males (Pagenstecher et al. 1913). A hallmark of XLRS is the splitting of the inner retinal layers
(schisis) and defects in signal transmission of photoreceptor to bipolar cells (Khan et al. 2001).
The RS1 gene encodes the retina-specific protein retinoschisin known to directly interact with
the ATP1B2 subunit of the retinal Na/K-ATPase at photoreceptor inner segments (Molday et
al. 2007; Plossl et al. 2017a). The retinal Na/K-ATPase, consisting of the two subunits ATP1A3
and ATP1B2, was shown to anchor retinoschisin at the plasma membrane of photoreceptors
(Friedrich et al. 2011). This work aimed to analyze structural and functional features of the
retinoschisin-Na/K-ATPase complex to provide further insights into the initial steps in XLRS
pathology.

The first project addressed the question of the ATP1B2-retinoschisin interphase as well as the
diffusion of the complex in the membrane. Testing retinoschisin binding to deglycosylated
retinal Na/K-ATPase, under the presence of different sugars, or to mutant ATP1B2, the binding
of retinoschisin to the retinal Na/K-ATPase was shown to be attenuated by high sugar
concentrations but nevertheless independent of ATP1B2-attached glycoside chains. Instead,
retinoschisin binding was shown to be achieved by direct interaction with the ATP1B2 subunit.
In specific, the presence of a polar residue at amino acid 240 was determined to play a key
role in the interaction with retinoschisin. Fluorescence correlation spectroscopy analyses using
Hek293 cells heterologously expressing the retinal Na/K-ATPase subunits ATP1A3 and
ATP1B2 revealed no effect of retinoschisin on the lateral diffusion of the Na/K-ATPase.

In a second project, the interplay of retinoschisin and cardiac glycosides, which bind to the
ATP1AS3 subunit of the Na/K-ATPase, was investigated. Retinoschisin binding assays revealed
a displacement of retinoschisin from the retinal Na/K-ATPase by both cardiac glycosides
ouabain and digoxin. Enzymatic assays, which quantified cardiac glycoside-sensitive Na/K-
ATPase pump activity, and analyses measuring retinoschisin-dependent binding of tritium-
labeled ouabain to the Na/K-ATPase showed no effect of retinoschisin on the binding of cardiac
glycosides to the retinal Na/K-ATPase. Immunolabeling of retinal explants of retinoschisin-
deficient mice incubated with recombinant retinoschisin or cardiac glycosides showed that the
presence of cardiac glycosides disturbed the capacity of retinoschisin to protect against
photoreceptor degeneration.

The third project of the thesis aimed to identify possible additional interaction partners of the
retinoschisin-Na/K-ATPase complex. Western blot analyses of a co-immunoprecipitation of
porcine retinal lysates with ATP1A3 showed that none of the known interaction partners of

other a-subunits of Na/K-ATPases (e.g., SRC, RAS, PI3K, NCX, and PLC for ATP1A1) binds
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to the retinal Na/K-ATPase. Immunolabeling of retinoschisin-deficient murine retinae showed
mislocalization from the literature known retinal Na/K-ATPase interaction partner AnkB starting
at postnatal day (P)18 similar to the mislocalization of the retinal Na/K-ATPase. An undirected
approach using mass spectrometric analysis of ATP1A3 co-immunoprecipitation products from
porcine retinal lysates identified more than 200 possible interaction partners of retinal Na/K-
ATPase. Three candidates, ANXA2, and both Kv channel subunits Kv2.1 and Kv8.2, were
subjected to further analyses. While co-immunoprecipitation from murine retinal lysates did not
corroborate a direct interaction of the retinal Na/K-ATPase with AnxA2, the interaction with
Kv2.1 and Kv8.2 was confirmed. In immunolabeling of retinal cryosections, an increasing
mislocalization of AnxA2, Kv2.1 and Kv8.2 was detected during postnatal development of the
retinoschisin-deficient mouse retina. Notably, Kv2.1 showed maldistribution already at P7,
while an incorrect localization for AnxA2, similar to AnkB and the retinal Na/K-ATPase,
emerged at P18, after schisis and photoreceptor apoptosis. In further investigations of Kv2.1
and Kv8.2 in retinoschisin-deficient mice, a reduction in their protein levels, also before P14,
in specific at P10, was demonstrated via western blot analysis, while in each case no effect on
gene expression was observed. Finally, Kv channel activity was measured with Y-79 cells.
Patch-clamp analyses and live-cell calcium imaging revealed no effect of retinoschisin on the

Kv channel mediated potassium ion current or calcium homeostasis.

Taken together, the performed experimental work provides new insights into the functional and
structural composition of the retinoschisin Na/K-ATPase complex and suggests the formation
of a macromolecular complex in photoreceptor inner segments with other proteins like the
channel subunits like Kv2.1 and Kv8.2. These findings provide new insights into the initial
pathological processes of XLRS and could thus promote the development of new therapeutic

options for this currently untreatable disease.
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1 Introduction

1.1 X-linked juvenile Retinoschisis (XLRS)

1.1.1 Clinical features of XLRS

X-linked juvenile Retinoschisis (XLRS, OMIM #312700) is an inherited macular dystrophy
caused by pathologic mutations in the retinoschisin (RS1) gene on chromosome Xp22.13. The
disease entity was described initially in 1898 by the Austrian ophthalmologist Josef Haas in
two affected brothers (7 and 11 years of age) who presented with cystic cavities within the
retina (Haas 1898). Due to an X-chromosomal recessive transmission, which was initially
suggested by Pagensteiner in 1913 (Pagenstecher 1913), mostly males are affected with an
estimated prevalence between 1/5.000-1/25.000 (George et al. 1995; Tantri et al. 2004). In
general, female heterozygous carriers of an RS1 mutation remain asymptomatic, while female
homozygous carriers of RS1 mutations, observed rarely in consanguineous families, develop
clinical features of XLRS (Saleheen et al. 2008; Staffieri et al. 2015).

1- month and 3-month-old male infants have been described with XLRS symptoms, suggesting
a congenital onset of the disease (George et al. 1995; Prasad et al. 2006; Lee et al. 2009).
Still, XLRS is mostly diagnosed in elementary school due to unusual reading difficulties.
Eyesight is highly variable with best-corrected visual acuity from 20/20 to 20/600 (Forsius 1973;
George et al. 1996). The penetrance of the disease is almost 100%, whereas the phenotypic
disease expression can be highly variable within families harboring the same mutation
(Vijayasarathy et al. 2021). A characteristic hallmark of XLRS is the spoke-wheel like pattern
in the macula associated with peripheral schisis in about 50% of patients. Schisis develops as
a splitting of the retinal layers, especially in the area of the inner nuclear layer and the outer
plexiform layer leading to a disruption of the layered organization in the retina (Gerth et al.
2008; Yu et al. 2010). The schisis cavities can be visualized via optic coherence tomography
(OCT) as shown in Figure 1A.

The splitting of the retinal layers leads to defective signal transduction from photoreceptor to
bipolar cells, which can be diagnosed by electroretinography (ERG) (Khan et al. 2001). The
so-called “negative” ERG waveform is characteristic for XLRS patients. It reveals a reduced
amplitude of the b-wave, which indicates depolarization of ON bipolar cells due to signal
transduction from photoreceptor cells to bipolar cells, while simultaneously the amplitude of
the a-wave, which indicates the hyperpolarization of photoreceptors in response to a light
stimulus, remains largely unaffected (Figure 1B) (George et al. 1995; Alexander et al. 2001;
Tantri et al. 2004).
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A Control XLRS patient
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Figure 1: Clinical and electrodiagnostic features of X-linked juvenile retinoschisis

A: Optical coherence tomography scan of a control individuum (left panel) and a 17-year old X-linked juvenile
retinoschisis (XLRS) patient (right panel) with large schisis cavities in the inner retinal layers labeled by a blue
arrow. B: Representative electroretinogram of a dark-adapted response of a control individuum with normal a- and
b-wave (left panel) as well as a 17-year old XLRS patient (right panel) with a normal a-wave and a XLRS-associated
b-wave reduction labeled by a blue arrow (Images modified from Vijayasarathy et al. 2021).

In most XLRS patients, only small or minimal progression of the disease is documented: A
longitudinal study (follow-up mean length: 19.78) of Roesch and colleagues revealed that a
significant loss in visual acuity occurred only in 21.2% eyes of 43 patients during childhood or
adolescence and in 17.1% eyes of 59 patients in the postadolescent period (Roesch et al.
1998). In another follow-up study with a mean length of 7.4 years from Wood and colleagues
evaluating XLRS disease stability or progression in children, long-term stability was observed
in 83% of affected eyes while only 17% showed disease conversion or progression to more
severe symptoms (Wood et al. 2019). Nevertheless, these studies and a study of Fahim in
2017 revealed that patients with foveal and peripheral schisis have an increased risk for further
complications like vitreous hemorrhage and retinal detachment at young age (Fahim et al.
2017; Wood et al. 2019). Moreover, at the age of around 30, mild retinal pigmentary changes
may occur, and by age 50 to 60, a mild reduction in visual acuity due to macular atrophy is

often experienced by the patient (Apushkin et al. 2005).

1.1.2 RS1 gene and its protein retinoschisin

In 1983, the RS1 gene was first mapped near the Xg blood group markers on the X

chromosome (Wieacker et al. 1983) while in 1997, Sauer and colleagues positionally identified

the gene and showed that mutations therein are causative for XLRS (Sauer et al. 1997). The

human RS1 gene with a genomic dimension of 32.43 kb consists of six exons and five introns

and it is highly expressed in the retina of photoreceptor and bipolar cells (Sauer et al. 1997,

Takada et al. 2006). Minimal expression of RS1 mRNA is also detected in the pineal gland
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(Takada et al. 2006). The retinoschisin protein is composed of 224 amino acids (aa) and it
consists of four domains: A 23-aa N-terminal signal peptide, the 39-aa retinoschisin domain, a
157-aa discoidin domain, and a 5-aa C-terminal segment (Figure 2A) (Wu and Molday 2003;
Molday et al. 2007). The N-terminal signal sequence ensures transport to the endoplasmic
reticulum (ER) and secretion of the protein of the cell by interacting with the signal recognition
particle (SRP). The retinoschisin domain has no sequence homology to other proteins
deposited in the databases (Molday et al., 2007), and it is essential for folding and
oligomerization of the protein (Sauer et al. 1997; Wu and Molday 2003; Wu et al. 2005). In
contrast, discoidin domains were found in many eucaryotic and procaryotic membrane proteins
like the blood coagulation factors V and VIl (Kiedzierska et al. 2007; Villoutreix and Miteva
2016). The discoidin domain accounts for 75% of the retinoschisin protein and is considered
the essential functional and structural subunit (Wu and Molday 2003). In 2005, octamerization
of retinoschisin enabled by the formation of intra- (between Cys63 and Cys219, or between
Cys110 and Cys142) and intermolecular (between Cys59 and Cys223) disulfide bonds was
demonstrated via non-denaturing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Wu
et al. 2005). In 2016, the assembly of retinoschisin monomers into a double octameric ring was
visualized via cryo-electron microscopy. The resulting hexadecamer is organized in a back-to
back cogwheel-like structure with the discoidin domains facing outward and the retinoschisin
domains and C-terminal segments localized in the center (Figure 2B) (Bush et al. 2016;
Ramsay et al. 2016; Tolun et al. 2016). Cryo-electron microscopy studies also revealed the

formation of branched networks by the retinoschisin hexadecamers (Heymann et al. 2019).
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Figure 2: Structure and retinal localization of the protein retinoschisin

A: Linear representation of the 224-amino acid (aa) retinoschisin protein showing a 23-aa N-terminal signal peptide
(SP), the 39-aa retinoschisin domain (RS), a 157-aa discoidin domain, and a 5-aa C-terminal segment (C), B: Top
and side views of the retinoschisin hexadecamer. Blue arrow: Rod-like density connecting neighboring subunits
between the discoidin and retinoschisin domains; green arrow: Subunit-subunit boundary; red arrow: Connections
between the octameric rings (modified from Tolun et al. 2016). C: Confocal fluorescence images of a retinal
cryosection of a wildtype mouse at postnatal day 60 stained with antibodies against retinoschisin (RS-1, turquoise)
and with 4',6-Diamidino-2-phenylindol (DAPI) (gray, depicting nuclei); Scale bar: 100 um; IS, inner segments;
ONL/INL, outer/inner nuclear layer; OPL/IPL, outer/inner plexiform layer; GCL, ganglion cell layer (modified from
Vijayasarathy et al. 2021)
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The protein retinoschisin is mainly localized in rod and cone photoreceptor inner segments and
bipolar cells (Grayson et al. 2000; Molday et al. 2001; Reid et al. 2003). A minor expression
was also detected in pinealocytes of the pineal gland (Takada et al. 2006). In the retina, the
secreted retinoschisin has been detected by immunohistochemical studies in the inner
segments of the photoreceptors as well as in the inner and outer plexiform layers (Friedrich et
al. 2011; Molday et al. 2001; Vijayasarathy et al. 2021) (Figure 2C).

1.1.3 XLRS-associated mutations

Over 200 disease causing mutations have been described in the RS1 gene so far (Leiden
Open Variation Database, https://www.lovd.nl/). Around 40% of these are true null alleles
including splice site, nonsense, or frameshift mutations while the remaining mutations are
missense mutations that lead to an aa exchange in the translated protein. Missense mutations
localized in the N-terminal signal sequence (e.g., L12H) exhibit a greatly reduced protein
expression and a defective protein localization. Since these mutations affect the a-helical
conformation of the signal peptide, no cleavage of the SRP occurs leading to a cytoplasmic
mislocalization with subsequent degradation (Wu and Molday 2003; Wang et al. 2006). Most
of the missense mutations (85%) are localized within the discoidin domain of retinoschisin and
several studies have shown that these mutations result in defective folding of the protein (Wang
et al. 2002; Wu et al. 2003). For example, mutations of a cysteine residue in the discoidin
domain (e.g., C142W) can lead to the formation of unphysiological disulfide bridges and thus
to an altered protein structure (Wu et al., 2003). Mutations that do not affect cysteine residues
(e.g., P203L) also may cause misfolding by disrupting hydrophobic or electrostatic interactions
(Wu and Molday 2003). These misfolded proteins are retained and degraded in the ER.

Only a few mutated retinoschisin species are still secreted, e.g., missense mutants C59S,
C223S, F108C, R182C, R141H, and H207Q (Wang et al. 2002, 2006; Wu and Molday 2003;
Wu et al. 2005; Dyka et al. 2008; Ramsay et al. 2016; Pléss| et al. 2018). The missense
mutants C59S and C223S exhibit loss of the cysteine residues responsible for octamerization
and are secreted as dimers (Wang et al. 2002, 2006; Wu and Molday 2003). R141H and
H207Q are secreted as double octamers, whereas F108C and R182C do not show double-
octamerization but rather aggregation (Dyka et al. 2008; Ramsay et al. 2016; Plossl et al.
2018). Interestingly, in vitro investigations suggest a loss of function of all secreted
retinoschisin mutants (Plossl et al. 2018), in line with the autosomal-recessive mode of
inheritance of XLRS.

1.1.4 Mouse models to study XLRS

Several retinoschisin-knockout or knockin mouse models have been established so far to study

XLRS disease pathomechanism and therapeutic approaches (Weber et al. 2002; Zeng et al.
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2004; Jablonski et al. 2005; Chen et al. 2018; Liu et al. 2019). Among these, three are knockout
lines (Weber et al. 2002; Zeng et al. 2004; Liu et al. 2019), one mouse model has a splice-site
mutation (retinoschisisn-44TNJ; Jablonski et al. 2005) and three are knockin models (Chen et
al. 2018; Liu et al. 2019). In all of which the murine ortholog of the human RS1 gene, namely
Rs1h, was disrupted using various genetic tools. For this study, the retinoschisin-knockout
mouse was generated via targeted disruption of exon 3 by Weber and colleagues (Weber et
al. 2002). In addition to the retinoschisin-deficient mice, Liu and colleagues generated two
mouse models harboring XLRS patient specific missense mutations in Rs1h (Liu et al. 2019),
specifically RS1_C59S and RS1_R141C. Finally, Chen and colleagues generated a mouse
line harboring the nonsense mutation RS1 P65* (Chen et al. 2018). Comparable to the

“negative ERG”, typically recorded in XLRS patients, the ERG of the retinoschisin-knockout

mice reveal a reduction in the b-wave as well (Figure 3A, Weber et al. 2002; Zeng et al. 2004;
Jablonski et al. 2005; Liu et al. 2019). The ERGs of mice with a missense mutation in the
retinoschisin gene also show a b-wave reduction although less pronounced. In addition, all
retinoschisin-knockout and -knockin mice share structural alterations of the retina comparable
to human XLRS, including the formation of schisis cavities with a disruption of the inner retinal
layers starting around postnatal days (P) 14 (Figure 3B, Weber et al. 2002; Zeng et al. 2004;
Jablonski et al. 2005; Chen et al. 2018; Liu et al. 2019). Furthermore, photoreceptor
degeneration due to apoptotic events peaking around P18 was reported (Gehrig et al. 2006).

A B WT RS1-KO RS1_C59S RS1_R141C

WT  RS1_C59S \
» » b ey

RS1-KO RS1_R141C
Figure 3: Schisis formation and negative electroretinography of retinoschisin-knockout and mutant mice

. L

A: Representative dark-adapted retinography obtained from wildtype (WT), retinoschisin-knockout (KO),
retinoschisin mutant C59S (RS1_C59S), and R141C (RS1_R141C) mice aged postnatal day (P) 24. Scale bars
indicate 500 uV and 100 ms. B: Representative spectral domain optic coherence tomography images of the retina
of wildtype (WT), retinoschisin-knockout (KO), retinoschisin mutant C59S (RS1_C59S), and R141C (RS1_R141C)
mice aged P18. All images were obtained from the temporal region of the right eye and include the edge of the
outer nuclear layer on the right. Yellow arrowheads indicate schisis (Figure modified from Liu et al., 2019)

1.1.5 Retinoschisin and its putative interaction partners

In recent years, several potential interaction partners of retinoschisin have been reported, but
replication of these studies or physiological relevance is still lacking. Kotova and colleagues
(2010) observed an interaction between retinoschisin and a phosphatidylserine containing lipid
bilayer via atomic force microscopy (Kotova et al. 2010). This interaction was not confirmed by

other works (Dyka et al. 2008; Friedrich et al. 2011). Since phosphatidylserines are intracellular
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proteins and retinoschisin is a secreted extracellular protein, the physiological relevance of an
interaction between retinoschisin and phosphatidylserine remains questionable. Using affinity
columns and immunohistochemistry in porcine retinae, an interaction of retinoschisin with
extracellular matrix and cytoplasmic proteins p2-laminin and aB-crystallin was suggested
(Steiner-Champliaud et al. 2006). The authors postulated, that interactions with aB-crystallin

should most likely be intracellular, while the association with $2-laminin probably arises at the
level of the extracellular scaffold involved in stabilizing synapses. In addition, retinoschisin was

proposed to be an interaction partner of the L-type voltage-gated calcium channels (LTCC)
(Shi et al. 2009; 2017), namely Cav1.3, which regulates the calcium ion flow (Morgans et al.
2005), and Cavl.4, which is responsible for neurotransmitter release in retinal photoreceptors
(Barnes and Kelly 2002). Shi and colleagues reported that retinoschisin is important for LTCC
anchorage in the plasma membrane and enhances its currents, channel conductance, and
voltage-dependent activation (Shi et al. 2009; 2017). Thus, they suggested that XLRS-
associated retinoschisin-deficiency leads to a reduction of plasma membrane located LTCC,
which consequently should cause failure in the formation of synaptic connections, ultimately
resulting in retinal degeneration (Shi et al. 2017). Furthermore, the sugar molecules galactose-
agarose and to a lesser extent lactose-agarose were found to interact with retinoschisin (Dyka
et al. 2008). So far, however, no physiological relevance was suggested for the interaction of
retinoschisin with sugar motifs. Finally, in 2007 Molday and colleagues identified the retina-
specific Na/K-ATPase consisting of two subunits, the catalytic ATP1A3 (a3) and the stabilizing
ATP1B2 (B2), to interact with retinoschisin at the retinal plasma membrane (Molday et al.
2007). This study also observed co-localization of retinoschisin and the Na/K-ATPase in

cryosections from mouse retina (Molday et al. 2007).

1.2 The Na/K-ATPase
1.2.1 Structure of the Na/K-ATPase

The Na/K-ATPase is an intrinsic plasma membrane protein of the P-type ATPase family. The
Na/K-ATPases have the transport of cations across the plasma membrane through ATP
hydrolysis in common (Skou and Hoffman 1998). Their minimal functional unit is composed of
an alpha (a, ATP1A) subunit and a beta (3, ATP1B) subunit. The auxiliary Phe-X-Tyr-Asp
protein (FXYD) subunit can also be part of the complex (Geering 2008; Clausen et al. 2017).

The a-subunit contains the major transmembrane (TM) region consisting of ten TM helices,
and it harbors the ion binding sites (Reinhard et al. 2013). In addition, three major
cytoplasmatic domains are present including the actuator, the nucleotide binding, and the
phosphorylation domain. During the catalytic cycle and ATP hydrolysis, the nucleotide binding

domain serves as the kinase, the phosphorylation domain as the substrate, and the actuator
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domain as the phosphatase (Clausen et al. 2017). There are four different human Na/K-
ATPase a-isoforms (ATP1Al — ATP1A4) with highly conserved primary peptide sequences.
The ATP1A1, ATP1A2, and ATP1A3 subunits share about 87% sequence identity, and about
78% with the sperm-specific ATP1A4 isoform (Shamraj and Lingrel 1994).

The B-subunit consists of a single TM helix and an extracellular domain, which is highly
glycosylated. In humans, three pB-isoforms (ATP1B1 - ATP1B3) exist with different sequence
identities. ATP1B1 and ATP1B2 share 39%, ATP1B1 and ATP1B3 36%, and ATP1B2 and
ATP1B3 47% sequence identity. Thus, in contrast to the a-subunit, the sequence identities
between the B-subunits are fairly low (Reinhard et al. 2013). The FXYD subunit contains a
single TM helix and an extracytoplasmic N-terminus (Geering 2006). Humans express seven
FXYD proteins (FXYD1-FXYD7) (Clausen et al. 2017).

1.2.2 Tissue-specific expression of Na/K-ATPase isoforms

In higher vertebrates, the a- and B-isoforms as well as the FXYD proteins show a tissue-

specific expression.

In humans, the ATP1A1l isoform is ubiquitously expressed, while the ATP1A2 isoform is
predominantly expressed in muscle (heart and skeletal) and brain tissue (in glia cells and
astrocytes) (Clausen et al. 2017). The ATP1A3 isoform is present predominantly in neuronal
tissue and human heart (Clausen et al. 2017), but with gender-specific differences (the ratio of
ATP1A3 to ATP1A1 is higher in men than in women) (Gaborit et al. 2010). In contrast, the
ATP1A4 isoform is considered a sperm-specific Na/K-ATPase (Clausen et al. 2017). The
ATP1BL1 isoform is the predominant isoform in brain, heart, colon, and kidney, the ATP1B2
isoform in neuronal tissue. Expression of ATP1B3 has been found in lung, liver, and testis
(Clausen et al. 2017). FXYDL1 is highly expressed in the heart, skeletal muscle, and brain,
FXYD2 and 4 in kidney, FXYD5 in lung, kidney, spleen and FXYDG6 and 7 in the brain (Lubarski
et al. 2005; Geering 2006; Clausen et al. 2017; Yap et al. 2021). FXYD3 and also 5 show high
expression in some cancer cells, but their role has not yet been clarified (Nam et al. 2007).

In the adult retina, the highest concentration of the Na/K-ATPases can be observed in the inner
segments of photoreceptors with ATP1A3 and ATP1B2 as the predominant isoforms, and thus
the enzyme complex composed of ATP1A3 and ATP1B2 is consequently referred to as the
“retinal Na/K-ATPase” (Schneider and Kraig 1990; Wetzel et al.1999). Wetzel and colleagues
(1999) analyzed the expression of the Na/K-ATPase isoforms within the different cell types of
the murine retina. The ATP1Al isoform was detected in Miller glia and horizontal cells,
ATP1A2 in Muller glia, and ATP1A3 predominantly in photoreceptors. All a-isoforms were

found in retinal neurons. Expression of ATP1B1 was specific to the horizontal, amacrine, and
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ganglion cells, while ATP1B2 was specifically localized to photoreceptors, bipolar cells, and

Muller glia.

1.2.3 Function of the Na/K-ATPase

In 1969, Robert Post first described the Na/K-ATPase as an active ion pump, transporting Na*
and K* ions across the plasma membrane (Post et al. 1969). He later showed that the ion
pumping mechanism is linked to a cycle of conformational changes of the Na/K-ATPase, which
is important for its ability to convert ATP hydrolysis and the transport of ions across the plasma
membrane (Post et al. 1969; Cui and Xie 2017). As the a-subunit contains the ATP binding
site, it is also referred to as the catalytic subunit. The a-subunit mediates hydrolysis of one
ATP molecule and leads to phosphorylation of the Asp369 residue which provides the
conformation change from E1 (also referred to as the Na*-bound state) and E2 (also referred
to as the K*-bound state) and allows the transport of three Na* and two K*ions at a baseline
rate of 60-80 phosphorylation-dephosphorylation cycles per second. This two-stage change
from E1 to E2 can be described using the Albers-Post reaction cycle (Figure 4) (Albers 1967;
Post et al. 1972) and it also allows the binding of many ligands to the Na/K-ATPase in a

conformational state-dependent manner (Cui and Xie 2017).
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the Albers-Post reaction cycle
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The dynamic regulation of ionic concentration is essential for maintaining cellular homeostasis,
as it regulates the cellular membrane potential, the cell volume, and osmolarity, as well as the
excitability of neuronal cells (Therien and Blostein 2000; Geering 2008; Cui and Xie 2017). In
addition to its pump-function, the Na/K-ATPase and especially the a-subunit is thought to be a
protein-docking station as it is engaged in the assembly of macromolecular complexes for an
increasing number of proteins, thus enabling the formation of specific lateral plasma
membrane signaling microdomains (Reinhard et al. 2013; Cui and Xie 2017). Specifically, the
ATP1Al-containing Na/K-ATPase regulates the membrane-associated tyrosine kinase SRC
activity through a conformation-dependent interaction with SRC, whereas both ATP1A2 and
ATP1A3 showed no interaction with SRC (Xie et al. 2015; Madan et al. 2017). It is
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hypothesized, that upon cardiac binding to the a-subunit of the Na/K-ATPase, SRC is released
from the N-domain, resulting in SRC activation and communication of the Na/K-ATPase-SRC
complex with other intracellular signal transducers such as phospholipase C (PLC), rat
sarcoma (RAS), or the inositol 1,4,5-trisphosphate (IP3) receptor. This assembly of the so-
called “signalosome complex” induces several signaling pathways such as the mitogen-
activated protein (MAP) kinase signaling, phosphatidylinositol 3-kinase (PI3K)AKkt signaling,
and Ca?* signaling (Reinhard et al. 2013; Cui and Xie 2017).

The a-subunit of the Na/K-ATPases also interacts with other membrane proteins, ion channels,
or transporters. In cardiomyocytes, the ATP1A2-containing Na/K-ATPase builds a
macromolecular protein complex together with the adaptor protein ankyrinB (ANKB) and the
Na/Ca exchanger (NCX) (Mohler et al. 2005). In this complex, ANKB together with the Na/K-
ATPase controls NCX activity by reducing the intracellular Na* levels at the cytosolic site of
NCX. A study by Skogestad and colleagues (2020) showed that disruption of the Na/K-ATPase
and ANKB has severe effects on ion homeostasis. An interaction between the scaffolding
protein caveolin-1 (CAV1), the ATP1A2-containing Na/K-ATPase, and ANKB in so-called
caveolae was described as well. Here, a disruption of the CAV1 and ANKB interaction sites
leads to alterations in the Na/K-ATPase membrane diffusion (Junghans et al. 2017). In the
brain, the al-3 subunits were detected as interaction partner of the glutamate aspartate
transporter (GLAST) and the glutamate transporter 1 (GLT-1) (Rose et al. 2009), both playing
an important role in the glutamate uptake (Kanner 2006). The binding of the cardiac glycoside
ouabain to the Na/K-ATPase revealed a Na/K-ATPase dependent activity regulation of the
glutamate transporter and vice versa the glutamate transporters might also be able to modulate
the Na/K-ATPase activity (Gegelashvili et al. 2007). In addition, a coupling of the ATP1A3-
containing Na/K-ATPase and the dopamine system was identified in photoreceptors and in the
spines of striatal neurons. In a study by Nishi and colleagues, it was shown that the dopamine
receptor D1 inhibits the pump (Nishi et al. 1999). Moreover, the ATP1A1 and ATP1A2 subunits
revealed an interaction with the water channel protein aquaporin-4 (lllarionova et al. 2010),
and ATP1A1 with the AMPA glutamatergic receptor (Zhang et al. 2009).

The B-subunit of the Na/K-ATPase exerts a scaffolding function important for stabilizing and
membrane targeting of the Na/K-ATPase (Reinhard et al. 2013). Another role of the 3-subunit
is the modulation of the functional properties of the Na/K-ATPase, including cation binding
affinity and the occlusion of potassium ions (Tidow et al. 2010; Toyoshima et al. 2011). The -
subunit of the Na/K-ATPase also acts as a cell adhesion molecule regulating tight junction
formation and thus it is involved in intracellular adhesion (Krupinski and Beitel 2009). In

mammalian epithelial cells, the basolateral ATP1B1 subunit of the Na/K-ATPase acts as an
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adhesion molecule and in some cell types the Na/K-ATPase can interact with the protein
phosphatase in tight junctions (Krupinski and Beitel 2009). The ATP1B2 subunit of the Na/K-
ATPase is also known as the adhesion molecule on glia (AMOG), as it mediates the glial-

astrocyte interactions and can promote neurite outgrowth (Gloor et al. 1990).

FXYD proteins are not required for the functional expression of the Na/K-ATPase, but they can
modulate the activity of the Na/K-ATPase pump by decreasing the substrate affinities or the
Vmax Of the pump, allowing a dynamic response to changing physiological conditions (Geering
2006; Yap et al. 2021).

1.2.4 Cardiac glycosides - ligands of the Na/K-ATPase

Cardiac glycosides are important regulators of the Na/K-ATPase (Therien and Blostein 2000).
They are conjugates of a glycone and an aglycone part (Figure 5A). Glucose, fructose,
glucuronide, rutinose, and rhamnose are glycone motifs, and the aglycone part is a steroidal
nucleus (Patel 2016). Cardiac glycosides such as digoxin and ouabain were first found as
secondary metabolites in plants, and bufalin and marinobufagenin in amphibians and later in
other animals as well as in human (Schoner and Scheiner-Bobis 2007). Ouabain has been
isolated from human blood (Hamlyn et al. 1991; Mathews et al. 1991), from bovine adrenal
glands (Schneider et al. 1998), bovine hypothalamus (Kawamura et al. 1999), and in the
supernatant of rat pheochromocytoma cells (Nishimura et al. 2001). Digoxin and

marinobufagenin were found in the human urine (Goto et al. 1990; Bagrov et al. 1998).

Cardiac glycosides show an interaction with the catalytic a-subunit through a high-affinity
cardiac glycoside binding site formed by TM 1-6, which creates a pocket exposed to the
extracellular side and overlaps with the extracellular ion exchange pathway (Yatime et al. 2011;
Laursen et al. 2013). Once cardiac glycosides bind to the Na/K-ATPase, the E2P-state (Figure
5B) is stabilized leading to the activation of numerous downstream signal transduction
pathways (Silva and Soares-da-Silva 2012). Thus, cardiac glycosides in the human body have
a high impact on the regulation of many important physiological and pathophysiological states
(Schoner and Scheiner-Bobis 2007; Prassas and Diamandis 2008). Cardiac glycosides are
postulated to regulate gene expression, orientation of cell polarity, protein trafficking, and

proliferation (Prassas and Diamandis 2008).

Cardiac glycosides inhibit the Na/K-ATPase pump function in cardiomyocytes and thus are
used as a common therapy for certain heart diseases. The inhibition of the Na/K-ATPase
activity prevents the Na* exit from the cell which leads to an increase of intracellular Ca?* levels

through functional coupling to NCX. Higher cytoplasmic calcium enhances Ca?* uptake into the

14



Introduction

sarcoplasmic reticulum by the SERCA2 transporter, which improves the contractility of cardiac

muscle and causes positive inotropy (Patel 2016; Cui and Xie 2017).
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Figure 5: Cardiac glycoside binding to the retinal Na/K-ATPase

A: Structural representation of the cardiac glycosides (CG) digoxin, and ouabain (Wikimedia). B: Schematic
representation of the Na/K-ATPase (ATP1A1-ATP1B1) E2P-CG complex consisting of the a-subunit with three
major cytoplasmatic domains: the actuator (A), the nucleotide binding (N), and the phosphorylation domain (P), as
well as the B-subunit, and CG complexes. The phosphoenzyme stabilized by bufalin, digoxin, and ouabain is
depicted in blue, green, and gray cartoons, respectively, and the bufalin, digoxin, and ouabain molecules are
represented by magenta, orange, and dark gray sticks, respectively. The K* and Mg?* ions are represented by
purple and yellow spheres, respectively. (Figure modified from Laursen et al. 2015)

Of note, cardiac glycosides can increase the output force of the heart and its rate of
contractions, but it was reported that too high Ca?* levels due to high dosage of cardiac
glycosides can lead to severe side effects like electrical instability, ventricular tachycardia, and
fibrillation (Laurita and Rosenbaum 2008; Patel 2016). Moreover, patients administered
cardiac glycosides also often experience vision impairment as a side effect of treatment
(Duncker 1981; Haustein 1982; Lawrenson et al. 2002; Fraunfelder et al. 2014; Renard et al.
2015). A study of 30 elderly hospitalized patients receiving the cardiac glycoside digoxin in a
regular therapeutic dose revealed a high incidence of impaired color vision (Lawrenson et al.
2002). Other reported visual side effects of digoxin are xanthopsia, the illusion of objects
exhibiting abnormal colors, decreased visual acuity, central scotomas, or visual field reduction,
photopsia most pronounced in daylight, photophobia, blurry or snowy vision. Moreover, ERG
measurements often reveal evidence of cone dysfunction, suggesting the retina is the site of
toxicity, perhaps at the level of Na/K-ATPase pumps in photoreceptor cells (Renard et al. 2015;
Liu et al 2019).

15



Introduction

1.2.5 Interaction between retinoschisin and the retinal Na/K-ATPase

Retinoschisin was shown to directly interact with the ATP1B2 subunit of the Na/K-ATPase,
whereas the ATP1A3 subunit had no specific role in this interaction (Plossl et al. 2017b).
Moreover, a recent study of the Institute of Human Genetics in Regensburg revealed a
hydrophobic patch of ATP1B2 via in-silico analyzes. These patches were further examined
using functional assays and showed that one patch and specifically the associated aa at
position 240 are crucial for retinoschisin binding to the ATP1B2 subunit (Plossl et al. 2019).
Moreover, another study of the Institute investigated the interaction site of retinoschisin, and it
was suggested that a substructure of the retinoschisin octamer the so-called “spike 3” and its
vicinity plays a fundamental role in mediating the specific interaction of retinoschisin with its
ligand. (Plossl et al. 2018).

The influence of recombinant retinoschisin on functional processes of the Na/K-ATPase was
investigated by using two model systems; the human retinoblastoma cell line Y-79 and
retinoschisin-deficient murine retinal explants, both capable to bind extracellularly added
recombinant retinoschisin due to an endogenous expression of the Na/K-ATPase subunits
ATPAS3 and ATP1B2. These studies revealed no effect of retinoschisin binding to the Na/K-
ATPase on ATP hydrolysis or ion transport. In contrast, retinoschisin negatively influenced the
Na/K-ATPase regulated signaling cascades like the MAPK/ERK signaling or the Ca?
signaling, whereas no effect was observed on PI3K/Akt signaling pathways (Plossl et al.
2017a; b). Retinoschisin was also shown to regulate the localization of the retina-specific Na/K-

ATPase in the retinal plasma membrane (Friedrich et al. 2011).

1.3 Aim of the study

Several studies have shown that the retinal Na/K-ATPase is an important interaction partner
of retinoschisin in the plasma membrane of photoreceptors (Molday et al. 2007; Friedrich et al.
2011). In addition, intensive research was performed to understand the consequences of
retinoschisin-deficiency on retinal integrity. Nevertheless, the initial processes in XLRS
pathology and the function of the retinoschisin-Na/K-ATPase complex in the retina have not
been fully elucidated. Therefore, the present study focused on the functional and structural
characterization of the retinoschisin-Na/K-ATPase complex and its ligands or possible

interaction partners.

The first project focused on defining the physical interaction surface between retinoschisin and
the retinal Na/K-ATPase. This led to further studies delineating the impact of ATP1B2 glycoside
residues and specifically of ATP1B2 residue T240 on the binding of retinoschisin. In addition,
the effect of retinoschisin binding to the retinal Na/K-ATPase was analyzed for the possibility

of an effect known as lateral membrane diffusion. The second project aimed at understanding
16
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the interplay between retinoschisin and the cardiac glycosides digoxin and ouabain at the
retinal Na/K-ATPase and its consequences on the regulation of Na/K-ATPase activity and
retinal integrity. The goal of the third project sought to delineate further the retinoschisin-Na/K-
ATPase complex at the photoreceptor inner segments. The immediate aim was to identify
further interaction partners of the complex and to clarify the consequences of retinoschisin-

deficiency on the respective constituents of this complex.
Together, the three subprojects were targeted to better understand the pathomechanism of

XLRS. Such a refined understanding is likely to ultimately provide novel research-based

approaches for innovative therapeutic options for this blinding disease.

17



Material

2 Material
2.1 Cell lines
Table 1: Listed are cell lines used in this work, their organism of origin, their tissue of origin, and their
source
. Organism of . _
Cell Line g . Tissue of Origin Source
Origin
Hek293 Homo sapiens Embryonic kidney ATCC; LGC Standards

GmbH, Wesel, Germany

Hek293 + RS1

Homo sapiens

Embryonic kidney, Hek293
cells stably transfected with
retinoschisin expression
vector

Institute of Human Genetics,
University of Regensburg,
Germany

Y-79

Homo sapiens

Retinoblastoma

ATCC; LGC Standards
GmbH, Wesel, Germany

2.2 Animal models

Table 2: Listed are animal models used in this work and their source

Animal model

Source

Atplb2-knockout (EM00023)

European Mouse Mutant Archive, Munich, Germany

C57BL/6

The Jackson Laboratory, Bar Harbor, ME, USA

Rslh-knockout (Rs1tmiweb)

Bernhard HF Weber, Institute of Human Genetics,
University of Regensburg, Germany

Sus Scrofa

Metzgerei Kurth, Regensburg, Germany

2.3 Escherichia Coli strain

Table 3: Listed is the Escherichia Coli strain used in this work and its source

Escherichia Coli (E-Coli) Strain

Source

E. coli strain DH5a

Life Technologies, Carlsbad, CA, USA

2.4 Primers used for cycle sequencing

Table 4: Listed are oligonucleotides used in this work, their 5'-3' sequence, and their purpose.

Primer name

5’-3’ Sequence

Purpose

M13_F CGC CAG GGT TTT CCC AGT CAC GAC Vector primer for pGEM®-T
M13_R AGC GGA TAA CAATTT CAC ACA GGA

T7_F TAA TAC GAC TCA CTA TAG GG Vector primer for
BGH_R TAG AAG GCA CAG TCG AGG pCDNA3.1

pTLN1_F GAATAC AAG CTT GCT TGT TCT Vector primer for pTLN1
PTLN1_R CGA ATC TCTGAG GTA AGC CC

pCEP_new_F GGA CTT TCC AAAATG TCG TAATAA Vector primer for pCEP4
pCEP_new_R CAA ATA AAG CAA TAG CAT CAC AAAT

hATP1A3SeqlF ATG GGG GAC AAG AAA GAT GA

hATP1A3Seq2F CCC AGAGTG GGT CAAGTTTT Primer for sequencing of
hATP1A3Seq3F GTG GAG ATC AAG GGT GGA GA ATP1A3 and ATP1B2
hATP1A3Seq4F GCA CTT CAT CCA GCT CAT CA
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hATP1A3Seq5F GAC AGG GAC CCT CAC TCAGA
hATP1A3Seq6F TAC CAG CTC TCC ATC CAT GA
hATP1A3Seq7F CCT TCGACT GTG ATG ACG TG
hATP1A3Seq8F AGC AAATCG ACG AGATCC TG
hATP1A3Seq9F CCT ACACCCTGACCAGCAAT
hATP1A3Seql0F TTG GAATGATCC AGG CTCTC
hATP1A3SeqlR ATG CCA GGT ACA GGT TGTC
hATP1A3Seq2R GTC AGG GAG GAG TTG TCC A
hATP1A3Seq4R CAG GTG TGC GAACTCTTG TC
ATP1A3-Ex4_R AGAGGGGTCGTCCTCGGTGC
pCDNA3-E/G/C/YIF TTCAGGGTCAGCTTGCCGTA
hATP1B2-ex1-2-F CTGGCCACACCGGGCTTGATG
RT_human_mAtplb2_R1 | CTGGTCCCAGCTTTCAGTGT
RT_human_mAtplb2_R2 | CAGGGGCTGTGTGTAGTTCA
ATP1B2-F ACATCGACCTCATGTACTTCC
GFP-RT-F GAAGCGCGATCACATGGT
hATP1B2SeqlR TTT GGG CTT GGA TA GAG TCG
hATP1B2Seq2R ATG ACG AAGTTG CCG AGATT
hATP1B2Seq3F TCC ACC CAC TAT GGT TAC AGC

hATP1B2_T240S_F

CGTGAACTACTCACAGCCCCTGG

hATP1B2_T240S_R

TGGAACTTTTTGCCATAGTAGGG

Site directed mutagenesis
of ATP1B2 (T240S)

hATP1B2_T240A_F

CGTGAACTACGCACAGCCCCTGG

hATP1B2_T240A R

TGGAACTTTTTGCCATAGTAGGGG

Site directed mutagenesis
of ATP1B2 (T240A)

F: forward, R: reverse; all oligonucleotides were purchased from Metabion, Planegg,

Germany.

2.5 KiCqgStart® probe assays used for RNA expression analysis

Table 5: Listed are KiCqStart® probe assays used in this work, their 5'-3' sequence, and their purpose.

Probe name Sense-Primer Anti-sense Primer 5’-3’- Probe Sequence
ATP1A3 TCCTACTTTGTCAT | TCTGCTCATAAGTCCAC | CGGAAACCTGGTGGGCAT
NM_001290469.1 | CCTGGC TGC CCGGC
ATP1B2 GAGTCGGGAGTTT | AAGGGCATCTCATTCAT | TCACTCAGCGACAGAGGA
NM_013415.5 TCTAG AA CTTG
KCNB1 CCCTACTACGTCA | GGAAGATCTGGACCAC | ACAGAATCCAACAAGAGC
NM_008420 CCATC AC GTGC
KCNV2 ATCTTCTCCTTCTC | GGTACATGTCTCCATA | TGGTGGTGGGCCGCGGTA
NM_183179.1 TGCAGC GCCC AGCA
Sncg CTGAAAACATCGT CTTGCTCTTTGGCTTCT | CGGGGTGGTGCGCAAGG
(NM_011430.3) GGTCACC TGG AGGACT

All oligonucleotides were purchased from Sigma-Aldrich, St. Louis, MO, USA.

2.6 Plasmids and expression constructs

Table 6: Listed are plasmids and expression constructs used in this work, their purpose, and their source.

Plasmid name

Purpose

Source

PCDNA3.1

Expression vector

Thermo Fisher Scientific,
Waltham, MA, USA

GFP_ATP1B2

pCDNA3_ATP1A3-

Bicistronic expression of GFP-tagged
ATP1A3 and ATP1B2

Generated during this project

pCDNAS3_Kv2.1

Expression of Kv2.1

Institute of Human Genetics,
University of Regensburg
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pCDNA3_Kv8.2

Expression of Kv8.2

Institute of Human Genetics,
University of Regensburg

pCEP_ATP1A3

Expression of ATP1A3

Institute of Human Genetics,
University of Regensburg

pCEP_ATP1A3_ATP1B2

Bicistronic expression of ATP1A3
and ATP1B2

Institute of Human Genetics,
University of Regensburg

pCEP_ATP1A3_OlI

Expression of ATP1A3 (ouabain
insensitive)

Institute of Human Genetics,
University of Regensburg

pCEP_ATP1A3_OI_GFP

Expression of GFP-tagged ATP1A3
(ouabain insensitive)

Institute of Human Genetics,
University of Regensburg

pCEP_ATP1B2

Expression of ATP1B2

Institute of Human Genetics,
University of Regensburg

pCEP_ATP1B2_T240A

Expression of ATP1B2 mutant T240A

Generated during this project

pCEP_ATP1B2_T240L

Expression of ATP1B2 mutant T240L

Institute of Human Genetics,
University of Regensburg

pCEP_ATP1B2_T240S

Expression of ATP1B2 mutant T240S

Generated during this project

pCEP_RS1

Expression of RS1

Institute of Human Genetics,
University of Regensburg

pCEP_RS1_C59S

Expression of RS1 mutant C59S

Institute of Human Genetics,
University of Regensburg

pCDNA3_RS1_C59S_Myc

Expression of Myc-tagged
RS1_C59S

Institute of Human Genetics,
University of Regensburg

pCDNA3_RS1_Myc

Expression of Myc-tagged RS1

Institute of Human Genetics,
University of Regensburg

pCEP4 Expression vector Thermo Fisher Scientific,
Waltham, MA, USA
pGEM®-T Vector for Cloning Promega Corporation, Madison,

WI, USA

pTLN1_ATP1B2

Vector for Cloning

Institute of Human Genetics,
University of Regensburg

2.7 Primary antibodies

Table 7: Listed are primary antibodies used in this work, their species, their dilution, and their source

Antibody Species Dilution Source
AnkyrinB mouse IHC: 1:50 Invitrogen, Thermo Fisher Scientific, Waltham,
(2.2) WB: 1:500 MA, USA
AnnexinA2 mouse IHC: 1:500 BioSciences, Franklin Lakes, NJ, USA
(610068) WB: 1:5000
ATP1A1 rabbit WB: 1:10000 Proteintech, Rosemont, IL, USA
(#55187-1-AP)
ATP1A3 mouse IHC: 1:100 - Thermo Fisher Scientific, Waltham, MA, USA
(#MA3-915) 1:1000
WB: 1:10000
FACS: 1:50
ATP1A3 mouse IHC: 1:1000 Abcam, Cambridge, UK
(#ab2826) WB: 1:10000
ICC: 1:1000
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ATP1B2 rabbit IHC: 1:250 Thermo Fisher Scientific, Waltham, MA, USA
(#PA5-26279) ICC: 1:500

WB: 1:2000

FACS: 1:50
ATP1B2 rabbit IHC: 1:50 Proteintech, Rosemont, IL, USA
(#22338-1-AP)
GFP rabbit WAB: 1:5000 Santa Cruz Biotechnology, Inc., Dallas, TX, USA
(#sc-390394)
6*His-tag mouse - Proteintech, Rosemont, IL, USA
(#66005-1-1g)
Kv2.1 mouse IHC: 1:400 -1:800 | UC Davis/NIH NeuroMab Facility, Davis, CA,
(#75-014) WB: 1:1000 USA
Kv8.2 mouse IHC: 1:50 -1:800 UC Davis/NIH NeuroMab Facility, Davis, CA,
(#75-435) WB: 1:1000 USA
Myc-Tag (9B11) | mouse WB: 1:1000 Cell Signaling Technologies, Danvers, MA, USA
(#2276)
NCX rabbit WAB: 1:4000 Abcam, Cambridge, UK
(#ab177952)
PI3K rabbit WAB: 1:1000 Cell Signaling Technologies, Danvers, MA, USA
(#4228)
PLC rabbit WB: 1:250 Cell Signaling Technologies, Danvers, MA, USA
(#5690)
RAS rabbit WAB: 1:1000 Cell Signaling Technology, Danvers, MA, USA
(#3965)
RS1 rabbit IHC: 1:1000 Professor Dr. Robert Molday, University of

ICC: 1:3000 British Columbia, Canada

WB: 1:10000
SNCG mouse WB: 1:5000 Abnova, Taipeh, Tawain
#H00006623-M01
SRC rabbit WAB: 1:1000 Cell Signaling Technologies, Danvers, MA, USA
(#2123)
3-Actin (#A2228) | mouse WB: 1:10000 Sigma-Aldrich, St. Louis, MO, USA

IHC: Immunohistochemistry, ICC: Immunocytochemistry, WB: Western Blot, FACS: Fluorescence Activated Cell
Sorting, indicated in brackets (#) are manufacturer’s product identification numbers where available

2.8 Secondary antibodies

Table 8: Listed are secondary antibodies used in this work, their dilution, and their source

Antibody Dilution Source

Goat anti-mouse 1gG, IHC/ICC: 1:800 Life Technologies, Carlsbad, CA, USA
Alexa Fluor®549

Goat anti-mouse IgG, IHC/ICC: 1:800 Life Technologies, Carlsbad, CA, USA
Alexa Fluor®488

Goat anti-mouse IgG, WAB: 1:10000 (Calbiochem) Merck Chemicals GmbH,
peroxidase-conjugate Schwalbach, Germany

Goat anti-mouse IgG, WAB: 1:10000 (Calbiochem) Merck Chemicals GmbH,

peroxidase-conjugate

Schwalbach, Germany
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Goat anti-rabbit 1gG, IHC/ICC: 1:800 Life Technologies, Carlsbad, CA, USA
Alexa Fluor®549
Goat anti-rabbit I1gG, IHC/ICC: 1:800 Life Technologies, Carlsbad, CA, USA
Alexa Fluor®488

IHC: Immunohistochemistry, ICC: Immunocytochemistry, WB: Western Blot

2.9 Enzymes
Table 9: Listed are enzymes used in this work, their purpose, and their source
Enzyme Source

Antarctic phosphatase New England Biolabs, Ipswich, MA, USA
BamHI-HF New England Biolabs, Ipswich, MA, USA
Kpnl-HF New England Biolabs, Ipswich, MA, USA
Nael New England Biolabs, Ipswich, MA, USA
PNGase F New England Biolabs, Ipswich, MA, USA

RevertAid™ Reverse Transcriptase

Thermo Fisher Scientific, Waltham, MA, USA

Spel-HF

New England Biolabs, Ipswich, MA, USA

T4 DNA Ligase

New England Biolabs, Ipswich, MA, USA

T4 Polynucleotide Kinase

New England Biolabs, Ipswich, MA, USA

Xhol

New England Biolabs, Ipswich, MA, USA

2.10 Molecular weight standards

Table 10: Listed are molecular weight standards used in this work, their purpose, and their source

Molecular Weight Standard

Source

Color-coded Prestained Protein Marker,
High Range (43-315 kDa)

Cell Signaling Technologies, Danvers, MA, USA

Gene Ruler DNA Ladder Mix

Thermo Fisher Scientific, Waltham, MA, USA

PageRuler™ Prestained Protein Ladder,
10 to 180 kDA

Thermo Fisher Scientific, Waltham, MA, USA

2.11 Kit systems

Table 11: Listed are kit systems used in this work and their source

Kit System

Source

Clarity Max™ Western Blotting Substrate

Bio-Rad Laboratories GmbH, Munich, Germany

Clarity ™ Western Blotting Substrate

Bio-Rad Laboratories GmbH, Munich, Germany

In Situ Cell Death Detection Kit,
Fluorescein

Merck Chemicals GmbH, Schwalbach, Germany

NucleoBond® XtraMidi

MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany

NucleoSpin® Gel and PCR Clean-up

MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany

NucleoSpin® Plasmid

MACHEREY-NAGEL GmbH & Co. KG, Diren, Germany

Pierce™ Anti-c-Myc agarose beads

Thermo Fisher Scientific, Waltham, MA, USA

Protein A Sepharose 4B, Fast Flow von
Staphylococcus aureus

Sigma-Aldrich, St. Louis, MO, USA

PureLink™ RNA Micro Kit

Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA

Q5®Site-Directed Mutagenesis Kit

New England Biolabs, Ipswich, MA, USA

Mirus TransIT® -LTI Transfectionreagent

Mirus Bio LLC, Madison, WI, USA

BigDye Terminator v1.1, v3.1 Cycle
Sequencing Kit

Life Technologies, Carlsbad, CA, USA
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2.12 Chemicals and reagents

Table 12: Listed are chemicals and reagents used in this work and their source

Chemical/Reagent Source
3-[(3-Cholamidopropyl)-dimethylammonio]-1- AppliChem GmbH, Darmstadt, Germany
propansulfonat Hydrat (CHAPS),

C32Hs8N207S'H20

4',6-Diamidin-2-phenylindol (DAPI)-Stain- Life Technologies GmbH, Darmstadt, Germany

solution

Acidic acid, CH;COOH Merck Chemicals GmbH, Schwalbach, Germany

Adenosine 5'-Triphosphate (ATP), Sigma-Aldrich, St. Louis, MO, USA

C10H16N5013P3

Agarose (Biozym LE) Biozym Scientific GmbH, Hessisch Oldendorf,
Germany

Ammonium heptamolybdate tetrahydrate, Merck Chemicals GmbH, Schwalbach, Germany

(NH4)sM07024

Ammoniumperoxodisulfate (APS), (NH4)2S20s | AppliChem GmbH, Darmstadt, Germany

Ampicillin Sodium salt, C1sH1s8N3sNaO4S Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Antarctic phosphatase buffer New England Biolabs, Ipswich, MA, USA

Bacto Agar BD Bioscience, Heidelberg, Germany

Bacto Yeast extract BD Bioscience, Heidelberg, Germany

Bovine serum albumin (BSA) New England Biolabs, Ipswich, MA, USA

Bromphenolblue sodium salt, C19HsBrsaOsSNa Sigma-Aldrich, St. Louis, MO, USA

Chloroquine, C1sH26CIN3 Merck Chemicals GmbH, Schwalbach, Germany

Citalopram-hydrochlorid, C20H2:FN20-HCI Merck Chemicals GmbH, Schwalbach, Germany

Coomassie Brilliant Blue R-250, (sodium VWR International Germany GmbH,

salt) CasH44aN3sNaO7S2 Darmstadt, Germany

D (+) Galactose, CsH1206 Carl Roth GmbH + Co. KG, Karlsruhe, Germany

D (+) Glucose-Monohydrate, CeH1206 Merck Chemicals GmbH, Schwalbach, Germany

D (+) Mannose, CeH1206 Merck Chemicals GmbH, Schwalbach,
Germany

Digoxin, Ca1He4O14 Sigma-Aldrich, St. Louis, MO, USA

Dimethyl sulfoxide (DMSO), C2HsOS AppliChem GmbH, Darmstadt, Germany

Disodium hydrogen phosphate dihydrate, Merck Chemicals GmbH, Schwalbach, Germany

NazHPO4

Ethanol 299,8 p.a, C2HsO Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Ethidiumbromide-solution 0,07%, AppliChem GmbH, Darmstadt, Germany

C21H20BrNs in H20

Ethyleneglycol-bis N, N, N’, N'- tetraacetic acid | Sigma-Aldrich, St. Louis, MO, USA

(EGTA), C14H24N2010

Fluorescent Mounting Medium Agilent, Santa Clara, CA, USA

Fura-2/AM Fluka, Buchs, Switzerland

Gluteralaldehyde 25%, CsHgOzin H20 Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Glycerine 87%, C3HsO3zin H20 University of Regensburg, Chemical Supplies

Glycin, C2HsNO:2 AppliChem GmbH, Darmstadt, Germany

Goat serum Abcam, Cambridge, United Kingdom

HiDi™ Formamide, CH3NO Thermo Fisher Scientific, Waltham, MA, USA

Hydrochloric acid fuming 37%, HCI Merck Chemicals GmbH, Schwalbach, Germany

Isopropanol, C3sHsO Merck Chemicals GmbH, Schwalbach, Germany

Liquid Barrier solution Carl Roth GmbH + Co. KG, Karlsruhe, Germany
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Magnesium chloride hexahydrate, Cl2H12MgQOs

Merck Chemicals GmbH, Schwalbach, Germany

Malachite green oxalate salt, C2sH2sN2 C2HO4
0.5C2H204

Sigma-Aldrich, St. Louis, MO, USA

Methanol, CH4O

Merck Chemicals GmbH, Schwalbach, Germany

NEG 50™ Frozen Section Medium

Thermo Fisher Scientific, Waltham, MA, USA

Ouabain octahydrate, C29H44012 - 8H20

Sigma-Aldrich, St. Louis, MO, USA

Paraformyaldehyde (PFA), (CH20)n

AppliChem GmbH, Darmstadt, Germany

Pluronic 1-2-7

Thermo Fisher Scientific, Waltham, MA, USA

Potassium chloride, KCI

Merck Chemicals GmbH, Schwalbach, Germany

Rotiphorese Gel 40% Acrylamide/
Bisacrylamide

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Rotiszint eco plus

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Rotiszint eco plus

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Skimmed milk powder

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Sodiumchlorid, NaCl

VWR International Germany GmbH, Darmstadt,
Germany

Sodiumdodecylsulfate (SDS) 299%,
Ci12H2sNaO4S

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

3-Mercaptoethanol, HSCH2CH20OH

Sigma-Aldrich, St. Louis, MO, USA

T4 DNA Ligase buffer

New England Biolabs, Ipswich, MA, USA

Tetramethylethylendiamin (TEMED)),

Merck Chemicals GmbH, Schwalbach, Germany

(CH3)2NCH2CHzN(CHs)2

Tris(hydroxymethyl)-aminomethan (Tris), Affymetrix, Santa Clara, CA, USA
NH2C(CH20H)3

Tris-HCI VWR International Germany GmbH, Darmstadt,

Germany

Triton® X-100

AppliChem GmbH, Darmstadt, Germany

Trypsin Gold, mass spectrometry grade

Promega Corporation, Madison, WI, USA

Tryptone

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

2.13 Buffer and solutions

Table 13: Listed are buffers and solutions used in this work, as well as their composition

Buffer/Solution Ingredients Amount

2x HBS NaCl 280 mM
KCI 10 mM
NazHPO4 1,5mM
HEPES 50 mM
H2Odest.

5x Laemmli-buffer Bromphenolblue 0,01% viv
Tris-HCI pH 6,8 60 mM
B-Mercaptoethanol 5% wiv
SDS 2% wiv
Glycerol 10% viv
H2Odest.

Agarose gel solution Agarose 0.8 — 1.5% (wi/v)
TBE pH 8.0

Ammoniummolybdate solution Ammoniummolybdate 4.2%
Hydrochloric acid 4M

Antibody solution for FACS FCS 1% viv

analysis PBS
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Antibody solution for Goat serum 2,5% viv

immunohistochemical/ TritonX-100 0,1% viv

immunocytochemical staining PBS

Antibody solution for western 1x TBS-T

blotting analysis Milk powder 5% wiv

ATPase test buffer Tris-HCI, pH 7,4 100 mM
NaCl 130 mM
KCI 20 mM
MgCI2 3mM
H2Odest.

Blocking solution for Goat serum 10% viv

immunofluorescence staining TritonX-100 0,3% viv
PB

Bromphenolblue loading buffer

Bromphenolblue
Glycerol 87%
H20Odest.

0.01% (w/v)
40% (v/v)

Chloroquine-phosphate solution | Chloroquine-phosphate 0,025 M
H2Odest.

Coomassie-de-staining solution | Methanol 30% viv
Acidic acid 100% 10% viv
Coomassie Brilliant Blue 0,1% wiv
HZOdest.

Coomassie staining solution Methanol 30% viv
Acidic acid 100% 10% viv
H2Odest.

Extracellular patch-clamp NacCl 130 mM

solution (pH 7.3) KCI 5mM
CaClz 10 mM
MgCl2 2mM
HEPES 10 mM
HZOdest.
KOH for pH 7.3

Intracellular patch-clamp KCI 130 mM

solution (pH 7.3) Na2ATP 4 mM
MgClz, 4 mM
HEPES 10 mM
EGTA 1mM
H2Odest.
KOH for pH 7.3

LB-medium Pepton 1% wiv
yeast extract 0.5% wiv
NacCl 1% wiv
H2Odest.

Lysogeny Broth (LB) Agar Tryptone 1% wiv
Bacto-yeast extract 0,5% wiv
NacCl 1% wiv
Bacto-Agar 15% wiv
HZOdest.

Malachit green solution

Malachite green oxalate salt
H20 dest.

0.05% (w/v)

PB, pH 7.2

NazHPO4
NaH2PO4
H2Odest.

78 mM
26 mM
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PBS,pH 7.4 NacCl 137 mM
KCI 0,27 mM
NazHPO4 10 mM
KH2PO4 1,8 mM
H2Odest.

Phosphate reagent Ammoniummolybdate solution | 25% v/v
Malachit green solution 75% viv

Ringer solution, pH 7.4 NaCl 118 mM
KCI 5mM
MgCl2 1.2mM
NazHPO4 2 mM
NaH2PO4 1.8 mM
CaClz 5 mM
Glucose 9.1 mM
HEPES
NaOH for pH 7.4

SDS-buffer, pH 8.6 Tris-HCI 0,25 mM
Glycine 0,2M
SDS 1% wiv
H2Odest.

SOC medium Tryptone 2% (wiv)
Yeast extract 0.5% (w/v)
NacCl 10 mM
KCI 2.5 mM
MgCI2 10 mM
Glucose 20 mM

TBE, pH 8.0 Tris 100 mM
Borsaure 100 mM
EDTA 1mM
H2Odest.

TBS,pH 7.5 Tris 50 mM
NacCl 150 mM
HZOdest.

TBS-T Tween® 20 0,1% viv
TBS

Towbin Glycine 190 mM
Tris 0,25 mM
Methanol 20% viv
H2Odest.

TritonX-100-L6sung TritonX-100 1,5% viv
HZOdest.

2.14 Cell culture media and supplements

Table 14: Listed are cell culture media and supplements used in this work and their source

Medium/Supplement

Source

Concanavalin A Typ IV

Sigma-Aldrich, St. Louis, MO, USA

DMEM F-12 medium

Thermo Fisher Scientific, Waltham, MA, USA

Dulbecco’s modified eagle medium
(DMEM) high-glucose medium (4.5

g/L)

Thermo Fisher Scientific, Waltham, MA, USA

Dulbecco’s PBS

Thermo Fisher Scientific, Waltham, MA, USA
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Fetal Bovine Serum Gold (FBS)

Thermo Fisher Scientific, Waltham, MA, USA

FluoroBrite™ DMEM medium

Thermo Fisher Scientific, Waltham, MA, USA

Geneticin™ Selective Antibiotic (G418
Sulfate), C20H4ON4O10*2H2S04

Thermo Fisher Scientific, Waltham, MA, USA

Gentamicin (5 mg/ml)/Amphotericin (125
Hg/ml)

Thermo Fisher Scientific, Waltham, MA, USA

Hygromycin B (50 mg/ml)

Thermo Fisher Scientific, Waltham, MA, USA

Insulin (27 USP-units/mg)

Thermo Fisher Scientific, Waltham, MA, USA

L-Glutamin (200 mM)

Thermo Fisher Scientific, Waltham, MA, USA

OptiMEM™ medium

Thermo Fisher Scientific, Waltham, MA, USA

Penicillin (10.000 Units)/streptomycin (10
mg/ml), (Pen/Strep)

Thermo Fisher Scientific, Waltham, MA, USA

Poly-L-lysine Hydrobromide (0.1 mg/ml)

Sigma-Aldrich, St. Louis, MO, USA

Roswell Park Memorial Institute (RPMI)
1640 Medium

Thermo Fisher Scientific, Waltham, MA, USA

2.15 Consumables specifically required for experiments

Table 15: Listed are consumables specifically required for experiments conducted in this study and their

sources

Material

Source

3 cm and 10 cm cell culture dishes

Sarstedt AG & Co., Niumbrecht, Germany

35 mm cell culture dish with ibidi polymer
coverslip bottom

Ibidi GmbH, Gréafelfing, Germany

35 mm FluoroDish cell culture dish, 23
mm well poly-L-lysine coated

World Precision Instruments, Friedberg (Hessen),
Germany

384-Well Reaction Plate with Barcode,
MicroAmp™ Optical

Applied Biosystems, Inc., Waltham, MA, USA

4%-12% NUPAGE Bis-Tris gels

Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA

5 mm and 18 mm glass coverslips

VWR International Germany GmbH, Darmstadt, Germany

58 x 27 mm Scintillation cups

Sarstedt AG & Co., Numbrecht, Germany

6-, 12-, and 24- well cell culture plates

Greiner Bio-One GmbH, Frickenhausen, Germany

96-well flat bottom assay plate

Greiner Bio-One GmbH, Frickenhausen, Germany

Cell culture flasks 25 ml

Sarstedt AG & Co., Niumbrecht, Germany

Dako fluorescent mounting medium

Merck Chemicals GmbH, Schwalbach, Germany

Nuclepore Track Etch Filter

VWR International Germany GmbH, Darmstadt, Germany

Staining chamber StainTray™ Black lid

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

2.16 Devices

Table 16: Listed are devices used in this work and their source

Devices

Source

Accu-jet Pipet Controller

Brand, Wertheim, Germany

Autoclave ,Autoklav V-150°

Systec GmbH, Wettenberg, Germany

Axioskop2 mot plus microscope

Carl Zeiss Meditec, Oberkochen, Germany

BD FACSCanto™-II flow cytometer

BD Biosciences, San Jose, CA, USA

Bench Heraguard

Heraeus Holding GmbH, Hanau, Germany

Bunsen burner Gasprofil

WLD Tec, Géttingen, Germany

CASY TT Cell Counter

Innovatis Roche AG, Bielefeld, Germany
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Centrifuge 5415 R (refrigerated
centrifuge, Eppendorf Cups)

Eppendorf AG, Hamburg, Germany

Centrifuge Biofuge fresco
(Tablecentrifuge)

Heraeus Holding GmbH, Hanau, Germany

Centrifuge Megafuge 1.0R (refrigerated
centrifuge Falcontube)

Heraeus Holding GmbH, Hanau, Germany

Centrifuge Sigma 2-5

Sigma-Aldrich, St. Louis, MO, USA

Cold microtom Leica CM1850

Leica Microsystems, Wetzlar, Germany

DMZ Zeitz-Puller

Zeitz-Instruments Vertriebs GmbH, Martiensried,
Germany

Duomax 1030 Rocking Platform Shaker

Heidolph Instruments GmbH & Co.KG, Schwabach,
Germany

FACSCanto-II flow cytometer

BD Biosciences, San Jose, CA, USA

Fine scales ,Feinwaage Explorer*

OHAUS, Nanikon, Switzerland

Gelelectrophoresis chamber Blue
Marine200

SERVA Electrophoresis GmbH, Heidelberg, Germany

Gelelectrophoresis chamber Mini
PROTEAN®

Bio-Rad Laboratories GmbH, Munich, Germany

Icemachine AF 100

Scotsman, Vernon Hills, IL, USA

Incubator for bacteria 37°C

Memmert GmbH, Schwabach, Germany

Incubator Hera Cell 150

Thermo Fisher Scientific, Waltham, MA, USA

Leica TCS SP5 Il confocal laser scanning
microscope

Leica Microsystems, Wetzlar, Germany

LI-COR Odyssey Imaging System

LI-COR Biosciences, Lincoln, NE, USA

Microwave KOR-6D07

Daewoo, Seoul, Korea

Milli-Q-Synthesis Water Purification
System

Merck Chemicals GmbH, Schwalbach, Germany

NanoDrop® ND1000 Spectrophotometer

NanoDrop, Wilmington, DE, USA

Odyssey FC Imager

LI-COR Biosciences, Lincoln, NE, USA

Olympus FV3000 confocal laser scanning
microscope

Olympus Europa SE & Co. KG, Hamburg, Germany

Olympus 1X73 microscope

Olympus Europa SE & Co. KG, Hamburg, Germany

pH Meter Lab 850

Sl Analytics GmbH, Mainz, Germany

Power Pack Blue Power 500

SERVA Electrophoresis GmbH, Heidelberg, Germany

Power Pack Blue Power Plus

SERVA Electrophoresis GmbH, Heidelberg, Germany

Scintillation counter Tricarb 2910

PerkinElmer®, Rodgau, Germany

Trans-Blot® Turbo™ Transfer System

Bio-Rad Laboratories GmbH, Miinchen, Germany

UltiMate 3000 RSLCnano System

Thermo Fisher Scientific, Waltham, MA, USA

Zeiss Observer Z.1

Carl Zeiss Meditec, Oberkochen, Germany

2.17 Software

Table 17: Listed are software applications used in this work and their source

Software

Source

ApE - A Plasmid Editor

M.Wayne Davis, Department of Biology, University of Utah

CellSense Imaging Software

Olympus Europa SE & Co. KG, Hamburg, Germany

Compass 1.7 acquisition and processing
software

Bruker Daltonics GmbH & Co. KG, Bremen, Germany

Corel PHOTO-PAINT

Corel Corporation, Ottawa, Ontario, Kanada

CorelDRAW Graphicsuite X8

Corel Corporation, Ottawa, Ontario, Kanada

Data Analysis 4.2

Bruker Daltonics GmbH & Co. KG, Bremen, Germany
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Diva software

BD Biosciences, San Jose, CA, USA

FV3000 software Olympus Europa SE & Co. KG, Hamburg, Germany
Image Studio LI-COR Biosciences GmbH, Lincoln, NE, USA
ImageJ Wayne Rasband, National Institutes of Health, USA

Ligation Calculator

University of Dusseldorf, Germany

Microsoft Office

Microsoft Cooperation, Redmond, WA, USA

NEBaseChanger®

New England Biolabs, Ipswich, MA, USA

Origin 2015G

OriginLab Corporation, Northampton, MA, USA

Patchmaster Software

HEKA, Lambrecht, Germany

Protein Scape 3.1.3

Bruker Daltonics GmbH & Co. KG, Bremen, Germany

SigmaPlot 12.5

Systat Software, San Jose, CA, USA

SnapGene

GSL Biotech LLC, Chicago, IL, USA
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3 Methods

3.1 Cell culture
3.1.1 Cultivation of Hek293 cells

Hek293 cells were cultivated in 10 cm cell culture dishes in DMEM high-glucose medium (4.5
g/L) containing 10% fetal calf serum (FCS), 1% penicillin/streptomycin (10000 units/ml
penicillin and 10000 pg/ml streptomycin), and 1% Geneticin™ Selective Antibiotic (G418
Sulfate). The cells were grown in a 37 °C incubator with a 5% CO, environment and were
passaged with fresh medium at a ratio of 1:10 when they reached 90% confluency. Every two
days, cells were checked microscopically.

For the cultivation of Hek293 cells stably expressing recombinant retinoschisin, hygromycin B
(1500 pg/ml) was additionally applied to the medium. To obtain retinoschisin containing
supernatant from this cell line, cells were kept in OptiMEM™ medium containing 1%
penicillin/streptomycin and 1500 pg/ml hygromycin B for 72 h, and the supernatant was

subsequently harvested.

3.1.2 Cultivation of Y-79 cells

Y-79 cells were cultivated in 25 cm? cell culture flasks in RPMI medium containing 10% FCS
and 1% penicillin/streptomycin (10000 units/ml penicillin and 10000 pg/ml streptomycin). The
cells were grown in a 37 °C incubator with a 5% CO. environment and were subcultured twice

weekly in a ratio of 1:5. Every two days, cells were checked microscopically.

3.1.3 Transfection via TransIT®LTI transfection reagent

Transfection of Hek293 cells with Mirus TransIT®LTI transfection reagent (Mirus Bio LLC) was
performed according to the manufacturer's instructions. After incubating the transfected

Hek293 cells at 37 °C for 48 h, they were subjected to further experiments.

3.1.4 Transfection via calcium-phosphate method

The calcium-phosphate transfection method was applied only for heterologous expression of
Myc-tagged retinoschisin or of retinoschisin mutant C59S (RS1_C59S). Hek293 cells were
passaged in a 1:3 ratio to 10 cm cell culture dishes previously coated with poly-L-lysine. On
the following day, cells were pretreated by replacing the cultivation medium with DMEM high-
glucose medium (4.5 g/L) containing 10% FCS, 1% penicillin/streptomycin, and 1 pM
chloroquine for 1 h at 37 °C. Meanwhile, the transfection mixture was prepared, consisting of
20 pg DNA (pCDNA3_RS1_Myc or pCDNA3_RS1_C59S_Myc, or pCDNA3 as control), 62 pl
CacCly, filled up with 438 pl of sterile water. After brief vortexing, 500 pl of 2xHBS was added to
the bottom of the reaction tube, the suspension was mixed by bubbling several times, and
incubated for 15 min. The chloroquine-containing medium was substituted with normal DMEM

high-glucose (4.5 g/L) cultivation medium containing 10% FCS, 1% penicillin/streptomycin, and
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1% G418 Sulfate. The transfection mixture was added dropwise to the pretreated cells and
after incubation for at least 7 h, the medium was changed to OptiMEM™ medium. The
transfected cells were kept in the incubator for 72 h. Subsequently, the supernatant containing
Myc-tagged retinoschisin variants or control supernatant (from pCDNAS3 transfected cells) was

collected and stored at - 20 °C until further use.

3.2 Purification of Myc-tagged retinoschisin variants

Purification of Myc-tagged proteins from the supernatant of Hek293 cells was performed by
immunoaffinity chromatography using Pierce™ Anti-c-Myc agarose beads (Thermo Fisher
Scientific). Before purification, 250 ul beads were spun down at 12.000 rpm for 30 s (Centrifuge
Biofuge Fresco), resuspended in 100 pl TBS, and this washing step was repeated. After
discarding the supernatant, the beads were incubated with 10 ml supernatant containing Myc-
tagged retinoschisin, Myc-tagged retinoschisin mutant C59S, or control supernatant overnight
at 4 °C in a rotator. The following day, purification of Myc-tagged proteins was performed
according to the manufacturer's instructions. The concentration of the purified proteins was
determined using the Bradford assay (Bio-Rad) according to manufacturer's instructions. Here,
the protein concentration ranged from 20 to 50 ng/ul. Elution fractions were controlled by
Coomassie staining (see 3.13 and Figure 6A) and western blot analysis (Figure 6B).

S
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110+ Figure 6: Analysis of purified Myc-tagged retinoschisin protein and
100 . L ;
70 retinoschisin variant C59S
55+ Purification of Myc-tagged retinoschisin (RS1) protein and retinoschisin
45+ variant C59S (RS1_C59S) from the supernatant of transfected Hek293 cells
354 was achieved by immunoaffinity chromatography. Supernatant from cells
25 transfected with empty vector (ctrl) was used as a control. For purity analysis,
Coomassie staining (A) and western blot analysis with antibodies against
B 15 retinoschisin (B) was performed.
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3.3 Animal models

Rs1'™Web mice were crossed onto a C57BL/6 background for more than 40 generations. Mice
were housed under specific pathogen-free barrier conditions at the Central Animal Facility of
the University of Regensburg, in strict compliance with European Union and German legal
guidelines. Mice were sacrificed by cervical dislocation at different postnatal stages, in specific
at P4, P7, P10, P14, P16, P18, P21, or P30 after inhalation of carbon dioxide or by decapitation

when younger than P14.
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The Atp1b2™~ mouse strain was kindly provided by Prof. Melitta Schachner (Keck Center for
Collaborative Neuroscience and Department of Cell Biology and Neuroscience, Rutgers
University, Piscataway, NJ, USA).

Porcine eyes for co-immunoprecipitations (see 3.14) were obtained fresh from a local

slaughterhouse and handled on ice.

3.4 Cloning of expression constructs

In this work, the following expression constructs were generated: A bicistronic expression
vector for a GFP-tagged retinal Na/K-ATPase (ATP1B2 and GFP-tagged ATP1A3 in pCDNA3
termed “pCDNA3_ATP1A3-GFP _ATP1B2"), and expression vectors for ATP1B2 mutants
ATP1B2_T240S and ATP1B2_T240A, termed  “pCEP_ATP1B2_T240S” and
“pCEP_ATP1B2_T240A” (Table 6).

3.4.1 Generation of pCDNA_ATP1A3-GFP_ATP1B2

The cloning of plasmid pCDNA3_ATP1A3-GFP_ATP1B2 was performed as follows: The N-
terminal part of the ATP1A3-GFP coding sequence was excised from pCEP_ATP1A3-0OI-GFP
(generated before as described in Plossl et al. (2017b) via the restriction enzymes Kpnl-HF
and Nael. The C-terminal part of the ATP1A3 coding sequence was excised from
pCEP_ATP1A3 (generated before as described in Friedrich et al. (2011) via Nael and BamHI-
HF. The two ATP1A3-fragments were phosphorylated and ligated with the Kpnl-HF and
BamHI-HF digested, dephosphorylated target vector pCEP4, resulting in vector
pCEP_ATP1A3-GFP. The newly generated ATP1A3-GFP expression cassette was excised
from pCEP_ATP1A3-GFP via Spel-HF, dephosphorylated, and ligated into the Spel-HF
digested target vector pCDNA3_ATP1B2 (generated before as described in Friedrich et al.
(2011). This resulted in a bicistronic expression vector termed “pCDNA3_ATP1A3-
GFP_ATP1B2".

3.4.2 Generation of pCEP_ATP1B2_T240S and pCEP_ATP1B2_ T240A
Mutant clones ATP1B2_T240S and ATP1B2_T240A were generated with the Q5® Site-

Directed Mutagenesis Kit according to the manufacturer's instructions (New England Biolabs).
The vector pTLN1_ATP1B2, generated earlier as described in Plgssl et al. (2017b), was used
as a template and mutagenesis primers hATP1B2_T240A_F/R and hATP1B2_T240S_F/R
(Table 4) were designed using the NEBaseChanger v1.2.6 tool. The newly generated
ATP1B2_T240S and ATP1B2_T240A expression cassettes were excised from
PTLN_ATP1B2_T240S and pTLN_ATP1B2_T240A via Kpnl-HF and Xhol and ligated into the
Kpnl-HF and Xhol digested target vector pCEP. This resulted in the vectors termed
“‘pCEP_ATP1B2_T240S” and “pCEP_ATP1B2_T240A".
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3.4.3 Restriction digestion

To generate expression constructs (for more detailed information see 3.4.1 and 3.4.2), the
inserts of interest were cut out from existing constructs with selected restriction enzymes for
the 5’-end (A) and 3’-end (B), which were selected via ApE - A Plasmid Editor. For inserts to
be excised from pCEP or pTLN, 2 — 3 ug of DNA and for the target vectors pCEP or pCDNA3,
0.5 pug of DNA was digested with the same restriction enzymes. The reaction mixture was

prepared as described in Table 18 and incubated overnight at 37 °C.

Table 18: Reaction mixture of restriction digestion

Component Amount
Expression construct 2 -3 pg insert containing vector
or 0.5 g target vector
Restriction enzyme (A) 1u
Restriction enzyme (B) 1l
CutSmart® buffer 1u
H2Odest. Ad 10 }J.l

3.4.4 Purification of PCR products from agarose gels

Agarose gel electrophoresis was used for separating DNA fragments after restriction digestion.
Depending on the sizes of DNA fragments to be separated, the agarose concentration in the
gel ranged from 0.8% (800 bp — 12 kb) to 1.5% (200 bp — 3kb). Agarose gels were generated
by heating 0.8 — 1.5% agarose in TBE buffer until the agarose was solved completely. To later
visualize DNA under UV light, two drops of a 0.07% ethidiumbromide-solution were added to
the cooled solution. Bromphenolblue loading buffer (5x solution) was added to the samples
before loading them onto the gel together with 5 yl GeneRuler™ DNA Ladder Mix, which
served as a size standard. Electrophoretic separation was performed at 190 V for 30 min.
Subsequently, the bands were visualized by a UV transilluminator. By using a scalpel, the
bands with the required fragment lengths were cut out. The DNA fragments were extracted
using NucleoSpin® Gel and PCR Clean-up Kit according to the manufacturer's instructions
(MACHEREY-NAGEL GmbH). Insert DNA was eluted from the columns in 25 pl H2Ogest. and
target vector DNA in 50 ul H>Oudest. Extracted DNA was stored at -20 °C until further use.

3.4.5 Ligation into target vector

Insert and corresponding target vector were ligated overnight at 4 °C applying the reaction
mixture described in Table 19. The amounts of insert and target vector were calculated in a

vector to insert ratio of 1 to 3 by using the Ligation Calculator from the University of Diisseldorf.
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Table 19: Reaction mixture for ligation

Component Amount
Target vector 10- 20 ng
Insert Calculated by Ligation Calculator
T4 DNA Ligase 1p
10x T4 DNA Ligase buffer 1p
H2Odest. Ad 10 pl

Methods

For ligation of the N-terminal part of ATP1A3-GFP and the C-terminal part of ATP1AS into
pCEP, and of ATP1A3-GFP into pPCDNA3_ATP1B2, the inserts were phosphorylated, and the
target vector was dephosphorylated. The reaction mixture for the 5'- insert phosphorylation via
T4 Polynucleotide kinase, prepared as depicted in Table 20, was incubated for 1 h at 37 °C
and followed by incubation at 65 °C for 20 min. To avoid vector re-ligation, vector 5’-end and
3’-end dephosphorylation was performed by adding antarctic phosphatase. The following
reaction mixture was prepared (Table 21) and incubated for 1 h at 37 °C and afterward for 20
min at 75 °C.

Table 20: Reaction mixture for insert phosphorylation via T4 Polynucleotide Kinase

Component Amount
Insert 5l
T4 Polynucleotide Kinase 1l
10x T4 Polynucleotide Kinase buffer 1l
ATP (100 uM) 1u
H20dest. Ad 10 L,ll

Table 21: Reaction mixture for vector dephosphorylation via antarctic phosphatase

Component Amount
Target vector 500 ng
Antarctic phosphatase 1l
Antarctic phosphatase buffer 2 ul
H20dest. Ad 20 L,ll

3.4.6 Heat shock transformation

100 pl of DH5a cells were thawed on ice, 5 pl of the ligation product was added, incubated on
ice for 30 min and heat shocked for 45 s at 42 °C. Subsequently, cells were incubated for 10
min and 400 pl of SOC medium was added. The DNA-bacteria mixture was placed on a shaker
for at least 45 min at 37 °C and 300-500 rpm. In the final step, 200 pl of the transformation
product was plated on a pre-warmed LB-ampicillin (100 pg/ml) agar plate. The plate was

incubated overnight at 37 °C.
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3.4.7 Colony PCR

Single bacteria clones were picked from the agar plate with a pipette tip, resuspended in 20 pl
LB-medium containing ampicillin (100 pg/ml), and incubated for 2 h at 37 °C. After incubation,
the reaction mixture for colony PCR was prepared (Table 22). Colony PCR was performed in

the thermocycler with the program given in Table 23.

Table 22: Reaction mixture for colony PCR

Component Amount

5x GoTag® Reaction Buffer 5ul

dNTPs (2 mM) 0.5l

T7 forward Primer (10 pM) 1u

BGH reverse Primer (10 uM) 1l

Template (E. Coli suspension) 3ul

GoTag® DNA-Polymerase 0.4 pl

H2Odest. 141 |.,l|

Table 23: Thermocycler program for colony PCR

Step of reaction Temperature Time Cycle
Initial denaturation 94 °C 3 min
Denaturation 94 °C 30s
Annealing 58 °C 30s 29 cycles
Elongation 72 °C 1 min
Final elongation 72 °C 5 min
Break 15°C oo min

To identify positive clones, the probes were analyzed via agarose gel electrophoresis (see
3.4.4). Constructs containing the expected insert were visualized by exhibiting a PCR product
of the expected length. The respective clones were inoculated for subsequent plasmid DNA

preparation in a ng range (“Mini” Preparation).

3.4.8 Plasmid DNA “Mini” preparation

10 -20 pl of the E. Coli suspension was inoculated in 5 ml LB-medium containing ampicillin
(100 pg/ml), and incubated overnight at 37 °C. The DNA preparation was carried out on the
following day by using NucleoSpin® Plasmid Kit according to the manufacturer's instructions.
To elute DNA, 25 pl H>Ouest. was used. The DNA concentration and quality were measured via

NanoDrop® spectrophotometer.

3.4.9 Sanger sequencing

The generated expression constructs were sequenced using the BigDye Terminator v1.1, v3.1
Cycle Sequencing Kit (Life Technologies). The reaction mixture for cycle sequencing was

prepared as shown in Table 24. Inserts and adjacent vector sequences were fully sequenced

35



Methods

using primers given in Table 4. Amplification was performed by using a thermocycler with the

program given in Table 25.

Table 24: Reaction mixture for cycle sequencing

Component Amount
Expression construct (20 ng/ul) 2 pl
BigDye® Terminator reaction mix 0,3 ul
5x BigDye® Terminator sequencing buffer | 2 p
Primer (10 pM) 1p
H2Odest. Ad 10 }J.l

Table 25: Thermocycler program for sanger sequencing

Step of reaction Temperature | Time Cycle
Initial denaturation 94 °C 3 min
Denaturation 94 °C 30s
Annealing 58 °C 30s 27 cycles
Elongation 60 °C 3 min
Final elongation 60 °C 5 min
Break 15°C oo min

Precipitation of amplified DNA was performed as follows: After the addition of 2 pl sodium
acetate (3 M) and 25 pl ethanol (100%), the mixture was centrifugated for 30 min at 4 °C and
4000 rpm (Centrifuge Megafuge 1.0R). The supernatant was removed by briefly centrifuging
the reaction tubes overhead on an absorbent paper towel (< 400 rpm). The pellet was washed
by adding 100 pl of ethanol (70%), followed by centrifugation (20 min, 4000 rpm, 4 °C). The
supernatant was discarded as described above. Finally, the DNA was solved in 15 pl of HiDi™
formamide, transferred to a sequencing plate, and analyzed via Abi3130x1 Genetic Analyzer.
The evaluation of the obtained sequences was performed using the ApE - Ape Plasmid Editor

software.

3.5 Plasmid DNA “Midi” preparation

Plasmid DNA preparation in a ug range (“Midi” preparation) was used to isolate expression
constructs on a larger scale for transfection of Hek293 cells. For this purpose, 100 ml LB-
medium containing ampicillin (100 pg/ml) was inoculated with corresponding E. coli clones and
shaken overnight at 37 °C. Via the NucleoBond® XtraMidi Kit, plasmid DNA was isolated
according to the manufacturer's instructions, except for plasmid DNA elution 100 pl H2Ogest.
was used. The DNA concentration and quality were determined using NanoDrop®

Spectrophotometer and the plasmids were stored at -20 °C until use.

3.5.1 Glycerol stock preparation for long-term storage

For long-term storage of bacterial cultures, glycerol stocks were prepared. 825 pl of fresh

overnight culture and 175 pl of sterile 87% glycerol were mixed, transferred in CryoPure tubes,
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and stored at -80 °C. Datasheets of plasmid constructs and their storage location were entered

into the database of the Institute of Human Genetics at the University of Regensburg.

3.6 Retina preparation

Mice were sacrificed as described in 3.3, eyes were dissected using curved forceps and
transferred into PBS. For retina preparation, performed as described by Léger et al. (2019),
the eyes were dissected through circumcision along the ora serrata. Cornea, lens, and vitreous
body were separated from choroid and sclera. Subsequently, the retina was carefully detached
from the retinal pigment epithelium and either frozen at -80 °C for further analysis or transferred
into prewarmed OptiMEM™ medium for subsequent cultivation.

Retina preparation of porcine eyes was performed likewise.

3.7 Cultivation of retinal explants

To test the effect of retinoschisin and cardiac glycosides on retinal integrity, 3 ml of medium
for culturing retinal explants (Table 26) was mixed with purified retinoschisin (333 ng/ml) or the
same volume of control eluate, as well as with 0 M or 10 M ouabain, or 0 M or 10 M digoxin,
respectively. After retina preparation, retinae of retinoschisin-deficient mice (P18) were set on
Nucleopore Track-Etch Membrane Filters in 3 cm cell culture dishes and covered with a drop
of the cultivation medium. The retinal explants were cultivated for four days at 37 °C applying
a medium change to 3 ml of fresh medium after two days. After four days, they were processed

for immunohistochemical analyses.

Table 26: Composition of retinal explants cultivation medium

Component Amount
DMEM Hams F12 18 ml
FCS 2ml
Gentamicin (5 mg/ml) / Amphotericin (125 pug/ml) 40
Penicillin-streptomycin-L-Glutamin (200 mM) 200 pl
Insulin (27 USP-units/mg) 10 pl

3.8 Preparation of retinal cryosections from murine retinae or eyes

Murine retinae from retinal cultivation experiments or whole eye preparations were transferred
into a 3 cm cell culture dish and washed with PBS. For fixation, PBS was replaced with 4%
PFA followed by a 10 min incubation step for retinal explants or a 1 h incubation step for whole
eyes. Afterwards, the tissues were washed twice with PBS, transferred into 30% sucrose, and
incubated overnight on a shaker. For embedding, pouring molds on dry ice were filled with
NEG-50™ frozen section medium and the retinal tissue was carefully placed in the center.
Using a cryostat, 10 um cryosections of frozen tissue samples were prepared, transferred onto
microscope slides, and stored at -80 °C until further use or subjected to immunolabeling or

TUNEL staining.
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3.9 Immunocytochemical analysis

To perform immunocytochemical analysis, Hek293 and Y-79 cells were seeded on glass
coverslips (5 mm). After retinoschisin binding assays (see 3.16) were performed, the glass
coverslips were transferred into a 24-well cell culture plate for immunocytochemical analysis.
First, cells were washed twice with PBS and incubated with 300 pl of 2% PFA for 10 min. After
three washing steps with PBS for 5 min, the blocking solution for immunofluorescence staining
(Table 13) was added for 30 min. Next, the cells were incubated with primary antibodies (given
in Table 7) in antibody solution for immunocytochemical staining overnight at 4 °C. The
following day, three washing steps with PBS were performed and the staining solution with
secondary antibodies and DAPI (given in Table 8) was applied for 1 h in the dark. Later, the
coverslips were placed upside down on a drop of Dako fluorescent mounting medium on a
slide. Fluorescence microscopy was performed with an Axioskop2 mot plus microscope at 40x

magnification.

3.10 Quantitative real-time PCR

RNA was isolated from murine retinae using the PureLink™ RNA Micro Kit (Invitrogen),
according to the manufacturer’s instructions. One microgram of total RNA was transcribed into
cDNA using Random Hexamer Primers and the RevertAid M-MuLV Reverse Transcriptase
according to the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) was
performed in three technical replicates using KiCqStart® probe assays from Sigma Aldrich
(primers and probes or catalog numbers given in Table 5) and the QuantStudio5 System. The
reaction mixture and the PCR conditions are given in Table 27 and Table 28, respectively.
The results were analyzed by applying the AACt method for relative quantification (Livak and
Schmittgen 2001).

Table 27: Reaction mixture for gRT-PCR

Component Amount
cDNA (20 ng/ul) 2.5 ul
2x TagMan Gene expression master mix 5ul
Forward Primer (10 uM) lp
Reserve Primer (10 uM) 1l
KiCqStart®Probe 0.125
H2Odest. Ad 10 }J.l

Table 28: QuantStudio5 PCR program for gRT-PCR

Stage of Step of .
g . p_ Temperature | Time Cycle
reaction reaction
Holding Stage Polymerase 95 °C 10 min
Activation
Denaturation 95 °C 15s
Cycling Stage 40 cycles
Annealing 60 °C 1 min
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3.11 Sodiumdodecylsulfate polyacrylamide gel electrophoresis

For the electrophoretic separation of proteins according to their size, SDS-gels composed of a
12.5% separation gel and a 3% collection gel were prepared as described in Table 29.
Subsequent western blot analyses were performed with 1.5 mm thick gels and Coomassie
staining with 0.75 mm thick gels. For mass spectrometric analysis of co-immunoprecipitations,
4%-12% NUPAGE Bis-Tris gels (Invitrogen) were used instead of self-prepared gels.

Table 29: Composition of 12.5% separation and 3% collection gel

Component 12.5% separation gel 3% collection gel
1 M Tris/HCI pH 8.8 3.83ml -
1M Tris/HCI pH 6.8 - 2.76 ml
H2Odest. 3.045 ml 1.69 ml
Acrylamide (40%) 3.125 ml 0.55 ml
SDS (20%) 100 pl 50 pl
APS (10%) 100 pl 50 pl
TEMED 10 pl 5ul

Samples subjected to SDS-PAGE were mixed with 5xLaemmli buffer (Laemmli 1970) and
heated to 95 °C for 3 min. Subsequently, samples and size standards (3.5 pl of PageRuler™
Prestained Protein Ladder (10-180 kDa) or 5 pl of color-coded Prestained Protein Marker (43
— 315 kDa)) were loaded onto the gel. The gel run was performed at 50 V until protein samples

had passed through the collection gel, afterward the voltage was increased to 150 V.

3.12 Western blot analysis

After SDS-PAGE separation, proteins were blotted onto a PVDF membrane using the semi-
dry western blot method. For this purpose, the PVDF membrane was activated in methanol for
30 s and subsequently soaked in Towbin buffer together with the SDS-gel and two 3 mm
Whatman papers. These components were assembled into a blotting sandwich and protein
transfer was performed by the Trans-Blot®Turbo™Transfer system for 40 min at 24 V. The
membrane was then blocked in antibody solution for western blot analysis (Table 13) for at
least 1 h and incubated overnight at 4 °C with primary antibodies (given in Table 7) in antibody
solution for western blot analysis. The next day, three 5 min washing steps with TBS-T were
performed before incubating the membrane for 1 h with secondary antibodies (given in Table
8). The three washing steps with TBS-T were repeated before the membrane was briefly
incubated in Clarity™ Western ECL Blotting Substrate (Bio-Rad Laboratories GmbH).
Chemiluminescence detection was performed on a LI-COR Odyssey Imaging System. If the
signal was too weak, the membrane was incubated again in Clarity Max™ Western Blotting
Substrate (Bio-Rad Laboratories GmbH) which provides increased chemiluminescence signal

intensity.
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3.13 Coomassie staining

The SDS-gels were stained in Coomassie staining solution overnight. The next day, the gels
were incubated in Coomassie de-staining solution until the protein-free parts of the gel were
free of Coomassie stain. After washing three times with distilled water, the Coomassie gel was
scanned in a transparent glass film for subsequent scanning. The staining and washing
procedure were carried out under gentle agitation on a shaker.

3.14 Co-Immunoprecipitation analysis of retinal lysates

Co-immunoprecipitation analyses were performed in retinal lysates of porcine retinae or
wildtype mice (P18).

50 ul of Protein A Sepharose 4B beads (Sigma-Aldrich) were washed three times with 1 ml of
PBS and spun down for 2 min at 2000 rpm at 4°C (Centrifuge Megafuge 1.0R). After discarding
the supernatant, the beads were conjugated with the antibodies given in Table 7. For antibody
coupling, beads were mixed with 100 ul PBS and 2 pg antibodies, rotated at 4 °C for 1 h and
centrifugated for 2 min at 2000 rpm at 4 °C. The supernatant was discarded, and the antibody-
coupled beads were mixed with the retinal lysates as input.

Retinal lysates were prepared as follows: For each co-immunoprecipitation experiment, 10 mg
of porcine retinae was dissolved in 3 ml of 10 mM CHAPS in TBS followed by sonification for
45 s at 40%. Alternatively, four retinae of wildtype mice (P18) were homogenized in 1 ml of 10
mM CHAPS in TBS and sonicated for 10 s at 40%. The suspensions were rotated at 4 °C for
1 h and cell debris was removed via centrifugation for 20 min at 13.000 rpm and 4 °C. The
supernatant containing the retinal lysate was collected and used as “input”.

Input (3 ml of porcine lysate or 800 pl of murine lysate) was added to the antibody-coupled
beads. After overnight rotation at 4 °C, the beads were spun down for 2 min at 2000 rpm and
4°C. 50 pl of the supernatant was collected as “flow through” fraction, the rest was discarded.
To remove unbound protein, beads were washed five times with 1 ml of 10 mM CHAPS
(centrifugation as described at each step) and 100 pul of the last wash fraction (“wash”) was
collected. Precipitated proteins were eluted with 1xLaemmli-buffer and input, flow through, and
wash fractions were mixed with 5xLaemmli-buffer. Samples were denatured at 93°C for 10 min
and subjected to Coomassie staining for subsequent mass spectrometric or western blot

analysis.

3.15 Fluorescence-activated cell sorting analysis

Fluorescence-activated cell sorting (FACS) was performed with Hek293 cells transfected with

expression constructs for ATP1B2 mutants. The transfected cells were harvested, washed

twice in 300 pl PBS containing 1% FCS via centrifugation (5 min, 300 x g, 4 °C; Centrifuge

Biofuge Fresco), and incubated with primary antibodies (given in Table 7) in antibody solution

for FACS analysis for 25 min at 4 °C. The cells were washed again in 300 pl of PBS containing
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1% FCS (5 min, 300 x g) and incubated with secondary antibodies (given in Table 8) for 25
min at 4 °C. After two washing steps, the cell pellets were resuspended in 100 ul PBS
containing 1% FCS and subjected to FACS analysis using a BD FACSCanto™-II flow
cytometer run by Diva software. During the whole procedure, cells were kept on ice and pre-

cooled solutions were applied.

3.16 Retinoschisin binding assays

3.16.1 Retinoschisin binding analyzed via western blot analysis

Retinoschisin binding assays with Hek293 cells were performed as follows: Cells of a
confluent-grown plate were passaged at a ratio of 1:24 into a 6-well cell culture plate. On the
next day, Hek293 cells were transfected with expression vectors for the retinal Na/K-ATPase
via the Mirus TransIT®LTI transfection method. After 24 h, the binding assay was performed:
First, the medium of transfected Hek293 cells was replaced by 2 ml of input (supernatant of
Hek293 stably secreting retinoschisin diluted 1:8 with OptiMEM™ medium) followed by an
incubation of 1 h at 37 °C. The Hek293 cells were then resuspended in 2 ml PBS, transferred
into a 2 ml reaction tube, and centrifuged at 1000 rpm for 3 min (Centrifuge Biofuge Fresco).
The supernatant was discarded, and the cell pellet was resuspended in 1 ml PBS, followed by
a 3 min centrifugation step at 4600 rpm. This washing step was repeated three times. Finally,
the cell pellet was resuspended in 200 ul PBS, sonicated at 38% for 10 s, mixed with
5xLaemmli buffer, and heated up for 3 min at 95 °C for western blot analysis as described in
sections 3.12.

For retinoschisin binding assays with Y-79 cells: Retinoschisin binding to Y-79 cells was
performed likewise, but with 4x10° cells resuspended in 2 ml retinoschisin containing
supernatant and without transfection as Y-79 express the retinal Na/K-ATPase endogenously
(Friedrich et al. 2011).

3.16.2 Retinoschisin binding analyzed via immunocytochemical analysis

Retinoschisin binding assays analyzed via immunocytochemical instead of western blot
analysis were performed similarly, but the cells (Hek293 or Y- 79) were seeded on poly-L-
lysine coated coverslips in a 24-well cell culture plate. After 24 h, the binding assay was
performed. First, the medium was replaced by 500 pl of input (supernatant of Hek293 stably
secreting retinoschisin diluted 1:8 with OptiMEM™ medium) followed by an incubation of 2 h
at 37 °C. After three washing steps with 300 pl PBS, which was added carefully by pipetting
against the wall of the cell culture dish, the cells were subjected to immunolabeling as

described in section 3.9.
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3.16.3 Retinoschisin binding after enzymatic deglycosylation of Hek293 cells

The assay was performed as described in 3.16.2, but before adding recombinant retinoschisin
containing supernatant, a deglycosylation of transfected Hek293 cells was performed by
PNGase F treatment. Two days after transfection with expression vectors for the retinal Na/K-
ATPase, the medium was removed and Hek293 cells were incubated for 18 h at 37 °C in a
total volume of 100 pl containing 83 ul TBS, 10 pl 10X Glycobuffer 2, and 7 pl (3500 U) of
PNGase F or control buffer. After two washing steps with PBS, the retinoschisin containing

supernatant was added and the binding assay was performed as described in 3.16.2.

3.16.4 Retinoschisin binding in presence of different sugars

In the binding assay in presence of different sugars the same protocol was used as described
before (3.16.1; 3.16.2), but galactose, glucose, or mannose (0, 0.5, and 0.75 M) were added
to the input.

3.16.5 Retinoschisin binding in presence of cardiac glycosides

The binding assay in presence of cardiac glycosides was performed with transfected Hek293
and Y-79 cells as described in 3.16.1 and 3.16.2, but ouabain (at 0 M, 107 M, 10° M, 102 M,
and 102 M for western blot or 0 M and 10-* M for immunocytochemical analysis) or digoxin (at
0M, 108 M, 107 M, 10°® M, and 10° M for western blot or 0 M and 10 M immunocytochemical
analysis) were added to the input.

3.16.6 Binding of purified retinoschisin or retinoschisin variants to transfected
Hek293 cells

This binding assay used the same protocol as described before (3.16.1 and 3.16.2), but instead
of applying recombinant retinoschisin containing supernatant, purified retinoschisin (1 pg/ml),
RS1 C59S (1 pg/ml), RS1_R141H (1 pg/ml), or the equal amount of control eluate were
directly added to the medium.

3.17 Tritium (®H)-labeled ouabain binding analysis to the Na/K-ATPase

Hek293 cells of a confluent-grown plate were transferred onto a 12-well cell culture plate in a
ratio of 1:40. On the following day, Hek293 cells were transfected with
pCEP_ATP1A3_ATP1B2 (1 ug/ul) or an empty pCEP4 vector using Mirus TransIT®LTI
transfection reagent and cultured for 48 h. Subsequently, two different experimental
approaches were applied.

In approach #1, 300 ul DMEM cultivation medium containing purified recombinant retinoschisin
(1.5 pg/ml) or an equal amount of control eluate was added. The cells were incubated for 30
min at 37 °C, followed by the addition of *H-labeled ouabain, (at 0, 0.5 x 10™°, 1.0 x 1078 2.5
x 1078 5.0 x 1078 or 1.0 x 107" M) and incubation for 30 min at 37 °C.
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In approach #2, cells were subjected to different concentrations of purified retinoschisin (0, 0.5,
1.0, 1.5, or 2.0 pug/ml) or the same volume of control eluate for 30 min, followed by the addition
of 107" M 3H-labeled ouabain and an incubation for 30 min.

Hek293 cells were resuspended in 1 ml PBS, centrifuged, and washed twice with PBS. The
pellet was dissolved in 100 pl 5% SDS and transferred to scintillation cups with 5 ml of
scintillation cocktail. Radioactivity of cell pellet bound *H-labeled ouabain was determined in a
scintillation counter for 1 min.

Similar to the Hek293 cell treatment, the same two approaches were applied to Y-79 cells, with
the following modifications: 8.5 x 10° cells were seeded in 24-well plates coated with poly-L-
lysine. After 24 h, the medium was replaced by 1 ml of RPMI 1640 medium (Thermo Fisher
Scientific) and purified retinoschisin (0, 75, 150, 225, or 350 ng/ml).

3.18 Immunohistochemical analysis of retinal cryosections

For immunolabeling of retinal cryosections, a staining chamber (StainTray™; Carl Roth GmbH)
was used to ensure adequate humidity. First, sections of murine eyes or retinal explants were
thawed, bordered twice with Liquid Barrier solution, and moistened with 30-50 pl of PB. The
PB was replaced by a blocking solution for immunofluorescence staining (Table 13) and
sections were incubated for 30 min. Subsequently, the primary antibodies (given in Table 7)
were diluted in antibody solution for immunofluorescence staining and sections were incubated
overnight at 4 °C. The next day, three washing steps with PB for 5 min were performed. For
staining with light-sensitive secondary antibodies, the 30 min incubation was done in the dark.
In addition, secondary antibodies and DAPI (given in Table 8) were also added to the
secondary antibody solution. After three washes with PB for 5 min, a drop of Dako medium
was added, the slides were covered with a coverslip and dried until microscopic analysis.
Photographs of labeled cryosections from murine eyes (see 3.8 and results section 4.3.1.2,
4.3.4.2,and 4.3.3.2) were taken with an Olympus Fv3000 confocal laser scanning microscope
at 20x magnification. Co-localization analysis from these samples were performed using 60x
magnification and confocal z stacks (3 slides, 0.25 uM z-distance). Confocal image stacks
were processed via the 3D-deconvolution tool Wiener with a subvolume overlap of five pixels
using Olympus CellSens image processing software (CellSens Dimension). The overlap of two
signals was analyzed using the co-localization tool from the CellSens Dimension software.
Pictures of labeled cryosections from retinal explants after long-term incubation (see 3.7 and
results section 4.2.3) were analyzed in confocal microscopic images taken with TCS SP5

confocal microscope at 40x magnification.

3.19 TUNEL-assay in retinae of retinoschisin-deficient mice

TUNEL staining of cultivated retinal explants (see 3.7 or 3.8) was performed using the In Situ

Cell Death Detection Kit (Merck Chemicals GmbH) according to the manufacturer's
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instructions. Subsequently, confocal images were taken with a TCS SP5 confocal microscope,
at 40x magnification and TUNEL-positive nuclei were counted with the Cell Counter plugin for

ImageJ (https://imagej.nih.gov/ij/plugins/cell-counter.html).

3.20 Mass spectrometric analysis after co-immunoprecipitation

The Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) analyses were
performed by Dr. Astrid Bruckmann (Institute of Biochemistry Center Regensburg, Laboratory
for RNA Biology, University of Regensburg).

After co-immunoprecipitation in porcine retinal lysates with antibodies targeting ATP1A3 (and
anti-6*His-tag antibodies as control), the precipitates were loaded on a 4%-12% NUPAGE Bis-
Tris gel (Invitrogen), proteins were stained with Coomassie and analyzed via LC-MS/MS.
LC-MS/MS analyses were described earlier in Hasler et al. (2020). Subsequent database
searches (https://www.uniprot.org) were done in the Swiss-Prot Sus scrofa and mammalian
database applying the following parameters: Enzyme specificity trypsin with one missed
cleavage allowed precursor tolerance 0.02 Da, MS/MS tolerance 0.04 Da, Mascot-score cut-
off 30. Deamidation of asparagine and glutamine, oxidation of methionine,
carbamidomethylation, or propionamide modification of cysteine were set as variable

modifications.

3.21 Comparison of protein levels in murine retinal lysates

Protein levels of the retinal Na/K-ATPase and putative interaction partners (see 4.3.3.4) in
wildtype and retinoschisin-deficient mice (P10, P14, P18, P21, and P30) were compared by
sonicating the two retinae of a single mouse in 100 pl of PBS followed by the addition of 25 pl
of 5xLaemmli-buffer. Samples were heated to 93°C for 5 min and subjected to SDS-PAGE
(3.11) followed by western blot analysis (3.12).

3.22 Na/K-ATPase specific ATP hydrolysis assay

First, plasma membrane-enriched fractions were collected from retinoschisin-deficient, and
wildtype murine retinae as follows: A single retina was sonicated in 200 ul TBS. After a
centrifugation step (5 min, 2500 rpm, Centrifuge Biofuge Fresco) the supernatant was
collected, and cellular debris was discarded. Additional centrifugation of the collected
supernatant for 30 min at 13.000 rpm was performed and the pellet, containing retinal
membranes, was resuspended and sonicated in ATPase test buffer. Protein concentrations of
retinal membrane fractions were determined using the Bradford assay (Bio-Rad) according to
manufacturer’s instructions. For testing the effect of retinoschisin on cardiac glycoside-induced
inhibition, two different approaches were performed.

In approach #1, membrane fractions of retinoschisin-deficient and wildtype retinae (3 ug

protein/ul) were mixed with ATPase test buffer containing different concentrations of ouabain
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(final concentration: 0, 5.0 x 108,1.0x 1077, 25x 1077,5.0 x 107/, 7.5 x 1077, 1.0 x 107%, 1.25
x 1076, 1.5 x 107, 1.75 x 107, 2 x 1075, 2.25 x 107, 2.5 x 107, 5.0 x 107, and 1.0 x10™° M)
or digoxin (final concentration 0, 1.0 x 1077, 5.0 x 1077, 7.5 x 1077, 1.0 x 107% 5x 1.0 x 107,
and 1.0 x 107° M) in a total volume of 40 ul and incubated for 30 min.

In approach #2, membrane lysates of retinoschisin-deficient retinae (3 ug protein/ul) were
mixed with ATPase test buffer and purified retinoschisin (1 pg/ml) or an equal amount of control
eluate in a total volume of 40 pl for 30 min, followed by another 30 min incubation after the
addition of ouabain/digoxin (concentration as described in approach #1).

After incubation with cardiac glycosides, 10 pl of ATP solution (3 mM) was added to each
sample. 10 pl of the mixture was directly transferred to a 96-well flat-bottom assay plate and
stored on ice (timepoint 0 min). The rest was incubated at 37 °C for 60 min. Subsequently, 10
pl were pipetted into the 96-well flat-bottom assay plate and stored on ice.

To determine the ATP hydrolysis activity, the cardiac-sensitive Pi release (Jones et al. 2005)
was measured colorimetrically (Howard and Ridley 1990) by adding 300 ul phosphate reagent
containing Malachite green solution and ammoniummolybdate solution (freshly prepared
during the 1 h incubation step, Triton-X added right before use), as also described in Plossl et
al. (2017b). After incubation for 3 min, the colorimetric reaction was stopped by adding 60 ul
of 34% citric acid. The photometric measurement was then measured on a FLUOstar™
OPTIMA Microplate Reader at 630 nm. For determination of enzymatic activity, a phosphate
calibration curve containing defined amounts of phosphate (1, 2, 3, 4, 5, 6, and 7 nM) was
added and the values obtained at 1073 M ouabain, representing unspecific (not Na/K-ATPase-
catalyzed) ATP cleavage (Jones et al. 2005) were subtracted from the other values readings.
During the entire procedure, cells were kept on ice and pre-cooled solutions were applied.

Data processing was performed by nonlinear regression using Sigma Plot Graph System 12.5.

3.23 Patch-clamp analysis of Kv channels in Y-79 cells

Glass coverslips (18 mm) were placed in 3 cm cell culture dishes, coated with concanavalin-A
(0.5% in 1 M NaCl) for 2 h at 37°C, and then rinsed with distilled water. Next, 2.5 x 10° Y-79
cells were seeded onto coated coverslips in 3 ml RPMI medium containing 10% FCS and 1%
penicillin/streptomycin and cultured for 24 h in medium containing purified retinoschisin (333
ng/ml) or the same volume of control eluate. Electrophysiological measurements of potassium
channel currents were performed as described in Gomez et al. (1993), with slight modifications:
Patch pipettes had a tip resistance of 3-4 MQ and were filled with intracellular patch-clamp
solution and cells were bathed in extracellular patch-clamp solution. Single cells (without
contact to other cells) were voltage-clamped at a holding potential of -60 mV with voltage steps
between -60 mV to 80 mV in 10 mV increments. The whole-cell voltage-clamp recordings were
obtained by using an EPC-10 USB amplifier on an Olympus 1X73 microscope (Olympus

Europa SE & Co. KG, Hamburg, Germany) and the Patchmaster Software (HEKA, Lambrecht,
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Germany). To test whether the measured outward current was generated by potassium
channels, KCl in intracellular and extracellular solutions was replaced by CsCI or the specific
voltage-gated potassium channel inhibitor citalopram (Gayet-Primo et al. 2018) (50 uM and

200 uM, respectively) was added to the extracellular solution.

3.24 Imaging of intracellular calcium in Y-79 cells

35 mm cell culture dishes with an ibidi polymer coverslip bottom were incubated for 1 h at 37
°C with poly-L-lysine. Subsequently, 3x10° Y-79 cells were seeded onto the coated coverslips
in RPMI medium containing 10% FCS and 1% penicillin/streptomycin. After incubation for 1 h
at 37 °C, purified recombinant retinoschisin (1 pug/ul) or an equal volume of control eluate was
added. The next day, 2 uM Fura-2/AM and 2 pM Pluronic F1-2-7 were added to OptiMEM™
and after an incubation of 30 min at 37 °C, the medium was replaced by Ringer solution (Table
13). Intracellular calcium levels were measured using an Olympus IX73 inverted microscope
that detected fluorescence intensity at 510 nm after illuminating Y-79 cells with light at 340 nm
and 380 nm, respectively. Single cells were selected with FIJI/ImageJ and intracellular calcium
level was measured as fluorescence ratio at 510 nm after excitation at 340 and 380 nm.

3.25 Fluorescence correlation spectroscopy analysis

The conception of the project was made in collaboration with Prof. Friedrich (Technical
University of Berlin, Department of Physical and Theoretical Chemistry). Data analysis was
performed together with Albert Prause (Technical University of Berlin, Department of Physical
Chemistry).

Hek293 cells of a confluent-grown plate were passaged at a ratio of 1:18 into a 35 mm
FluoroDish cell culture dish with a poly-L-lysine coated glass bottom for cell imaging and
cultured in normal Hek293 cultivation medium. After 24 h, the medium was replaced by
FluoroBrite™ DMEM medium containing 10% FCS and 1% penicillin/streptomycin followed by
transfection with pCDNA3_ATP1A3-GFP_ATP1B2 using Mirus TransIT®LTI transfection
reagent. Two days after transfection, retinoschisin, retinoschisin mutant C59S (333 ng/ul), or
the same volume of control eluate was added, and cells were incubated for 1 h. The
fluorescence correlation spectrometry analysis measurements were performed with a Leica
TCS SP5 Il confocal laser scanning microscope with a fluorescence correlation spectrometry
set-up from PicoQuant. The Hek293 cells were excited with a 488 nm Argon laser line and the
measurements were performed in the horizontal cell walls, where the GFP-tagged Na/K-
ATPase was localized at the plasma membrane. The obtained fluorescence correlation data
were analyzed by Albert Prause as follows:

The signal detected was split into 20 s intervals to minimize the effects of sample movement
and photobleaching. Each interval was correlated via pseudo-cross correlation to eliminate the

influence of detector after-pulsing. The obtained data were preselected according to the
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presence of a correlation (all data without a correlation were discarded without further

evaluation). The selected correlated data were fitted with two components 2D diffusion model.

-1
G(r) = Z Gi,F(T) with Gi,F(T) =p;- (1 + i)

Txy
where p; is a weighting factor for the contribution of each species (the average number of

fluorescent species (N) = E'Lp_) and 1, is the correlation time in the horizontal xy-plane (i.e.,

parallel to the cell wall).
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4 Results

4.1 Analyses on retinoschisin binding to the retinal Na/K-ATPase

4.1.1 ATP1B2 / Retinoschisin interface — analysis of the influence of ATP1B2
glycosylation

An earlier study demonstrated that retinoschisin localization to the plasma membrane implicitly
requires the ATP1B2 subunit of the retinal Na/K-ATPase as a binding partner (Plossl et al.
2017b). As this subunit is highly glycosylated (Tokhtaeva et al. 2010) and retinoschisin was
shown to exhibit a high affinity for galactose (Dyka et al. 2008), it was now tested whether
retinoschisin binds to the ATP1B2 subunit via an interaction with the oligosaccharide side
chains of this protein.

To this end, three independent experimental approaches were chosen: First, retinoschisin
binding to the recombinantly expressed retinal Na/K-ATPase was tested in the presence of
different (putatively competitive) sugars. Second, retinoschisin binding to the recombinantly
expressed retinal Na/K-ATPase was tested after enzymatic deglycosylation of the enzyme and
third, ATP1B2 binding capacities of retinoschisin and retinoschisin mutant RS1 R141H
proteins, both exhibiting similar galactose affinities (Dyka et al. 2008), were compared.

For the first experimental approach, Hek293 cells recombinantly expressing the retinal Na/K-
ATPase subunits ATP1A3 and ATP1B2 were incubated with retinoschisin in the presence of
galactose, glucose, or mannose (0, 0.5, and 0.75 M). As shown in western blot analysis of the
cells after several washing steps (Figure 7), the presence of galactose or glucose decreased
retinoschisin binding to the cells with a statistically significant difference (p < 0.05) for 0.75 M
galactose (reduction to 29.0 + 41.8%) and 0.75 M glucose (reduction to 33.2 + 22.8%).
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Mannose (0.5 M or 0.75 M) exerted a weaker effect on retinoschisin binding to the
heterologously expressed Na/K-ATPase (Figure 7), with no effect at 0.5 M mannose and a
reduction of retinoschisin binding to only 60.0 + 48.1% at 0.75 M mannose (p > 0.05).
Immunocytochemical staining was also applied to investigate the effect of galactose, glucose,
or mannose on retinoschisin binding to Hek293 cells heterologously expressing the retinal
Na/K-ATPase. In these experiments, cells were incubated with retinoschisin and the different
sugars (0.75 M) for 1 h and 7 h. After both incubation times, retinoschisin binding (red signals
in Figure 8A and B) was only detected to transfected Hek293 cells (identified via green
ATP1B2 signals), but not to non-transfected cells (visualized via DAPI staining, not exhibiting
green ATP1B2 labeling) (Figure 8A and B). In line with western blot analyses,
immunocytochemical analyses revealed strongly reduced retinoschisin binding after
incubation with 0.75 M galactose or glucose, and no (1 h, Figure 8A) or a weaker (7 h, Figure
8B) inhibitory effect on retinoschisin binding by 0.75 M mannose.

A 1 h incubation B 7 h incubation

control

ATP1B2 ATP1B2
+0.75M
galactose

ATP1B2 ATP1B2
+0.75M
glucose

ATP1B2 ATP1B2
+0.75M
mannose

ATP1B2 -l ATP1B2

Figure 8: Retinoschisin binding to transfected Hek293 cells in the presence of galactose, glucose, or
mannose analyzed via immunocytochemical analysis

Hek293 cells were transfected with pPCEP_ATP1A3_ATP1B2. After two days, cells were incubated for 1 h (A) or 7
h (B) with purified retinoschisin (1 pg/ml) and 0, 0.5, or 0.75 M galactose, glucose, or mannose. After several
washing steps, retinoschisin binding was analyzed via immunocytochemical analysis with antibodies against
retinoschisin (red), ATP1B2 (green, used as a transfection marker), as well as DAPI staining (blue, depicting nuclei).
Scale bars: 40 um, (Figure modified from PIdssl et al. 2019).

For the second experimental approach (testing retinoschisin binding to deglycosylated
ATP1B2), Hek293 cells heterologously expressing ATP1A3 and ATP1B2 were subjected to
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PNGase F treatment for 18 h. As a control, the same treatment but without enzyme was
performed on transfected Hek293 cells. Western blot analysis, performed by Dr. Karolina
Plossl (Institute of Human Genetics, Regensburg), confirmed full deglycosylation of the
ATP1B2 after this treatment (Plossl et al. 2019). After incubation with recombinant
retinoschisin, immunocytochemical analyses (Figure 9) revealed similarly strong retinoschisin
binding (red signals in Figure 9) to deglycosylated (+ PNGase F) and non-deglycosylated (-
PNGase F) cells.

Figure 9: Retinoschisin binding to
Hek293 cells heterologously expressing
the retinal Na/K-ATPase after PNGase F
treatment

- PNGase F Hek293 cells were transfected with
pCEP_ATP1A3_ATP1B2. After two days,
cells were subjected to enzymatic
deglycosylation via PNGase F (+ PNGase
F) or to the same treatment without the
enzyme (- PNGase F). After 1 h incubation
with recombinant retinoschisin, retinoschisin
binding was analyzed via immunocyto-
chemical analysis with antibodies against
retinoschisin (red), ATP1B2 (green, used as
a transfection marker), as well as DAPI
staining (blue, depicting nuclei) Scale bars:
40 pm, (Figure modified from Ploss| et al.
2019).

+ PNGase F

The third experimental approach compared ATP1B2 binding of retinoschisin and retinoschisin
mutant RS1_R141H. Hek293 cells heterologously expressing the retinal Na/K-ATPase were
incubated for 1 h with purified recombinant retinoschisin or recombinant RS1_R141H and their
binding to the cells was investigated via immunocytochemistry (Figure 10). In line with
previous studies (Plossl et al. 2018), only retinoschisin, but not RS1_R141H showed binding
to Hek293 cells expressing the retinal Na/K-ATPase (Figure 10).

Figure 10: Binding of retinoschisin and
retinoschisin mutant R141H to

+RS1 transfected Hek293 cells

Hek293 cells were transfected with
pCEP_ATP1A3_ATP1B2. After two days,
cells were incubated for 1 h with recombinant
retinoschisin (+RS1) or retinoschisin mutant
R141H (+RS1_R141H). Retinoschisin
binding was analyzed via immuno-
cytochemical analysis with  antibodies
against retinoschisin (red), ATP1B2 (green,
used as a transfection marker), as well as
DAPI staining (blue, depicting nuclei) Scale
bars: 40 um, (Figure modified from Pldssl et
al. 2019).

+ RS1_R141H
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4.1.2 Role of threonine 240 in ATP1B2 as a possible retinoschisin binding site
of the retinal Na/K-ATPase

A combination of bioinformatic analyses and binding assays with ATP1B2 mutants revealed
threonine 240 and the surrounding hydrophobic patch in ATP1B2 as crucial for retinoschisin
binding to ATP1B2 (Pléssl et al. 2019). In these studies, the substitution of the polar and small
threonine 240 by the bulky and neutral leucine interfered with retinoschisin binding but did not
affect the overall surface structure of ATP1B2, as shown by FACS analysis.

To further investigate the role of ATP1B2 aa 240 in retinoschisin binding, two more ATP1B2
mutants at aa 240 were generated: In mutant 1 (ATP1B2_T240A), threonine 240 was replaced
by the non-bulky, chemically inert alanine and in mutant 2 (ATP1B2_T240S), by the chemically
similar serine. Retinoschisin binding assays were performed with Hek293 cells heterologously
expressing ATP1A3 and ATP1B2 or the ATP1B2_T240 mutants. After 1 h of incubation with
recombinant retinoschisin, retinoschisin binding was investigated by western blot analysis.
Retinoschisin binding was detected to normal ATP1B2 and to ATP1B2_T240S but not to
ATP1B2_T240A (Figure 11A). Densitometric quantification of ATP1B2 expression revealed
no effect of the introduced aa exchanges on ATP1B2_T240A and ATP1B2_T240S expression
levels, suggesting that the lack of retinoschisin binding to cells transfected with
ATP1B2_T240A expression vectors is not a consequence of absent ATP1B2_T240A protein
(Figure 11B).
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Figure 11: Retinoschisin binding to Hek293 cells heterologously expressing ATP1A3 and ATP1B2
mutants of amino acid site 240

A: Hek293 cells were co-transfected with expression constructs for ATP1A3 and ATP1B2, ATP1B2_T240A or
ATP1B2_T240S. After two days, cells were incubated with recombinant retinoschisin for 1 h. Cells transfected with
expression constructs for only ATP1B2 served as a negative control (see also Friedrich et al. 2011), cells transfected
with expression constructs for ATP1A3 and normal ATP1B2 served as a positive control in the retinoschisin binding
assay. After several washing steps, heterologous protein expression as well as retinoschisin binding was
investigated by western blot analysis with antibodies against retinoschisin, ATP1A3, and ATP1B2. ACTB staining
served as loading control. B: Densitometric quantification of ATP1B2 expression was performed on immunoblots

51



Results

from three individual experiments. Signals were normalized against ACTB and calibrated against ATP1B2. Data
represent the mean + SD. (Figure modified from Pléssl et al. 2019)

In FACS analyses with antibodies against ATP1B2, both mutants were detected, revealing
membrane localization and accessible surface structure of ATP1B2. Nevertheless,
ATP1B2_ T240A showed a reduced mean fluorescence intensity compared to ATP1B2 and
ATP1B2 T240S (Figure 12, Table 30).

ATP1B2 ATP1B2_T240A ATP1B2_T240S
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Figure 12: FACS analysis of ATP1B2 and ATP1B2 mutants T240A and T240S

Hek293 cells were co-transfected with expression constructs for ATP1A3 and ATP1B2_T240A or ATP1B2_T240S.
After two days, cells were subjected to FACS analysis applying anti-ATP1B2 antibodies, representative histograms
are given in this figure. Light grey: Histogram of untransfected Hek293 cells (negative control) depicting unspecific
background signals. Dark grey: Histogram of transfected Hek293 cells. (Figure modified from Plossl et al. 2019).

Table 30: Quantitative FACS analysis of ATP1B2 mutants of amino acid site 240 (modified from Pldssl et al.
2019)

ATP1B2 mutant MFI (% of non-mutant ATP1B2)
Negative control 31.1+/-6.4
Normal ATP1B2 100 +/- 0.0
ATP1B2_T240L 119.9 +/-40.4
ATP1B2_T240A 62.4 +/- 29.5
ATP1B2_T240S 106.9 +/- 34.0

Mean fluorescence intensity (MFI) from total cell population, calibrated against normal ATP1B2. Given is the mean
+/- SD of three (ATP1B2_T240A and ATP1B2_T240S) or four (negative control, ATP1B2, and ATP1B2_T240L)
independent experiments. Negative. control: Untransfected cells.

4.1.3 Influence of retinoschisin on the lateral diffusion of the Na/K-ATPase

A possible effect of retinoschisin on the lateral diffusion of the retinal Na/K-ATPase was
assessed via fluorescence correlation spectroscopy analyses in cooperation with Prof. Dr.
Thomas Friedrich (Technical University of Berlin, Department of Physical and Theoretical
Chemistry) and with Albert Prause (Technical University of Berlin, Department of Physical
Chemistry).

First, a bicistronic expression vector for a GFP-tagged retinal Na/K-ATPase, required for
fluorescence monitoring of the Na/K-ATPase at the plasma membrane, was generated (see
3.4.1). This vector, termed pCDNA3_ATP1A3-GFP_ATP1B2, contained the coding sequences
for ATP1B2 and GFP-tagged ATP1A3. Transfection efficacy was tested, the capacity to enable
expression of the GFP-tagged retinal Na/K-ATPase in transfected Hek293 cells was

determined as well as the capacity of the heterologously expressed retinal Na/K-ATPase to
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bind retinoschisin. As shown in Figure 13A, around 40% of Hek293 cells transfected with
pCDNA3_ATP1A3-GFP_ATP1B2, revealed a green fluorescence due to GFP-expression.
Transfection in Hek293 cells yielded a successful expression of ATP1A3 and ATP1B2 (Figure
13B). After incubation with purified retinoschisin or the retinoschisin mutant RS1_C59S, the
transfected Hek293 cells revealed binding of retinoschisin, but not of retinoschisin mutant
RS1 C59S (Figure 13B), which is in line with results for the non-tagged retinal Na/K-ATPase
(see Figure 7 and Figure 11, (Friedrich et al. 2011; Plossl et al. 2017b)

Figure 13: Characterization of the generated
expression vector pPCDNA3_ATP1A3-GFP_ATP1B2

Hek293 cells were transfected with pCDNA3_ATP1A3-
GFP_ATP1B2. A: After two days, transfection efficacy
and the expression of the GFP-tagged Na/K-ATPase
was analyzed via brightfield (BF) and subsequent GFP-
fluorescence microscopy (GFP) or B: Hek293 cells
were subjected to recombinant retinoschisin (+ RS1,;
333 ng/ul), RS1_C59S (+RS1_C59S,333 ng/ul), or the
equal amount of control eluate (+ctrl) for 1 h.
Heterologous protein expression as well as
retinoschisin binding was investigated by western blot
analysis with antibodies against retinoschisin, ATP1A3,
and ATP1B2. ACTB staining served as loading control.
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For fluorescence correlation spectroscopy analyses, Hek293 cells were transfected with
PCDNA3_ATP1A3-GFP_ATP1B2 and incubated with recombinant retinoschisin, RS1_C59S,
or an equal volume of control eluate. Only transfected Hek293 cells, which showed plasma
membrane-bound expression of the GFP-tagged Na/K-ATPase at the horizontal cell walls
(Figure 14A, indicated by white arrows) were used for measurements. As shown in Figure
14B, the heterologously expressed retinal Na/K-ATPase showed two distinct diffusion times
(T1: fast, lower curve, and T,: slow, upper curve), as observed before for Na/K-ATPases
(Junghans et al. 2017). Both, the diffusion times (7;: fast and 7,: slow) and the diffusion
coefficients (D1: fast and D2: slow) exhibited no significant differences between retinoschisin,
RS1 C59S, or control treatment (Figure 14B, Table 31).
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Figure 14: Fluorescence correlation spectroscopy analysis of transfected Hek293 cells

Hek293 cells were transfected with pPCDNA3_ATP1A3-GFP_ATP1B2. After two days, the medium was changed to
DMEM FluoroBrite medium and cells were subjected to recombinant retinoschisin (+RS1; 333 ng/pl), RS1_C59S
(+RS1_C59S,333 ng/pl), or the equal amount of control eluate (+ctrl) for 1 h. A: Fluorescence correlation
spectroscopy measurements were performed at the horizontal cell walls, where the GFP-tagged Na/K-ATPase
(green) was localized at the plasma membrane (marked by white arrows). B: The correlation data of Hek293 cells
treated with control eluate (ctrl, blue circle, n = 73), recombinant retinoschisin (RS1, red square, n = 55) and
recombinant RS1_C59S (RS1_C59S, green rhomb, n = 80) were fitted against a 2D diffusion model. Empty symbols
show slow, filled symbols show fast diffusion times. (Figure B was generated by Albert Prause).

Table 31: Fluorescence correlation spectroscopy analysis of Hek293 cells heterologously expressing GFP-
tagged Na/K-ATPase

7; (ms) (fast) D, (m?s71) (fast) | 7z (ms) (slow) | D, (m?s~1) (slow)
ctrl 0.25 + 042 (B.6+5%) 10711 50 + 73 (1.8+%7)-10713
RS1 0.20 + 342 (44+55- 10711 45+ 53 (20+37-10713
RS1_C59S 0.20 + 333 (44+73)-10711 55+ 58 (1.6+%3)-10713

Mean diffusion times (t) and mean correlation diffusion coefficients (D) and their standard deviations of the GFP-
tagged Na/K-ATPase of the fast (1) and slow (2) species analyzed via fluorescence correlation spectroscopy in
transfected Hek293 cells after the incubation with control eluate (ctrl), recombinant retinoschisin (RS1), and
recombinant RS1_C59S (RS1_C59S).

4.2 Analysis of retinoschisin and cardiac glycosides crosstalk at the
retinal Na/K-ATPase

Cardiac glycosides like ouabain and digoxin are well known binding partners and important

regulators of Na/K-ATPase (Schoner and Scheiner-Bobis 2007). In the following project, a

potential interplay of retinoschisin and cardiac glycosides at the Na/K-ATPase interface and

possible consequences of this interplay for retinal integrity were investigated.

4.2.1 Retinoschisin binding to the retinal Na/K-ATPase in presence of cardiac
glycosides

First, an effect of cardiac glycosides on the binding of retinoschisin to the retinal Na/K-ATPase
was investigated. Hek293 cells heterologously expressing the retinal Na/K-ATPase were

incubated with recombinant retinoschisin and different concentrations of ouabain (0 M, 10" M,
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10° M, 102 M, and 102 M for subsequent western blot analyses or 0 M and 103 M for
subsequent immunocytochemical analyses) or digoxin (0 M, 108 M, 10" M, 10° M, and 10° M
for subsequent western blot analyses or 0 M and 10° M subsequent immunocytochemical
analyses). Western blot analyses revealed a concentration dependent inhibitory effect of both
ouabain and digoxin on the binding of retinoschisin to Hek293 cells heterologously expressing
the retinal Na/K-ATPase (Figure 15). Digoxin showed a stronger effect than ouabain.
Specifically, no effect of ouabain on retinoschisin binding was observed at 10° M ouabain
(however 1072 M ouabain reduced retinoschisin binding to 33.0 + 16.3%, P < 0.05 compared
to control) (Figure 15A), while 10™° M digoxin reduced retinoschisin binding to 46.9 + 21.0%
(P < 0.05 compared to control) (Figure 15B).
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Figure 15: Retinoschisin binding to transfected Hek293 cells in the presence of cardiac glycosides
analyzed via western blot analysis

A, B: Hek293 cells were co-transfected with pPCEP_ATP1A3 and pCEP_ATP1B2. After two days, the cells were
incubated with retinoschisin in the presence of 0 (control), 1077, 1075, 1073, or 102 M ouabain (A) or O (control),
1078, 1077, 107%, or 107° M digoxin (B) for 1 h. After several washing steps, retinoschisin binding was investigated
by western blot analysis with antibodies against retinoschisin. ACTB staining served as loading control.
Densitometric quantification was performed on immunoblots from five (A, ouabain treatment) or seven (B, digoxin
treatment) individual experiments. Retinoschisin signals were normalized against ACTB and calibrated against the
control. Data represent the mean + SD. Asterisks represent statistically significant differences compared to control
(*P < 0.05; Kruskal-Wallis test followed by Dunn's multiple comparison test and Bonferroni correction). (Figure
modified from Schmid et al. 2020).
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In line with the results from western blot analyses, a significant decrease of retinoschisin
binding by cardiac glycoside treatment was also observed after inmunocytochemical staining
(reduction to 53.9 + 5.1% at 10~ M ouabain and to 24.8 + 19.1% at 10°® M digoxin; P < 0.05
compared to control) (Figure 16). The inhibitory effect of cardiac glycosides on retinoschisin
binding was even more pronounced than in western blot analyses, probably due to different

sensitivity of the two experimental approaches (western blot and immunocytochemistry).
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Figure 16: Retinoschisin binding to transfected Hek293 cells in the presence of cardiac glycosides analyzed
via immunocytochemical analysis

A- D: Hek293 cells were co-transfected with pCEP_ATP1A3 and pCEP_ATP1B2. After two days, they were
subjected to recombinant retinoschisin for 2 h in the presence of 0 M (control) or 10* M ouabain (A) or in the
presence of 0 M (control) or 107 M digoxin (B). After several washing steps, retinoschisin binding was analyzed
via immunocytochemistry with antibodies against retinoschisin (red), ATP1B2 (green), as well as DAPI staining
(blue, depicting nuclei). Scale bars: 25 pm. Retinoschisin signals of 20 ATP1B2-expressing cells per biological
replicate were measured using ImageJ. Data represent the mean + SD of four (C, ouabain treatment) or five (D,
digoxin treatment) biological replicates, calibrated against the control. Asterisks show statistically significant
differences compared to control (*P < 0.05; Mann—-Whitney U test). (Figure modified from Schmid et al. 2020).

The effect of cardiac glycosides on retinoschisin binding was also investigated in Y-79 cells, a
human retinoblastoma cell line that endogenously expresses the retinal Na/K-ATPase, but not
retinoschisin, and which can bind externally added retinoschisin (Plossl et al. 2017a).
Consistent with the results for Hek293 cells expressing the retinal Na/K-ATPase, Y-79 cells
exhibited reduced retinoschisin binding with increasing cardiac glycoside concentrations
(ouabain: 0 M, 10°® M, 10° M, 10* M, 10 M, and 102 M or digoxin: 0 M, 107 M, and 10 M).
Again, digoxin exerted a stronger effect than ouabain (reduction to 41.3 + 43.6% at 107> M
ouabain and 42.4 + 7.2% at 107° M digoxin; P < 0.05 compared to control) (Figure 17).
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Figure 17: Retinoschisin binding to Y-79 cells in the presence of cardiac glycosides
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A, B: Y-79 cells were subjected to recombinant retinoschisin for 1 h in the presence of 0 (control), 1076, 1075, 1074,
1073, or 1072 M ouabain (A) or 0 (control), 1077, or 107% M digoxin (B). After several washing steps, retinoschisin
binding was investigated by western blot analysis with antibodies against retinoschisin. ACTB staining served as
loading control. Densitometric quantification was performed on immunoblots from six (A, ouabain treatment) or four
(B, digoxin treatment) individual experiments. Retinoschisin signals were normalized against ACTB and calibrated
against the control. Data represent the mean + SD. Asterisks show statistically significant differences compared to
control (*P < 0.05; Kruskall-Wallis test followed by Dunn's multiple comparison test and Bonferroni correction).
(Figure modified from Schmid et al. 2020).

To exclude that the observed retinoschisin binding behavior is not a consequence of cellular
processes other than a competitive effect of both molecules at the retinal Na/K-ATPase

additional analyses were conducted.

First, a putative influence of cardiac glycosides on the expression of the retinoschisin binding
partner ATP1B2 was investigated. Thus, ATP1B2 levels of the transfected Hek293 cells from
the retinoschisin binding assays (Figure 15) were quantified via western blot analysis. As
shown in Figure 18 no difference in ATP1B2 protein expression was observed after the
incubation with ouabain (Figure 18A) or digoxin (Figure 18B).
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Second, a putative effect of cardiac glycosides on retinoschisin levels in the supernatant was
addressed. Hek293 cells heterologously expressing the retinal Na/K-ATPase were incubated
with cardiac glycosides (ouabain: 0 M, 103 M, and 102 M, or digoxin: 0 M,10°® M, and 10° M)
and retinoschisin for 1 h (comparable to western blot analysis) or for 2 h (comparable to
immunocytochemical analysis). Afterwards retinoschisin protein expression in the supernatant
were investigated in western blot analyses. No effect of cardiac glycosides on retinoschisin

levels was observed (Figure 19A and B).
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Figure 19: Effect of cardiac glycosides on retinoschisin levels in the supernatant
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A, B: Hek293 cells were co-transfected with pCEP_ATP1A3 and pCEP_ATP1B2. After two days, retinoschisin
(RS1) containing supernatant (input) was added as well as 0 (control), 1073, or 1072 M ouabain (A) or 0 (control),
1078, or 1075 M digoxin (B). After 1 h and 2 h, samples were taken from the supernatant and subjected to western
blot analysis with antibodies against retinoschisin. Densitometric quantification of retinoschisin was performed on
immunoblots from six individual experiments. Signals were calibrated against the control. Data represent the mean
+ SD (Figure modified from Schmid et al. 2020).

Finally, cardiac glycoside dependent retinoschisin binding to an ouabain-insensitive ATP1A3
mutant (“ATP1A3-01") was investigated. Due to two point mutations at the ouabain binding site
(Q108R and N119D), ATP1A3-OI remains fully functional but can no longer bind ouabain
(Price and Lingrel 2002; Plossl et al. 2017b). As crystal structures revealed similar interaction
sites for ouabain or digoxin at the a-subunit of the Na/K-ATPase, ATP1A3-0I should also falil
to bind digoxin (Laursen et al. 2013). Binding assays with Hek293 cells heterologously
expressing ATP1A3-0l and ATP1B2 in the presence of ouabain (0, 1077, 107°, 1073, or 1072 M)
or digoxin (0, 1078, 1077, 107 or 10° M) were conducted as before (Figure 15) and
retinoschisin binding was analyzed via western blot analysis. In contrast to the inhibitory effect
of cardiac glycosides on the binding of retinoschisin to the normal retinal Na/K-ATPase (Figure
15), ouabain (Figure 20A) or digoxin (Figure 20B) did not affect binding of retinoschisin to the

ouabain-insensitive Na/K-ATPase.
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Figure 20: Retinoschisin binding to Hek293 cells heterologously expressing ATP1A3 mutant ATP1A3-0Ol
and ATP1B2 in the presence of cardiac glycosides analyzed via western blot analysis

A, B: Hek293 cells were co-transfected with pCEP_ATP1A3-0l (ouabain-insensitive) and pCEP_ATP1B2. After
two days, cells were incubated with retinoschisin in the presence of 0 (control), 1077, 105, 1073, or 1072 M ouabain
(A) or 0 (control), 1078, 1077, 107%, or 107> M digoxin (B) for 1 h. After several washing steps, retinoschisin binding
was investigated by western blot analysis with antibodies against retinoschisin. ACTB staining served as loading
control. Densitometric quantification was performed on immunoblots from each of five individual experiments.
Retinoschisin signals were normalized against ACTB and calibrated against the control. Data represent the mean
+ SD. (Figure modified from Schmid et al. 2020).
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Immunocytochemical analyses confirmed this observation. Neither ouabain (102 M) (Figure
21A and C) nor digoxin (10 M) (Figure 21B and D) affected the binding of retinoschisin to

Hek293 cells expressing the ouabain-insensitive retinal Na/K-ATPase (Figure 15).
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Figure 21: Retinoschisin binding to Hek293 cells heterologously expressing ATP1A3 mutant ATP1A3-Ol
and ATP1B2 in the presence of cardiac glycosides analyzed viaimmunocytochemical analysis

A- D: Hek293 cells were co-transfected with pCEP_ATP1A3-0l (ouabain-insensitive) and pCEP_ATP1B2. After
two days, cells were subjected to recombinant retinoschisin for 2 h in the presence of 0 M (control) or 1073 M
ouabain (A) or in the presence of 0 M (control) or 107 M digoxin (B). Subsequently, retinoschisin binding was
analyzed via immunocytochemistry with antibodies against retinoschisin (red), ATP1B2 (green), as well as DAPI
staining (blue, depicting nuclei). Scale bars: 25 pm. Retinoschisin signals of 20 ATP1B2 expressing cells per
biological replicate were measured using ImageJ. Data represent the mean + SD of four (C, ouabain treatment) or
five (D, digoxin treatment) biological replicates, calibrated against the control. (Figure modified from Schmid et al.
2020).
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4.2.2 Cardiac glycosides binding to the retinal Na/K-ATPase in dependence of
retinoschisin

Next, an effect of retinoschisin on cardiac glycoside binding was investigated, applying two
experimental approaches: First, the retinoschisin dependent binding of radioactive *H-labeled
ouabain to the retinal Na/K-ATPase was analyzed. Second, the influence of retinoschisin on
the cardiac glycoside-induced inhibition of the active ion transport of the Na/K-ATPase was
explored.

%H-labeled ouabain binding to the retinal Na/K-ATPase heterologously expressed in Hek293
or Y-79 cells was explored. Before conducting the experiments, binding assays with different
retinoschisin concentrations (without cardiac glycosides) were performed to determine the
retinoschisin input concentration to allow maximal cellular retinoschisin binding (meaning the
strongest signals of bound retinoschisin after western blot analysis). For Hek293 cells (Figure
22A) maximal retinoschisin binding was observed from a retinoschisin concentration of 1
pg/ml, and for Y-79 cells (Figure 22B) from a retinoschisin concentration of 75 ng/ml. The
following experiments testing binding of *H-labeled ouabain were conducted in the presence
of an excess amount of retinoschisin, 1,5 pg/ml for transfected Hek293 cells and 125 ng/pl for
Y-79 cells.

Figure 22: Effect of protein concentration
on retinoschisin binding efficiency
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modified from Schmid et al. 2020).

In the first experimental approach, Hek293 cells heterologously expressing the retinal Na/K-
ATPase or Y-79 cells were subjected to 1.5 pg/ml recombinant retinoschisin or the same
volume of control eluate and increasing concentrations of *H-labeled ouabain (0, 0.5 x 1079,
1.0 x 1078 2.5 x 1078, 5.0 x 1078, or 1.0 x 107 M). Alternatively, the cells were incubated with
107" M 3H-labeled ouabain and with increasing concentrations of retinoschisin (Hek293 cells:
to 0, 0.5, 1.0, 1.5, or 2.0 pg/ml, Y-79 cells: 0, 75, 150, 225, or 350 ng/ml) or the same volume

of control eluate. The bound radioactivity and thus the binding of 3H-labeled ouabain to
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transfected Hek293 cells or Y-79 cells was measured subsequently as counts per minute via

a scintillation detector.

For the applied ouabain concentrations (Figure 23A), Hek293 cells transfected with
pCEP_ATP1A3 ATP1B2 showed an approximately twofold increase in bound radioactivity
compared to control cells (transfected with pCEP4), apparently reflecting additional ouabain
binding by the heterologously expressed retinal Na/K-ATPase. No differences in bound
radioactivity and thus on ouabain binding were observed between cells treated with or without
retinoschisin (Figure 23A). When binding of 10" M 3H-labeled ouabain in the presence of
increasing amounts of retinoschisin was investigated, retinoschisin did not affect ouabain
binding to the retinal Na/K-ATPase heterologously expressed in Hek293 cells, even under the
highest applied retinoschisin concentration of 2 pg/ml (Figure 23B).

Y-79 cells (Figure 23C,D) showed no effect of retinoschisin on the binding of *H-labeled
ouabain, neither for different ouabain concentrations (Figure 23C) nor under increasing
concentrations of retinoschisin (Figure 23D).
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Figure 23: 3H-labeled ouabain binding to transfected Hek293 cells in the presence of retinoschisin

A, B: Hek293 cells were transfected with pCEP4 or with pPCEP_ATP1A3_ATP1B2. A: After two days, cells were
subjected to 1.5 pg/ml recombinant retinoschisin (RS1) or the same volume of control eluate (ctrl) for 30 min,
followed by the addition of 0, 0.5 x 1079, 1.0 x 1078, 2.5 x 1078, 5.0 x 1078, or 1.0 x 1077 M 3H-labeled ouabain for
30 min. B: Alternatively, cells were subjected to 0, 0.5, 1, 1.5, or 2 pg/ml retinoschisin (RS1) or the same volume of
control eluate (ctrl) for 30 min, followed by the addition of 1077 M 3H-labeled ouabain for 30 min (#, without 3H-
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labeled ouabain). C: Y-79 cells were subjected to 120 ng/mL recombinant retinoschisin (RS1) or the same volume
of control eluate (ctrl) for 30 min, followed by the addition of 0, 0.5 x 107, 1.0 x 1078, 2.5 x 1078, 5.0 x 1078, or 1.0
x 1077 M S3H-labeled ouabain. D: Alternatively, Y-79 cells were subjected to 0, 75, 150, 225, or 350 ng/ml
recombinant retinoschisin (RS1) or the same volume of control eluate (ctrl) for 30 min, followed by the addition of
1077 M 2H-labeled ouabain and 30 min of incubation (#, without 3H-labeled ouabain). A-D: After incubation with
retinoschisin and ouabain, cells were washed and lysed, and bound radioactivity was determined in a scintillation
counter. (A, C) Data represent the mean + SD of measured counts/minute of five (A) or nine (C) biological replicates.
(B, D) Data represent the mean + SD of five (B) or seven (D) biological replicates, calibrated against signals of cells
incubated with 3H-labeled ouabain but without retinoschisin or control eluate (gray bar). (Figure modified from
Schmid et al. 2020).

In the second experimental approach, the influence of retinoschisin on the cardiac glycoside-
induced inhibition of the active ion transport of the Na/K-ATPase was explored. A cardiac
glycoside-sensitive ATP hydrolysis assay was performed to compare Na/K-ATPase activity in
murine retinal membranes of wildtype and retinoschisin-deficient mice (Figure 24A), or to
compare Na/K-ATPase activity in murine retinoschisin-deficient retinal membranes in the
presence of recombinant retinoschisin or control eluate (Figure 24B). With increasing
concentrations of digoxin (0 — 10 uM; Figure 24), the Na/K-ATPase activity decreased in both
assays. Notably, the presence of endogenous (Figure 24A) or recombinant (Figure 24B)
retinoschisin did not alter the inhibitory capacity of digoxin (P > 0.05 compared with
retinoschisin-deficient retinae at all concentrations of digoxin). In addition, the ATP hydrolysis
tests were also performed in the presence of ouabain by Carina Schmied (M.Sc. student at the
Institute of Human Genetics, Regensburg), and comparable results were obtained (published
in Schmid et al. 2020).

1.2 B 1.6 : — — )
) : . — R retinoschisin-deficient retinae
A g 1.0 °{§{{23§°h'5""d9f'°"9”‘ % 1; o + control eluate
%’ 0.8 o wildtype retinae "g: 170 * +RS1
E 0.6 c ’
o & 0.8
l<—( 04 < 06
202 2 04
S 00 T 02
S 02 — - 00
0 2 4 6 8 10 0 2 4 6 8 10
digoxin (UM) digoxin (UM)

Figure 24: Effect of retinoschisin on inhibition of retinal Na/K-ATPase pump activity by cardiac glycosides

A, B: Na/K-ATPase catalyzed ATP hydrolysis in murine retinal membrane fractions from (A) retinoschisin-deficient
(open circles) and wildtype mice (closed circles) or from (B) retinoschisin-deficient mice pre-incubated for 30 min
with recombinant retinoschisin (RS1, 1 pg/ml, closed circles) or control eluate (open circles). Assays were
performed in the presence of 0, 1.0 x 1077, 5.0 x 1077, 7.5 x 1077, 1.0 x 1076, 5.0 x 107, and 1.0 x 10~ M digoxin.
Data represent the mean + SD of five biological replicates, calibrated against values obtained for 0 M digoxin.
(Figure modified from Schmid et al. 2020).

4.2.3 The reciprocal effect of cardiac glycosides and retinoschisin on
photoreceptor degeneration

In retinoschisin-deficient mice, apoptotic photoreceptor degeneration is observed, with a peak
of apoptotic nuclei around P18 (Gehrig et al. 2006; 2007). Photoreceptor degeneration in

retinal explants of retinoschisin-deficient mice was shown to be reduced by externally added
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retinoschisin (Plossl et al. 2018). The following experiment now addressed the effect of cardiac
glycosides on the protective capacity of retinoschisin against apoptotic photoreceptor
degeneration.

Retinae of retinoschisin-deficient mice were explanted at P18 and incubated with recombinant
retinoschisin or control eluate and with or without ouabain or digoxin. After four days, apoptotic
cell death was followed by TUNEL-staining. Explants incubated with retinoschisin showed less
apoptotic nuclei in outer nuclear layer (9.1 + 5.3%) than explants incubated with control eluate
(23.3 + 19.9%) (Figure 25). After the incubation with 10° M ouabain, the number of apoptotic
nuclei increased to 54.3 + 31.1%, after the incubation with 10 M ouabain and retinoschisin to
40.3 + 17.9% (Figure 25). The difference in the percentages of apoptotic nuclei between only
retinoschisin- or only ouabain-treated explants reached statistical significance (P < 0.05)
(Figure 25).
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Figure 25: Effect of ouabain and retinoschisin on photoreceptor degeneration in retinal explants

A: Retinoschisin-deficient retinae explanted at postnatal day18 were cultivated for four days in medium containing
retinoschisin (RS1) or control eluate (ctrl) in the presence of 0 or 107> M ouabain (O). Cryosections of the explants
were subjected to TUNEL staining to visualize apoptotic nuclei (green), as well as to DAPI staining to visualize all
nuclei (gray). Scale bars: 25 pm. ONL, outer nuclear layer; INL, inner nuclear layer. B: TUNEL-positive nuclei and
all nuclei were counted in each cryosection with the Cell Counter plugin for ImageJ, and the percentage of TUNEL-
positive nuclei was calculated. Data represent the mean + SD of five biological replicates calibrated against the
control. Asterisks represent statistically significant differences compared with the control (*P < 0.05; ANOVA test
followed by Tukey's multiple comparison test). (Figure modified from Schmid et al. 2020).

For the retinal explants incubated with digoxin, similar effects were observed. Again,
retinoschisin exerted a protective effect against apoptosis (13.9 + 16.7% apoptotic nuclei in
retinoschisin treated explants compared to 24.0 + 19.9% in control explants), while treatment
with 10® M digoxin strongly increased apoptosis in the outer nuclear layer (55.4 + 27.6%
apoptotic nuclei; P < 0.05 compared to retinoschisin-treated explants) (Figure 26). In explants
incubated with retinoschisin and digoxin 36.4 + 22.0% apoptotic nuclei were detected (Figure
26).
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Figure 26: Effect of digoxin and retinoschisin on photoreceptor degeneration in retinal explants

A: Retinoschisin-deficient retinae explanted at postnatal day 18 were cultivated for four days in medium containing
retinoschisin (RS1) or control eluate (ctrl) in the presence of 0 or 1076 M digoxin (D). Cryosections of the explants
were subjected to TUNEL staining to visualize apoptotic nuclei (green), as well as to DAPI staining to visualize all
nuclei (gray). Scale bars: 25 pm. ONL, outer nuclear layer; INL, inner nuclear layer. B: TUNEL-positive nuclei and
all nuclei were counted in each cryosection with the Cell Counter plugin for ImageJ, and the percentage of TUNEL-
positive nuclei was calculated. Data represent the mean + SD of six biological replicates calibrated against the
control. Asterisks represent statistically significant differences compared with the control (*P < 0.05; Kruskal-Wallis
test followed by Dunn's multiple comparison test and Bonferroni correction). (Figure modified from Schmid et al.
2020).

4.3 Detailed analysis of the retinal Na/K-ATPase

The ATP1Al-containing Na/K-ATPase complex interacts with several signal transducers such
as SRC, PLC, RAS or PI3K leading to the formation of a so-called “signalosome complex”
(Reinhard et al. 2013; Cui and Xie 2017). In addition, the transmembrane ion exchanger NCX
and the adaptor protein ANKB were suggested as close interaction partners of the Na/K-
ATPase in cardiomyocytes, together playing an important role in maintaining ion homeostasis
and stabilizing the protein complex (Mohler et al. 2005; Reinhard et al. 2013).

In the retina, the retinal Na/K-ATPase was also reported to be complexed with ANKB and
tethered to B2-spectrin (Kizhatil et al. 2009). Apart from the latter work, little is known about
further interaction partners of the retinal Na/K-ATPase and thus about a putative function of
the retinal Na/K-ATPase at the photoreceptor inner segments. The aim of this subproject was
to identify further interaction partners of the retinal Na/K-ATPase and the consequences of

retinoschisin-deficiency on such a macromolecular complex.

4.3.1 Targeted approach: Analysis of known ATP1Al-containing Na/K-ATPase
complex associated proteins

4.3.1.1 Co-Immunoprecipitation analysis targeting known ATP1Al-containing Na/K-
ATPase complex associated proteins

The identification of interacting proteins of the retinal Na/K-ATPase was initially addressed
following a targeted approach. After co-immunoprecipitation of porcine retinal lysates with

antibodies against ATP1A3, western blot analyses were performed of the precipitate applying
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antibodies against known ATP1Al-containing Na/K-ATPase complex associated proteins,
such as SRC, PI3K, RAS, NCX, and PLC (summarized in Reinhard et al. 2013)

As shown in Figure 27A (top), ATP1A3 as well as ATP1B2 were identified in the precipitate of
the ATP1A3 co-immunoprecipitation experiment but not in the precipitate of the negative
control experiment, a 6*His-tag co-immunoprecipitation. In the staining of ATP1B2 a weak
molecular weight species staining slightly higher than the band obtained for ATP1B2 was
observed in the precipitate of the 6*His-tag co-immunoprecipitation, which is likely due to
unspecific labeling of the heavy chains of the antibodies (molecular weight of both ATP1B2
and heavy antibody chain around 55 kDa).

In contrast to the two retinal Na/K-ATPase subunits, the known ATP1A1l interaction partner
SRC (Figure 27A, top) showed a very weak staining of similar intensity in the precipitates of
both anti-ATP1A3 and 6*His-tag co-immunoprecipitation. The precipitation of SRC might thus
rather be a consequence of its unspecific interaction with the column material or antibody
backbones. The analysis of PI3K (molecular weight = 85 kDa), showed no immunolabeling in
the precipitate of ATP1A3, whereas a faint staining of the same size was detectable in the
control co-immunoprecipitation targeting 6*His-tag (Figure 27A middle), likely indicating
unspecific binding of the PI3K to the 6*His-Tag. The western blot analysis of RAS in the co-
immunoprecipitations of ATP1A3 and 6*His-tag showed signals in input and flow through
fractions equivalent to the molecular weight of RAS (21 kDa), whereas in the precipitates of
both experiments only an antibody binding at a higher molecular weight was detected, which
most likely represents unspecific detection of the light chains of the antibodies (molecular
weight = 25 kDa) (Figure 27A middle). As shown in Figure 27A (bottom), the known ATP1A1
complex partners NCX (molecular weight = 120 kDa) and PLC (molecular weight = 150 kDa)
only showed a weak staining in both precipitates (ATP1A3 and 6*His-tag). Similar to the SRC
staining, the observed labeling might be a consequence of unspecific interaction with the
column material or antibody backbones.

To confirm specificity, additional co-immunoprecipitations targeting ATP1A1 were conducted
(Figure 27B). Again, ATP1B2, as a possible Na/K-ATPase [B-subunit, was detected in the
precipitate of ATP1A1 co-immunoprecipitation, whereas only unspecific labeling of likely heavy
chains of the antibodies was observed in the precipitate of the 6*His-tag co-
immunoprecipitation (Figure 27B, top). In contrast to the weak SRC staining in the co-
immunoprecipitation targeting ATP1A3 (Figure 27A, top), a strong SRC staining was obtained
in the co-immunoprecipitation targeting ATP1A1 while again, only a weak band was detected
in the control co-immunoprecipitation (6*His-tag) (Figure 27B, top). In contrast to the co-
immunoprecipitation targeting ATP1A3, the staining of PI3K revealed a positive reaction in the
co-immunoprecipitation targeting ATP1A1, while a weaker staining was detected in the control

experiments using 6*His-tag antibodies (Figure 27B, middle). RAS could not be detected in
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the co-immunoprecipitation with ATP1Al antibodies (Figure 27B, middle). Like in the co-
immunoprecipitation with ATP1A3 antibodies, probably the heavier light chains of the
antibodies were stained in the precipitates. In the co-immunoprecipitation targeting ATP1AL,
both NCX and PLC were precipitated (strong labeling), and only NCX showed a weak
unspecific molecular weight staining in the co-immunoprecipitation with 6*His-tag antibodies
(Figure 27B, bottom).
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Figure 27: Co-Immunoprecipitation from porcine retinal lysates to test the interaction between ATP1A1-
containing Na/K-ATPase complex associated proteins and the retinal Na/K-ATPase

Co-immunoprecipitations from porcine retinal lysates were performed with antibodies against ATP1A3 (A), ATP1Al
(B), and 6*His-tag as a control. Samples of input (I), flow through (FT), the last washing step (W), and precipitate
(P, contains co-immunoprecipitated proteins) were stained with antibodies against ATP1A3, ATP1A1, ATP1B2,
SRC, PI3K, RAS, NCX, and PLC.

4.3.1.2 Effect of retinoschisin-deficiency on the localization of retinal Na/K-ATPase
interaction partner AnkyrinB

Kizhatil and colleagues (2009) presented evidence for a complex formation of the retinal Na/K-
ATPase and AnkB in murine photoreceptor inner segments, with important consequences on

the localization of this complex.

66



Results

In the present work, co-immunoprecipitation analysis to confirm this direct interaction was not
performed because the large molecular weight of AnkB (220 kDa) prevented the detection in
SDS-PAGE separation.

Previous studies demonstrated that retinoschisin-deficiency affects the correct localization of
the retinal Na/K-ATPase during murine retinal development with first visible differences
occurring around P14 (Friedrich et al. 2011). Thus, an effect of retinoschisin-deficiency on
AnkB localization was investigated in wildtype and retinoschisin-deficient mice from P4 to P30
as well, by measuring the AnkB signal intensity in inner segments and outer nuclear layer and
calculating the ratio from inner segments to outer nuclear layer, r(IS/TONL). From P7 to P14,
the distribution of AnkB in inner segments and outer nuclear layer was comparable in wildtype
and retinoschisin-deficient mice with an r(IS/ONL) around 1.5 (Figure 28A and B). In contrast,
from P18 onward, a significant difference in the distribution of AnkB was detected between
wildtype and retinoschisin-deficient mice with an r(IS/ONL) of 2.74 + 0.22 in wildtype retinae
compared to 1.62 + 0.29 in retinoschisin-deficient retinae at P18 (P < 0.01) (Figure 28A and
B).
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Figure 28: Localization of AnkB in the retina of wildtype and
retinoschisin-deficient mice of different postnatal stages

w

N w IS
pt
bt

| WT
[] Rs1h-def. X

A: Cryosections of eyes of wildtype (WT) and retinoschisin-
deficient (Rs1lh-def.) mice of different postnatal stages (P7, P10,
P14, P18, P21, and P30) were subjected to staining with antibodies
against AnkB (green), as well as DAPI staining (blue, depicting

nuclei). Confocal microscopy was performed at 20x magnification.

Scale bars: 40 um; IS, inner segments; ONL, outer nuclear layer;

INL, inner nuclear layer B: AnkB signals in the inner segments and P7 P10 P14 P18 P21 P30
outer nuclear layer were measured using ImageJ. Data show the

ratio of signal intensity from inner to outer segments r(IS/ONL),

given as mean + SD of five biological replicates. Asterisks

represent statistically significant differences (*P < 0.05; two-tailed

Student’s t-test)
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4.3.2 Nondirected approach: Mass spectrometric analysis of ATP1A3-targeted
co-immunoprecipitation

As the targeted co-immunoprecipitation approach failed to reveal additional interaction
partners of ATP1A3-containing Na/K-ATPases, a nondirected co-immunoprecipitation
approach was chosen. After co-immunoprecipitations from porcine retinal lysates targeting
ATP1AS3 or 6*His-tag (control), the precipitates were subsequently analyzed using LC-MS/MS
analysis. The workflow is illustrated in Figure 29.

First, the precipitates were loaded onto a NUPAGE gel and proteins were stained with

Coomassie. All protein species detected (Figure 29, indicated with red arrows) were excised,
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and subjected to LC-MS/MS analysis. The data were then mapped against the Swiss-Prot
Mammalian database. From the unique proteins identified via the Mammalian database
keratins, representing well-known impurities, were subtracted, leaving a total number of 436
identified proteins. Of these, 66 were detected only in the precipitate of the 6*His-tag control,
82 in both precipitates, and 288 only in the precipitate of ATP1A3 co-immunoprecipitation.
Next, candidate prioritization of the 288 proteins was conducted to select suitable candidates
for further laboratory testing. For candidate prioritization the following parameters were chosen
a) for the Mascot-score a threshold of 100 was set, b) the number of peptides, which were
identified in the precipitate, should be higher than 1. It should be mentioned that proteins with
a Mascot-score below 100 can also be possible interaction partners, since the Mascot-score
is defined as the sum of the individual peptides and can therefore be lower for very small
proteins. Consequently, these proteins should also be considered in further data analysis. In
addition to the specific mass spectrometric parameters, localization of the proteins in the retina
(favoring an inner segment localization, close to the retinal Na/K-ATPase) and their function
was included in the prioritization (Figure 29).
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Figure 29: Workflow of the nondirected approach to identify new interaction partners of the retinal Na/K-
ATPase via mass spectrometric analysis of the precipitate of the co-Immunoprecipitation from porcine
retinal lysates targeting ATP1A3.

After applying prioritization parameters, the most promising interaction candidates were again
mapped against the Swiss-Prot Sus scrofa database.
Table 32 shows the results for ATP1A3, ATP1B2, and retinoschisin (highlighted in grey), which

were exclusively detected in the co-immunoprecipitation targeting ATP1A3, but not in the co-
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immunoprecipitation targeting the 6*His-tag. It summarizes the ten most promising candidates
for interaction partners of the retinoschisin-Na/K-ATPase complex (Table 32).

The ATP1A3 protein showed both the highest score and the highest number of identified
peptides. ATP1B2 and retinoschisin were also detected, with a score above 100 and more
than one identified peptide (Table 32), demonstrating the capacity of the co-
immunoprecipitation approach to precipitate ATP1AS3-interacting proteins (like ATP1B2) and
proteins attached to ATP1A3 binding proteins (like the ATP1B2 binding partner retinoschisin).
In this study, three of the ten most promising candidates were selected for first laboratory
analysis, due to their functional relevance and localization in the retina (Table 32, highlighted
in light green): The voltage-gated potassium channel subfamily B member 1 (Kv2.1 or KCNB1),
the voltage-gated potassium channel subfamily V member 2 (Kv8.2 or KCNV2), and
AnnexinA2 (ANXA2).
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Table 32: Overview of the ten most promising interaction partners of the retinal Na/K-ATPase, examined via co-immunoprecipitation targeting ATP1A3 and *6His-tag as
a control and subsequent mass spectrometric analysis of the precipitates from porcine retinal lysates, and additional prioritization.

Listed are the identified proteins (LC-MS/MS data mapped against Swiss-Prot Sus scrofa database), their gene name, mass spectrometric parameters such as Mascot-score, the
number of identified peptides (Pept.) and the sequence coverage (SC %) score as well as the protein function. Proteins of the retinoschisin-Na/K-ATPase complex are highlighted in
light grey, and proteins, which were further analyzed in this work, are highlighted in light green

Protein Gene Mascot- Pept. SC Protein Function
score [%]
ATP1A3 ATP1A3 5503.6 67 43.2 | See 1.2
ATP1B2 ATP1B2 785.6 11 32.1 | Seel2
Retinoschisin RS1 212.9 4 18.9 | See 1.1.2and 1.1.5
Voltage-gated
potassium channel
subfamily B member 1 KCNB1 362.9 ! 128 Kv2.1 and Kv8.2, are high-voltage activated and they generate delayed rectifier Kv currents
(Kv2.1) that regulate the rate and repolarization of action potentials (Liu and Bean 2014). Kv2.1 and
Voltage-gated Kv8.2 form heterotetrametric complexes in photoreceptor inner segments (Gayet-Primo et
potasspm channel KCNV?2 2173 4 6.4 al. 2018).
subfamily V member 2
(Kv8.2)
Annexins are cytosolic proteins, with a soluble and a stable form, which reversibly interacts
with components of the cell membrane (Mirsaeidi et al. 2016). AnxA2 is involved in many
AnnexinA2 (ANXA2) ANXA2 361.9 5 18 processes, including organization of specialized membrane microdomains, signal
transduction, and regulation of additional membrane dynamic events (Moss and Morgan
2004; Jiang and Xu 2019; Dallacasagrande and Hajjar 2020).
Enolase 1 is a glycolytic enzyme and thus plays an important role in the cellular energy
metabolism (Wold and Ballou 1957). It is also involved in the regulation of dynamics of
Enolase-1 ENO1 1259.4 17 56.6 cytoskeletal filaments (Keller et al. 2007), signaling cascades (Dai et al. 2018), or stress
responses (Graven et al. 1993).
S-Arrestin 1 is involved in multiple signaling pathways and desensitizes rod photoreceptors
S-Arrestin SAG 695.0 11 53.1 | by the small G-protein in rods from binding to phosphorylated rhodopsin (Hanson et al.
2007).
Aminopeptidase B RNPEP 245.5 6 0.1 Ami-nope.ptidase Bis q ubiquitous.enzyme, and .it cgtalyzes the altmino-terminal cleavr_;lge of
basic residues of peptide or protein substrates, indicating a role in precursor processing.
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The physiological role is still not clear, but preliminary analysis of rat retina analysis
indicates that Aminopeptidase B, the glucose transporter GLUT3 and choline
acetyltransferase share a similar expression pattern in retina (Piesse et al. 2004).

Lamin B1

LMNB1

271,2

145

Lamins are components of the nuclear lamina, a fibrous layer on the nucleoplasmic side of
the inner nuclear membrane. Lamin B1 and lamin B2 have crucial but distinct functions in
the development of the retina. In specific, lamin B1 is extremely important for the survival of
retinal neurons (Razafsky et al. 2016).

Vinculin

VCL

108.0

3.1

The focal adhesion protein vinculin is an actin filament-binding protein involved in cell-matrix
adhesion and cell-cell adhesion and it may also play important roles in cell morphology and
locomotion (Le Clainche et al. 2010).

Arginase-1

ARG1

157.5

11.5

Arginase is mainly expressed in the liver, where it plays an essential role in the urea cycle.
In the retina, arginase activity mediates retinal inflammation in endotoxin-induced uveitis
(Zhang et al. 2009).

Rab GDP dissociation
inhibitor beta

GDI2

162.2

11.2

Rab GDP dissociation inhibitors (GDIs)1 are relatively abundant cytosolic proteins that bind
prenylated Rab-GTPases. GDIs have the capacity to deliver Rab proteins to their specific
membrane-bound compartments (Pfeffer et al. 1995).

72




Results

4.3.3 Studies on voltage-gated potassium channel subunits Kv2.1 and Kv8.2 as
possible interaction partners of the retinoschisin-Na/K-ATPase complex

4.3.3.1Analysis of Na/K-ATPase and Kv channel subunits Kv2.1 and Kv8.2 interaction
in murine retinae

To verify the interaction between the retinal Na/K-ATPase and Kv channel subunits Kv2.1 and
Kv8.2 observed in the undirected porcine co-immunoprecipitation experiment (Table 32),
murine retinal lysates were subjected to co-immunoprecipitation analysis with antibodies
against Atpla3 (Figure 30A). The precipitate was analyzed for Kv2.1 and Kv8.2 (as well as
Atpla3, Atplb2, and retinoschisin as positive controls) via western blot analysis.

Kv2.1 (molecular weight = 120 kDa) and Kv8.2 (molecular weight = 65 kDa) were detected in
the precipitate of the co-immunoprecipitation targeting Atpla3, together with Atplb2 and
retinoschisin. In control experiments targeting 6*His-tag, Kv2.1, Atp1b2, and retinoschisin were
absent from the precipitate (Figure 30A). In contrast, immunostaining against Kv8.2 revealed
a signal with a slightly reduced molecular weight compared to Kv8.2 in the precipitate of the
6*His-tag co-immunoprecipitation, which is most likely explained by unspecific detection of the
heavy chains of the antibodies (Kv8.2 = 65 kDa, heavy antibody chain = 55 kDa).

Additional co-immunoprecipitation experiments were performed targeting Kv2.1 (Figure 30B)
or Kv8.2 (Figure 30C). In both experiments, the two subunits of the retinal Na/K-ATPase
(Atpla3 and Atplb2), retinoschisin, and the corresponding Kv channel subunit were
precipitated with Kv2.1 and Kv8.2, respectively. Again, control experiments using 6*His-tag
antibodies did not reveal any of these proteins in the precipitate (Figure 30B and C).
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4.3.3.2Localization of the retinoschisin-Na/K-ATPase-Kv channel complex in murine
retina

In a next step, (co-)localization of Kv2.1, Kv8.2 and the retinal Na/K-ATPase was investigated.
As both Kv channel subunits were primarily detected in photoreceptor inner segments in
previous analyses (Gayet-Primo et al. 2018), a close-up confocal microscopic analysis was
performed focusing on the inner segments after immunohistochemical staining of retinal
cryosections. As shown in Figure 31A and B, Kv2.1 as well as the constituents of retinoschisin-
Na/K-ATPase complex, Atpla3, Atplb2, and retinoschisin, are clearly localized in the plasma
membrane of the photoreceptor inner segments. Kv8.2 signals were rather weak and punctate,
and, while labeling in the inner segments was obvious, membrane localization could not be
confirmed with this experiment (Figure 31B). The co-labeling of the Kv channel subunits and
the Atplb2 subunit of the retinal Na/K-ATPase revealed an extensive overlap of Kv2.1 with
Atplb2 signals in the plasma membrane of the inner segments (white overlay signals in Figure
31C, right panel). Kv8.2 was also found to co-localize with Atplb2 (white overlay signals in

Figure 31D, right panel), but to a lesser extent due to weaker and punctuate Kv8.2 staining.
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Figure 31: Localization and co-localization analysis of the retinoschisin-Na/K-ATPase-Kv channel complex
in the photoreceptor inner segments

Cryosections of eyes from wildtype mice (postnatal day 18) were analyzed via confocal microscopy (60x
magnification) after immunohistochemical staining. Nuclei were visualized with DAPI staining (blue). IS, inner
segments; ONL, outer nuclear layer. A, B: Immunohistochemical staining with antibodies against Kv2.1, Kv8.2,
Atpla3, Atplb2 and retinoschisin (Rslh, green). A: Overview images show the distribution of the complex partners
in the murine outer retina. Scale bars: 20 um. Regions of subsequent close-up images shown in (B) are marked by
white boxes. B: Close-up images focusing on photoreceptor inner segments. Scale bars: 5 pym. C, D:
Immunohistochemical staining with antibodies against Kv2.1 (C) or Kv8.2 (D) (green) and Atplb2 (red). Overview
images (left panels) show the localization of the Kv channels Kv2.1 (C) and Kv8.2 (D) and Atplb2 in the inner
segments. Scale bars: 5 um. Regions of subsequent close-up images shown in the right panels are marked by
white boxes. Close-up images (right panels) show the overlap (white coloration) of signals for the Kv channels Kv2.1
or Kv8.2 and Atplb2. Scale bars: 5 pm. (Figure modified from Schmid et al. 2022)

To further confirm the interaction between the retinal Na/K-ATPase, Kv2.1, and Kv8.2,
immunohistochemical stainings were performed with murine retinal cryosections from wildtype
and Atplb2-deficient retinae (AMOG mouse) at different postnatal stages (P10, P14, and P18).
As described before (Friedrich et al. 2011) wildtype murine retinae showed strong Atpla3 and
Atplb2 signals in photoreceptor inner segments with increasing intensity during retinal
maturation (Figure 32A and B). Atpla3 and Atplb2 immunolabeling of synaptic contacts in
outer nuclear layer, outer, and inner plexiform layers was observed as well, but to a lesser
extent. In contrast, Atplb2-deficient mice exhibited very weak or no signals for both retinal
Na/K-ATPase subunits Atpla3 and Atplb2 in the photoreceptor inner segments, and only
residual signals of Atpla3 at the outer nuclear layer (Figure 32A and B). Wildtype mice
exhibited strong immunolabeling of Kv2.1 and Kv8.2 in the inner segments (increasingly with
age) and much weaker staining in the outer nuclear and outer plexiform layer (Figure 32C and
D). As illustrated in Figure 32C and D, Atpl1b2-deficient mice showed a strong reduction in the
signals for both Kv channels (Kv2.1 and Kv8.2) in photoreceptor inner segments and an
increase in the outer nuclear layer compared to wildtype mice. This effect was observed in all

analyzed postnatal stages but was most pronounced at P18.
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Figure 32: Localization of the retinoschisin-Na/K-ATPase-Kv channel complex in the retina of wildtype and
Atplb2-deficient mice of different postnatal stages

Cryosections of eyes from wildtype (WT) and Atplb2-deficient (Atplb2-def.) mice of different postnatal stages (P10,
P14, and P18) were subjected to staining with antibodies against Atpla3 (green) (A), Atplb2 (red) (B), Kv2.1
(green) (C), Kv8.2 (green) (D), as well as DAPI staining (blue, depicting nuclei). Confocal microscopy was performed
at 20x magnification. Scale bars: 40 um; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer.
(Figure modified from Schmid et al. 2022)

4.3.3.3Effect of retinoschisin-deficiency on the localization of Kv2.1 and Kv8.2 in the
murine retina

Comparable to the localization analysis of AnkB (4.3.1.2), the consequences of retinoschisin-
deficiency were also investigated for Kv2.1 and Kv8.2 in retinal cryosections of wildtype and
retinoschisin-deficient mice at different postnatal stages from P4 to P30. After immunolabeling
with antibodies against Kv2.1 and Kv8.2, the signal intensities of Kv2.1 and Kv8.2 in inner
segments and outer nuclear layer were measured as the ratio from inner segments to outer
nuclear layer, “r(ISTONL)”".

Similar to the retinal Na/K-ATPase, the Kv2.1 and Kv8.2 immunolabeling increased in the
photoreceptor inner segments with increasing age (r (IS/ONL) from around 1 at P4 to around
4 at P14 and this process was negatively affected by retinoschisin-deficiency (Figure 33A and
Figure 34A). Notably, the effect of retinoschisin-deficiency on Kv channel localization occurred
earlier than on retinal Na/K-ATPase localization: A statistically significant difference in the
r(IS/ONL) of Kv2.1 between wildtype and retinoschisin-deficient mice was already obvious at
P7 (Figure 33B, r (IS/ONL) = 2.55 + 0.37 in wildtype retinae compared to 1.40 + 0.25 in
retinoschisin-deficient retinae, p < 0.01) and at P14 for Kv8.2 (Figure 34B, r (IS/ONL) = 4.63

+ 0.42 in wildtype retinae compared to 2.08 + 0.33 in retinoschisin-deficient retinae, p < 0.01).
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Figure 33: Localization of Kv2.1 in the retina of wildtype and retinoschisin-deficient mice of different
postnatal stages.

A: Cryosections of eyes from wildtype (WT) and retinoschisin-deficient (Rs1h-def.) mice of different postnatal stages
(P4, P7, P10, P14, P18, P21, and P30) were subjected to staining with antibodies against Kv2.1 (green), as well as
DAPI staining (blue, depicting nuclei). Confocal microscopy was performed at 20x magnification. Scale bars: 40
pm; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer B: Kv2.1 signals in the inner segments
and outer nuclear layer were measured using ImageJ. Data show the ratio of signal intensity from inner to outer
segments r(IS/ONL), given as mean + SD of five biological replicates. Asterisks represent statistically significant
differences (*P < 0.05; two-tailed Student’s t-test). (Figure modified from Schmid et al. 2022)
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Figure 34: Localization of Kv8.2 in the retina of wildtype and retinoschisin-deficient mice of different
postnatal stages.

A: Cryosections of eyes from wildtype (WT) and retinoschisin-deficient (Rs1h-def.) mice of different postnatal stages
(P4, P7, P10, P14, P18, P21, and P30) were subjected to staining with antibodies against Kv8.2 (green), and to
DAPI staining (blue, depicting nuclei). Confocal microscopy was performed at 20x magnification. Scale bars: 40
pum; 1S, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer B: Kv8.2 signals in the inner segments
and outer nuclear layer were measured using ImageJ. Data show the ratio of signal intensity from inner to outer
segments r(IS/ONL), given as mean + SD of five biological replicates. Asterisks represent statistically significant
differences (*P < 0.05; two-tailed Student’s t-test). (Figure modified from Schmid et al. 2022).

4.3.3.4 Effect of retinoschisin-deficiency on the protein level of Kv2.1 and Kv8.2 in the
murine retina

As retinoschisin-deficiency was shown to differently affect localization of the retinal Na/K-
ATPase and the Kv channels, the next assay addressed a putative effect of retinoschisin on

the protein levels of the complex partners. Therefore, retinae of wildtype and retinoschisin-
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deficient mice from P10, P14, P18, P21, and P30 were solubilized and subjected to western
blot analysis.

In line with a previous analysis at the Institute of Human Genetics (Friedrich et al. 2011), no
differences in the total protein amount of Atpla3 and Atplb2 were detected between retinal
lysates from wildtype and retinoschisin-deficient mice at all developmental stages analyzed
(Figure 35A-C). In contrast, retinoschisin-deficiency led to a statistically significant reduction
(p < 0.05) of approximately 50% of Kv2.1 protein levels from P14 onward (Figure 35A and D)
and to approximately 40% of Kv8.2 protein levels (p < 0.05) from P18 onward (Figure 35A and
E).
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4.3.3.5Effect of retinoschisin-deficiency on gene expression of the identified complex
components in murine retinae

To test whether the decreased protein expression observed for Kv2.1 and Kv8.2 in
retinoschisin-deficient retinae from P14 on are caused by altered gene expression of Kcnbl
(encoding for Kv2.1), and Kcnv2 (encoding for Kv8.2), the transcription of Atpla3, Atplb2,
Kcnbl, and Kcnv2 in retinae of wildtype and retinoschisin-deficient mice were determined.
Quantitative RT-PCR revealed no statistically significant differences in the mRNA levels of
Atpla3, Atplb2, Kcnbl, and Kcnv2 between wildtype and retinoschisin-deficient retinae form
P14 to P21 (Figure 36A-D), excluding an effect of retinoschisin on the gene expression of
these components. Only at P14, retinoschisin-deficiency induced a slight and statistically
significant increase in the mRNA expression of Atplb2. However, this effect was not reflected

in the protein levels (Figure 35A and C).
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4.3.3.6 Effect of retinoschisin-deficiency on Kv Channel mediated potassium ion
currents

In mice, the permanent potassium outward current in photoreceptors arises from Kv2.1 and
Kv8.2 as continuously active Kv channels (Gayet-Primo et al. 2018). To test whether
retinoschisin modulates the potassium ion current mediated by Kv channels, patch-clamp
analyses on Y-79 cells incubated with or without retinoschisin were performed. Y-79 cells were
used for these analyses, as they endogenously express Kv2.1, Kv8.2 (Figure 37A), as well as
ATP1A3 and ATP1B2, but not retinoschisin (Figure 37A) (Plossl et al. 2017a). All patch-clamp

recordings were performed with a defined protocol: The holding potential was set to -60 mV
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and voltage steps between -60 mV to 80 mV in 10 mV increments were applied (Figure 37B).
The two parameters “Maximum” ion outflow (Figure 37C, indicated by a black rhombus) and
“‘Mean End” (Figure 37C, indicated by a grey rhombus), the latter defined as the average
calculated at the end of the measurement, were analyzed. Representative current traces of

the different measurements are given in Figure 37C.
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Figure 37: Expression analysis in Y-79 cells and representative current traces of patch-clamp analysis

A: Protein expression analysis of ATP1A3, ATP1B2, Kv2.1, and Kv8.2 in lysates of Y-79 and Hek293 cells via
western blot analysis with antibodies against the specified proteins. ACTB staining served as loading control. B:
Patch-clamp recording protocol of the performed analysis. The holding potential was set to -60 mV and voltage
steps between -60 mV to 80 mV in 10 mV increments were applied. C: Representative current traces of Y-79 cells
incubated with control eluate (+ ctrl, light blue), retinoschisin (+ RS1, black) or with the inhibitors citalopram (50 uM,
green; 200 puM, purple) or CsCl (130 mM, dark blue) for 24 h. The two analyzed parameters “Maximum” (black
rhombus) and “Mean End” (grey rhombus), the latter defined as the average calculated at the end of the
measurement (grey line) are highlighted. (Figure modified from Schmid et al. 2022).

In a first step, patch-clamp recordings were performed in the presence of the potassium
channel blocker cesium chloride (130 mM in the intracellular solution, replacing K*) to test the
specificity of this approach. As shown in Figure 37C (representative current traces) and Figure
38A and B no outward current was recorded, even at the highest potential of 80 mV.
Furthermore, the specific Kv2 channel inhibitor citalopram (Gayet-Primo et al. 2018) was used
for additional control experiments. Citalopram inhibited the recorded outward currents, in a
dose-dependent manner, with 200 pM leading to a strong blocking of outward current (Figure
37C and Figure 38A and B).

Next, voltage-clamp recordings were conducted to investigate a possible effect of retinoschisin
on the Kv mediated potassium ion current. Cells were incubated for 24 h (Figure 38C and D)

or 48 h (Figure 38E and F) with or without purified recombinant retinoschisin before patch-
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clamp recordings were started. After 24 h of incubation, retinoschisin did not affect the
maximum outward current (Figure 38C) as well as the mean end (Figure 38D) in Y-79 cells.
The curve progressions, showing an increasing ion current from an applied depolarization of
-10 mV, were also similar for both conditions (Figure 38C and D). Similarly, after 48 h of
incubation, no differences were observed in Y-79 cells incubated with retinoschisin or control
eluate in the maximum outward current (Figure 38E), the mean end (Figure 38F), and the

curve progressions (Figure 38E and F).
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Figure 38: Patch-clamp analysis of Y-79 cells to analyze the effect of retinoschisin on Kv channel
mediated potassium ion current

A; B: Effect of Kv channel inhibitors CsCI (+ CsCl, 130 mM, dark blue, n=11) and citalopram (+ “Cit.”50 uM, green,
n = 10; 200 puM, purple, n = 6) Light blue circles indicate measurements without inhibitors (+ ctrl, n = 47). Average
(x SD) voltage-gated Maximum currents (A) or Mean End (B) in response to voltage steps from a holding potential
of -60 mV to 80 mV. (C-F): Effect of retinoschisin on Kv channel currents, after 24 h (C and D) and 48 h (E and F).
Average (+ SD) voltage-gated Maximum currents (C and E) or Mean End (D and F) in response to voltage steps
from a holding potential of -60 mV to 80 mV. Light blue circles: cells incubated with control eluate (+ctrl, = 47 for 24
h, n = 26 for 48 h); Black circles: cells incubated with purified retinoschisin (+RS1, n = 53 for 24 h, n = 31 for 48 h).
Statistical evaluation was performed applying the Mann-Whitney-U Test. (Figure modified from Schmid et al. 2022).
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4.3.3.7 Effect of retinoschisin-deficiency on the intracellular calcium-level in Y-79 cells

Fortenbach and colleagues (2021) demonstrated that Kv2.1 channel activity also affects
intracellular Ca?*-levels in photoreceptors. Intracellular Ca?*-levels were determined in Y-79
cells incubated with or without recombinant retinoschisin, measuring intracellular Ca?" via
Fura-2 staining. Fura-2 is a radio-metric dye, which changes its excitation spectra in response
to Ca?* binding. When intracellular Ca?* binds to Fura-2/AM, the peak excitation wavelength
switches from 380 to 340 nm, whereas the peak emission around 510 nm remains unaltered
(Grynkiewicz et al. 1985). Thus, sequential excitation of Fura-2/AM at 340 and 380 nm were
performed and the concentration of intracellular Ca?* was calculated by the ratio of the
emission signals for each excitation wavelength (340 nm and 380 nm). These ratios can be
calibrated to a measurement of the corresponding intracellular calcium level by detecting the
ratio of the fluorescence emission signal in the presence of known intracellular calcium
concentrations (Tinning et al. 2018).

After the incubation of Y-79 cells for 24 h with purified retinoschisin or control eluate, no
differences in the intracellular calcium levels were detected between the two differently treated

groups (Figure 39).

Figure 39: Intracellular Ca?*-Imaging in Y-79 cells

B A: Representative images of Y-79 cells, which were
1.0 B RS incubated for 24 h with purified retinoschisin (+ RS1)

o
=2 O +ctr or the equal amount of control _eluate (+ ctrl). After
© 0.8 several washing steps, the medium was changed to
2 ringer-solution containing 2 pM Fura-2/AM and
» 06 Pluronic F1-2-7. Microscopic images were taken to
= measure the intracellular Ca?* concentration at a
© 04 wavelength of 340 nm (shown) and 380 nm. B:
i Intracellular Ca?* was measured in Y-79 cells
g 0.2 incubated with retinoschisin (n = 546) or control (n =
(T 533) by calculating the fluorescence ratio at 510 nm
0 after excitation at 340 and 380 nm using the ImageJ

Plugin Fiji.

4.3.4 Studies on AnnexinA2 as a possible interaction partner of the
retinoschisin-Na/K-ATPase complex

4.3.4.1 Analysis of Na/K-ATPase and AnnexinAZ2 interaction in murine and porcine
retinae

To verify the interaction between the retinal Na/K-ATPase and ANXA2 observed in the
undirected co-immunoprecipitation experiment targeting ATP1A3 in porcine lysates (Table
32), a further co-immunoprecipitation targeting Atpla3 in murine retinal lysates was performed.
AnxA2-precipitation was investigated via western blot analysis.

The direct Atpla3 interaction partner Atplb2 was strongly present in the precipitate of the co-
immunoprecipitation targeting Atpla3, whereas no Atplb2 was observed in the control
experiment using 6*His-tag antibodies. For AnxA2 (molecular weight = 36 kDa), two protein
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species (both slightly divergent from that of AnxA2) were detected after staining with the AnxA2
antibodies in the Atpla3 and 6*His-tag precipitate (Figure 40A).

In a second approach, co-immunoprecipitation was repeated with porcine retinal lysates.
Comparable to previous analyses (Figure 27), ATP1B2 revealed a strong staining in the co-
immunoprecipitate of ATP1A3, and a weak but slightly higher molecular weight staining in the
precipitate of the 6*His-tag co-immunoprecipitation (likely due to an unspecific detection of the
heavy chains of the used antibodies, as described in 4.3.1). ANXA2 was absent in both
precipitates (co-immunoprecipitation of ATP1A3 and 6*His-tag) (Figure 40B). The LC-MS/MS
results, suggesting an interaction of ATP1A3 and ANXA2, could thus not be reproduced in

subsequent co-immunoprecipitation experiments.
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Figure 40: Co-Immunoprecipitation from murine and porcine retinal lysates to test the interaction between
ANXAZ2 and the retinal Na/K-ATPase

Co-immunoprecipitations from murine (A) and porcine (B) retinal lysates were performed with antibodies against
ATP1A3 and 6*His-tag as a control. Samples of input (1), flow through (FT), the last washing step (W) and precipitate
(P, contains co-immunoprecipitated proteins) were stained with antibodies against the retinal Na/K-ATPase
subunits ATP1A3 and ATP1B2, and ANXA2

4.3.4.2 Effect of retinoschisin-deficiency on the localization of AnnexinA2 in the murine
retina

Despite the inconsistent results concerning an interaction between the retinal Na/K-ATPase
and AnxA2, the effect of retinoschisin-deficiency on the localization of AnxA2 was further
analyzed. Similar to the quantitative assessment of the AnkB (4.3.1.2) and Kv channel subunits
Kv2.1 and Kv8.2 localization (4.3.3.3), the AnxA2 signal intensity in inner segments and outer
nuclear layer was measured and the ratio from inner segments to outer nuclear layer,
“r(IS/ONL)” was calculated in retinal cryosections of wildtype and retinoschisin-deficient mice
at different postnatal stages from P4 to P30.

As illustrated in Figure 41A, immunolabeling of wildtype sections revealed strong AnxA2
signals in photoreceptor inner segments and weaker signals in the outer plexiform and inner
nuclear layer. From P4 to P14, the distribution of AnxA2 in the inner segments and the outer
nuclear layer was similar between wildtype and retinoschisin-deficient retinae, with an

r(IS/ONL) of around 2 (Figure 41A and B). At P18, there was an enhanced accumulation of
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AnxA2 in the inner segments from wildtype mice, but not from retinoschisin-deficient mice,
(r(IS/IONL) = 3.28 + 0.81 in wildtype retinae compared to 1.68 + 0.18 in retinoschisin-deficient
retinae, P < 0.05, Figure 41B). The r(IS/ONL) values for AnxA2 differed significantly in wildtype
and retinoschisin-deficient retinae from P18 to P30. However, the strong accumulation of
AnxA2 in inner segments observed in wildtype mice at P18 receded with ongoing age, leading
to an r(IS/ONL) of 1.99 + 0.29 in wildtype retinae compared to 1.57 + 0.13 in retinoschisin-
deficient retinae at P30 (P < 0.05, Figure 41B).
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Figure 41: Localization of AnxA2 in the retina of wildtype and retinoschisin-deficient mice of different
postnatal stages.

A: Cryosections of eyes of wildtype (WT) and retinoschisin-deficient (Rs1h-def.) mice of different postnatal stages
(P4, P7, P10, P14, P18, P21, and P30) were subjected to staining with antibodies against AnxA2 (green), as well
as DAPI staining (blue, depicting nuclei). Confocal microscopy was performed at 20x magnification. Scale bars: 40
pm; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer B: AnxA2 signals in the inner segments
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and outer nuclear layer were measured using ImageJ. Data show the ratio of signal intensity from inner to outer
segments r(IS/ONL), given as mean + SD of five biological replicates. Asterisks represent statistically significant
differences (*P < 0.05; two-tailed Student’s t-test)

4.3.5 Quantitative analysis of the effect of retinoschisin-deficiency on the
localization of the retinal Na/K-ATPase in the murine retina

To compare the effects of retinoschisin-deficiency on the identified interaction partners, a
guantitative analysis of altered localization of the retinal Na/K-ATPase was performed in
wildtype and retinoschisin-deficient mice from P4 to P30 as well. Specifically, the signal
intensities of Atpla3 and Atplb2 at the murine inner segments and outer nuclear layers were
measured.

As seen in Figure 42 (Atpla3 localization) as well as Figure 43 (Atplb2 localization), the
distribution of the retinal Na/K-ATPase subunits Atpla3 and Atplb2 in the inner segments and
the outer nuclear layer appears similar in wildtype and retinoschisin-deficient retina from P4 to
P10. The r(IS/ONL) of Atpla3 and Atplb2 was rather low at these stages, increasing from
around 1 at P4 to around 2 at P10 in wildtype and retinoschisin-deficient retinae (Figure 42B
and Figure 43B). From P14 onward, there is a strong accumulation of Atpla3 and Atplb2 in
the inner segments from wildtype mice, but not from retinoschisin-deficient mice. The
measured r(IS/ONL) values are statistically significant from P18 onward for Atpla3 with an
r(IS/ONL) of 4,78 + 1.14 in wildtype retinae compared to 1.82 + 0.21 in retinoschisin-deficient
retinae at P18 (P < 0.01) (Figure 42) and for Atp1b2 with an r(IS/ONL) of 5.50 + 1.50 in wildtype
retinae compared to 2.50 + 1.01 in retinoschisin-deficient retinae at P18 (P < 0.05) (Figure
43).
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Figure 42: Localization of Atpla3 in the retina of wildtype and retinoschisin-deficient mice of different
postnatal stages

A: Cryosections of eyes from wildtype (WT) and retinoschisin-deficient (Rs1h-def.) mice of different postnatal stages
(P4, P7, P10, P14, P18, P21, and P30) were subjected to staining with antibodies against Atpla3 (green), as well
as DAPI staining (blue, depicting nuclei). Confocal microscopy was performed at 20x magnification. Scale bars: 40
pm; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer B: Atpla3 signals in the inner segments
and outer nuclear layer were measured using ImageJ. Data show the ratio of signal intensity from inner to outer
segments. r(IS/ONL), given as mean + SD of five biological replicates. Asterisks represent statistically significant
differences (*P < 0.05; two-tailed Student’s t-test). (Figure modified from Schmid et al. 2022).
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Figure 43: Localization of Atplb2 in the retina of wildtype and retinoschisin-deficient mice of different
postnatal stages

A: Cryosections of eyes from wildtype (WT) and retinoschisin-deficient (Rs1h-def.) mice of different postnatal stages
(P4, P7, P10, P14, P18, P21, and P30) were subjected to staining with antibodies against Atp1b2 (red), as well as
DAPI staining (blue, depicting nuclei). Confocal microscopy was performed at 20x magnification. Scale bars: 40
pum; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer B: Atplb2 signals in the inner segments
and outer nuclear layer were measured using ImageJ. Data show the ratio of signal intensity from inner to outer
segments. r(IS/ONL), given as mean + SD of five biological replicates. Asterisks represent statistically significant
differences (*P < 0.05; two-tailed Student’s t-test). (Figure modified from Schmid et al. 2022).
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5 Discussion

The present study focused on functional aspects of the retinoschisin-Na/K-ATPase complex
at the mammalian photoreceptors to obtain insights into XLRS-associated disease processes.
In a first project, details of the retinoschisin-Na/K-ATPase binding mechanism were addressed.
It could be shown that the binding of retinoschisin to the ATP1B2 subunit of the retinal Na/K-
ATPase is a direct interaction of retinoschisin with the ATP1B2 peptide moiety and not
mediated by ATP1B2-attached glycoside chains. Specifically, the presence of a polar residue
at aa 240 of ATP1B2 was identified to play a key role in the interaction with retinoschisin. The
diffusion of membrane-bound proteins in the plasma membrane can be affected by the
assembly into macromolecular complexes or by secreted proteins (Junghans et al. 2016, 2017,
Pandya et al. 2018), thus the influence of retinoschisin on the lateral mobility of the Na/K-
ATPase was investigated. Fluorescence correlation spectroscopy analysis revealed no effect
of retinoschisin on the lateral diffusion of the Na/K-ATPase. In a second project, the crosstalk
of retinoschisin and cardiac glycosides at the retinal Na/K-ATPase was investigated, as cardiac
glycosides are also known Na/K-ATPase regulative binding partners (Schoner and Scheiner-
Bobis 2007). The analysis revealed a displacement of retinoschisin from the Na/K-ATPase by
the two tested cardiac glycosides ouabain and digoxin. In retinal explants of retinoschisin-
deficient mice exposed to retinoschisin with or without preincubation of cardiac glycosides,
their presence interfered with the capacity of retinoschisin to protect against photoreceptor
apoptosis. The third project of the thesis aimed to identify interaction partners of the
retinoschisin-Na/K-ATPase complex. Potential candidates were chosen from known
interaction for the ATP1Al-containing Na/K-ATPase complex. None of these (SRC, RAS,
PI3K, NCX, and PLC) were detected to interact with the retinal Na/K-ATPase. Via co-
immunoprecipitation targeting the Na/K-ATPase and subsequent mass spectrometric analysis,
over 200 so far undescribed potential interaction partners of the retinal Na/K-ATPase were
identified. Three of these, ANXA2, Kv2.1, and Kv8.2, were investigated in detail while a fourth
candidate, ANKB, was already described as an interaction partner of the retinal Na/K-ATPase
before (Kizhatil et al. 2009). In an independent approach, the direct interaction with the Kv
channel subunits Kv2.1 and Kv8.2 was confirmed, whereas a direct interaction with ANXA2
could not be verified. Moreover, mislocalization of Kv2.1 and Kv8.2, AnxA2, and AnkB was
observed in retinoschisin-deficient mice. Further analysis on Kv2.1 and Kv8.2 channel subunits
revealed a reduction in their protein levels in retinoschisin-deficient mice, while their gene
expression was unchanged. In Y-79 cells, retinoschisin exerted no effect on the potassium ion

current mediated by Kv channels.

A previous study of the Institute of Human Genetics, University of Regensburg, demonstrated

that retinoschisin binding requires the ATP1B2 subunit of the retinal Na/K-ATPase (Pl6ssl et
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al. 2017b), whereas the a-subunit is exchangeable. As the ATP1B2 subunit is highly
glycosylated (Tokhtaeva et al. 2010) and retinoschisin exerts a high affinity to galactose-
agarose beads (Dyka et al. 2008), it was hypothesized that the interaction between
retinoschisin and the ATP1B2 subunit is mediated through the interaction with any of the
glycoside side chains of ATP1B2 (Dyka et al. 2008). In retinoschisin binding assays, externally
added galactose and glucose suppressed retinoschisin binding to the heterologously
expressed retinal Na/K-ATPase, however only after applying very high (> 0.5 M) and thus
rather unphysiological concentrations. In contrast, mannose revealed no significant effects on
the retinoschisin binding capacity, which is in line with the analysis of Dyka and colleagues
who identified only moderate binding of retinoschisin to mannose-agarose beads (Dyka et al.
2008). As different effects of glucose/galactose and mannose on retinoschisin binding were
found, the decreased retinoschisin binding is probably not due to altered osmolality, but rather
a consequence of specific interaction between retinoschisin and galactose or glucose.
However, this binding could be a diffuse interaction with the sugars independent of the protein
to which the chain is attached. Moreover, the extracellular domains of most cell membrane
proteins are glycosylated, often at multiple sites (Chandler and Costello 2016) and thus the
high specificity of retinoschisin for the retinal Na/K-ATPase in retinal membranes probably
cannot be explained by a simple interaction with galactose or glucose. Consistent with this
assumption, retinoschisin binding was observed to the fully deglycosylated Na/K-ATPase,
suggesting an interaction with the ATP1B2 peptide moiety rather than with ATP1B2 glycoside
side chains. This was also supported by the fact that retinoschisin mutant RS1_R141H, which
showed a similar affinity to galactose-agarose beads as normal retinoschisin (Dyka et al.
2008), was not able to bind to the retinal Na/K-ATPase (normal or deglycosylated). Taken
together, these data strongly exclude a specific binding of retinoschisin to the glycoside side
chains of ATP1B2.

The guestion remains why sugars like galactose or glucose attenuate the interaction between
ATP1B2 and retinoschisin. One explanation could be that ATP1B2 and these sugars compete
for the same binding site in retinoschisin, which was assumed to be a substructure formed by
the extruding retinoschisin spikes, specifically around arginine 141 in spike 3 (Plossl et al.
2018). The fundamental role of discoidin spikes to enable interaction with different ligands such
as collagen (Leitinger 2003), phosphatidylserine (Fuentes-Prior et al. 2002), or galactose
(Valencia et al. 1989) was also described for other discoidin domain containing proteins like
discoidin domain receptor 1, blood coagulation factors V and VIII, and lectin discoidin 1
(Kiedzierska et al. 2007). An alternative explanation could be that galactose/glucose binding
to a different retinoschisin region might induce structural alterations at retinoschisin, disrupting

its Na/K-ATPase binding site, and thus attenuating the binding of retinoschisin to the retinal
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Na/K-ATPase. Most proteins such as ion channels, kinases, or receptors are allosteric,
allowing them to adopt two or more slightly different conformations, and a shift from one to

another is caused by ligand binding (Alberts et al. 2002).

The high affinity of retinoschisin to galactose can be used for retinoschisin protein purification
via galactose affinity chromatography (Dyka et al. 2008), still, there is no explanation for a
physiological relevance of this interaction. The high galactose affinity of retinoschisin might be
required for an interaction of retinoschisin with other glycosylated proteins like f2-laminin or
aB-crystallin, both components of the interphotoreceptor matrix (Steiner-Champliaud et al.
2006). Following this logic, retinoschisin could be involved in stabilizing the structural and
functional integrity of the retina by the interaction with the highly glycosylated
interphotoreceptor matrix proteins surrounding the photoreceptor inner segments, a process
which is disturbed in XLRS patients (Khan et al. 2001; Padrén-Pérez et al. 2018; Ambrosio et
al. 2019). Alternatively, an interaction between retinoschisin and interphotoreceptor matrix
proteins could contribute to stabilize the localization of the retinoschisin-Na/K-ATPase complex
in the photoreceptor inner segments. Localization of this complex was significantly disturbed
in retinoschisin-deficient mice (Plossl et al. 2017a, 2018). However, galactose binding might
also simply represent a physiologically irrelevant, evolutionarily conserved property of discoidin
domain containing proteins, as it is also observed in many other discoidin domain containing
proteins including the blood coagulation Factor V and Factor VIII, milk fat globule protein,
neuropilins, or neurexin IV (Baumgartner et al. 1998; Pratt et al. 1999; Kiedzierska et al. 2007,
Dyka et al. 2008). For example, Dyka and colleagues also observed binding of galactose by
blood coagulation Factor V, which was abolished by the presence of phosphatidylserine, the
actual ligand for the blood coagulation Factor V (Dyka et al. 2008). Lastly, the binding of sugars
by retinoschisin could represent a regulatory mechanism, regulating the affinity of retinoschisin
to its interaction partners. For example, galactose was shown to reduce the affinity of the lac
repressor for operator DNA (Barkley et al. 1975). As the glycoside side chains of the ATP1B2
subunit were excluded as the binding site for retinoschisin, further analyses were performed

to identify the retinoschisin binding region of the retinal Na/K-ATPase.

As reported in Plossl et al. (2019), the hydrophobic patch at the extracellular domain of
ATP1B2 around threonine 240 was identified as crucial for retinoschisin binding to ATP1B2.
To better understand the role of aa 240 in retinoschisin binding, two novel ATP1B2 mutants
were generated in the present thesis: ATP1B2_T240A, where threonine 240 was replaced by
the non-bulky, chemically inert alanine, and ATP1B2_T240S, where threonine 240 was
replaced by the chemically similar serine. Retinoschisin binding assays showed binding of
retinoschisin to ATP1B2_T240S, but not to ATP1B2_T240A, indicating that a hydroxyl moiety

92



Discussion

at aa 240 is essential for the interaction with retinoschisin. Notably, a similar finding showing
the requirement of a hydroxyl moiety at a defined aa position for ligand binding was reported
for the human prostaglandin EP, and EP, receptors (Stillman et al. 1998). Specifically, a
threonine at position 185 and 168 of the EP, and EP, receptors, respectively, could be replaced
by serine but not by alanine to still allow ligand binding by the receptors. Consistent with these
findings, bioinformatics approaches to detect critical aa residues in protein-protein binding sites
have found that, although the binding sites are hydrophobic overall, they have conserved polar
residues at specific locations that serve as "hot spots" at the protein interfaces (Hu et al. 2000;
Ma et al. 2003). Taken together, this analysis confirms an essential role of the hydrophobic
patch around threonine 240 and suggests the necessity of a hydroxyl group at aa 240 to enable

retinoschisin binding.

The next subproject of this study addressed the question, whether the binding of retinoschisin
can influence the lateral mobility of the retinal Na/K-ATPase in the plasma membrane.
According to the fluid mosaic model of Singer and Nicolson (Singer and Nicolson 1972), the
biological membrane can be considered as a two-dimensional fluid in which transmembrane
proteins can diffuse freely. However, the diffusion of membrane proteins is frequently affected
or restricted by an assembly into large supramolecular complexes, leading to the formation of
membrane subdomains (Junghans et al. 2016). Furthermore, the lateral diffusion can also be
limited by secreted proteins binding to the extracellular domains of the transmembrane
proteins (Pandya et al. 2018). Despite the formation of macromolecular complexes by Na/K-
ATPases (Reinhard et al. 2013), fluorescence correlation spectrometry analyses by Junghans
and colleagues (2016, 2017) demonstrated lateral diffusion of ATP1A2-containing Na/K-
ATPases in the plasma membrane of Hek293 cells. Moreover, they demonstrated the
presence of two different diffusion times for these Na/K-ATPase complexes. Comparable to
these data, two diffusion times for the ATP1A3-containing Na/K-ATPase were observed in the
present study, indicating the presence of two independent Na/K-ATPase populations with
largely different mobility. The obtained diffusion coefficients obtained in this study (in average;
D1: 4.0 x 10! m?2.s7t and D2: 1.8 x 10713 m2-s™) are in the same magnitude to those of the
study by Junghans and colleagues (1.4 x 10! m2.s™* and 1.1 x 107*® m2.s™%, Junghans et al.
2017). Such multiple diffusion times are not uncommon for membrane proteins (Schwille et al
1999; Vukojevic et al. 2008; Chiantia et al. 2009) and reflect the complexity of the membrane
environment (Junghans et al. 2017). For example, two diffusion times are also proposed for
the p-opioid receptor (MOP): One MOP population undergoes directed motion after expression
and a second population showed increased mobility due to curvature coupling with plasma
membrane lipids (Leitenberger et al. 2007) and/or plasma membrane surface fluctuations (Naji

and Brown 2007; Vukojevic et al. 2008). However, in contrast to an observed effect of ANKB
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and CAV1 on the lateral diffusion of ATP1A2-containing Na/K-ATPases (Junghans et al. 2017),
correlation spectrometry analyses revealed no effect of retinoschisin binding on the lateral
diffusion of the retinal ATP1A3-containing Na/K-ATPase. As previously reported, retinoschisin
interacts with proteins of the interphotoreceptor matrix like B2-laminin and aB-crystallin
(Steiner-Champliaud et al. 2006). This interaction could be required for the stabilization of the
retinal Na/K-ATPase, which would lead to the observation that retinoschisin has no effect on
lateral diffusion in the applied Hek293 expression system. This hypothesis would be supported
by the fact that retinoschisin-deficiency leads to mislocalization of the Na/K-ATPase (Plossl et
al. 2017b, 2018), which could be a consequence of the lack of stabilization of the retinal Na/K-
ATPase complex by interphotoreceptor matrix bound retinoschisin. Finally, as also discussed
by Junghans et al. (2017), it is also important to take into account that in fluorescence
correlation spectrometry analysis all immobile fluorophores will be bleached; thus, completely
fixed GFP-tagged retinal Na/K-ATPase molecules will not be recorded in the observed
fluorescence fluctuation traces but will create inaccessible spaces that do not allow other
molecules to enter (Junghans et al. 2017). In addition, the formation of signaling microdomains
as it is seen for Na/K-ATPases could also influence the diffusion behavior, as it was reported
that these proteins are trapped and cannot escape from certain microdomains (Xie and Cai
2003; Chiantia et al. 2009). It might thus be hypothesized that retinoschisin only binds to such
Na/K-ATPase fractions, which are localized in microdomains and thus no effect on the lateral

mobility would be observed after retinoschisin incubation.

Cardiac glycosides are also known to interact with and regulate Na/K-ATPases (Reinhard et
al. 2013; Cui and Xie 2017). Cardiac glycosides can cross the blood-brain barrier and are
highly enriched in the retina (Lissner et al. 1971; Binnion and Frazer 1980; Ritz et al. 1992;
Fraunfelder et al. 2014). Cardiac glycosides are used as a treatment for patients with chronic
heart failure and these patients often experience vision disturbances as a negative side effect
(Haustein 1982; Lawrenson et al. 2002; Fraunfelder et al. 2014; Renard et al. 2015). This
subproject of the dissertation aimed to analyze the interplay between retinoschisin and cardiac
glycosides at the retinal Na/K-ATPase and its consequences on retinal integrity. Binding
assays revealed a strong reduction in retinoschisin binding to the retinal Na/K-ATPase in the
presence of the cardiac glycosides ouabain and digoxin. This effect was not accompanied by
a decrease of retinoschisin in the input or by a decrease of the retinoschisin binding partner
ATP1B2 in the cells. Moreover, cardiac glycosides did not impair retinoschisin binding to an
ouabain-insensitive ATP1A3 mutant, thus a Na/K-ATPase-independent interaction between
retinoschisin and cardiac glycosides can be excluded. In contrast, the binding of cardiac
glycosides to the retinal Na/K-ATPase and their capacity to inhibit its pump function was not

affected by retinoschisin. Such different effects of retinoschisin and cardiac glycosides on each
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other's Na/K-ATPase binding capacities raise the question of how these two molecules bind to
or interact at the Na/K-ATPase. The binding site of cardiac glycosides is formed by the TM 1
to 6 of the a-subunit (Yatime et al. 2011; Laursen et al. 2013), whereas retinoschisin binds to
the ATP1B2 subunit, especially to a hydrophobic patch around threonine 240 (Plossl et al.
2017b; 2019). One explanation for the observed effect of cardiac glycosides on retinoschisin
binding could lie in conformational changes of the Na/K-ATPase. During ion transport, the
Na/K-ATPase switches between the E1 and E2 conformations (Post et al. 1972) and this
conformational change affects the entire Na/K-ATPase, including distances between the a-
and the B-subunits (Sdnchez-Rodriguez et al. 2015). Cardiac glycoside binding induces the
conformational switch from E1 to E2 (Silva and Soares-da-Silva 2012) and stabilizes the E2
conformation (Geibel et al. 2003). If retinoschisin has a higher affinity for E1, stabilization of
E2 by cardiac glycosides could decrease retinoschisin binding to the Na/K-ATPase. Another
explanation could be that bound cardiac glycosides might partially overlap with, and potentially
block the binding region of retinoschisin. Interestingly, the identified retinoschisin binding patch
on ATP1B2 lies in close proximity to the outer cardiac glycoside interface of the Na/K-ATPase.
The study of Laursen et al. (2013) reported that the sugar moieties of bound cardiac glycosides
are in a cavity enclosed by polar residues of the a- and the B-subunits (i.e., GIn84 of the
ATP1B1l-ectodomain). The homologous aa of GIn84 in ATP1B1 is Glu89 in ATP1B2, which is
directly adjacent to the putative retinoschisin binding patch on ATP1B2. The patch is composed
of four hydrophobic stretches, aa 83-88, 108-121, 181-184, and 240, which is the direct
interphase of retinoschisin (Plossl et al. 2019). Consequently, the accessibility of the ATP1B2
binding patch by retinoschisin might be blocked by the protruding cardiac glycoside sugar
moieties. As digoxin has three sugar moieties and is bulkier than ouabain, which has only one
sugar residue, this could be a possible explanation for the stronger inhibitory effect of digoxin

on retinoschisin binding compared to ouabain.

As mentioned before, retinoschisin has a protective effect on the survival of outer retinal cells
(Gehrig et al. 2006; 2007), while cardiac glycosides show different effects depending on their
concentration: Whereas low levels (107! to 1072 M) of cardiac glycosides were reported to
stimulate retinal explant growth (Lopatina et al. 2008), higher concentrations, which also
showed retinoschisin displacement in this study, significantly disrupted retinal integrity and
functionality (Kinoshita et al. 2014; Madreperla et al. 2015; Hinshaw et al. 2016). For example,
in monkeys treated with digoxin, ERG analysis revealed a selective decrease in the maximum
response parameter in the cone a-wave, which indicates dysfunction of cone photoreceptors
(Kinoshita et al. 2014). In the present study, retinoschisin exerted a protective effect against
photoreceptor degeneration in retinoschisin-deficient murine retinal explants, confirming

previous analyses (Plossl et al. 2018), while high concentrations (10° M ouabain and 10°M
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digoxin) of cardiac glycosides increased degeneration, also in line with previous analyses
(Kinoshita et al. 2014; Madreperla et al. 2015; Hinshaw et al. 2016). The simultaneous
presence of cardiac glycosides strongly reduced the capacity of retinoschisin to protect against
photoreceptor degeneration. This effect might be explained by the observed displacement of
retinoschisin from the Na/K-ATPase by cardiac glycosides. However, it could also be a simple
consequence of the strong negative effect of highly concentrated cardiac glycosides on retinal
integrity (Kinoshita et al. 2014; Madreperla et al. 2015; Hinshaw et al. 2016), which
superimposes the protective effect of retinoschisin. Taken together, the findings of this
subproject demonstrate opposing effects of retinoschisin and cardiac glycosides on retinal
Na/K-ATPase binding and retinal integrity, suggesting that a fine-tuned interplay between both

components is required to maintain retinal homeostasis.

Na/K-ATPases formed by isoforms ATP1A1l or ATP1A2 were reported to assemble in a
membrane-bound macromolecular protein complex with intracellular signal transducers, ion
channels, transporters, or scaffolding proteins (Mohler et al. 2005; Reinhard et al. 2013; Cui
and Xie 2017). Thus, the Na/K-ATPase is also referred to as a protein-docking station for a
fast-growing number of protein interaction partners (Mohler et al. 2005; Reinhard et al. 2013
Cui and Xie 2017). In contrast, there are only a few interaction partners known for ATP1A3-
containing Na/K-ATPases: Specifically, in the brain, an interaction with the Proline Rich
Transmembrane protein 2 (Sterlini et al. 2021), the Neuronal Glycine Transporter GlyT2 (de
Juan-Sanz et al. 2013) GLAST, and GLT-1 (Rose et al. 2009) were described and in the retina,
interaction with ANKB was reported (Kizhatil et al. 2009). This subproject aimed to investigate
interaction partners of the retinal Na/K-ATPase to assess its function as a putative protein-
docking station, similar to ATP1A1 or ATP1A2-containing Na/K-ATPases.

In co-immunoprecipitation analyses from porcine retinal lysates targeting ATP1A3, the
ATP1Al-containing Na/K-ATPase complex associated interaction partners SRC, PI3K, RAS,
NCX, and PLC were not detected in the precipitate of ATP1A3 via western blot analyses. In a
control co-immunoprecipitation targeting ATP1A1, all these proteins except RAS were verified
in the ATP1AL1 precipitate. RAS is part of the ATP1Al-associated Na/K-ATPase complex but
shows no direct binding to ATP1ALl. Instead, it binds to the ATP1A1 interacting epidermal
growth factor receptor (EGFR) (Cui and Xie 2017). EGFR could not be detected in murine or
human photoreceptors (Chen et al. 2007). The missing detection of RAS after co-
immunoprecipitation targeting ATP1Al1 from porcine retinal lysates might thus be a
consequence of the absence of EGFR in mammalian photoreceptors. The successful
precipitation of SRC, PI3K, NCX, and PLC in the control co-immunoprecipitations targeting

ATP1A1 documents the applicability of this approach to detect an existing interaction between
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Na/K-ATPases and these proteins. Together with the results from co-immunoprecipitation
analyses targeting ATP1A3, this suggests that there is indeed no interaction between ATP1A3
and SRC, PI3K, NCX, and PLC.

As already mentioned, AnkB was described to form a complex with the retinal Na/K-ATPase
in photoreceptor inner segments in mice (Kizhatil et al. 2009). Furthermore, AnkB was shown
to be required for the coordinated expression of the retinal Na/K-ATPase (Kizhatil et al. 2009).
Therefore, another subproject of this thesis investigated whether retinoschisin-deficiency could
lead to a maldistribution of AnkB within the retinal layers, similar to the maldistribution observed
for the retinal Na/K-ATPase (Friedrich et al. 2011). Immunolabeling of murine retinal
cryosections revealed a significant difference in the distribution of AnkB between wildtype and
retinoschisin-deficient mice from P18 onward. This finding is in line with the retinoschisin-
deficiency induced Na/K-ATPase mislocalization, which is also seen from P18 on, supporting
a complex formation between AnkB and the retinoschisin-Na/K-ATPase complex. As these
significant changes occur from P18 onward, the mislocalization could be a consequence of
apoptotic photoreceptor degeneration starting around P14 (Gehrig et al. 2006; Friedrich et al.
2011). The observed effect of retinoschisin-deficiency on AnkB localization could also have
severe effects on the structuring of other plasma membrane components, for which ANKB was
postulated to have an important organizing role. In cardiomyocytes, ANKB organizes a
macromolecular complex between the Na/K-ATPase, NCX, and the IP3 receptor (Mohler et al.
2005; Skogestad et al. 2020). Additionally, it seems that ANKB provides the molecular basis
for the Na/K-ATPase and NCX interaction (Mohler et al. 2005). Interestingly, it was reported
that Na/K-ATPase binding to ANKB in cardiomyocytes controls the ion homeostasis via
regulating the NCX activity in a local domain. Disruption of this interaction resulted in increased
calcium sparks and waves, a possible mechanism for arrhythmogenesis in the ANKB
syndrome (Skogestad et al. 2020). Similar to the Ca?*-dysregulation in cardiomyocytes, it can
be assumed that a mislocalization of the AnkB-Na/K-ATPase complex in murine
photoreceptors could also result in misregulation of ion homeostasis, which can be seen in the
XRLS pathology (Gehrig et al. 2006). In addition, the observed altered distribution of AnkB
could affect the localization of AnkB-structured proteins in photoreceptors. The loss of cellular
organization might contribute to the XLRS pathology, comparable to the negative effect of
mislocalized protein complexes in the pathology of other diseases like distinct late-onset
neurogenerative diseases such as Huntington’s disease or Alzheimer’s disease (Labbadia and
Morimoto 2015). Similarly, the mislocalization of many membrane-bound proteins like E-
cadherin, B-catenin, or the EGFR, which have oncogenic, tumor suppressive, or other

functions, are associated with tumorigenesis (Wang and Li 2014).
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As the targeted approach focusing on known protein partners of the ATP1A1-containing Na/K-
ATPase complex revealed no new interaction partners for the ATP1A3-containing
retinoschisin-Na/K-ATPase complex, a second undirected approach was conducted. A co-
immunoprecipitation from porcine retinal lysates targeting ATPA3 was performed, followed by
LC-MS/MS analysis of the precipitate. Besides the known complex partner ATP1B2 and
retinoschisin, over 200 proteins were detected only in the precipitate of ATP1A3. Notably,
ANKB (220 kDa) was not detected among these > 200 proteins. This might be explained by
the fact, that the detection of ANKB in LC-MS/MS analysis is rather difficult: Except for one
study (Liu et al. 2007), proteomic approaches have failed to identify ankyrin family members
in photoreceptors (Matsumoto and Komori 2000; Morel et al. 2000; Kwok et al. 2008), while
immunohistochemical analyses clearly stained AnkB in murine photoreceptors (Kizhatil et al.
2009). Several studies suggest a high sensitivity of the ankyrin proteins to proteases (Bennett
and Stenbuck 1979; Kizhatil et al. 2009). Furthermore, ANKB is a very large protein and thus
detection was not possible in this approach.

After prioritizing over 200 identified proteins, ANXA2, Kv2.1, and Kv8.2 were selected for
further analyses. Co-immunoprecipitation analysis with murine or porcine retinal lysates could
not confirm the direct interaction between ATP1A3 and ANXAZ2. One explanation for this result
could be an insufficient sensitivity of the antibody to detect putatively low levels of precipitated
ANXAZ2. Another possibility could be that ANXA2 was a false-positive LC-MS/MS result and
that there actually is no direct interaction between ANXA2 and ATP1AS, although the high
Mascot-score and the high number of detected peptides in the LC-MS/MS analysis would
argue against this. Finally, the contradictory results might be a consequence of methodological
challenges connected to ANXAZ2 biology: Annexins are cytosolic proteins, with a soluble and a
stable form, which reversibly interacts with components of the cell membrane (Mirsaeidi et al.
2016). In addition, co-immunoprecipitation of membrane complexes is challenging due to the
inherent properties of membrane proteins: E.g.; they present limited solubility due to the
requirement of a hydrophobic environment, and they are often heavily glycosylated which

makes the access of proteases difficult (Prados-Rosales et al. 2019).

The localization analysis of AnxA2 in murine retinal cryosections revealed significant
differences in the distribution of AnxA2 between wildtype and retinoschisin-deficient mice. As
for the retinal Na/K-ATPase, mislocalization of AnxA2 was detectable from P18 onward, which
might suggest an interaction between AnxA2 and Atpla3. As also discussed for AnkB, this
effect occurs after photoreceptor apoptosis and schisis formation and thus might be a direct
consequence of photoreceptor degeneration. ANXA2, a Ca®*-regulated, phospholipid-binding

protein, is present in the cytoplasm and on cell surfaces, with location specific functionality: On
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the cell surface, it regulates processes like plasmin generation and fibrin homeostasis.
Intracellularly, ANXA2 fulfills many functions, including organization of specialized membrane
microdomains, signal transduction, and regulation of additional membrane dynamic events
(Dallacasagrande and Hajjar 2020; Jiang and Xu 2019; Moss and Morgan 2004).
Mislocalization of AnxA2 under retinoschisin-deficiency could thus induce disorganization of
membrane microdomains and altered signal transduction, all processes, which have been

established in XLRS pathogenesis.

The present analysis strongly confirmed the physical interaction of the Kv channel subunits
Kv2.1 and Kv8.2 with the retinoschisin-Na/K-ATPase complex. Immunolabeling of retinal
cryosections revealed an increasing mislocalization of the retinal Na/K-ATPase and the Kv
channel subunits Kv2.1 and Kv8.2 during postnatal retinal development of the XLRS mouse
retina. Notably, in contrast to the retinal Na/K-ATPase, AnkB and AnxA2, an even earlier
starting point of mislocalization at P7 was detected for Kv2.1. Consequently, it can be
hypothesized, that this effect is not a consequence of photoreceptor degeneration starting at
P14. Instead, it could be explained by an instability of the Na/K-ATPase-Kv channel complex
due to retinoschisin-deficiency. A Na/K-ATPase stabilized localization of Kv2.1 and Kv8.2 is
supported by immunohistochemical analyses in Atplb2-deficient mice, revealing an altered
distribution of Kv2.1 and Kv8.2 under Na/K-ATPase deficiency. In addition to the observed
mislocalization of Kv2.1 and Kv8.2 under retinoschisin-deficiency, altered protein expression
levels of these two proteins were also observed before P14, whereas no effect on the protein
expression of the retinal Na/K-ATPase was detected at all other stages investigated. In
contrast, RT-PCR analysis revealed no changes in Kcnbl and Kcnv2 (as well as in Atpla3
and Atplb2) mRNA transcript levels in retinoschisin-deficient retinae, which largely excludes
altered gene expression as the cause for altered protein levels of Kv2.1 and Kv8.2. The mRNA
expression data are in line with a previous untargeted study by Vijayasarathy and colleagues
(2021), who used microarray-based genome-wide expression profiling and observed no mRNA
expression differences for Kecnbl and Kenv2 as well as for Atpla3 and Atplb2 in wildtype and
retinoschisin-deficient retinae of P12 and P21 old mice. Accordingly, the effect of retinoschisin-
deficiency on Kv2.1 and Kv8.2 protein levels should be attributed to a posttranslational
process. One possibility might be a reduced stability of the Kv channel-Na/K-ATPase
macromolecular complex due to the absence of retinoschisin. The integrity of a
macromolecular complex is determined by its composition, i.e. the presence of specific
ligands/protein binding partners (Kamerzell and Middaugh 2008). The stability of the individual
complex constituents is also strongly dependent on protein-protein interactions (Marquis-Omer
et al. 1991; Volkin et al. 1993; Kamerzell and Middaugh 2008). Retinoschisin-deficiency could

also impair other processes like protein internalization, as the binding of extracellular ligands
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to membrane-bound proteins like the G-protein-coupled receptors regulates its internalization
and this can also have severe effects on signal transduction mechanisms (Yin et al. 2014).
Furthermore, the loss of retinoschisin at the plasma membrane could also affect photoreceptor
integrity and thus lead to impaired functional compartmentalization, which may occur before
photoreceptor degeneration at P14. Taken together, the absence of the Na/K-ATPase ligand
retinoschisin could negatively affect the integrity of the Na/K-ATPase and its complex partners
like Kv2.1 and Kv8.2.

The effect of retinoschisin on the Kv channel-mediated potassium ion current was also tested
using Y-79 cells as a model system. The analyses revealed no effect of retinoschisin on the
ion current mediated by the Kv channels Kv2.1 and Kv8.2. As altered Kv channel activity also
affects intracellular calcium levels in photoreceptors (Fortenbach et al. 2021), a putative effect
of retinoschisin on intracellular calcium levels was also measured in Y-79 cells. Again, no effect
of retinoschisin was observed. These two consistent results might simply be explained by the
fact, that binding of retinoschisin to the retinal Na/K-ATPase has no effect on the Kv channel
mediated ion current. Alternatively, as already discussed for the measurement of lateral
diffusion before, the applied Y-79 cell model system might not be appropriate to detect specific
effects of retinoschisin on the retinal Na/K-ATPase and its complex partners, as essential
photoreceptor-specific components, like specific interphotoreceptor matrix proteins, are
missing. Another finding might also explain the absent effect of retinoschisin on Kv channel
activity: Previous studies showed that there are two populations of Kv2.1 channels in Hek293
cells and hippocampal neurons, whereas the non-conducting clustered population is able to
form microdomains and is involved in membrane trafficking (Deutsch et al. 2012), the whole-
cell Kv2.1 current in patch-clamp analysis is likely derived from conducting non-clustered Kv2.1
channels (O’Connell et al. 2010). Hence, it can be speculated that the Na/K-ATPase bound Kv
channel subunits Kv2.1 and Kv8.2 are non-conducting (due to their presence in a
macromolecular protein complex). Following such a speculation, the binding of retinoschisin
to the retinal Na/K-ATPase would not affect Kv channel activity, which simply would only arise

from freely diffusing Kv channels.

Kv2.1 and Kv8.2 were shown to be highly expressed in photoreceptor inner segments, but
absent or poorly expressed in other retinal layers (Gayet-Primo et al. 2018). Furthermore, Kv
channels together with the Na/K-ATPase play a major role in generating the outward dark
current during phototransduction keeping the photoreceptors depolarized and driving the
release of glutamate neurotransmitters (Heidelberger et al. 2005; Fortenbach et al. 2021). In
addition, Kv2.1 has a structural function as it mediates spatial and functional coupling of LTCCs

and ryanodine receptors in mammalian neurons (Vierra et al. 2019). Finally, Kv2.1 was also
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reported to modulate intracellular signaling (Wang et al. 2006; Vierra et al. 2019). Aberrant
phototransduction, structural integrity of photoreceptors, and intracellular signaling are
associated with the pathology of XLRS (summarized in Vijayasarathy et al. (2021)).
Mislocalization and reduced protein amount of Kv2.1 and Kv8.2 could lead to a disturbance of
specific or all of these processes and thus contribute to the molecular pathogenesis of XLRS.
Aberrant functionality of Kv channels has been implicated in various pathological events
before, i.e. pathogenic mutations in KCNB1 encoding the Kv2.1 subunit have been identified
in patients with different neurodevelopmental disorders like epilepsy or autism (Jedrychowska
and Korzh 2019). Further, Kv2.1-knockout mice manifest neuronal and behavioral
hyperexcitability (Jacobson et al. 2007), as well as retinal dysfunction. Fortenbach and
colleagues (2021) could show that the loss of Kv2.1 in mice causes elevated intracellular Ca?*
levels in rod photoreceptors due to elevated Ca?* influx through cone cyclic nucleotide-gated
channels which ultimately causes rod degeneration. In the brain, the defective formation of an
integrin-a5-Kv2.1 macromolecular complex was connected to epilepsy through mechanisms
such as abnormal neuronal development (Yu et al. 2019). Finally, mutations in KCNV2,
encoding Kv8.2, cause the retinal condition cone dystrophy with supernormal rod response
(Wu et al. 2006). Similar to retinoschisin-deficient mice (Weber et al. 2002; Gehrig et al. 2006;
Takada et al. 2008), Kv8.2-knockout mice reveal a significantly higher apoptotic cell count, a
thinner retina, and increased microglia occurrence in the subretinal space (Inamdar et al. 2021;
Jiang et al. 2021). Further, it was shown that the localization of Kv2.1 is unaffected in Kv8.2-
knockout mice (Inamdar et al. 2021). Thus, it can be speculated that the observed
mislocalization of Kv2.1 in retinoschisin-deficient mice is not a consequence of retinal
degeneration in general, since retinal degeneration also occurs in Kv8.2-knockout mice.
Together, these examples emphasize a possible involvement of aberrantly regulated Kv

channels in the pathology of XLRS.

In conclusion, the present findings on interaction partners of the retinal Na/K-ATPase suggest
that the retinal Na/K-ATPase interacts with many different proteins and thus may form a
macromolecular complex at the inner segments of the mammalian photoreceptors, similar to
ATP1A1l and ATP1A2-containing Na/K-ATPases in other cell types like cardiomyocytes or
kidney cells (Cui and Xie 2017). Retinoschisin might be a crucial component of the retinal
Na/K-ATPase complex by regulating the distribution and stability of the complex and its

individual partners.
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6 Outlook

In this study, various aspects of retinoschisin interaction with the retinal Na/K-ATPase were
addressed. Furthermore, the interplay of retinoschisin with cardiac glycosides at the retinal
Na/K-ATPase was dissected and first evidence was given that the retinoschisin-Na/K-ATPase
complex forms a macromolecular complex with numerous proteins at the photoreceptor inner
segments, regulating their localization, protein expression, and thus probably functionality in
the retina.

Data obtained on the ATP1B2 interphase to retinoschisin might contribute to further
developments of new therapeutic options for the treatment of XLRS. One option could be an
application of artificially generated peptides that simulate the retinoschisin binding site. The
advantage in contrast to retinoschisin would be that these peptides are smaller than the double
octamer retinoschisin and might therefore be easier to solve, stabilize and apply to the site of
pathology (Lee et al. 2019). In general, generation of peptides that mimic the respective
protein-binding site are becoming more relevant as drug candidates (Fosgerau and Hoffmann
2015), due to their potential for highly specific binding, combined with low immunogenicity
(Grof3 et al. 2016).

Data on the interplay of retinoschisin and cardiac glycosides at the retinal Na/K-ATPase
provide new contemplations for patients administered cardiac glycosides due to cardiac
disease and consequently suffer as a side effect from visual disturbances (e.g., Haustein
1982). To reduce pathological effects in the retina after cardiac glycoside treatment, the direct
effects of cardiac glycosides on the Na/K-ATPase (regulation of pump activity and intracellular
signaling, Aperia et al. (2016)), but also the displacement of retinoschisin and effects on retinal
integrity should be considered. It could be plausible to apply externally additional retinoschisin

or in general to develop treatments for secondary effects of retinoschisin-deficiency.

Finally, as LC-MS/MS analysis revealed a large number of possible ATP1A3 interaction
partners, further verification of other components of the macromolecular complex and the
effect of retinoschisin-deficiency on their function is of utmost importance. In addition, it is
essential to analyze the interaction with Kv channels in more detail. Like in other studies
(Gayet-Primo et al. 2018; Fortenbach et al. 2021), patch-clamp recordings should be carried
out in photoreceptors of retinal slices or intact retinal whole mounts of wildtype and
retinoschisin-deficient mice to exclude an effect of retinoschisin on the Kv channel mediated
ion flow. Based on these results, possible pathological changes in the action potential firing
could be treated using Kv channel therapeutics, which may improve symptoms of XLRS

pathology. Interestingly, there are pre- and clinical trials for pharmacological modulators of Kv
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channels for example to reduce atrial fibrillation or as a possible treatment for epilepsy and
multiple sclerosis (Wulff et al. 2009). In addition, further analysis of the interaction partners of
ATP1A3 could reveal possible initial signal transducers, which in turn could provide a
therapeutic approach by using corresponding inhibitors. In cancer therapy there are many

FDA-approved drugs, which can inhibit SRC-mediated signaling (Belli et al. 2020).

Taken together, these new data provide a basis for further studies to elucidate the underlying

causes of XLRS and to develop novel targeted therapeutic options.
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