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Abstract

P-type ATPases comprise a superfamily of proteins that play vital roles in the human
body and can cause severe diseases if their functions are impaired. P4-ATPases or type 4 of P-
type ATPases are implicated in the ATP-dependent flipping of phospholipids across cell
membranes. This generates and maintains transverse phospholipid asymmetry, a property
important for biological processes including vesicle trafficking. ATP9A is a P4-ATPase that
remains poorly characterized despite its high expression in brain and testis. Interestingly, loss of
Neo1p, the yeast ortholog of ATP9A, is lethal. The first part of this study investigates the
functional properties and cellular localization of ATP9A. Human ATP9A was expressed in
HEK293T cells and characterized using biochemical and cell-based approaches. ATP9A exhibited
little if any phospholipid-dependent ATPase activity, but underwent hydroxylamine-sensitive
phosphorylation, a characteristic feature of the P-type ATPase reaction cycle. A monoclonal
antibody to ATP9A was generated for analysis of ATP9A in cells and brain tissues by western
blotting and immunofluorescence microscopy. In transfected HEK293T cells ATP9A localized to
perinuclear and peripheral punctate structures possibly related to the endocytic pathway. Our
findings suggest that ATP9A undergoes autophosphorylation, but fails to dephosphorylate,
possibly due to lack of an accessory protein or a specific substrate. Further studies on
endogenous ATP9A should provide further insight into its physiological function and possible
role in human disease.

On the other hand, Na*/K*-ATPase (NKA) belongs to type 2C of P-type ATPases and
establishes Na* and K* gradients across cell membranes. NKA has been shown to interact with

retinoschisin (RS1), an adhesion protein essential for normal retinal structure and function.



Mutations in the gene encoding RS1 cause a macular degeneration disorder called X-linked
retinoschisis (XLRS). RS1 is thought to be anchored to the membranes of photoreceptor and
bipolar cells through interaction with the a3 and B2 isoforms of NKA. The second part aims to
characterize the RS1-NKA complex by generating monoclonal antibodies specific for the
components. Indeed, immunoaffinity purification of NKAB2 from bovine retinal membranes co-
immunoprecipitated the a3 subunit and RS1. Tandem affinity purification of the native protein
complexes should enhance understanding of the molecular and cellular mechanisms underlying

XLRS.



Lay Summary

P4-ATPases are proteins that transport phospholipids from the outer to the inner layer of
cell membranes to generate a strikingly imbalanced, asymmetric lipid distribution in
membranes. In humans, defective P4-ATPases have been linked to Alzheimer's disease, spread of
colorectal cancer, and liver disorders. ATP9A is a human P4-ATPase that has remained
mysterious. Intriguingly, loss of its yeast counterpart called Neo1p is lethal. This thesis aims to
help us understand the role of ATP9A in mammalian cells and disease. The second part focuses
on Na*/K*-ATPase (NKA), a protein that moves Na* and K* ions across most cell membranes.
The interaction between NKA and another protein called retinoschisin (RS1) is thought to be
important for maintaining healthy retina function. This thesis also studies such interactions in
order to understand how non-functional RS1 leads to a macular degeneration disorder called X-

linked retinoschisis.
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Chapter 1: Introduction

1.1 Membrane Asymmetry

Biological membranes are organized into lipid bilayers that are mainly comprised of
amphiphilic phospholipids. The hydrophobic barriers prevent ions and soluble proteins from
freely diffusing across the membranes and reaching incorrect destinations. Translocation of
phospholipids between the two leaflets of lipid bilayer generates a strikingly imbalanced,
asymmetric lipid composition (Andersen et al., 2016). In the plasma membrane,
phosphatidylserine (PS) and phosphatidylethanolamine (PE) are enriched in the cytoplasmic
leaflet, whereas phosphatidylcholine (PC), sphingomyelin (SM) and glycolipids are
predominantly localized to the extracellular or luminal leaflet (Figure 1.1) (Bretscher, 1972;
Devaux, 1991; Gordesky & Marinetti, 1973). Membranes of other subcellular compartments
including the trans-Golgi network (TGN), endosomes and vesicles also share a similar asymmetry
in lipid distribution. Lipid molecules have intrinsic shapes depending on the size of their head
groups and their fatty acyl chain composition, such as the length and saturation (van Meer & de
Kroon, 2011). For examples, phosphatidylcholine and phosphatidylserine are cylindrical, and
phosphatidylethanolamine is conical. As it is the most entropically favourable when their
hydrophobic acyl chains are sequestered away from water and their large polar heads in contact
with water molecules, phospholipids assemble into a bilayer that adopts the spontaneous
curvature of the local lipids. Therefore, membrane asymmetry is crucial for determining and
maintaining cellular and organellar shape and has been implicated in various important

biological processes, such as vesicle trafficking, phagocytosis, apoptosis, membrane protein



regulation, cellular signalling and lipid homeostasis (Coleman et al., 2013; Lopez-Marques et al.,
2014).

Unlike cholesterol and other major lipids of the plasma membrane that can move freely
between the two leaflets, phospholipids have a very slow intrinsic rate of transverse diffusion,
taking time from hours to weeks (Sharom, 2011). Translocation of their hydrophilic head groups
through the hydrophobic interior of native membranes is very energetically unfavorable and
thus mechanisms must exist to achieve this movement efficiently. Three major classes of
proteins have been identified to transport phospholipids across cellular membranes: P4-ATPases,
ABC transporters, and scramblases (Coleman et al., 2013; Andersen et al., 2016). P4s-ATPases are a
family of the P-type ATPases that act as ATP-dependent biological pumps to move ions and
lipids across biological membranes. They are found only in eukaryotes and have been recently
identified as flippases which transport or “flip” phospholipids inward from the exoplasmic to the
cytoplasmic leaflet. ATP binding cassette or ABC transporters also utilize energy from ATP
hydrolysis to transport a wide variety of substrates across membranes. Many are known to
export or “flop” phospholipids from the cytoplasmic to the exoplasmic leaflet, except for ABCA4
which is the only eukaryotic ABC transporter that acts as flippase. Scramblases don’t require
metabolic energy to facilitate the spontaneous, bi-directional transport of various phospholipids
and other membrane lipids. They disrupt the asymmetry generated by Ps-ATPases and ABC
transporters and have been implicated in maintaining membrane integrity of the endoplasmic
reticulum (ER) and facilitating blood coagulation and the removal of apoptotic cells in the

plasma membrane (Williamson, 2015).
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Figure 1.1 Lipid asymmetry in biological membranes.

Membranes are made up of a lipid bilayer mainly comprised of amphiphilic phospholipids. The
lipid composition between the two leaflets is asymmetric: the cytoplasmic side is concentrated
with phosphatidylserine and phosphatidylethanolamine, whereas the extracellular or luminal
side is enriched in phosphatidylcholine, sphingomyelin and glycolipids. This lipid asymmetry
enables the membrane bilayer to adopt the spontaneous curvature of the local lipids.
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1.2 P-type ATPases

P-type ATPases comprise a superfamily of integral membrane transporters found in all
kingdoms of life (Bublitz et al., 2011). They are distinguished from other types of transporter
ATPases by the formation of a phosphorylated intermediate at an invariant aspartic acid residue
during the catalytic cycle. Based on sequence similarity and substrate specificity, P-type ATPases
are organized into five classes (type 1, 2, 3, 4, 5) with further subfamilies (Figure 1.2A)
(KGhlbrandt, 2004). Type 1-ATPases are presumably the most ancient and simplest bacterial ion
pumps; type 1A transport K* and type 1B transport heavy metal ions such as Cu*, Ag*, Zn*",
Cd** or Pb?*. Type 2 and 3 are the best characterized P-type ATPases and they establish crucial
electrochemical gradients across cellular membranes. Type 2A consists of the sarcoendoplasmic
reticulum Ca®* ATPases (SERCA) and the secretory pathway Ca®* ATPases, type 2B contains the
plasma-membrane Ca®* ATPases, and type 2C includes the Na*/K* ATPases (NKA) and the
gastric H*/K* ATPase. Type 3A are H" pumps that maintain an intracellular pH of 6.6 against an
extracellular pH of 3.5 and type 3B are bacterial Mg?* pumps. Distinct from the other members,
type 4 only exists in eukaryotes and have been shown to transport phospholipids. The substrates
specificity of type 5 is still unknown, but they have been predicted to be involved in the

endosomal-lysosomal system (Andersen et al., 2016).



P-Type ATPases

P4-ATPase Subfamily

P-type 2C
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Figure 1.2 P-type ATPase superfamily and human P4-ATPase family

(A) P-type ATPases are grouped into five families based on their sequences and substrate
specificity. Type 2B and 2C contain the most famous and extensively studied sarcoendoplasmic
reticulum Ca®*-ATPase and Na*/K*-ATPase. Type 4-ATPases only exist in eukaryotes and have
been recently identified to transport phospholipids across membranes. (B) In humans, there are
14 P4-ATPases divided into five classes according to their sequence similarity.



1.3 Ps-ATPases

In yeast (Saccharomyces cerevisiae), there are five Type 4-ATPases, or P4-ATPases (Drs2p,
Neol1p, Dnf1p, Dnf2p, Dnf3p). In contrast, the human genome contains 14 P,-ATPases that are
classified into five subfamilies based on sequence similarity (Figure 1.2B) (Table 1.1): Class 1a
(ATP8AT, ATP8A2); Class1b (ATP8B1, ATP8B2, ATP8B3, ATP8B4); Class 2 (ATP9A, ATP9B); Class 5
(ATP10A, ATP10B, ATP10D); and Class 6 (ATP11A, ATP11B, ATP11C) (Table 1.1) (Paulusma &
Elferink, 2010; van der Mark et al., 2013).
Structural and Functional Domains

Based on amino acid sequence alignment with other P-type ATPases whose crystal
structures have been extensively characterized, Ps-ATPases are similarly composed of four
distinct functional and structural domains: a membrane-embedded domain (M, membrane) and
three cytoplasmic domains (N, nucleotide binding; P, phosphorylation; A, actuator) (Figure 1.3A)
(Andersen et al., 2016). The M domain contains 10 transmembrane segments (M1-M10) that
serve as the pathway through which lipid substrates are translocated. Recent studies suggest
that M1-M6 form a structural unit that is highly flexible during the catalytic cycle to allow for the
transport of phospholipids across membranes, whereas M7-M10 are more rigid and support the
transport domain (Morth et al., 2011; Baldridge & Graham, 2012; Vestergaard et al,, 2014). The N
domain binds ATP and functions as a built-in kinase that phosphorylates the P domain. The P
domain contains an aspartic acid (Asp, D) within the conserved DKTG motif that undergoes
transient phosphorylation. The A domain contains the signature DGET motif (TGES in Ca,*-
ATPase and Na*/K*-ATPase) in which the glutamic acid (Glu, E) acts as an intrinsic phosphatase

that dephosphorylates the Asp residue. Ps-ATPases also have regulatory domains that are



involved in modulating the transport activity and targeting these flippases to specific subcellular
membranes. These domains can exist in either the N-terminus, the C-terminus, or both, and they
may act as auto-inhibitors that suppress activity by interacting with the rest of the transporter
molecule or as protein targeting signals (Takatsu et al., 2011a; Zhou et al., 2013).
Catalytic Cycle

The proposed flippase mechanism of P4-ATPases is deduced from the well-established
mechanism of the type 2 ATPases, including Ca®*- and Na*/K*-ATPase, based on the conserved
functional motifs and similar domain structures. Like the P,-ATPases and other P-type ATPases,
P4-ATPases are phosphorylated by ATP at the conserved aspartate in the P domain in a
vanadate-sensitive manner, and they are named "P-type” due to the presence of the
phosphorylated intermediate (Figure 1.3B) (Ding et al., 2000; Lenoir et al., 2009; Bryde et al.,
2010; Coleman et al., 2012). Detailed examination of the catalytic cycle of ATP8A2 showed that
the phosphoenzyme exists in E1P and E2P states, and the dephosphorylation of E2P is activated
by the specific substrates PS and PE, but not by PC (Coleman et al., 2012). Crystal structures of
the P,-ATPases have demonstrated that the conserved glutamate in the A domain rotates to
move into the correct position for catalyzing the hydrolysis of the aspartyl-phosphate while the
binding of the ion substrate induces some conformational changes (Palmgren & Nissen, 2011;
Toyoshima, 2009). Dephosphorylation in P4-ATPases is expected to arise from similar structural
changes. Correspondingly, a mutation of the conserved A-domain glutamate residue in ATP8A2

blocks the dephosphorylation normally induced by PS (Coleman et al., 2012).



Table 1.1 Summary of the human P4-ATPases.
The 14 members of human Ps-ATPases and their known B subunits, substrates, tissue expression
and association with disease and disorder are summarized. Modified from Anderson et al., 2016.

Class Human B-subunit Substrate Expression Pathophysiology References
P4-ATPase
Class 1a ATP8A1 CDC50A PS > PE Ubiquitous, highin  Defective Levano et al.,
skeletal muscle, hippocampus- 2012; Kato et
thyroid, spinal cord  dependent learning al., 2013; Lee et
(mice) al., 2015
ATP8A2 CDC50A PS > PE Brain, retina, testis, Cerebellar Ataxia, Coleman et al,,
spinal cord Mental Retardation 2009; Onat et
and Disequilibrium al., 2012; Zhu et
Syndrome (CAMRQ) al., 2012;
(humans) Vestergaard, et
) ) al., 2014;
Neurological, spinal, Coleman et al.,
axonal degeneration; 2014
Retinal degeneration;
hearing loss (mice)
Class 1b ATP8B1 CDC50A, PC (PS?) Ubiquitous, high in Progressive Familial Bull et al., 1998;
CDC50B small intestine, Intrahepatic Eppens et al.,
pancreas Cholestasis (PFIC); 2001; Paulusma
Benign Recurrent et al., 2006;
Intrahepatic Folmer et al.,
Cholestasis (BRIC) 2009b;
(human) Stapelbroek et
) al., 2009;
Intrahepatic Takatsu et al.,
cholestasis, hearing 2014
loss (mice)
ATP8B2 CDC50A, PC Ubiquitous Unknown Takatsu et al.,
CDC508B 2014
ATP8B3 Unknown PS? Testis Impaired sperm-egg Wang et al.,
interactions 2004; Gong et
al., 2009
ATP8B4 CDC50A, Unknown Moderate levels Alzheimer’s disease? Liet al., 2008;
CDC50B? throughout brain van der Velden
etal., 2010
ATP8B5
onlyin
mice




Class Human B-subunit Substrate Expression Pathophysiology References
P4-ATPase
Class 2 ATP9A Unknown Unknown Ubiquitous, highin ~ Unknown Halleck et al.,
brain, pancreas 1998; Takatsu
etal.,, 2011b;
Ansari et al.,
2015
ATP9B Unknown Unknown Ubiquitous, highin ~ Unknown Halleck et al.,
testis 1998; Takatsu
etal., 2011b
Class 5 ATP10A CDC50A PC High in brain, Angelman syndrome, Dharetal,,
pancreas, kidney, obesity, type 2 2004, 2006;
lung diabetes Naito et al.,
2015
ATP10B CDC50A Unknown Low expression, Unknown
brain
ATP10D CDC50A Unknown High in placenta, Obesity; Flamant et al.,
low kidney, hyperinsulinemia 2003; Takatsu
undetectable in etal., 2011b
other major organs
Class 6 ATP11A CDC50A PS > PE Ubiquitous, Marker for Miyoshi et al.,
moderate levels in metastasis in 2010; Takatsu
liver, skeletal Colorectal cancer etal., 2014
muscle, ovary (human)
ATP11B CDC50A PS > PE Ubiquitous, highin ~ Unknown
kidney, testis, ovary
ATP11C CDC50A PS > PE Ubiquitous, highin  Impaired B Siggs et al.,
liver, pancreas, lymphocyte 2011b; Takatsu
heart differentiation, et al., 2014;
cholestasis, Yabas et al.,
2014

hepatocarcinoma;
anemia, aberrant
erythrocyte shape
(mice)
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Figure 1.3 Domain structure, topology, and proposed mechanism of P4-ATPases.

(A) P4-ATPase is composed of four distinct domains: membrane (M), nucleotide-binding (N),
phosphorylation (P), and actuator (A) domain. (B) P-type ATPases undergo four conformational
states during the reaction cycle. Binding of ATP and phosphorylation of the P domain convert E1
to E1P. Upon binding of the phospholipid substrate during E1P to E2P transition, the A domain
rotates and moves into a position for catalyzing dephosphorylation, which in turn drives the
translocation of the lipid through the membrane to the cytoplasmic leaflet. The enzyme is
converted back to E1 as the A domain returns to its starting position.
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1.3.1 CDC50—Accessory Subunit

P4-ATPases except for ATP9A and ATP9B are known to associate with an accessory or B-
subunit belonging to the CDC50/LEM3 family. There are only three CDC50 proteins (CDC50A,
CDC50B, and CDC50C) in humans and three in yeast (Cdc50p, Lem3p, and Crf1p), suggesting
that some P4-ATPases can bind to the same CDC50 protein to form a heteromeric complex
(Andersen et al., 2016). The interaction of various Ps-ATPases with specific B-subunits has been
examined primarily by heterologous co-expression and co-immunoprecipitation. P4-ATPases
including ATP8A1, ATP8A2, ATP10A, ATP10B, ATP10D, ATP11A, ATP11B, and ATP11C associate
with CDC50A. Some, such as ATP8B1, ATP8B2 and ATP8B4, can bind to either CDC50A or
CDC50B. Although CDC50/LEM3 family of proteins are evolutionarily conserved in eukaryotes,
mouse Cdc50c mRNA is predominantly detected in testes while the CDC50C gene in humans is
truncated and likely results in a non-functional transcript (Osada et al., 2007; Xu & Ding, 2007).
CDC50C has not been found to associate with any P4-ATPases to date. In addition to employing
exogenous co-expression of P4,-ATPases and the B-subunits, studies on physiologically relevant
cells and tissues are important to further confirm the presence and function of such native
protein complexes.

CDC50 proteins are small membrane glycoproteins composed of two transmembrane
helices interconnected by a large glycosylated exoplasmic domain containing three or more N-
linked oligosaccharide chains, which confer stability to the protein structure, and short
cytoplasmic N- and C-terminus (Coleman & Molday, 2011; Garcia-Sanchez et al.,, 2014). They
typically appear as a broad band at a molecular weight of approximately 50 kDa on SDS-PAGE

gels due to their highly heterogeneous glycosylated chains. Both the membrane and exoplasmic
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domains of CDC50 are required for forming a functionally active complex with the Ps-ATPase
(Coleman & Molday, 2011). Interactions between these a and B subunits are crucial for the
correct assembly and folding for the protein complexes to exit the ER. However, CDC50 proteins
are not directly involved in subcellular targeting of P4-ATPases to their preferred membranes
(Lopez-Marqués et al., 2010).

Besides serving as molecular chaperones, CDC50 proteins are also suggested to actively
participate in the ATP-dependent phospholipid transport in several ways. In the absence of
CDC50 expression, ATP8B1 and ATP8B2 cannot undergo phosphorylation at the catalytically
important Asp residue (Bryde et al., 2010). The affinity of yeast Drs2p for its B-subunit Cdc50p
fluctuates during the catalytic cycle, with the strongest interaction observed when Drs2p is in the
E2P state with a bound phospholipid substrate (Lenoir et al., 2009). Furthermore, generation of a
high-affinity phospholipid binding site may require CDC50-induced conformational changes in
the M domain of P4-ATPases, analogous to the role of the B-subunit in the Na*/K*-ATPase (Kathi
Geering, 2001; Puts & Holthuis, 2009). Alternatively, CDC50 proteins may help complete the
phospholipid translocation pathway by contributing two additional helices to the M domain, in
which case the flipping would occur at the interface between a P4-ATPase and its CDC50 B-
subunit (Coleman et al., 2009; Puts & Holthuis, 2009; Zhou & Graham, 2009).

1.3.2 Class 1a

The first evidence that indicated P4-ATPases are phospholipid transporters came from
studies on the yeast Drs2p, which was shown to be involved in flipping fluorescent NBD-labeled
analogs of PS across the plasma membranes (Tang et al., 1996). ATP8AT1, an ortholog of Drs2p,

was the first mammalian P4-ATPase cloned and it expresses in a wide variety of tissues (Mouro et
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al., 1999). Studies on ATP8A1 knockout mice demonstrated that, despite apparently normal
brain morphology, the hippocampal cells devoid of Atp8a1 exhibit a significant increase in PS-
externalization and the mice display hyperactivity and pronounced hippocampus-dependent
learning disabilities (Levano et al., 2012). ATP8A1 has been shown to bind to CDC50A and
possibly also to CDC50B, which leads to varying specific ATPase activities and substrate
specificities depending on availability of the appropriate B-subunits in the experimental
materials and conditions (Bryde et al.,, 2010; Paterson et al., 2006; van der Velden et al., 2010).
ATP8A2 shares 67% sequence similarity with ATP8A1 and is highly expressed in specific tissues
including the retina, brain, and testis (Coleman et al., 2009; Cacciagli et al., 2010). In the retina, it
localizes to the outer segment disc membranes of both rod and cone photoreceptor cells and
co-purifies with CDC50A (Coleman & Molday, 2011). The ATPase activity of the purified complex
from photoreceptors is strongly activated by PS and to a lesser extent by PE. Reconstituted
ATP8A2 in liposomes showed a specific flippase activity towards PS (Coleman et al., 2009;
Coleman & Molday, 2011). ATP8A2 was further shown to rescue endosomal defects in ATP8A1-
depleted cells in a flippase-dependent manner, suggesting that ATP8A1 and ATP8A2 share
overlapping transport activities (Lee et al.,, 2015).
1.3.3 Class 1b

ATP8B1 was the first P4-ATPase identified to be associated with human disease (van der
Mark et al,, 2013). ATP8B1 is expressed in many tissues, including the liver, pancreas, stomach,
bladder, small intestine, and prostate and is localized to the apical membrane of many epithelial
cells, such as the canalicular membrane of hepatocytes (van der Mark et al., 2013). Initial

observations using UPS-1 cells, a Chinese hamster ovary (CHO) mutant cell line that has
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impaired non-endocytic uptake of NBD-PS, showed that ATP8B1 relocalizes from the
endoplasmic reticulum (ER) to the plasma membrane and exhibits a dramatic increase in the
translocation of NBD-PS only upon binding with CDC50 proteins (Paulusma et al., 2008). But in a
more recent study, ATP8B1 was reported to transport primarily PC, and the NBD-PC uptake
mediated by ATP8B1 was abolished by co-expression of ABCB4, an ABC transporter that “flops”
PC to the extracellular leaflet of the plasma membranes (Takatsu et al,, 2014). The same study
also suggested that ATP8BZ2, like ATP8B1, transports PC. ATP8B3 has been implicated as a PS
flippase according to cell-based studies (Gong et al., 2009; Wang et al., 2004). ATP8B5 exists in
mice but not in humans, and it has been implicated to flip PE and PC and to play a crucial role in
spermatogenesis (Xu et al., 2009). However, the substrate specificity of these other ATP8B

members have yet to be investigated with biochemical approaches.

1.3.4 Class 2

ATP9A and ATP9B and their yeast ortholog Neolp are the only P4-ATPases that do not
associate with CDC50 proteins or require such interactions for exiting the ER to reach their
destination membranes (Takatsu et al., 2011b). Studies using overexpression in Hela cells
revealed that ATP9A localizes to the trans-Golgi network (TGN) and early/recycling endosomes,
whereas ATPIB localizes exclusively to the TGN. In addition, the N-terminal cytoplasmic regions
of ATP9A and ATP9B were shown to contain subcellular localization signals using chimeric
constructs generated by swapping the N-terminal segments (Takatsu et al., 2011b). ATP9A is
highly expressed in the brain and pancreas, whereas ATP9B is more ubiquitously expressed.
ATP9A is also expressed in human and rat pancreatic islets and is particularly concentrated in

the plasma membranes from membrane fractionation studies (Ansari et al., 2015). Another study
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showed that ATP9A is expressed in rat liver and enriched in the microsomal and mitochondrial
membranes (Chaubey et al., 2016).

Neolp is the only yeast P4-ATPase that is lethal when it's genetically deleted, indicating
that it is involved in some fundamental cellular processes (Prezant et al., 1996). Neo1p localizes
to endosomes and Golgi, where it appears to play a role in endosomal membrane trafficking
(Barbosa et al., 2010; Hua et al., 2002; Wicky et al., 2004). Recent studies suggested that Neo1p
primarily establishes PE asymmetry and is also important for PS asymmetry in budding yeast
(Takar et al., 2016). Furthermore, a genome-wide screen for regulators of Neo1p at endosomes
proposed that the flippase activity of Neo1p may be required at the site of vesicle formation
(Dalton et al., 2017). Investigations with siRNA knock-down of ATP9A in Hela cells showed
impaired recycling of transferrin, which is enriched in PS-positive endosomes (Tanaka et al.,
2016). However, the function of ATP9A and ATP9B remains poorly characterized. It is not known
yet whether they require an associated protein for activity and whether they transport
phospholipids across membranes.

1.3.5 Class 5

Members of the ATP10 subfamily are the least biochemically characterized P4-ATPases
(Coleman et al., 2013). Their C-terminal regions are generally longer with an unknown function.
ATP10A is abundant in the brain, testis and lung; ATP10B has a low expression in brain; and
ATP10D expression is high in placenta and low in kidney while undetected in other major tissues
(Andersen et al,, 2016). Exit from the ER and localization of ATP10A and ATP10D to the plasma
membrane and ATP10B to late endosomes require an interaction with CDC50A (Naito et al.,

2015). Exogenously expressed ATP10A in Hela cells showed a significant increase in the specific
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uptake of fluorescent NBD-PC but not other lipids (Naito et al., 2015). Cells expressing a
dephosphorylation-deficient mutant of ATP10A did not show such an increase in NBD-PC

internalization. The substrate specificities of ATP10B and ATP10D have not yet been determined.

1.3.6 Class 6

ATP11A, ATP11B and ATP11C appear to be ubiquitously expressed in the body and only
bind CDC50A as the B-subunit (Andersen et al., 2016; Takatsu et al., 2011b). The substrate
specificity of ATP11A and ATP11C has also been reported (Takatsu et al., 2014). These P4-
ATPases flip PS as their main substrate, confirming earlier results showing that ATP11C is
involved in PS translocation into B-lymphocytes and other immune cells (Segawa et al., 2014;
Yabas et al,, 2016, 2011).
1.4 Distribution in Cells

The subcellular distribution of P4-ATPases has been studied mainly by
immunofluorescence microscopy and flow cytometry analysis of the transport of fluorescently
labeled phospholipids in cells overexpressing the protein complexes. ATP8B1, ATP8B2, ATP8B4,
ATP10A, ATP10D, ATP11A, and ATP11C primarily localize to the plasma membrane upon binding
with their B-subunits to transport phospholipid substrates from the extracellular to the
cytoplasmic leaflet (Naito et al., 2015; Takatsu et al., 2011b; van der Velden et al., 2010). ATP8AT,
ATP8A2, ATP10B, and ATP11B are predominantly confined to the Golgi and recycling endosomal
membranes (Coleman & Molday, 2011; Takatsu et al., 2011b; Lee et al.,, 2015). However, some
studies showed that many of these P4-ATPases, such as ATP8A1 and ATP8A2, are also present in
the plasma membrane (Segawa et al., 2016; Soupene & Kuypers, 2006). Therefore, Ps-ATPases

likely undergo dynamic trafficking between the Golgi/recycling endosomal system and the cell
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surface, but preferentially localize to either destination membrane depending on the specific Ps-
ATPase.
1.5 Roles in Cell Physiology

P4-ATPases play a critical role in many fundamental cellular processes associated with the
plasma membrane and intracellular membranes. The main function of P4-ATPases is to generate
and maintain phospholipid asymmetry between the two leaflets of membranes. P4-ATPases that
act as a PS flippase, including ATP8 and ATP11 subfamilies, ensure that the extracellular leaflet
of the plasma membrane is devoid of PS, since this phospholipid serves as an “eat me” signal on
the apoptotic cell surface for phagocytosis (Segawa et al., 2014). Studies on ATP11C knockout
mice demonstrated a critical role of ATP11C in establishing PS asymmetry during erythropoiesis,
an important process for generating normal mature erythrocytes (Yabas et al., 2014). PS
internalization mediated by ATP11C has also been shown to be essential for differentiation of B
lymphocytes (Siggs et al., 2011a; Yabas et al., 2011). P4-ATPases specific for PS and PE also
ensure that the cytoplasmic leaflet is highly enriched in these phospholipids, which interact with
various membrane-bound cytoskeletal components, enzymes and adaptor proteins to allow for
processes such as vesicle trafficking, cell signaling pathways, enzyme regulation and lipid
metabolism (Huang et al,, 2011; Lee et al,, 2015; Newton & Keranen, 1994). For example, the
high levels of PS and PE in the cytoplasmic leaflet of erythrocytes may be important for the
association of the spectrin-ankyrin cytoskeletal network with the plasma membrane for
maintaining normal cellular shape (Machnicka et al., 2014).

The function of P4-ATPases to establish phospholipid asymmetry in intracellular

membranes is most fundamental to vesicle trafficking in cells. The majority of membrane lipids
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are synthesized on the cytoplasmic side of the ER and redistributed symmetrically across the
membranes by scramblases. Vesicles bearing the membrane lipids and proteins pinch off from
the ER and fuse with the Golgi complex, where lipid asymmetry is induced by the action of
flippases and floppases. Studies on the yeast Drs2p have provided the most evidence for the
role of P4-ATPases in vesicle trafficking (Sebastian et al., 2012). Drs2p is localized to the trans-
Golgi network (TGN) where it flips PS and PE from the luminal leaflet to the cytoplasmic leaflet
to generate phospholipid asymmetry. The resulting membrane curvature and anionic
phospholipid composition in the cytoplasmic leaflet recruits the Arf GTPase-activating protein
Gces1 and clathrin coat proteins for the vesicular transport between the TGN and early
endosomes (Xu, Baldridge, Chi, Burd, & Graham, 2013).

Mammalian P4-ATPases have also been implicated in vesicle budding and trafficking
although the mechanism remains poorly understood. Silencing the expression of ATP8A2
reduces neurite outgrowth in PC12 cells, and mutations in mouse Atp8aZ2 disturb axonal
transport of phosphorylated neurofilaments in the lumbar motor neurons, suggesting that this
P4-ATPase plays a role in vesicle trafficking required for neurite extension (Xu et al,, 2012; Zhu et
al., 2012). Atp8a2-knockout mice also show a strikingly shorter photoreceptor outer segments,
suggesting that a decrease in vesicle trafficking between the inner and outer segments results
from the lack of ATP8A2 (Coleman et al.,, 2014). ATP8A1-mediated PS transport is important in
the recruitment of the membrane fission protein EHD1 to the cytoplasmic leaflet of recycling
endosomes (Lee et al.,, 2015). More recently, ATP9A has been shown to play a role in the

recycling pathway from endosomes to the plasma membrane in Hela cells (Tanaka et al., 2016).
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However, whether ATP9A functions as a phospholipid transporter to maintain membrane
asymmetry is yet to be demonstrated.
1.6 Roles in Diseases

To date, deficiencies in at least two P4-ATPases, ATP8B1 and ATP8A2, are directly
associated with severe human disease. Mutations in Atp8a2 were identified to cause the
neurodegenerative disease and axonal degeneration in the central and peripheral nervous
system in the wabbler-lethal (wl) mice (Zhu et al., 2012). These mutant mice display retarded
growth and life span shorter than four months. Mice deficient in ATP8A2 display defects in visual
and auditory function and degeneration of photoreceptor and spiral ganglion cells (Coleman et
al,, 2014).

A mutated ATP8A2 was detected in a patient with severe mental retardation and
hypotonia, or low muscle tone (Cacciagli et al., 2010). However, screening of 37 other patients
with a similar phenotype did not identify similar mutations in ATPSA2. Furthermore, a recessive
missense mutation in ATP8AZ (I1376M) was found to cause a rare neurodegenerative disease
known as cerebellar ataxia, mental retardation and disequilibrium syndrome (CAMRQ) in three
members of a consanguineous family (Onat et al., 2012). This missense mutation was confirmed
by biochemical characterization to result in the loss of PS flippase activity in ATP8A2.
Collectively, these results indicate that functional ATP8A2 is essential in many neuronal cells and
that mutations in ATPSA2 may be a risk factor for neurodegenerative diseases.

Mutations in ATP8BT cause benign recurrent intrahepatic cholestasis type 1 (BRICT) and
the more severe progressive familial intrahepatic cholestasis type 1 (PFICT) (Bull et al., 1998).

Both liver disorders have an early onset and are characterized by impaired bile flow or
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cholestasis. Patients affected with PFICT and BRIC1 patients can also develop extrahepatic
disease, such as hearing loss and pneumonia (Ray et al., 2010; Stapelbroek et al., 2009). ATP8B1
localizes to the canalicular membrane of hepatocytes where it is thought to catalyze the flipping
of PS to maintain membrane integrity (Folmer et al., 2009b). Loss of ATP8B1 in rat hepatocytes
does not alter ABCB4 expression and localization to the canalicular membrane but results in
reduced bile salt excretion, defective bile canalicular membrane structure and accumulated PS in
the canalicular lumen (Cai et al.,, 2009). The disease-causing missense mutations have been
found to affect the stability of ATP8B1 and reduce the interaction with its B-subunit CDC50A
(Folmer et al., 2009b). In addition, the mutant proteins are not properly targeted to the
canalicular membrane in WIF-B cells. The underlying mechanism of ATP8B1-linked cholestasis is
still unclear, but it has been proposed that an elevated PS level in the luminal leaflet of
canalicular membrane resulted from lack of ATP8B1 causes an abnormal lipid packing (Folmer et
al., 2009a). This in turn renders the outer leaflet more susceptible to bile salt-mediated
extraction of phospholipids and cholesterol, thereby reducing the activity of ABCB11, a principal
bile salt exporter that is also associated with PFIC2 (Strautnieks et al., 1998). However, the recent
findings that suggest ATP8B1 is a PC flippase point to an alternative model where the disrupted
PC transport to the inner leaflet of canalicular membrane due to the loss of functional ATP8B1
could compromise the membrane stability to bile salts. Further studies are necessary to
elucidate the pathogenesis of cholestasis associated with ATP8B1.

The pathophysiological functions of other Ps-ATPases are much less investigated (van
der Mark et al., 2013). A significant association between the ATP8B4 locus on chromosome 15

and Alzheimer’s disease has been reported (Li et al., 2008). One of the single-nucleotide
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polymorphisms (SNPs) was found to localize close to the ATP8B4 gene, suggesting that
mutations in ATP8B4 may predispose to Alzheimer’'s disease (Li et al., 2008). ATP10A and
ATP10D have been associated with obesity and hyperinsulinemia. ATP10A is likely involved in
the control of insulin-stimulated glucose uptake in mouse adipose tissue and a risk factor for
type 2 diabetes in African American population (Dhar et al., 2006, 2004). Imprinting mutations
and deletions in ATP10A have also been linked to Angelman syndrome, a form of autism
spectrum disorder (Hogart et al., 2008; Meguro et al., 2001). ATP11A has been reported as a
predictive marker for metastasis in colorectal cancer (CRC) (Miyoshi et al., 2010). CRC tissue
displayed significantly elevated levels of ATP11A mRNA when compared to control tissue and
affected patients showed a reduction in disease-free survival rates. How ATP11A activity involves
in metastasis in CRC is yet to be determined. The X-linked Atp77c mutant mice have been shown
to exhibit abnormal characteristics including loss in B cell development, unconjugated
hypercholanemia, conjugated hyperbilirubinemia, hepatocellular carcinoma, anemia and
dystocia (Siggs et al,, 2011a,b; Yabas et al., 2011). Whether ATP11C deficiency leads to similarly
diverse phenotypes in human is presently unknown.
1.7 Na*/K*-ATPase

Na*/K*-ATPase (NKA) belongs to type 2C of the P-type ATPases and is found on the cell
membrane of essentially all eukaryotic cells. NKA is an integral membrane protein that utilizes
energy from ATP hydrolysis to transport three Na* out of the cell in exchange for two K* in,
thereby generating and maintaining low intracellular Na* and high internal K* concentrations
(Blanco & Mercer, 1998). It exists as a heterodimeric complex composed of a catalytic a subunit

and a [ subunit that modulates the assembly, membrane targeting, and functional properties of
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the complex (Blanco & Mercer, 1998). There are four well-characterized a subunit isoforms (a1,
a2, a3, ad) and three B subunit isoforms (B1, B2, 3). The a1 and 1 isoforms are found in nearly
all cells and likely have a housekeeping role (ElImira Tokhtaeva et al., 2012). In contrast, the other
isoforms of NKA exhibit a tissue-specific expression pattern. The a2 isoform is mainly expressed
in muscle and nervous system; the a3 isoform is abundant in neuronal tissues; and o4 is
exclusively expressed in testis. The 2 isoform predominates in brain and muscle, and B3 is
present in lung, testis, skeletal muscle, and liver (EImira Tokhtaeva et al., 2012).

While transfection studies indicate that each of the four a subunits can interact with each
of the three B subunits and form a functional complex, other studies using selective co-
immunoprecipitation suggest that there is preferential binding between certain o and p isoforms
for assembly. For example, a1B1 is known to be the principal isoform of NKA in kidney
(Jargensen, 1986). In the retina, all o and P isoforms except for a4 have been localized and
extensively examined for their expression in specific cell populations (Wetzel et al., 1999). a332
has been reported to be enriched in photoreceptor and bipolar cells and distributed in the inner
segment, outer nuclear and outer plexiform layers, and inner nuclear layer. Besides its function
as an ion pump, a3[2 has also been found to interact with retinoschisin (RS1), a membrane-
associating protein suggested to help maintain the cellular and synaptic structure of the retina
(Molday et al., 2007). Mutations in the gene encoding RS1 lead to an early-onset macular
degeneration disorder called X-linked retinoschisis (XLRS) (Sauer et al., 1997). A detailed
investigation of the interactions between RS1 and these isoforms of NKA will contribute to the

understanding of the normal retinal function and organization as well as the pathogenesis of
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XLRS. Otherwise, much remains unknown about the roles of particular o/p heterodimers in the
specific organs and tissues.
1.8 Thesis Investigation

Among the 14 members of human Ps-ATPases, ATP9A and ATP9B of the ATP9 subfamily
have remained poorly studied in terms of function and association with human diseases despite
their ubiquitous and particularly high expression in brain and testis, respectively (Halleck et al.,
1998; Takatsu et al.,, 2011b). Interestingly, overexpression of their yeast homolog Neo1p was
found to confer neomycin resistance in yeast and deletion of the NEOT gene alone is lethal (Hua
et al, 2002; Prezant et al.,, 1996). To date, it has yet to be determined whether ATP9A and ATP9B
exhibit ATP-dependent phospholipid flippase activity and if so, which phospholipids serve as
substrates and by what mechanism.

Chapter 2 of the current thesis investigates the function of mammalian ATP9A as well as
its role in cellular physiology and human disease. These intriguing questions were pursued by
using emerging biochemical and molecular biological methodologies.

Chapter 3 of the project describes characterization of the functional complex of
retinoschisin (RS1) and Na*/K*-ATPase (NKA) from native retinal tissues by using monoclonal
antibodies specific for RS1 and the NKA subunits a3 and 2.

Lastly, Chapter 4 provides a conclusion of the studies and discusses the future aspects of

this research project.
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Chapter 2: Characterization of ATP9A, a member of the P4-ATPase family

2.1 Introduction

The yeast ortholog of the human ATP9 subfamily, Neo1p, has long been known to be the
only yeast Ps-ATPase that is lethal when it is genetically knocked out (Prezant et al., 1996).
Several studies demonstrated its role in membrane trafficking in the endomembrane system
(Barbosa et al., 2010; Hua et al., 2002; Wicky et al., 2004), and others suggested that Neo1p is
important for establishing PS and PE asymmetry (Takar et al., 2016). The fact that Neo1p is
essential for the survival of yeast cells indicates that these P4-ATPases are involved in some
fundamental cellular functions. However, to date there is no direct evidence to show whether
Neo1p and ATP9A are phospholipid transporters.

In this chapter, we have investigated the subcellular localization and functional
properties of human ATP9A expressed in human cell lines. We have also characterized an in-
house monoclonal antibody specific to ATP9A and examined the expression of ATP9A in various
mouse tissues.

2.2 Materials and Methods
2.2.1 Materials

Oligonucleotides were ordered from Integrated DNA Technologies (Coralville, I1A). 1 kb
Plus DNA Ladder were purchased from Invitrogen (Carlsbad, CA), and Phusion® High-Fidelity
DNA Polymerase, Taq polymerase, Antarctic phosphatase, T4 DNA ligase, and restriction
enzymes were from New England Biolabs (Ipswich, MA). Polyethylenimine was obtained from

Polysciences (Warrington, PA), 40% acrylamide solution was from Bio-Rad Laboratories
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(Hercules, CA), and protein standards were from Bio-Rad Laboratories or FroggaBio (Ontario,
Canada).

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phosphoserine (DOPS), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), brain polar
lipids (porcine) (BPL), L-a-phosphatidylinositol (bovine, liver) (Pl), 1,2-dioleoyl-sn-glycero-3-
phosphate (PA), 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (PG), sphingomyelin (porcine, brain)
(SM), cholesterol (bovine, wool) (Chol), 1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl}-sn-glycero-3-phosphocholine (NBD-PC), 1-oleoyl-2-{6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphoethanolamine (NBD-PE), and 1-
oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphoserine
(NBD-PS) were purchased from Avanti Polar Lipids (Alabaster, AL). ATP and octyl-S-D-
glucopyranoside (OGP) were purchased from Sigma-Aldrich (St. Louis, MO), CHAPS was from
Anatrace (Maumee, OH) and Protease Arrest was from G-Biosciences (St. Louis, MO).

Synthetic 1D4 peptide was obtained from Celtek Peptides (Franklin, TN), and the Rho
1D4 antibody was from UBC University-Industry Liaison Office (UBC-UILO, Vancouver, BC).
Radioactive [y-**P]-ATP was ordered from PerkinElmer (Waltham, MA). Sulfo-NHS-LC-Biotin was
purchased from ProteoChem (Hurricane, UT) and streptavidin agarose resin was from Thermo
Fischer Scientific (Waltham, MA). ATP9A-3G2 (WH0010079M2) monoclonal antibody was
purchased from Sigma-Aldrich, B-actin (ab8227) polyclonal antibody was from Abcam

(Cambridge, UK).
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2.2.2 DNA constructs

Human ATP9A cDNA clone was purchased from OriGene (Rockville, MD) and subcloned
into pcDNA3 vector (Invitrogen-Thermo Fischer Scientific) with a 1D4 tag (TETSQVAPA) in the C-
terminus using BamHI and EcoRYV restriction sites introduced by PCR. The 1D4-tagged ATP9A
construct was used as a template for generating E195Q, E195A, D391N, and D391A mutants
using PCR. pcDNA3 plasmids containing bovine ATP8A2 wildtype or E198Q mutant with a C-
terminal 1D4 tag and bovine CDC50A without a tag were generated as previously described
(Coleman et al., 2009; Coleman et al., 2012). Human ATP9B cDNA clone was obtained by reverse
transcription polymerase chain reaction (RT-PCR) of HEK293T cell total RNA extract and
subcloned into pcDNA3 vector with a C-terminal 1D4 tag using BamHI and EcoRV. Human

ATP8B1 cDNA with a C-terminal 1D4 tag was purchased from GeneCopoeia (Rockville, MD).

2.2.3 Cell culture and transfection

HEK293T cells were maintained in DMEM (Sigma) supplemented with 8% bovine growth
serum (Thermo Fisher Scientific), 100 units/mL penicillin, 100 ug/mL streptomycin, 25 pg/mL
amphotericin B, and 2 mM L-glutamine (Gibco-Thermo Fisher Scientific). For transfection in 100
mm TC-treated dish, HEK293T cells were grown to ~50% confluence and 20 pg of wildtype or
mutant ATP9A plasmid was transfected with the calcium phosphate method (Chen & Okayama,
1987) or with polyethylenimine (Longo et al., 2013). For ATP8A2 over-expression, 10 pg of
ATP8A2 and 10 pg of CDC50A plasmids were co-transfected in HEK293T cells whereas 5 pg of
each were co-transfected in Hela cells. Transfection in 60 mm TC dishes or 6-well TC plates with

glass coverslips was scaled according to the surface area ratio to that of 100 mm dishes.
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2.2.4 Immunofluorescence imaging

Cells grown on poly-L-lysine-coated glass coverslips placed in 6-well TC plates were
harvested at 48 hr post-transfection by fixing with 4% paraformaldehyde in 100 mM phosphate
buffer (PB), pH 7.4, for 15 min at room temperature. After blocking and permeabilization with
10% normal goat serum (NGS) and 0.2% Triton X-100 in PB for 15 min, cells were incubated with
primary antibody solution containing 10% NGS and 0.1% Triton X-100 in PB for 2 hr. Cells were
labeled with Rho 1D4 antibody (diluted 1:100) and, in the case of double labeling, with rabbit
polyclonal anti-calnexin antibody. After washing, cells were incubated with Alexa Fluor® 488-
conjugated goat anti-mouse, Alexa Fluor® 594-conjugated goat anti-rabbit secondary
antibodies (Invitrogen, diluted 1:1000), and 4',6-diamidino-2-phenylindole (DAPI) (diluted
1:1000) for 1 hr. Cells were washed and coverslips were mounted on glass slides with mowiol
mounting solution for imaging. Fluorescence images were acquired using 63x/1.40 Qil DIC

objectives on a Zeiss LSM 700 confocal microscope (Oberkochen, Germany).

2.2.5 Immunoaffinity purification from HEK293T cells

Purified Rho 1D4 monoclonal antibody was coupled to CNBr-activated Sepharose 2B at a
concentration of 2 mg of protein/mL of beads as described previously (Cuatrecasas, 1970;
Molday et al., 1990). At 48 hr post-transfection, cells were harvested from TC dishes and
solubilized in buffer A containing 50 mM HEPES-NaOH, pH 7.5, 150 mM NacCl, 5 mM MgCl;, 1
mM DTT, 20 mM CHAPS, 0.5 mg/mL DOPC, and 1X Protease Arrest, by stirring at 4°C for 30 min.
After cell lysis, the insoluble fraction was removed by centrifugation at 40,000 rpm at 4°C for 10
min with a TLA-110 rotor in the Optima Ultracentrifuge. The soluble fraction was then incubated

with Rho 1D4-Sepharose 2B beads pre-washed with 10 column volumes of buffer B containing
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50 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 10 mM CHAPS, 0.5
mg/mL DOPC at 4°C for 2 hr. For luminescent ATPase activity assay and phosphorylation assay,
buffer B contains 0.75% OGP instead of CHAPS. After binding, the beads were transferred into
an Ultrafree-MC-HV centrifugal filter (Millipore, Billerica, MA) and washed six times with 500 pL
of buffer B. The bound proteins were eluted with 0.4 mg/mL 1D4 peptide in buffer B with gentle
agitation at 17°C for 30 min twice. In cases where ATP9A-10D1-conjugated Sepharose 2B was
used as immunoaffinity column, the bound proteins were eluted at room temperature with
freshly prepared 4% sodium dodecyl sulfate (SDS) in buffer A without DTT and CHAPS.
Concentration of the purified proteins was quantified from Coomassie blue-stained SDS-
polyacrylamide gels with bovine serum albumin (BSA) standards with known concentrations.
2.2.6 ATPase activity assay

Typically, 20 ng of purified ATP8A2 or ATP9A was assayed for ATPase activity in 25 pL of
buffer C containing 50 mM HEPES-NaOH, pH 7.5, 150 mM NacCl, 12.5 mM MgCl,, 1 mM DTT, 10
mM CHAPS, 5 mM ATP, and 2.5 mg/mL lipid as indicated. The reaction was incubated at 37°C
for 30 min and then terminated by adding 25 pL of 12% SDS. The concentration of phosphate
was determined using a colourimetric method as previously described (Chifflet et al., 1988;
Gonzalez-Romo et al., 1992; Coleman et al., 2009). The reaction was mixed with 75 pL of solution
D containing 6% ascorbic acid and 1% ammonium molybdate in 1 N HCl for 10 min, followed by
the addition of 120 pL of solution E containing 2% sodium citrate, 2% sodium meta-arsenite,
and 2% acetic acid. The amount of phosphate released in the reaction was then measured with

the absorbance at 850 nm in a microplate reader by comparing to the absorbance values of
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known phosphate concentrations plotted as a standard curve. All data points were performed in
triplicate, and each experiment was repeated at least three times independently.
2.2.7 Luminescent ATPase activity assay

Typically, 200 ng of purified ATP8A2 or ATP9A was reconstituted into liposomes in one
volume of reconstitution buffer containing 25 mM HEPES-NaOH, pH 7.5, 150 mM NacCl, 0.5 mM
EDTA, 1 mM DTT, 10% glycerol, 1% OGP, and 2.5 mg/mL BPL by incubating on ice for 30 min,
resting at room temperature for 5 min, and gently stirring at 4°C for 5 min. Proteins in the mixed
lipid/detergent micelles were dialyzed against 2 L of dialysis buffer containing 50 mM HEPES-
NaOH, pH 7.5, 150 mM NacCl, 5 mM MgCl,, 1 mM DTT, and 10% glycerol with three buffer
changes at 4°C overnight. ATPase activity of the reconstituted proteins were determined using
ADP-Glo™ Kinase Assay (Promega, Madison, WI) following instructions in the manufacturer’s

manual.

2.2.8 Phosphorylation assay

Purified ATP8A2 or ATP9A proteins were reconstituted as described for the Luminescent
ATPase Activity Assay. Typically, 50 ng of proteins were phosphorylated in 100 pL of standard
phosphorylation medium (SPM) containing 50 mM HEPES-NaOH, pH 7.5, 150 mM NacCl, 1 mM
DTT, 1 mM MgCl,, and 3.3 uM [y-**P]-ATP with constant manual mixing at 0°C for 15 min. The
reaction was quenched by vortex-mixing with 2 volumes of 25% (w/v) trichloroacetic acid (TCA)
containing 100 mM H3POy, followed by centrifugation at 25,000 rpm at 4°C for 10 min in a TLA-
55 rotor to remove the supernatant. For samples without hydroxylamine (HA) treatment, the
TCA-precipitated proteins were dissolved in freshly prepared sample buffer containing 250 mM

phosphate buffer, pH 6.0, 10% glycerol, 0.1% (w/v) bromophenol blue, 5% B-mercaptoethanol
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(BME), and 10% SDS. For samples with HA treatment, the precipitated proteins were thoroughly
mixed and incubated with 60 mM HA at room temperature for 15 min, followed by
centrifugation and dissolving with sample buffer. The samples were then run on a 5% SDS-
polyacrylamide gel at pH 6.0 at room temperature for 2 hr, and the gel was fixed in 10% acetic
acid for 15 min with gentle agitation and dried onto a filter paper under vacuum before putting
into an enhanced chemiluminescence (ECL) cassette at -80°C overnight. The radioactivity was
then detected by developing autoradiography films.
2.2.9 Cell surface labeling assay

At 48 hr post-transfection, cells cultured in 60 mm TC dishes were washed with ice-cold
Dulbecco's Phosphate-Buffered Saline (DPBS) (Sigma-Aldrich) three times, resuspended in 200
uL per dish of 2.5 mg/mL biotin in DPBS, and incubated on ice for 30 min with constant manual
mixing. Biotinylation reaction was quenched by adding ice-cold buffer containing 200 mM
glycine and 25 mM Tris in DPBS. Cells were washed with ice-cold DPBS and resuspended in 300
uL DPBS before added dropwise to buffer A for solubilization at 4°C for 30 min as described in
for immunoaffinity purification. After centrifugation to remove the insoluble fraction, the soluble
fraction was added to 50 L streptavidin agarose resin pre-washed with buffer A and allowed for
binding at 4°C for 30 min. The beads were then transferred to an Ultrafree-MC-HV centrifugal
filter washed six times with 500 pL of buffer A. After last wash to get rid of all remaining buffer,
30 pL of 2X sample buffer, diluted from 4X SDS sample buffer containing 200mM Tris-HCI pH
6.8, 8% w/v SDS, 0.4% w/v bromophenol blue, 40% v/v glycerol, was added to the beads and

incubated at 28°C for 30 min with agitation for elution twice.
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2.2.10 In-cell based assay

Transfected cells grown in 60mm TC dishes for 48 hr were washed with ice-cold Ca®*-
and Mg?*-free phosphate-buffered saline (PBS; 137mM NaCl, 10mM Phosphate, 2.6mM KCl, pH
7.4), collected with 1.5 mL per dish of 5 mM EDTA in PBS into microtubes, and washed with
serum-free DMEM media without phenol red (SFM) (Sigma-Aldrich) by centrifugation at 500xg
at 4°C for 5 min. Cell pellet in each microtube was resuspended in 250 pL of SFM, 50 pL of which
was saved for western blot analysis of protein expression, and remaining cells were equilibrated
at 15°C for 5 min. NBD-lipids at T mg/mL in chloroform were dried in clear glass tubes using a
gentle stream of nitrogen gas, solubilized in 95% ethanol and diluted to 10 uM in SFM. For
samples without NBD-lipid labeling, 200 yL of SFM was added to each microtube and for those
with NBD-lipid treatment, 200 uL of 10 uM NBD-lipid in SFM was added for incubation at 15°C
for 2 min. Labeling was stopped by transferring samples onto ice and adding 500 pL of ice-cold
2.5% fatty-acid free BSA (Sigma-Aldrich) in SFM. Cells were centrifuged to discard the
supernatant, resuspended in 1 mL of ice-cold BSA in SFM, and incubated on ice for 30 min. After
centrifugation and two washes with 1 mL ice-cold PBS, each cell pellet was resuspended in T mL
PBS thoroughly by pipetting, and 1 pL PI solution was added to each tube immediately before
brief vortexing and proceeding to sample acquisition on the BD LSR Il flow cytometer (BD
Biosciences, San Jose, CA). At least 10,000 cells were analyzed for all samples and three
independent experiments were carried out. Data were analyzed using FlowJo data analysis

software package (TreeStar, USA).
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2.2.11 Generation of monoclonal antibodies against ATP9A

Sequences encoding amino acids 1-33 or 12-44 in the N-terminus and 415-446 in the
large cytoplasmic loop containing P and N domains of ATP9A were cloned into pGEX-4T1 vector
(GE Healthcare; Chicago, IL) in frame with glutathione S-transferase using BamHI and Xhol
restriction sites. GST fusion proteins were purified from E. coli on Glutathione Sepharose 4B (GE
Healthcare) and injected into BALB/c mice around 10-weeks-old. Serum from a mouse
immunized with the antigen GST-ATP9A415.446 sShowed the strongest reactivity toward purified
recombinant ATP9A proteins on western blots, and the mouse was sacrificed for fusion of
myeloma cells with immune spleen cells. Hybridoma cell lines were generated as previously
described (Molday & MacKenzie, 1983) and the supernatants were screened for antibodies
against ATP9A with western blots. Monoclonal cell line ATP9A-10D1 was subcloned at least
three times with confirmed 100% reactivity against ATP9A before expanded into large scale
cultures, and the ascites fluid was either collected directly or purified through Protein G PLUS-
Agarose (Millipore) matrix and dialyzed against PBS for conjugating to CNBr-activated
Sepharose 2B as described previously (Cuatrecasas, 1970; Molday et al., 1990).
2.2.12 Expression and purification of GST fusion proteins from E. coli

pPGEX-4T1 plasmids containing ATP9A peptide sequences were transformed into BL21
competent cells and cells were plated on agar plates with ampicillin. A single colony was picked
to grow a 5 mL LB culture at 37°C overnight. This culture was inoculated into 500 mL LB the next
day to grow until ODsoo reaches 0.5, and 500 pL of 1M IPTG was added for induction at 37°C for
4 hr. The culture was harvested by centrifugation at 3000 rpm at 4°C for 15 min with a Sorvall

SLA-1500 rotor in the Sorvall RC-5B Plus centrifuge. The cell pellet was resuspended in 15 mL of
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PBS with 1X Protease Arrest and sonicated while kept on ice for 30 sec three times using the
Ultrasonic Sonifier 150 (Branson, Danbury, CT). The lysate was centrifuged at 16,000 rpm at 4°C
for 20 min in the Sorvall centrifuge, and the cleared supernatant was incubated with Glutathione
Sepharose 4B (GE Healthcare) at 4°C for 1 hr. The beads were washed with 2 mL of PBS four
times and the bound proteins were eluted with 0.5 mL of elution buffer containing 10 mM
reduced glutathione (Sigma-Aldrich), 50 mM Tris, 3 mM EDTA, and 1X Protease Arrest in PBS, at
4°C for 3 min four times. Concentration of the eluates was calculated from the absorbance at
280 nm.
2.2.13 Gene expression by RT-PCR

RNA was isolated from frozen tissues from 3-month-old BALB/c mice using EZN.A.®
Total RNA Kit Il (OMEGA; Norcross, GA) according to the manual’s instructions. Random primed
cDNA was generated with iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories). Atp9a gene
expression was measured using the following forward and reverse primers: 5'-
TGGCCCTGCAGCACTTTG-3" and 5'-TGGACCAGAGCCACCTCATC-3". Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) expression was used as a control and measured with the following
forward and reverse primers: 5'-GGAGATTGTTGCCATCAACG-3' and 5'-
CACAATGCCAAAGTTGTCATGG-3'. The primers were annealed at 55°C and the PCR was run for

30 cycles using Tag polymerase.

2.2.14 Isolation of HEK293T membranes
Transfected HEK293T cells were harvested and resuspended in 0.5 mL per plate of
resuspension buffer containing 50 mM HEPES, 150 mM NaCl, 2 mM MgCl,, 1 mM DTT, and 1X

Protease Arrest while kept on ice. The cell suspension was passed through 22G needle twelve
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times throughout a 30 min period, followed by passing through 26G needle right before
layering on top of 60% sucrose in resuspension buffer. The sample was centrifuged at 26,000
rpm at 4°C for 30 min in a TLA-55 rotor in the Optima Ultracentrifuge (Beckman Coulter, Brea,
CA). The membrane fraction was collected on top of the 60% sucrose layer, washed with
resuspension buffer, and centrifuged at 30,000 rpm at 4°C for 15 min in a TLA-110 rotor. The
final membrane pellet was resuspended in 5% glycerol in resuspension buffer and kept frozen at
-30°C for short-term storage. Concentration of the membrane fractions was determined with
Pierce BCA Protein Assay (Thermo Fisher Scientific) by comparing to known concentrations of

bovine serum albumin (BSA) as standards.

2.2.15 Isolation of mouse cortical membranes

Cortices of 3-month-old BALB/c mice were dissected from brains and membranes were
prepared as previously described (Cox & Emili, 2006). Briefly, six cortices were minced with sharp
scissors, rinsed four times with ice-cold PBS and once with ice-cold 250-STMDPS buffer
containing 250 mM sucrose, 50 mM Tris-HCl, pH 7.4, 5 mM MgClI2, 1 mM DTT and 1X Protease
Arrest. The tissue was homogenized in ice-cold 250-STMDPS buffer in Dounce homogenizer
with a tight-fitting Teflon pestle by stroking the pestle up and down until no intact tissue was
apparent and then centrifuged at 800xg for 15 min. The supernatant was transferred to a new
tube and centrifuged at 6000xg for 15 min to separate the mitochondria in the pellet. The
resulting supernatant was then transferred to a new tube and centrifuged at 45,000 rpm in a
TLS55 rotor in the Optima Ultracentrifuge, and the pellet was resuspended with10% glycerol in
250-STMDPS buffer and the protein concentration was quantified by Pierce BCA Protein Assay

before storing at -80°C as the cortical membrane fraction.
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2.2.16 Immunoprecipitation from mouse cortex membranes

Mouse cortical membranes (3 mg) were solubilized in 1.5 mL of solubilization buffer
containing Tris-buffered saline (TBS) (25 mM Tris-HCl, pH 7.4, and 150 mM NacCl), T mM EDTA,
1% OGP, and 1X PA. After stirring at 4°C for 30 min, the membranes were centrifuged at 40,000
rpm for 10 min in TLA110 rotor in the Optima Ultracentrifuge. The supernatant was transferred
to a new tube for pre-clearing. 20 pL Pierce Protein G Agarose slurry (Thermo Fisher Scientific)
per sample was pre-washed three times with the solubilization buffer and incubated with the
supernatant for while gently rotating at 4°C for 1 hr for pre-clearing. Another 100 pL of Pierce
Protein G Agarose slurry per sample was also pre-washed and incubated with 50 pg of purified
ATP9A-10D1 antibody by gently rotating at 4°C for 1 hr. Then, the pre-cleared sample was
centrifuged at 3000 rpm and the supernatant was transferred to a new tube containing the
antibody-agarose conjugate for binding at 4°C overnight. The sample was centrifuged at 3000
rpm to discard the unbound fraction in the supernatant. The agarose beads were washed three
times with the solubilization buffer and the bound proteins were eluted first at 50°C for 10 min
with 4X SDS sample buffer without reducing agent and then at 70°C for 10 min with 4X SDS
sample buffer with 10% BME. A buffer-only sample that underwent the same
immunoprecipitation procedures was included as a negative control.
2.2.17 SDS-PAGE and western blots

Except for the phosphorylation assay, proteins were separated by SDS gel
electrophoresis (SDS-PAGE) on 9% polyacrylamide gels followed by Coomassie blue staining or
transfer to Immobilon FL membranes (Millipore). SDS-PAGE was carried out in electrophoresis

buffer containing 25 mM Tris, pH 8.3, 192 mM glycine, and 0.1% (w/v) SDS, and transfer was in
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Towbin semi-dry transfer buffer containing 25 mM Tris, pH 8.3, and 192 mM glycine with 15%
methanol added immediately before use. Membranes were blocked with 1% milk in PBS for 30
min and incubated with monoclonal antibodies diluted in PBS for 2 hr. After washing with 0.05%
Tween-20 in PBS (PBS/T), membranes were incubated with goat anti-mouse secondary antibody
conjugated with IRDye® 680LT and, for double staining, with donkey anti-rabbit secondary
antibody conjugated with IRDye® 800CW (LI-COR, Lincoln, NE), diluted 1:20,000 in PBS/T
containing 0.5% milk for 1 hr followed by washing with PBS/T. Images were obtained with a LI-
COR Odyssey Imaging System. The monoclonal antibodies as ascites fluids were used at the
following dilutions: Rho 1D4 at 1:100, ATP9A-10D1 at neat, CDC50A-7F4 at neat. The

commercial antibody of B-actin was diluted at 1:1000 and ATP9A-3G2 at 1:200.

2.2.18 Statistical Analysis

At least three individual experiments in triplicate were carried out for each assay. Data
was analyzed using GraphPad Prism and statistical significance was determined by t-test
(GraphPad Software, In., La Jolla, CA). Error bars are presented as standard error of the mean
(SEM), and N equals the number of experimental data points on which the analysis was
performed.

2.3 Results

2.3.1 Expression and subcellular localization of human ATP9A wildtype and mutants

To determine if ATP9A wildtype exhibits any functional characteristics, mutations in
ATP9A that presumably yield defective proteins were generated for comparison. The conserved
glutamate within DGET motif and aspartate within DKTG motif are key residues in the catalysis

of dephosphorylation and in phosphorylation, respectively. ATP8A2 harboring mutations at
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these two sites have been demonstrated to show undetectable ATPase activity as opposed to
the wildtype (Coleman et al., 2012). A mutation that replaces the isoleucine (1376) with
methionine in human ATP8A2 causes the disease CAMRQ (Onat et al., 2012). Mutations at the
same residue in bovine ATP8A2 have been shown to express at wildtype level but exhibit
significantly decreased NBD-PS flippase and ATPase activity (A. L. Vestergaard et al., 2014).
Therefore, the corresponding glutamate, aspartate, and isoleucine in human ATP9A were singly
mutated in order to observe and compare the ATPase and flippase activity to that of the
wildtype.

First, the expression of C-terminally 1D4-tagged human ATP9A wildtype and various
mutants in transiently transfected HEK293T cells were tested and compared by solubilizing the
cells with SDS or CHAPS. While SDS is a harsh detergent that extracts all the proteins expressed
in cells, CHAPS is a much milder detergent that solubilizes proteins that have been properly
folded and trafficked to the target membranes. ATP9A wildtype and all the mutants expressed
similarly in HEK293T cells as seen with SDS solubilization, but only E195Q, E195A, 1345M, and
1345S were folded and present on the membranes at comparable levels to that of the wildtype
(Figure 2.1A). B-actin was included as a loading control.

The subcellular localization of human ATP9A in transiently transfected Hela cells has
been examined (Takatsu et al., 2011b). ATP9A was shown to be able to exit the ER even in the
absence of CDC50 co-expression and was found to localize to the early/recycling endosomes
and trans-Golgi network (TGN) but not to late endosomes or cis-Golgi. To examine if
exogenously expressed ATP9A proteins in HEK293T cells can also exit the ER, the subcellular

distribution of C-terminally 1D4-tagged ATP9A wildtype and different mutants was examined by
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immunofluorescence microscopy (Figure 2.1B). Double immunofluorescence labeling with 1D4
antibody for ATP9A and calnexin antibody for the ER showed that the dephosphorylation-
deficient mutant E195Q could leave the ER and had a similar expression pattern as the wildtype.
In contrast, staining of the phosphorylation-deficient mutant D391N largely overlapped with the
ER, suggesting the proteins were misfolded. Partial co-localization with the calnexin staining was
observed for I1345M and 1345S, indicating that some of these mutant proteins were retained in
the ER likely due to misfolding. These observations corresponded to the data from the
expression analysis.

Since the results indicated that the dephosphorylation-deficient mutant at the conserved
glutamate residue (E195Q) was the only fully folded mutant trafficked to the destined
membrane compartments, where ATP9A proteins presumably serve their function, E195Q was

included in the following functional studies for comparison to the wildtype.

2.3.2 Immunoaffinity purification of ATP9A

Obtaining a sufficient amount of purified P4-ATPases was critical for carrying out
functional activity assays. Thus, 1D4-tagged ATP8A2 and ATP9A proteins expressed in HEK293T
cells were solubilized with CHAPS and purified with Rho 1D4-Sepharose 2B column. The bound
proteins were eluted with 0.4 mg/mL 1D4 peptide and visualized on a Coomassie blue-stained
gel (Figure 2.2). The P4-ATPases were efficiently purified and enriched in the peptide-eluate
fractions. ATP8A2 is a well-established P4-ATPase known to transport PS and to a lesser extent

PE, and it was included in the experiments discussed in this chapter as a positive control.
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Figure 2.1 Expression and subcellular distribution of ATP9A expressed in HEK293T cells.
(A) HEK293T cells expressing 1D4-tagged wildtype (WT) or mutant ATP9A were solubilized with
SDS or CHAPS and compared on western blots labeled with Rho 1D4 antibody and B-actin
antibody. (B) Wildtype or mutant ATP9A proteins expressed in HEK293T cells were fixed in 4%
PFA and doubly labeled with antibodies against 1D4 (green) and calnexin (red) followed by DAPI
(blue) staining for fluorescence microscopy. Scale bar, 10 um.
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Figure 2.2 Purification of ATP8A2 and ATP9A from transfected HEK293T cells.
CHAPS-solubilized HEK293T cell extract (Input) was incubated with Rho 1D4-Sepharose 2B
column, and the unbound fraction (Unbound) and the 1D4 peptide-eluted fraction (Elution)
were analyzed on SDS-polyacrylamide gel stained with Coomassie blue. The ATP9A band in the
elution is pointed by the red arrow.
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2.3.3 ATPase activity

The first approach to study the function of ATP9A was to test the ability of the purified
proteins to hydrolyze ATP. The colourimetric ATPase assay detects activity of the proteins while
in the presence of detergent as previously described (Coleman et al., 2009). The Coomassie blue
gel and western blot images represent the typical expression level and purity of the P,-ATPases
used in activity assays (Figure 2.3A). Purified P4-ATPases were incubated with reaction cocktails
containing ATP and brain polar lipid (BPL), and the amount of free phosphate released from ATP
hydrolysis was detected and normalized to the protein levels (Figure 2.3B). BPL is a commercially
available total lipid extract from porcine brain that contains a mixture of various naturally
occurring lipids including 12.6% PC, 33.1% PE and 18.5% PS. As previously reported, the ATPase
activity of ATP8A2 was most highly activated by PS and BPL and to a lower extent by PE
(Coleman et al., 2009). In contrast, the ATPase activity of ATP9A wildtype was about 20-fold
lower than that of ATP8A2. Also, there was no apparent difference between the activity of ATP9A
wildtype and the dephosphorylation-deficient E195Q mutant.

The colourimetric method can detect phosphate ions present in the reactions in the
nanomolar range and it is not very sensitive. The second approach was to use the more sensitive
ADP-Glo™ Kinase Assay that measures the ADP produced from the hydrolysis of ATP in the
picamolar range. This assay requires enough purified proteins to be reconstituted into
proteoliposomes. The relative activity of ATP9A to the positive control ATP8A2 was slightly
higher than that obtained from the colourimetric assay, but the difference between wildtype and
E195Q was still negligible (Figure 2.3C). These results suggested that the activated ATPase

activity of the ATP9A wildtype was not elicited in the experimental conditions as described.
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Figure 2.3 ATP9A shows minimal lipid-activated ATPase activity.

(A) Wildtype ATP8A2, ATP9A, and mutant ATP9A expressed in HEK293T cells were incubated
with Rho 1D4-Sepharose 2B column and eluted with 1D4 peptide to obtain sufficient purified
proteins for ATPase activity assays. (B) Typically, 20 ng of purified ATP8A2 or ATP9A was
incubated with ATP and brain polar lipids at 37°C for 30 min before the amount of free
phosphate released in the reactions were detected by the colourimetric method. Error bars
represent SEM (N = 4). (C) For luminescent ATPase activity assay, 200 ng of purified ATP8A2 or
ATP9A was reconstituted into proteoliposomes containing brain polar lipids and dialyzed
overnight before using the ADP-Glo™ Kinase Kit to measure the amount of ADP formed from
ATP hydrolysis. Error bars represent SEM (N = 3). Paired t-test was used to calculate p-values.
n.s., not significantly different, p > 0.05.

42



2.3.4 Phosphorylation assay

The very low ATPase activities of ATP9A proteins prompted us to look at the ability of
ATP9A to bind ATP during the catalytic cycle by radioactive [y-*’P]-ATP labeling assay as
previously described (Coleman et al.,, 2012). The aspartyl-phosphate intermediate formed upon
ATP binding is a fundamental characteristic of all P-type ATPases and is sensitive to
hydroxylamine treatment. Purified and reconstituted ATP8A2 and ATP9A proteins were
phosphorylated with [y-**P]-ATP followed by treatment with or without hydroxylamine (Figure
2.4). The radiograph image showed that, just like ATP8A2, ATP9A was phosphorylated and the
aspartyl-phosphate intermediate produced was abolished after treating with hydroxylamine.
Results from the ATPase activity assays and phosphorylation assay altogether suggested that

ATP9A undergoes autophosphorylation, but fails to dephosphorylate.
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Figure 2.4 ATP9A binds to ATP and forms an aspartyl-phosphoenzyme, which is sensitive
to hydroxylamine.

Wildtype ATP8A2 and ATP9A expressed in HEK293T cells were purified and reconstituted into
proteoliposomes, followed by incubation with [y-**P]-ATP for phosphorylation assay. The [y-*2P]-
ATP-labeled proteins were either untreated (-) or treated (+) with hydroxylamine (HA) and then
run on a SDS-polyacrylamide gel for autoradiography.
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2.3.5 Biotinylation and cell-based flippase assay

One possible explanation for the lack of ATPase activity of ATP9A was that the use of
detergent during protein solubilization and purification causes some structural changes that
block the A domain from performing dephosphorylation, thus rendering the proteins stuck in
the E2P state and inactive. To address this possibility, cell-based flippase assay that employs
Fluorescence-Activated-Cell-Sorting (FACS) and avoids the use of detergent was carried out as
previously described (Jensen et al,, 2016; Zhu et al,, 2012). Since this assay detects the
fluorescent NBD-labeled lipids that have been incubated with cells and incorporated or “flipped”
into the cytoplasmic leaflet of cell membrane, a biotinylation experiment was first performed to
see if the P4-ATPases under study get trafficked to the cell surface. HEK293T cells expressing
wildtype and mutant of ATP8A2 and ATP9A were biotinylated, and the proteins bound to
streptavidin beads were then eluted (Figure 2.5A). An antibody against ezrin was used as an
intracellular marker for western blot. The results indicated that both ATP8A2 and ATP9A were
present on the plasma membrane, thereby validating the approach to examine the flippase
activity of these P4-ATPases using the cell-based method.

Although there is still no direct evidence to show the phospholipid translocase function
and substrate specificity of ATP9A to date, a few studies on ATP9A and Neol1p have pointed
towards PS and PE as the potential substrates (Tanaka et al., 2016; Wu et al., 2016). In order to
determine the substrate specificity of ATP9A for the cell-based flippase assay, a more extensive
ATPase activity assay involving a broad range of membrane lipids was done (Figure 2.5B). It was
observed that the specific ATPase activity of ATP9A wildtype was the highest for PS, followed by

BPL and PE, and the difference between ATP9A wildtype and E195Q was the most apparent for
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PS and PE, suggesting that the wildtype proteins were likely activated by these two
phospholipids as implicated by the studies mentioned above.

As expected, cells expressing ATP8A2 wildtype displayed significantly increased uptake
of NBD-PS, but not NBD-PC, when compared to the untransfected control cells and to the
dephosphorylation-deficient mutant E198Q (Figure 2.5C). On the other hand, ATP9A wildtype
and E195Q both showed only slightly higher NBD-PS and NBD-PE uptake than the

untransfected cells and the differences between them were negligible, suggesting that ATP9A

wildtype was not showing flippase activity towards these specific lipids (Figure 2.5D). Even in the

absence of detergent and when protein solubilization or purification was not involved in the

experimentation, no apparent evidence for the flippase function of ATP9A was observed.
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(Cont.) Figure 2.5 ATP8A2 shows typical flippase activity towards PS, while ATP9A is not
activated by PS, PE or PC, despite both P4-ATPases get trafficked to the cell surface.

(A) HEK293T cells expressing the wildtype or mutant of ATP8A2 and ATP9A were biotinylated to
detect proteins on the plasma membrane. The cell extracts (Input) were then incubated with
streptavidin beads and the bound proteins (Elution) were eluted with 2X SDS sample buffer.
Western blots were labeled with the Rho 1D4 antibody for the P4-ATPases and 7F4 antibody for
the co-expressed CDC50A proteins. Ezrin as an intracellular marker. (B) Purified wildtype or
mutant ATP9A proteins were incubated with individual lipids as indicated at 37°C for 30 min,
and the specific ATPase activity was determined by normalizing the amount of phosphate ions
produced from ATP hydrolysis to the protein levels present in the reactions. Error bars represent
SEM (N = 3). (C),(D) Untransfected or transfected HEK293T cells were incubated with fluorescent
NBD-lipids (PS, PE or PC) at 15°C for 2 min and unbound lipids were back-extracted with fatty
acid-free BSA. The level of NBD fluorescence incorporated into the cells was measured by flow
cytometry, and the relative flippase activity of wildtype and mutant ATP8A2 or ATP9A was
determined by normalizing to the untransfected samples. Error bars represent SEM (N = 3).
Paired t-test was used to calculate p-values. * p < 0.05.
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2.3.6 Characterization of the in-house monoclonal antibody ATP9A-10D1

The lack of ATPase and flippase activity of ATP9A expressed in HEK293T cells using both
the biochemical and cell-based approaches, despite its proper subcellular localization and
protein expression, led to the other possible explanation that ATP9A requires an unidentified
associating protein for exerting its function on the membranes. Since there was no commercially
available antibodies that were suitable for studying ATP9A proteins in their native context, a
monoclonal antibody was generated in the lab in the hope to be used for purification of native
ATP9A and identification of its endogenous interacting partners.

GST-fused ATP9A peptides targeting the N-terminal or the large cytoplasmic loop
regions were injected to immunize BALB/c mice and the produced antibodies were screened on
western blot strips of expressed ATP9A proteins for the most specific and strongest binding
monoclonal cell lines. One monoclonal cell line designated as ATP9A-10D1 was chosen for
purification and further characterized. On western blots, 10D1 recognized the GST-fused
ATP9A15.446 peptide containing its epitope but not the other ATP9A peptides or purified GST
(Figure 2.6A). 10D1 labeled the 1D4-tagged ATP9A proteins in the membranes isolated from
transfected HEK293T cells and in the elution of immunoprecipitation with 1D4-Sepharose 2B
column, but not the other human P4-ATPases including its close family member ATP9B (Figure
2.6B). Also, 10D 1-conjugated Sepharose 2B column was tested for its binding affinity to 1D4-
tagged ATP9A proteins expressed in HEK293T cells by immunoprecipitation, and the antibody
pulled down its target comparably well to the 1D4 column. Furthermore, HEK293T cells
expressing 1D4-tagged ATP9A were separately labeled with 1D4 antibody and 10D1 antibody

for comparison by fluorescence microscopy (Fig 2.6C). 10D1 staining appeared similar to the
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1D4 staining and the stained punctae were not co-localized with the ER marker, suggesting that
10D1 indeed recognized the expressed ATP9A proteins. Therefore, ATP9A-10D1 was extensively
tested to show high specificity towards ATP9A and suitability for applications in western blot,

immunoprecipitation, and immunofluorescence experiments.
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Figure 2.6 Characterization of ATP9A-10D1 monoclonal antibody.

(A) GST-fused ATP9A peptides or GST expressed in E. coli were purified with Glutathione
Sepharose 4B column and analyzed by western blot. (B) HEK293T cells expressing 1D4-tagged
ATP9A were fractionated to collect membranes (Membrane) or solubilized with CHAPS to obtain
cell extracts (Input) and 1D4 peptide-eluted fractions (Elution) from immunoprecipitation using
Rho 1D4-Sepharose 2B column. Various human Ps-ATPases with 1D4 tag were also expressed
and purified. SDS-polyacrylamide gels were stained with Coomassie blue or transferred onto
PVDF membranes for western blot analysis. (C) 1D4-tagged ATP9A expressed in HEK293T cells
were immunoprecipitated with Sepharose 2B beads coupled to 1D4 or 10D 1. The cell extracts
(Input) and the bound proteins in SDS-eluted fractions (Elution) were analyzed by Coomassie
blue staining or western blot with 1D4 antibody. (D) 1D4-tagged ATP9A expressed in HEK293T
cells were fixed in 4% PFA and labeled with 1D4 antibody or 10D1 antibody (green) and calnexin
(red) followed by DAPI (blue) staining for fluorescence microscopy. Scale bar, 10 um.
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2.3.7 ATP9A tissue expression

The antigenic peptide used to generate ATP9A-10D1 has a highly conserved sequence
throughout species including mouse and rat. In search of mouse tissues enriched in endogenous
ATP9A proteins for the purpose of purification and pull-down, the expression of Atp9a mRNA in
various tissues of 3-month-old BALB/c mice was examined by RT-PCR. Gene-specific primers
were amplified a 500-bp fragment of Atp9a and Gapdh, which was included as a positive control
(Figure 2.7A). Atp9a expression was high in cortex and testis, but it was undetectable in other
neuronal tissues such as retina, hippocampus, and cerebellum and in other tissues as indicated.

Knowing that Atp9a is highly expressed in cortex, an attempt to purify native Atp9a
proteins from this tissue using the in-house monoclonal antibody ATP9A-10D1 was done next.
Mouse cortical membranes were solubilized and incubated with 10D1-conjugated Protein G
Agarose beads for binding and the bound fractions were eluted twice with 4X SDS sample buffer
due to the lack of 10D1 peptide (Figure 2.7B). A buffer only sample was included in
immunoprecipitation as a negative control. A faint band above the 100 kDa marker appeared in
the first elution of cortical membrane sample but not in the elution of the buffer only control.
Purified 1D4-tagged ATP9A proteins from 1D4 column were run on the same gel as an indicator
for the expected band size. Immunoprecipitation of mouse cortical membranes was also
attempted by using CNBr-activated Sepharose 2B beads coupled to purified 10D1 antibody, but

no signal of Atp9a proteins was observed on western blots (data not shown).
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Figure 2.7 Expression and immunoprecipitation of Atp9a in mouse tissues.

(A) RNA from various mouse tissues was isolated and random primed cDNA was synthesized.
Primers specific to mouse Atp9a were used to measure gene expression by RT-PCR. Gapdh was
included as a positive control. (B) Mouse cortical membranes were prepared by fractionation
and solubilized with buffer containing 1% octyl-pB-D-glucopyranoside (OGP) by stirring at 4°C for
30 min. The solubilized fractions were centrifuged and the supernatants (Input) were incubated
with 10D1-conjugated Protein G Agarose beads for binding at 4°C overnight. The bound
proteins were then eluted twice, first with 4X SDS sample buffer without -mercaptoethanol
(BME) (SDS Elution 1) and second with 5% BME added (SDS Elution 2). 1D4 peptide-eluted
ATP9A proteins from transfected HEK293T cells were run on the same SDS-polyacrylamide gel
as a marker for the expected band size (red arrows).
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2.3.8 Comparison of ATP9A-10D1 and the commercial antibody 3G2

A more recent paper reported that Atp9a is abundant in rat liver subcellular fractions
including microsomes and mitochondria by labeling western blots with a commercial antibody
3G2 from Sigma (Chaubey et al., 2016). Since affinity of 10D1 to native Atp9a seemed to be
much lower than to expressed ATP9A in HEK293T cells, comparison of the binding affinity and
specificity between10D1 and the commercial 3G2 was carried out to identify the potential
limitations to 10D 1 antibody. Membrane fractions from empty vector- or ATP9A-transfected
HEK293T cells were isolated; some were saved for western blot analysis while the remainder
were further solubilized with CHAPS for immunoprecipitation with 1D4 column. Replicates were
prepared for Coomassie blue staining as well as western blot analysis by various antibodies as
indicated (Figure 2.8). The results showed that ATP9A-10D1 indeed had a significantly higher

affinity for labeling ATP9A on western blot as the commercial 3G2 barely detected the proteins.
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Figure 2.8 Comparison of ATP9A-10D1 and the commercial antibody 3G2.

HEK293T cells transfected with an empty vector (Lane 1) or 1D4-tagged ATP9A (Lane 2) were
fractionated to collect membranes. Cells expressing 1D4-tagged ATP9A were solubilized with
CHAPS and the cell extracts (Lane 3) were loaded onto 1D4-Sepharose 2B column for purifying
ATP9A proteins in the peptide-eluates (Lane 4). The four samples were run in replicates on SDS-
polyacrylamide gels and analyzed by Coomassie blue staining or western blots labeled with 1D4,
10D1, or 3G2 (Sigma) antibody. The top panel shows the same western blot images as the
bottom panel but adjusted with ImageJ for overexposure to reveal a faint band labeled by 3G2
(red arrow).
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2.4 Discussion

P4-ATPases constitute a family of P-type ATPases that utilize energy from ATP hydrolysis
to transport a large variety of substrates across cell membranes. There are 14 members in the
human P4-ATPase family and five in yeast. Numerous studies using cell-based and biochemical
approaches have convincingly demonstrated that P4-ATPases actively flip phospholipids from
the exoplasmic to the cytoplasmic leaflet of cell membrane (Andersen et al., 2016). However,
whether the class 2 P4-ATPases (ATP9A and ATP9B) transport phospholipids and which lipids
serve as their substrates have been poorly investigated. In this study, we have examined the
expression, subcellular distribution, and functional activities of ATP9A in transiently transfected
HEK293T cells. We have also generated and characterized a monoclonal antibody specific for
ATP9A.

To gain a better understanding of the physiological and functional properties of ATP9A,
methods that have been used to study the phospholipid flippase activities of well-established
P4-ATPases such as ATP8A2 were employed (Coleman & Molday, 2011; Coleman et al., 2012).
Wildtype and mutant clones of ATP9A with a C-terminal 1D4 tag were first constructed into
pcDNA3 vector and transfected in HEK293T cells for analysis of expression and subcellular
localization. Our results indicated that all mutants expressed at similar total protein levels to the
wildtype, but only some mutants were properly folded and trafficked out of the ER while others
were misfolded and co-localized with the ER. Mutations of the conservative glutamate residue
within DGET motif and the aspartate residue within DKTG motif presumably yield Ps-ATPases
that are deficient in dephosphorylation and phosphorylation, respectively, and have been

commonly used for studying the functional properties along with the wildtype (Coleman et al.,

55



2012; Takatsu et al., 2014; Takada et al., 2015). The phosphorylation-deficient mutations of D391
in ATP9A produced misfolded proteins that were not able to exit the ER, which was reminiscent
of the very low expression and lack of ATPase activity of D416N in ATP8A2 (Coleman et al.,
2012). The CAMRAQ disease-causing mutation 1376M in ATP8A2 resides in a highly conserved C-
terminal transmembrane domain and is predicted to change the secondary structure of the
protein, thereby interfering with its phospholipid transport activities in the expressing tissues
including brain and retina (Onat et al.,, 2012). In ATP9A, some of the corresponding 1345 mutant
proteins were misfolded and partially overlapped with the ER, and whether mutations of 1345
cause any phenotypes in native tissues requires further in vivo studies. In contrast, the
dephosphorylation-deficient E195 mutants of ATP9A were completely folded and localized to
the same membrane compartments as the wildtype, and thus E195Q was the most appropriate
mutant or subsequent functional studies. A similar expression analysis has not been done for
other P4-ATPases, but our study noted that only the mutants that are properly folded and
exhibit a wildtype expression pattern should be used in activity assays for comparison with the
wildtype proteins.

Studies in yeast have indicated that Neo1p, the ortholog of ATP9A, plays an important
role in establishing PS and PE asymmetry on the plasma membrane (Takar et al., 2016; Wu et al,,
2016). On the other hand, ATP9A stably expressed in Hela cells has been speculated to regulate
PS translocation in endosomes but its depletion did not cause any abnormal distribution of PS in
the cytoplasmic leaflet (Tanaka et al., 2016). Nonetheless, to date there is no direct evidence to
demonstrate the ATP-dependent activities of these P4-ATPases. The present study investigated

the biochemical properties of purified ATP9A wildtype and E195Q mutant expressed in HEK293T
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cells. Our findings indicated that ATP9A undergoes autophosphorylation, but shows minimal
lipid-activated ATPase activity and fails to dephosphorylate. Upon incubation with ATP, ATP9A
proteins in the reaction cocktails started to bind with and hydrolyze ATP, forming the
phosphorylated intermediates E1P and releasing phosphate ions which were detected in the
phosphorylation assay. However, subsequent dephosphorylation of the intermediate state was
not activated as flipping of lipid substrate did not occur, thereby halting the catalytic cycle and
inhibiting further enzymatic reactions of the flippase. This could explain the ATPase activities of
both ATP9A wildtype and E195Q mutant that were consistently higher than the background
activities of untransfected cells or of ATP9A proteins denatured with 6% SDS before incubation
with ATP. Dephosphorylation of E1P might have been hindered in ATP9A due to several factors:
1) the use of detergent causes structural changes that prevent DGET motif from acting as a
phosphatase; 2) the lack of accessory proteins required for its flippase function; or 3) the lack of
correct substrates. In any case, ATP9A wildtype without activation would yield ATPase activities
similar to those of the mutant proteins as we observed.

To address the issue of using detergent in the biochemical purification of ATP9A, we
turned to cell-based flippase assay for examining the function of ATP9A. Such cell-based
approaches have been increasingly used to demonstrate the flippase activities of various Ps-
ATPases towards specific NBD-labeled lipid substrates, although most studies relied on
generating stable cell lines expressing Ps-ATPases (Segawa et al., 2014; Takada et al., 2015;
Takatsu et al., 2014). Indeed, ATP8A2 showed a 50% increase in the uptake of its known
substrate NBD-PS compared to the E198Q mutant, and no difference was observed for NBD-PC.

ATP9A wildtype and E195Q mutant displayed similar and nearly background levels of NBD-lipid
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uptake, indicating that the expressed ATP9A in HEK293T cells did not contribute to the flippase
activity towards PS, PE or PC. Therefore, even in the absence of detergent, ATP9A wildtype was
not activated by any specific lipid tested in the cell-based assay.

The current as well as previous studies have shown that ATP9A does not need the co-
expression of CDC50 proteins to exit the ER and localize to target membranes, and the
experiments carried out in this thesis were based on the assumption that the ATP9A proteins
trafficked out of the ER were correctly folded and functional. However, it is not unlikely that
other unknown associating proteins are required for ATP9A to exert ATP-dependent function on
the membranes. The much lower protein expression and ATPase activity of ATP9A in transfected
HEK293T cells than that of ATP8A2 with co-transfected CDC50A might have been due to the
lack of such an accessory subunit for forming a functional complex and stabilizing the catalytic
subunit. Mass spectrometric analysis of the proteins that co-immunoprecipitate with ATP9A
from native tissues highly enriched in ATP9A may be useful for identifying potential proteins
required for its function. In preparation for this future work, we performed RT-PCR for gene
expression analysis in various mouse tissues and found that ATP9A was most abundant in the
brain and testis. We also generated and characterized a monoclonal antibody ATP9A-10D1 that
showed high specificity and binding affinity for ATP9A. Purification of endogenous ATP9A from
mouse brain membranes was attempted using 10D1-Sepharose 2B column, but unfortunately,
the bands of anticipated ATP9A often coincided with those of the antibodies co-eluted by SDS.
A more recent method named BiolD that utilizes biotin ligase fused to a protein of interest to
biotinylate proximal endogenous proteins can also be performed to screen for candidate

interactors of ATP9A in living cells (Roux et al., 2013). Similar to ATP9A, Neo1p does not require
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interaction with either Cdc50p or Lem3p of the yeast CDC50 proteins for ER exit and proper
localization (Barbosa et al., 2010; Saito et al., 2004). However, a few studies have pointed out
that Neo1p may interact with Dop1p and YsI2p/Arl1p to modulate vesicle formation and
organelle biogenesis in the endosomal system (Barbosa et al., 2010; Wicky et al., 2004). And
another paper recently reported a novel membrane protein named Cfs1p to be partially co-
localized with Drs2p and Neo1p in endosomal/late Golgi membranes (Yamamoto et al.,, 2017).
These associating partners of Neo1p may be the interesting targets to look for and analyze for
ATPYA.

Our results suggested that ATP9A had a slightly higher ATPase activity towards PS and
PE than the other common membrane lipids, but the differences between wildtype and E195Q
were only subtle, implicating that the activity and substrate specificity of wildtype ATP9A were
too low to be characterized. ATP9A and ATP9B have been considered members of the P4-ATPase
family because they contain conserved sequences that typically serve as structural and
functional domains, but whether they transport large lipid substrates, smaller ions, or other
molecules remains unclear. The C-terminus of ATP8A2 has been proposed to contain an auto-
inhibitor domain and an anti-auto-inhibitor domain, which serve to regulate the protein folding
and flippase activity of ATP8A2 (Chalat et al., 2017). While the C-terminal tails of class 2 Ps-
ATPases are remarkably shorter than those of the other classes, their N-terminal regions are
characteristically longer and have been suggested to contribute to their distinct subcellular
localization. Further biochemical and functional characterization of N-terminal truncations of
ATP9A and ATP9B will provide more insight into whether the N-terminus plays any regulatory

role. Alternatively, they may be the outliers of P-type ATPases and simply do not possess any
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ATP-dependent activity or catalyze transport of any kind. Class 2 of the ATP-binding cassette
(ABC) transporter superfamily represents the “non-transporters” and are associated with DNA
repair, translation, and antibiotic resistance (Davidson et al., 2008). Intriguingly, ATP9A was
found to interact with y-secretase in mouse primary hippocampal neurons and in rat brain
membranes, and silencing ATP9A reduced the AP levels by less than 20% (Inoue et al., 2015;
Teranishi et al.,, 2015). Therefore, it would not be totally surprising if ATP9A was involved in non-

transport-related processes in the brain or testis.

60



Chapter 3: Characterization of Na*/K*-ATPase (NKA) interactions with retinoschisin (RS1)

in retina

3.1 Introduction

The retina is a light-sensitive tissue in the eye that triggers electrical signals sent to the
brain through the optic nerve to ultimately generate vision. It consists of a layer of pigmented
epithelial cells (RPE) and three layers of neurons—the photoreceptors, bipolar cells and ganglion
cells—interconnected by two synaptic layers (Masland, 2012). The development of this distinct
cellular architecture is essential for the efficient conversion of light into nerve impulses in the
photoreceptors and the relay of these signals through the underlying neurons to the brain for
image perception.

Much remains unknown about the molecular basis for generating the retinal cell
organization. However, comparison between healthy and diseased retina indicates that
retinoschisin, also known as RS1, serves as an adhesion protein and plays a crucial role in
maintaining the cellular and synaptic structure of the retina. RS1 is a discoidin domain-
containing protein specifically secreted from photoreceptors and bipolar cells. Over 130
mutations in the gene encoding RS1 are responsible for X-linked retinoschisis (XLRS), an early-
onset macular degeneration in males that is characterized by separation of the inner retinal
layers and disruption of the photoreceptor-bipolar synaptic signaling, leading to severe loss of
vision (Bush et al.,, 2016; Tolun et al., 2016). RS1 contains a 23-amino acid signal peptide in the
N-terminus and a 157-amino acid discoidin domain flanked by a 39-amino acid Rs1 domain and

a short 5-amino acid C-terminus. It is assembled as a disulfide-linked homo-octameric complex
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and observed under electron microscopy as two stacked rings with each ring resembling a cog-
wheel structure with eight projections (Figure 3.1A) (Bush et al., 2016).

RS1 associates with retinal cell surface membranes by interacting with a complex
consisting of the a3 and B2 subunits of sodium-potassium ATPase (Na*/K*-ATPase, NKA) and a
sterile alpha and TIR motif-containing protein named SARM1 (Figure 3.1B) (Molday et al., 2007).
Control experiments further suggest that RS1 is required for the association between NKA and
SARM1 and that NKA is the predominant protein for directly anchoring RS1 to the membranes
of photoreceptors and bipolar cells. Na*/K*-ATPase belongs to Type Il of the P-type ATPase
superfamily and is an essential enzyme that utilizes energy from ATP hydrolysis to generate and
maintain Na* and K* gradients across cellular membranes. It is a heterodimer composed of a
and B subunits that exist in various isoforms. The o subunit harbours the catalytic site for ATP
hydrolysis, and the [ subunit is glycosylated and has a crucial role in the maturation and
transport of the enzyme (Kathi Geering, 2008). Different o/ combinations exist in specific
tissues and cell populations. For example, the a3 and 32 subunits are highly expressed in

photoreceptor and bipolar cells (Wetzel et al., 1999).
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Retinoschisin

Na/K ATPase Na/K ATPase

Figure 3.1 3-D reconstruction of RS1 and schematic representation of the RS1-NKA-
SARM1 complex.

(A) Tilted 3-D image of a stacked cog-wheel structure with the two rings interacting primarily at
the outer edge. (B) RS1 binds to the B2 subunit of NKA and induces oligomerization of NKA and

the recruitment and/or activation of SARM1 to the cytoplasmic region of NKA. Modified from
Bush et al.,, 2016 and Molday et al., 2007.
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Previous studies have proposed a model in which RS1 binds to an extracellular site of the
Na*/K*-ATPase B2 subunit and thereby helps to maintain the structure, function and integrity of
photoreceptors and bipolar cells. To gain more insights into the structural basis of the RS1-NKA
interactions, good molecular tools for a pull-down of all the components of the complex from
native tissues are essential. In this chapter of the thesis, a monoclonal antibody specific for the
Na/K-ATPase B subunit was generated to achieve this purpose. Using specific antibodies against
the B subunit and RS1, we aim to purify the endogenous protein complexes to allow for further
functional characterization of the interactions and understanding of the pathogenesis of XLRS.

3.2 Materials and Methods

3.2.1 Materials

Na*/K*-ATPase a3 isoform (MA3-915) monoclonal antibody was purchased from Abcam
(Cambridge, MA) and Na*/K*-ATPase B2 isoform polyclonal antibody was from Upstate-
Millipore. Rho 1D4 monoclonal antibody and the anti-retinoschisin polyclonal antibody were
produced in the lab as previously described (Molday et al., 2001; Mackenzie et al., 1984). Bovine
rod outer segment (ROS) membranes frozen at -80°C were prepared previously by past
members of the Molday Lab (Mackenzie et al., 1984; Wong & Molday, 1986). Additional
materials and reagents are described in Chapter 2.2.
3.2.2 DNA constructs

Human cDNA clone of Na*/K*-ATPase a3 in pENTER vector with a C-terminal Flag and
His tag was purchased from ViGene Biosciences (Rockville, MD). Rat Na/K-ATPase a3 and bovine
Na/K-ATPase 2 was separately cloned into pcDNA3 vector with a C-terminal 1D4 tag by Ms.

Laurie Molday.
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3.2.3 Immunoprecipitation of 1D4-tagged NKAB2 expressed in HEK293T

The bovine NKAB2 construct with a C-terminal 1D4 tag was transfected alone or co-
transfected with the rat NKAo3 construct in HEK293T cells, which were solubilized in buffer A
containing 50 mM HEPES-NaOH, pH 7.5, 150 mM NacCl, 5 mM MgCl;, 1 mM DTT, 20 mM CHAPS,
0.5 mg/mL DOPC, and 1X Protease Arrest, by stirring at 4°C for 30 min. The cell extracts were
centrifuged at 40,000 rpm at 4°C for 10 min with a TLA-110 rotor in the Optima Ultracentrifuge.
The soluble fraction in the supernatant was then incubated with Rho 1D4-Sepharose 2B beads
pre-washed with 10 column volumes of buffer B containing 50 mM HEPES-NaOH, pH 7.5, 150
mM NaCl, 5 mM MgCl;, 1 mM DTT, 10 mM CHAPS, 0.5 mg/mL DOPC at 4°C for 2 hr. After
binding, the beads were transferred into an Ultrafree-MC-HV centrifugal filter (Millipore,
Billerica, MA) and washed six times with 500 L of buffer B. The bound proteins were eluted
using 0.4 mg/mL 1D4 peptide in buffer B or 4% SDS in buffer B without DTT, with gentle
agitation at 17°C for 1 hr. In the case where 9G9-Sepharose 2B column was used for
immunoprecipitation, the bound proteins were eluted with 4% SDS in buffer B without DTT.
3.2.4 Generation of monoclonal antibodies against NKAB2

Sequence encoding amino acids 1-28 in the N-terminus of bovine NKAB2 isoform was
cloned into pGEX-4T1 vector (GE Healthcare) in frame with glutathione S-transferase using
BamHI and Xhol sites. The coded peptide sequence is also conserved in human, rat and mouse
clones of NKAB2. The GST-fused peptides were purified from E. coli on Glutathione Sepharose
4B (GE Healthcare) and injected into BALB/c mice around 10-weeks-old. One immunized mouse
whose serum showed the strongest reactivity toward native NKAB2 proteins in bovine ROS and

retinal membranes as tested on western blots was sacrificed for fusion. Hybridoma cell lines
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were generated as previously described (Mackenzie & Molday, 1982) and the supernatants were
screened for antibodies against prepared western blots of ROS and retinal membrane fractions.
Monoclonal cell line NKAB2-9G9 was subcloned at least three times before expanded for
growing large scale cultures, and the ascites fluid was collected as it is or purified through

Protein G PLUS-Agarose matrix (Millipore).

3.2.5 Expression and purification of GST fusion proteins from E. coli
pPGEX-4T1 plasmid containing Na*/K*-ATPase B2 peptide sequence was transformed into

BL21 competent cells and cells were plated on agar plates with ampicillin. A single colony was
picked to grow in 5 mL LB at 37°C overnight and inoculated into a 500 mL LB culture the next
day. The rest of the procedures for producing and purifying the GST-fused peptides were the
same as described in Chapter 2.2.12.
3.2.6 Isolation of bovine retinal membranes

Frozen bovine retinas were moved from -80°C to -30°C freezer overnight and placed on
ice for thawing the following day. Ten retinas were homogenized in 6 mL of homogenization
buffer containing 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1T mM MgClI2, 1 mM CaCl2, and 1X
Protease Arrest, while kept on ice for 20 min by pipetting up and down with an 1 mL tip cut at
the end. The homogenized retinas were briefly spun at 3000 rpm for 1 min to collect debris, and
the supernatant was transferred to a 50 mL conical tube on ice and passed through 22G needle
twelve times. The tissue lysate was layered on top of 50% sucrose in Tris-buffered saline (TBS)
and centrifuged at 22,000 rpm at 4°C for 1 hr in a SW28 swinging-bucket rotor in the Optima
LE-80K Ultracentrifuge (Beckman Coulter). After the spin, membrane fraction on top of the 50%

sucrose was collected and washed with at least five volumes of TBS. The membrane pellet was
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resuspended in 500 uL of 10% glycerol in resuspension buffer and aliquoted for short-term
storage at -30°C. Concentration of the retinal membrane fraction was determined using Pierce®

BCA Protein Assay (Thermo Fisher Scientific).

3.2.7 Immunoprecipitation of NKAB2 from bovine retinal membranes
Immunoprecipitation on bovine retinal membranes was carried out as previously
described (Molday et al., 2007). Briefly, bovine retinal membranes (6 mg) were solubilized in 3.0

mL of solubilization buffer containing Tris-buffered saline (TBS) (25 mM Tris-HCl, pH 7.4, and
150 mM NaCl), 20 mM CHAPS, and 1X PA. After stirring at 4°C for 20 min, the membranes were
centrifuged at 50,000 rpm for 10 min in a TLA110 rotor in the Optima Ultracentrifuge. CNBr-
activated Sepharose 2B coupled to the monoclonal antibody 9G9 was pre-washed three times
with column buffer containing 10 mM CHAPS in TBS. The supernatant was then incubated with
pre-washed 9G9-Sepharose 2B beads by gently rotating at 4°C for 2 hr, and after six washes
with the column buffer the bound proteins were eluted with freshly prepared 2% SDS in TBS at
room temperature. The unbound fraction was further incubated with new, pre-washed 9G9
beads for binding at 4°C for 16 hours and proteins were eluted again with 2% SDS in TBS. A
buffer only sample was included as a negative control. The solubilized membrane extracts and

the elution fractions were analyzed on Coomassie blue-stained gels and western blots.

3.2.8 SDS-PAGE and western blot

SDS-PAGE and western blot analysis were carried out as described in Chapter 2.2.17. The
monoclonal antibodies as ascites fluids were used at the following dilutions: Rho 1D4 at 1:100
and NKAB2-9G9 at neat. The anti-RS1 polyclonal antibody was diluted at 1:1000. The

commercial antibody of NKAB2 was diluted at 1:200 and NKAa3 at 1:1000.
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3.3 Results
3.3.1 Expression of NKAB2 in HEK293T and in bovine retina

A plasmid containing NKAB2 with a C-terminal 1D4 tag was expressed with or without
another plasmid of NKAa3 in HEK293T cells to see if sufficient proteins could be
immunoprecipitated and detected by western blot. The CHAPS-solubilized cell extracts were
incubated with Rho 1D4-Sepharose 2B column and the bound proteins were eluted with 1D4
peptide. A broad and probably heterogeneous band around 50 kDa corresponding to the size of
NKAB2 was seen in the elution fraction from both cells with or without the co-expression of
NKAa3, suggesting that NKAB2 was heavily glycosylated (Figure 3.1A). Western blots of the
elution were later labeled with 1D4 antibody to serve as positive controls during the process of
screening for the in-house monoclonal antibody against NKAB2.

The B2 and a3 subunits of NKA have been reported to express in photoreceptor and
bipolar cells in adult mouse and rat, with the highest expression in the inner segment, outer
plexiform, and inner nuclear layers and a more moderate level in the outer nuclear and inner
plexiform layers (Molday et al., 2007; Wetzel et al., 1999). In order to prepare sufficient amounts
of materials for the screening of monoclonal antibodies against NKAB2, membranes of bovine
whole retinas or rod outer segment (ROS) were prepared and analyzed on western blots using
the commercial NKAB2 antibody (Upstate-Millipore) suitable for labeling. Both 2 and a3
subunits of NKA were more enriched in the retinal membranes than in ROS membranes,
whereas rhodopsin as labeled by 1D4 antibody was more abundant in ROS (Figure 3.1B).
Therefore, western blot strips of retinal membranes were prepared in large quantities (>2000

strips) for the screening later.
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Figure 3.2 Expression of NKAB2 in transfected HEK293T cells and bovine retina.

(A) HEK293T cells expressing 1D4-tagged NKAB2 alone or with NKAa3 were solubilized with
CHAP and immunoprecipitated on Rho 1D4-Sepharose 2B column. The cell extracts (Input),
unbound fractions (Unbound), and the bound proteins eluted with 1D4 peptide (Elution) were
analyzed on western blots labeled with 1D4 antibody. (B) Membranes were prepared from
bovine whole retinas or rod outer segment (ROS) and analyzed on western blots using specific
antibodies as indicated. 40 ug of total protein was loaded in each lane.
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3.3.2 Purification of GST-NKAB21..s peptide from E. coli

NKAB2 peptides spanning amino acids 1-28 fused to GST were expressed in E. coli and
purified using Glutathione Sepharose 4B column. The glutathione-eluted fractions were
analyzed on Coomassie blue-stained SDS-polyacrylamide gels to check protein purity and
integrity (Figure 3.2). Purified GST was included as a control and the fusion peptides containing
NKAB21-28 ran slightly above the GST-only band as expected. The peptides were then dialyzed in

PBS and stored for immunization of mice.
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Figure 3.3 Purification of GST-NKAB2;.2s from E. coli.

GST-fused NKAB21-2s peptides expressed in E. coli were extracted by sonication and purified on
Glutathione Sepharose 4B column. The peptides were eluted four times consecutively from the
column with glutathione. The cell lysates (Input), unbound fraction (UB), elution fractions (E1-E4),
and a purified GST only control were analyzed on Coomassie blue-stained gel.
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3.3.3 Characterization of the in-house monoclonal antibody NKAB2-9G9

GST-NKAB2;.28 peptides targeting the cytoplasmic N-terminus were injected to
immunize BALB/c mice and the produced antibodies were screened on western blot strips of
bovine retinal membranes for the most specific and highest affinity monoclonal cell lines. One
monoclonal cell line designated as NKAB2-9G9 was chosen for purification and further
characterization. 1D4-tagged NKAP2 in transfected HEK293T cells were solubilized and
immunoprecipitated with Sepharose 2B beads coupled to purified 1D4 antibody or 9G9
antibody. On western blots, 9G9 labeled the expressed NKAB2 proteins in cell extracts and in
SDS-eluted fractions, although the labeling appeared much less efficient than that of 1D4
antibody for the same amounts of proteins (Figure 3.3). Also, 9G9-Sepharose 2B column was
tested for its binding affinity for the 1D4-tagged NKAB2 proteins expressed in HEK293T cells by
immunoprecipitation, and the pull-down efficiency of 9G9 column was significantly lower than
that of 1D4 column, as many NKARB2 proteins were still detected in the unbound fraction. The in-
house 9G9 antibody indeed recognizes and immunoprecipitates the expressed NKAB2 proteins

although with a lower binding affinity when compared to 1D4 antibody.
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Figure 3.4 Characterization of the in-house NKAB2-9G9 antibody.

HEK293T cells expressing 1D4-tagged NKAB2 were solubilize with CHAPS and
immunoprecipitated with Sepharose 2B beads coupled to purified 1D4 or 9G9 antibody. The cell
extracts (Input), unbound fraction (Unbound), and bound proteins in SDS-eluted fractions
(Elution) were analyzed on western blots labeled with 1D4 or 9G9 antibody.
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3.3.4 Co-immunoprecipitation of the RS1-NKA complex from bovine retina

Interactions between RS1 and the 2 and a3 subunits of NKA have been demonstrated
in both human and bovine retina using a monoclonal antibody specific for RS1 (3R10) (Molday
et al., 2007). To examine the ability of 9G9 antibody to pull-down NKAB2 as well as the
associating proteins in the complex, bovine retinal membranes were solubilized and
immunoprecipitated with Sepharose 2B beads conjugated to 9G9 antibody. Proteins in the
bound fractions were eluted from the column with 2% SDS and analyzed by western blot. After
binding for 2 hours, NKAB2 and a3 as well as RS1 were all detected in the first elution (Figure
3.4). All interacting proteins were more enriched in the second elution after incubating with 9G9
beads overnight when compared to binding for 2 hours. On Coomassie blue-stained gel, a clean
band at 100 kDa around the size NKAa3 was seen in the first elution and in addition, numerous
smeary bands around 50 kDa appeared in the second elution, which might correspond to the

glycosylated NKAB2 also seen at a higher level on the western blot.
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Figure 3.5 Co-immunoprecipitation of RS1-NKA from bovine retina.
Bovine retinal membranes were solubilized with CHAPS and the extracts (Lane 1) were incubated

with 9G9-Sepharose 2B column for immunoprecipitation. The bound proteins were eluted with
2% SDS after incubation for 2 hours (Lane 2) and subsequently for 16 hours (Lane 3). A buffer
only control was included for immunoprecipitation. SDS-polyacrylamide gels were stained with
Coomassie blue or transferred onto PVDF membranes for western blot analysis with specific

antibodies against NKAB2, RS1, and NKAa3.
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3.4 Discussion

Retinoschisin (RS1) is generally believed to serve as a retinal cell adhesion protein that
plays a crucial role in maintaining the normal function and structural organization of the retina
(Weber et al., 2002). Mice deficient in RS1 display various abnormal phenotypes in the retina,
including disorganized retinal structure, disrupted photoreceptor-bipolar synapse, and
progressively degenerated rod and cone photoreceptors. RS1 is expressed and secreted from
photoreceptors and bipolar cells and associates with the surface of rod and cone
photoreceptors (Grayson et al., 2000; Molday et al., 2001; Reid et al., 2003, 1999). The discoidin
domain of RS1 implicates its interaction with lipids in the membranes of the photoreceptors;
however, previous studies have provided evidence that RS1 in anchored to the surface of these
cells through the formation of a protein complex with Na*/K*-ATPase (NKA) and sterile alpha
and TIR motif—containing protein (SARM1) (Molday et al., 2007). a3 and 32 were the major
isoforms of NKA identified in a mass spectrometric analysis using an anti-RS1 immunoaffinity
matrix, and their interactions were confirmed by western blot analysis of the co-
immunoprecipitated fractions. In addition, immunofluorescence imaging of mouse retinal
cryosections labeled with specific antibodies showed the co-localization of NKAa3 with RS1 and
SARM1. Further characterization of NKAB2 knockout mice has shown that the protein levels of
NKAa3 and RS1, but not SARM1, are significantly reduced in crude retinal membranes and that
both NKAa3 and 2 are required for the binding of exogenously supplied RS1 to crude
membranes, indicating a predominant role of NKA in anchoring RS1 to retinal cell surface

(Friedrich et al., 2011).
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While RS1 forms a complex with the assembled a3[32 isoforms of NKA, it mostly likely
interacts with the 2 subunit for directly anchoring to the cell surface. The 2 subunit contains
up to nine glycosylation sites within its large C-terminal region (E Tokhtaeva et al., 2010). Like
other discoidin domain-containing proteins, retinoschisin has an affinity for galactose, which can
be used for the biosynthesis of oligosaccharide chains during glycosylation of proteins (Raju et
al., 2001; Simpson et al., 1974). In contrast, the a3 subunit contains much shorter extracellular
loops which are less available for binding. Therefore, NKAB2 is the prime candidate for direct
association with RS1.

In this study, we generated a monoclonal antibody 9G9 specific to NKAB2 targeting to
amino acid 1-28 of the N-terminus. When compared to an immunoaffinity matrix coupled to
Rho 1D4 for immunoprecipitating 1D4-tagged NKAB2 expressed in HEK293T cells, the 9G9
antibody showed a binding affinity about half as strong. Nonetheless, 9G9-Sepharose 2B
column was used to successfully purify endogenous NKAB2 along with its associating proteins
NKAa3 and RS1 from bovine retinal membranes. And the efficiency of binding NKAB2 was
increased when the incubation period was extended to 16 hours. These results were consistent
with the reported findings on the interactions between RS1 and NKA in the retina.

Na*/K*-ATPase activity consumes about 30% of total energy in the body, and
approximately 50% of the energy in the retina (Medrano & Fox, 1995; Wetzel et al., 1999). NKA
uses energy released from ATP hydrolysis to regulate the Na® and K* gradients associated with
critical retinal processes including the dark current in the photoreceptors, action potentials in
the ganglion cells, neurotransmission in Miiller cells, and synaptic activity (Murphy & Crewther,

2013). Inhibition of NKA activity by ouabain has been shown to alter the resting potential of the
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optic nerve and disrupt the normal morphology of the inner plexiform layer, which then affect
the electrophysiological properties of the outer retinal response to a light stimulus (Medrano &
Fox, 1995; Van Harreveld & Fifkova, 1972). While low concentrations of ouabain selectively
damage the cells in inner nuclear layer and ganglion layer, higher ouabain concentrations
completely destroy the retina (Fimbel et al., 2007; Maier & Wolburg, 1979; Sherpa et al., 2008).
Whether the activity of NKA exists apart from its interaction with RS1 or is in turn modulated by
this interaction is unclear and demands a better understanding of the physiological function of
RS1. The presence of fluid-filled cystic cavities in mice deficient in RS1 implicates that defective
NKA could result in fluid imbalance and the disruption of cellular organization and synaptic
integrity of the retina as found in XLRS patients (Xu et al., 2010).

The current and previous studies have provided preliminary analysis of the relationship
between components of the RS1-NKA-SARM1 complex in retina. The causative mutations in the
RS1-encoding gene emphasize the critical role of functional RS1 as well as its associating
proteins in maintaining normal retinal physiology. In order to determine the mechanism
underlying the complex formation and to study its significance in the structural and functional
basis of healthy and diseased retina, further characterization of the endogenous protein
complex from native retinal tissues using highly specific antibodies for each component is

necessary.
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Chapter 4: Conclusion and future directions

ATP9A belongs to class 2 of the P4-ATPases and is highly expressed in the brain and
testis. Although very little is known about ATP9A, the importance of its role in cellular functions
and disease is highlighted by the fact that its ortholog Neo1p in yeast is essential for cell
growth. Several P4-ATPases have been demonstrated to flip phospholipids from the exoplasmic
to the cytoplasmic leaflet of cell membranes (Andersen et al., 2016). While ATP9A and Neo1p
have been shown to be involved in vesicle trafficking in the Golgi-endosomal system, studies on
their ATP-dependent flippase activities have been lacking. On the other hand, Na*/K*-ATPase
(NKA) of type 2C of the P-type ATPases is known to have a crucial role in normal retinal function
and structure by establishing low intracellular Na* and high internal K* concentrations across the
membranes (Murphy & Crewther, 2013). NKA has also been identified to interact with
retinoschisin (RS1), a retinal cell adhesion protein that when mutated can cause X-linked
retinoschisis (XLRS) (Molday et al., 2007). XLRS is a macular degeneration that leads to
disintegration of the inner retinal layers and progressive loss in vision. RS1 is anchored to the
membranes of photoreceptor and bipolar cells mostly likely through direct binding with the 2
subunit and it serves to maintain the structural and function integrity of the retina and the
photoreceptor-bipolar synapse.

Chapter 2 of the current thesis described the characterization of human ATP9A
expressed in HEK293T cells. First, expression analysis was done on ATP9A wildtype and various
mutants which presumably yield impaired ATP9A and have been used in previous studies for
comparing the activities with the wildtype. E195Q mutant showed proper protein folding and

subcellular localization to target membrane compartments as the wildtype, whereas D391N was
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misfolded and co-localized with the ER. Mutations of 1345 in ATP9A, corresponding to the
CAMRAQ disease-causing counterparts in ATP8A2, produced incompletely folded proteins that
were retained in the ER. Next, ATPase activities of ATP9A wildtype and E195Q were examined by
the colourimetric and luminescent method. Both wildtype and E195Q showed only minimal
lipid-activated activities about 10 to 20-fold lower than that of the well-established ATP8A2.
Differences between the wildtype and E195Q mutant were negligible, indicating a lack of
activation of the wildtype proteins. Subsequently, ATP9A was found to be phosphorylated with
radioactive [y-*2P]-ATP and the aspartyl phosphoenzyme intermediate was sensitive to
hydroxylamine treatment, which is characteristic of all P-type ATPases. These observations
indicate that ATP9A undergoes autophosphorylation but fails to dephosphorylate. Further cell-
based flippase assay avoiding the use of detergent showed that the activities of ATP9A towards
PS, PE, and PC, were similar to the background from untransfected cells. A monoclonal antibody
exhibiting high specificity and binding affinity for ATP9A was developed and characterized.
Preliminary purification of endogenous ATP9A from mouse brain membranes using this 10D1
antibody was difficult to analyze as the bands of ATP9A and co-eluted antibodies were often
very close. To gain more insight into the physiological and functional properties of ATP9A,
future work will focus on identifying potential accessory proteins required for the ATP-
dependent activity of ATP9A and defining its substrate specificity in native tissues.

In Chapter 3, a monoclonal antibody specific for the 2 subunit of Na*/K*-ATPase (NKA)
was generated and employed to further characterize the complex formation of NKA with RS1 in
the retina. Our study showed that immunoaffinity purification of NKAB2 from retinal membranes

indeed co-precipitated the a3 subunit and RS1. Whether RS1 is anchored to the surface of
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retinal cells through direct binding with the glycosylated extracellular C-terminus of NKA[2
requires more detailed investigation. It has been implicated that the ion transport activity of
NKA may be regulated by its interaction with RS1, the defects of which lead to disrupted cellular
organization and function of the retina and the formation of fluid-filled cystic cavities (Weber et
al., 2002; Xu et al., 2010). Using monoclonal antibodies specific to each component of the RS1-
NKA-SARM1 complex in tandem immunoaffinity purification will hopefully isolate the native
protein complex from retinal tissues. Structural properties of the assembly can then be obtained
with cryo-electron microscopy (cryo-EM). In addition, careful experimental design will be
required for elucidating the relationship between the activity of NKA and the adhesion function
of RS1. Studying the mechanism of the protein complex formation will provide basis for
understanding the roles of the individual components in maintaining retinal function and
integrity as well as in the pathogenesis underlying XLRS.

In summary, this thesis has presented a novel and extensive characterization of ATP9A in
terms of its ATPase and flippase activities. Having shown that ATP9A forms the characteristic
phosphorylated intermediate E1P, we aim to perform further studies to discover the critical
factors and optimal experimental conditions required for its activation. Prospects for developing
therapeutic tools for treating individuals affected with XLRS rely on understanding of the effects
of the disease-causing RS1 mutants in the retina. Specific antibodies for RS1 and its interacting
partners NKA like the one generated in this study will be useful for purifying native intact

protein complexes for further functional and structural characterization.
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