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ABSTRACT
Al-Qahtani, Tariq Mohammed, M.S., Pharmacology/Toxicology Masters Program,
Wright State University, Department of Pharmacology and Toxicology 2014. Interaction
between Na/ K-ATPase and Bcl-2 Proteins BclXl and BAK.

In silico analysis predicts interaction between the Na/ K-ATPase (NKA) and Bcl-2
protein canonical motifs BH3 and BH1. Such interaction is consistent with NKA
inhibition by the benzo-phenanthridine alkaloid chelerythrine (CHE), a BH3 mimetic, in
human lens epithelial cells (HLEC). This report establishes proof of concept: co-immunoprecipitation and immuno-colocalization showed unequivocal and direct interaction
between NKA and Bcl-2 proteins. Particularly, NKA-antibodies co-immunoprecipitated
BclXl and BAK in three different epithelial cell lines, HLECs and A549 lung cancer
cells, whereas anti-Bcl-2 antibodies failed to pull down NKA. The molecular mass of the
BAK proteins pulled down by antibodies against NKA and BclXl appeared to be some 4
kDa larger than found in the input monomer. These findings are explained by NKA
pulling down a BAK splice variant. Based on the lack of reversal precipitation it is
suggested that both BclXl and BAK interact through different motifs with NKA. These
novel findings support our hypothesis for a special sensor role of NKA in the Bcl-2
protein governance of cellular survival and apoptosis (Lauf et al., 2013).
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1. Introduction and Background
1.1. Apoptosis
The word apoptosis comes from the Greek language in which the first part of the
word “Apo” means separation and the other half “ptosis” defines as dropping off leaves
from trees or flowers in the autumn (Hongmei & Vogt, 2012). Apoptosis was defined and
so-called in 1972 as a process, in which the cell experiences a unique morphological
response and changes leading to cell death, which is different from necrosis (Bortner &
Cidlowski, 2007; Kerr JF, Wyllie AH, 1972). Cell death arises from necrosis (which was
discovered before apoptosis), apoptosis and pyroptosis (Fink & Cookson, 2005). In
necrosis a large number of cells are affected with swelling due to Na+ and water entry,
one of the hallmarks of necrosis. In contrast, in apoptosis the number of cells affected is
much smaller than in necrosis and its response to physiological stimuli is shrinking with
K+, Cl- and water loss, rather than swelling (Elmore, 2007). The following table shows
the major difference between both necrosis and apoptosis:

Table 1. Explaining the major differences between apoptosis and necrosis.
Apoptosis

Necrosis

Cell shrinkage with K+ and H2O loss

Cell swelling with Na+ and H2O gain

Affects single cells

Affects a group of cells

No inflammation response

Inflammation response

Physiological stimuli

Pathological response
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One of the hallmark of the pyroptosis is development of pores in the cell
membrane and release of inflammatory substances (Hongmei & Vogt, 2012).
Apoptosis is indispensible for cell development and homeostasis, lacking of
program cell death might lead to cancer or autoimmune disease. On the other hand,
excessive cell death would ultimately cause degenerative diseases (Schwarz, AndradeNavarro, & Gross, 2007)
There are two major protein families that regulate and initiate apoptosis. One of
the major families are the caspase proteins, considered as the major killers in apoptosis
pathways (Elmore, 2007). The other family is the Bcl-2 proteins family, which controls
and regulates the process of apoptosis (Danial & Korsmeyer, 2004; Shi, 2004)
Apoptosis can be categorized into three different modes based on the mechanism
of induction. In mode one, the cell death depends on the caspase proteins pathway. In
mode two, autophagic molecules are involved in the cell death process that doesn’t
depend on the caspase pathway. Mode three happens without chromatin condensation and
doesn’t depend on the caspase proteins (Hongmei & Vogt, 2012). Investigations have
managed to detect a hundreds of genes and proteins that control and regulate the process
of apoptosis in numerous numbers of species.
Apoptosis can be induced and controlled by several signal pathways through
sophisticated extrinsic and intrinsic factors. There are two main pathways in apoptosis
that can be differentiated based on the involvement of the caspase proteins family. The
first pathway is caspase-dependent (corresponding to mode 1) and involves caspases-3,
7,8,9 and 12 leading to DNA, RNA fragmentation, ultimately triggering cell death (Ying
et al., 2012). When DNA is damaged, the apoptosis pathway is activated through
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increasing ROS “reactive oxygen species” which subsequently alter the mitochondrial
outer membrane permeability (MOMP) causing cytochrome C1 release and trigger
caspase-9 and caspase-3 activation leading to apoptosis (Hongmei & Vogt, 2012; Lim et
al., 2011). Some of the DNA or RNA, pathogen, proteins, peptide and some xenobiotic
compounds can trigger the caspase-dependent pathway (Hongmei & Vogt, 2012; Ying et
al., 2012).
UV “ultra-violet” or X-ray can harm the mitochondria by inducing
permeabilization of the mitochondria outer membrane and increasing ROS leading to
release of cytochrome C1 which activates caspase-9, then caspase-3 initiating cell death
(Heck, Vetrano, Mariano, & Laskin, 2003). Also tumor necrosis factor alpha (TNF-α),
which is a potent cytokine released by most of cells (Baud & Karin, 2001), induces
caspase-8 activation that in turn stimulates the caspase pathway as well as the Bcl-2
protein pathway. Upon the activation of both pathways MOMP is altered leading to
release of cytochrome C1 that triggers apoptosis. Drugs like Cisplatin or Gemcitabine can
elicit apoptosis through inhibiting N-myc proto-oncogene proteins and interrupting the
cell cycle precisely in the G2/M phase (Singhal et al., 2012).
The second pathway is the caspase independent pathway (corresponding to mode
2 and 3). Apoptosis inducing factor (AIF) is one of the major proteins that cause
apoptosis without activation of the caspase pathway (Martinvalet, Zhu, & Lieberman,
2005). AIF is released form the mitochondria and migrates to the nuclei triggering DNA
fragmentation and chromatin condensation leading to irreparable damage and cell death
(Susin et al., 2000). Staurosporine is an example of a chemical that leads to cell death
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through a caspase-independent pathway via inducing AIF production (Werner, Sacher, &
Hohenegger, 2004).
Apoptosis is elicited either extrinsically or intrinsically (Table 2). In the extrinsic
pathway, the ligand binds to a tumor necrosis factor (TNF) receptor on the cell
membrane. Once the receptor FAS (Fas cell surface death receptor) is ligand-bound,
activation of the death inducing signal complex (DISC) occurs and of caspase-8 and the
caspase pathway (H. Li, Zhu, Xu, & Yuan, 1998; Medema et al., 1997). Pro-apoptotic
members of the Bcl-2 protein family such as BAK (Bcl-2 antagonist killer ) and BAX
(Bcl-2 associated X protein) homo-oligomerize and form pores within the mitochondrial
outer membrane causing MOMP triggering the release of cytochrome C1 (Luo,
Budihardjo, Zou, Slaughter, & Wang, 1998).
The concentration of calcium inside the cell plays a major role in maintaining the
permeability of the mitochondria. Increasing calcium level can stimulate the release of
the ROS and cytochrome C1 (Kumar, Kain, & Sitasawad, 2012). Hormones show a key
role in regulating the metabolism of organs and tissue and they can play a critical role in
apoptosis. One of the hormones that play a key part in the apoptosis is Leptin. Normal
levels of leptin, released predominantly by adipocytes, do not cause any harm to the cell.
However, enhanced release of leptin is associated with down-regulation of cleaved
caspase-3 and BAX and up-regulation of other anti-apoptotic Bcl-2 proteins
(Wendremaire et al., 2011).
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Table 2. Intrinsic vs. extrinsic apoptosis triggers (Hongmei & Vogt, 2012)
Intrinsic

Extrinsic

Oxidative stress (NO, ROS)

Cytokines (ex. TNFα)

Cytochrome C1

Drugs (ex. Cisplatin)

Calcium level

Hormones (ex. Leptin, Testosterone)

Endoplasmic reticulum stress

Pathogens

1.2. The Bcl-2 Protein Family
The Bcl-2 proto oncogene family was found frequently in B-Cell non-Hodgkin’s
lymphoma with chromosome translocation t (14; 18) (Albinger-hegyi et al., 2002;
Nambiar et al., 2011). The family has a massive number of members that could be sorted
into two major groups according their ultimate action to a living cell (Shamas-Din, Kale,
Leber, & Andrews, 2013). The first group is the anti-apoptotic proteins. Anti-apoptotic
protein members impede the process of the programmed cell death leading to cancer or
other autoimmune disease. The second group is the pro-apoptotic proteins. The members
of this family focus their effort to bind to the outer membrane of the mitochondria and
instigate nearly irretrievable damage in most of the cases (Brooks et al., 2007). The ratio
between those two groups (anti-survival and pro-survival proteins) decide the destiny of
the cell whether its fatality or existence. During the cell death, Bcl-2 (pro-survival and
anti-survival) proteins regulate MOMP, the process of its regulation and in what way Bcl2 controls MOMP is still equivocal.
One of the distinctive features of the Bcl-2 proteins is their ability to form
homodimers and heterodimers constituting a competition between the pro- and anti-
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apoptotic proteins (Shamas-Din et al., 2013). One of the purposes of the rivalry is
neutralizing each other. Another feature of the Bcl-2 proteins is their ability to become
integral membrane proteins (A. Gross, Mcdonnell, & Korsmeyer, 1999).
Most of the Bcl-2 proteins possess up to four-conserved BH homology motifs,
BH1, BH2, BH3, and BH4. Most of the anti-apoptotic proteins such as BclXl (Bcl-2 like
1), Mcl-1 (Myeloid cell leukemia) and Bcl-2 possess the four BH motifs (A. Gross et al.,
1999). On the other hand many pro-apoptotic proteins such as BAK and BAX display
fewer BH motifs (Brooks et al., 2007). Many researches and studies have pointed out the
critical death role of the BH3 domain (Chou et al., 1999; Mcdonnell et al., 1999). Most
members of the Bcl-2 family incorporate hydrophobic carboxy terminal that contain a
membrane-binding region (MBR) which enable them of targeting some organelles such
as the outer membrane of the mitochondria and endoplasmic reticulum (Nguyens &
Millars, 1993) and perhaps the plasma membrane. Anti-apoptotic Bcl-2 protein members
such as BclXl, Bcl-2 and Mcl-1 are localized mostly in the nuclear membrane,
mitochondria and endoplasmic reticulum (Hockenbery, 1990) Contrary, most of the proapoptotic members such as BAK and BAX are found in the cytosol or the cytoskeleton of
the cell (Edlich et al., 2012; Hsu YT1, Wolter KG, 1997). When the cell undergoes
apoptosis, most of the pro-apoptotic proteins translocate themselves into the outer
membrane of the mitochondria and bind to it (Goping et al., 1998). Upon that
translocation, pro-apoptotic proteins tend to dimerize in order to produce their poreforming effect ( a Gross, Jockel, Wei, & Korsmeyer, 1998). It is not clear if the
dimerization occurs during the binding of the pro-apoptotic proteins to the outer
membrane of the mitochondria or somewhere before the protein become an integral
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membrane protein ( a Gross et al., 1998). In viable cells, BAX and BAK appear as
monomer, yet they have the propensity to dimerize during apoptosis ( a Gross et al.,
1998; Wolter et al., 1997). Noteworthy, non-ionic detergents such as NP40 (nonyl
phenoxypolyethoxylethanol), Triton X 100, and Tween 20 can induce dimerization
mimicking the mitochondrial dimer (Hsu, 1997).
When the pro-apoptotic proteins become activated, they locate themselves into
the mitochondria where, protectively, most of the anti-apoptotic proteins are already
residing (A. Gross et al., 1999). Pro-apoptotic proteins tend to dimerize and subsequently
change the membrane potential of the mitochondria releasing cytochrome C1, producing
reactive oxygen species and eventually activate the caspase pathway then triggering
apoptosis (Mccarthy, Whyte, Gilbert, & Evan, 1997; Orsmeyer, 1996; Pastorino, 1998).
Remarkably, in most of the cases this can be overcome or countered by overexpression of
the anti-apoptotic Bcl-2 and BclXl (Marzo et al., 1998; Zamzami et al., 1996). Moreover,
cells which lack BAK and BAX have shown some resistance to death stimuli (Wei et al.,
2001). Those two findings elucidate the significance of the Bcl-2 proteins in apoptosis.

1.3. Bcl-2 Classification
The Bcl-2 family can be divided into three groups according to their structure and
function. The first group contains proteins which possess the BH3 domain or motif, only
(Shamas-Din et al., 2013). The second group called the “executioner” proteins such as
BAK and BAX tend to form homodimers and heterodimers via their BH3/BH1 motifs ( a
Gross et al., 1998; Hsu, 1997; Yethon, Epand, Leber, Epand, & Andrews, 2003). Through
the process of dimerization executioner proteins permeabilize mitochondria leading to
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apoptosis. Most of those proteins contain three BH domains. The third group is the antiapoptotic proteins such as BclXl, Mcl-1 and Bcl-2 and their main function is inhibiting
the BH3-only domain proteins and the pro-apoptotic proteins as well through halting the
entire process of apoptosis (A. Gross et al., 1999). The figure below describes the three
main groups and the BH homologies that they possess.

Figure 1. Summary of the Bcl-2 proteins family (anti-apoptotic, pro-apoptotic, BH3 only
domain or motif)
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1.4. Pro-apoptotic and anti-apoptotic proteins
BAX (Bcl-2 associated X protein) was detected by Oltvai et al 1993. The main
function of BAX is promoting cell death. BAK (Bcl-2 antagonist killer) is another
member in the pro-apoptotic proteins, which has a function comparable to BAX
(Chittenden et al., 1995). A knock out experiment has been done for both BAK and BAX
to explain their significant influence in the apoptosis pathway (Wei et al., 2001).
Intriguingly, cells were completely resistance to t-Bid (truncated BH3 interacting domain
death agonist) that activated BAX and BAK to induce cytochrome C1 and apoptosis. A
double knock out experiment has been done for both proteins (BAK and BAX) showing
that cells were completely resistant to death stimuli such as ultraviolet light, growth
factor deficiency or staurosporine (Wei et al., 2001).
There is no considerable dissimilarity between BAK and BAX in their main
function. Yet, BAK shows high affinity toward BclXl and Mcl-1 whereas BAX shows
high affinity to Bcl-2 and BclXl (Lambi et al. 2011). The distribution of the both proteins
is slightly different since BAK was mainly, but not exclusively, found in the
mitochondria outer membrane. Contrarily, BAX is primarily in the cytosol and
translocated to the mitochondrial outer membrane and endoplasmic reticulum once
apoptosis is triggered ( Wolter KG, 1997; Wolter et al., 1997).
The role of both anti-survival (BAX and BAK) proteins toward the mitochondria
is almost the same through enhancing the release of the cytochrome C1, whereas the role
of BAX at the endoplasmic reticulum is regulation the calcium ion flux that can effect the
mitochondria pores eventually releasing cytochrome C1 (Nutt et al., 2002).
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The anti-apoptotic protein Bcl-2 binds to various organelles through it C-terminal.
Removing that hydrophobic C-terminal leads to loss of the activity of these proteins
(Alnemri, Robertson, Fernandest, Crocet, & Litwack, 1992; Hunter, Bond, Parslow, Al,
& Iol, 1996). BclXl is another protein in the same family that mainly, but not exclusively,
exists in the membrane of mitochondria and the cytosol (Hsu YT1, Wolter KG, 1997).
The Bcl-2 proteins family controls and regulates the alteration of the function and
structure of the mitochondria during cell death (Schwarz et al., 2007). Mitochondrial
carriers and pores are essential for mitochondria to sustain their function. Some of Bcl-2
proteins have shown some interaction with several carriers and pores in the outer
membrane of mitochondria. The voltage dependent anion channel VDAC has been
strongly associated with apoptosis (Tsujimoto & Shimizu, 2002). VDAC plays an
important role in cell apoptosis. Pro-apoptotic proteins as well as anti-apoptotic proteins
have been reported by their ability to interact with VDAC. The definitive effect of this
interaction is variable depending on what interacts with VDAC. When anti-apoptotic
proteins such as BclXl interact with VADC, the channel is completely closed and there is
no release of cytochrome C1 (Shimizu, Konishi, Kodama, & Tsujimoto, 2000). BH4 is
essential for blocking the VDAC and cytochrome C1 release. Eradicating the BH4
domain from the BclXl results in apoptosis (Shimizu et al., 2000). Conversely, when proapoptotic proteins such as BAX interact with VDAC, the channel is open widely,
allowing the cytochrome C1 release from the mitochondria (Tsujimoto & Shimizu,
2002). Using anti-VDAC antibodies or VDAC inhibitor can prevent the cytochrome C1
release. Interestingly, overexpression of VDAC leads to apoptosis and this can be
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overcome by increasing Bcl-2 anti-apoptotic or VDAC inhibitors (Zaid, Abu-Hamad,
Israelson, Nathan, & Shoshan-Barmatz, 2005).

Figure 2. Illustration of the role of Bcl-2 proteins when interacting with VDAC. The
anti-survival protein BAX is facilitating the release of cytochrome C1. Conversely, the
pro-survival protein BclXl is preventing the release of cytochrome C1 by the BH4
domain.

1.5. Mechanism Of Action Of Bcl-2 Proteins
There are more than three models proposed to describe the mechanism of the proapoptotic and the anti-apoptotic Bcl-2 proteins and how they induce or prevent apoptosis.
The first model is the direct activation model, where BH3-only proteins work as activator
or sensitizer. For instance, BID (BH3-only protein) binds to BAK (pro-apoptotic protein)
and activates the pro-apoptotic protein inducing dimerization. At the same time another
sensitizer binds to Bcl-2 (anti-apoptotic protein) and inhibits its function (Luo et al.,
1998). BAD and NOXA both are BH3 sensitizers that show some affinity to bind to anti-
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apoptotic proteins. Table 3 is presenting a brief summary of the pro-apoptotic, antiapoptotic, sensitizer and activator proteins and their affinity to each other.

Table 3. Summary of the Bcl-2 protein groups and their interaction with each other (L.
Chen et al., 2005).
Anti-apoptotic

Pro-apoptotic

BH3 Sensitizer

BH3 Activator

Bcl-2

BAX

Bad, Bmf

Puma

BclXl

BAX, BAK

Bad, Bmf

Puma

Bcl-W

BAX, BAK

Bad, Bmf

Puma, Bim

Mcl-1

BAK, BID

Noxa

Puma, Bim

In intact mitochondria BclXl and Mcl-1 are sequestering most of the activator
preventing the activation of BAK and BAX henceforth preventing apoptosis (Cheng et
al., 2001; E. Yang et al., 1995). Thus, BH3 sensitizer are binding to anti-apoptotic protein
releasing the activator that trigger the pro-apoptotic proteins, changing the permeability
of the mitochondria that results in cell death.

Figure 3. The direct activation model shows two type of BH3-only proteins. The BH3
binding and activating pro-apoptotic proteins such as BAX and BAK are called
“activators” (A) while the other BH3-only proteins that bind to the anti-apoptotic proteins
such as Bcl-2 and BclXl are labeled as “sensitizers" (S).
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The second model is the displacement model, demonstrating that BH3 proteins
are not going to activate or bind to BAX or BAK. This model suggested that proapoptotic and anti-apoptotic form a complex in which BAK and BAX are inhibited by
BclXl or Bcl-2 (L. Chen et al., 2005). BH3-only proteins bind to anti-apoptotic proteins
liberating pro-apoptotic proteins in the cell. In this case BH3 proteins such as Bim and
Puma engage with all anti-apoptotic proteins with the same affinity. However, Noxa
shows some affinity towards Mcl-1. BAK will be dissociated and displaced from Mcl-1
and BclXl by BH3-only proteins such as Noxa (Willis et al., 2005). Complexation of Bad
or Noxa is vital to neutralize the effects either BclXl or Mcl-1.

Figure 4. The displacement model sorts the BH3 proteins exclusively as inhibitors for the
anti-apoptotic proteins. In this model, pro-apoptotic proteins are activated and
oligomerized once the BH3-only peptides sequestered anti-apoptotic proteins.
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The third model is the ‘embedded together’ that is describing the interaction
between the 3 groups (anti-apoptotic, pro-apoptotic and BH3-only proteins) (Leber, Lin,
& Andrews, 2010). In this model the BH3 sensitizer binds to BclXl releasing both the
BH3 activator and BAX. Whereas the BH3 activator helps to activate BAX which then
would tend to oligomerize and bind to the outer membrane of the mitochondria and
changing its permeability.

Figure 5. The "embedded together" model will be held between the three main
groups of the Bcl-2 family, which will be directed by the equilibrium among them. BH3
A and S proteins sequester anti-apoptotic proteins. The BH3 activator proteins will
directly activate pro-apoptotic proteins (BAX and BAK), which then oligomerize,
inducing change of MOMP leaving BH3 S neutralizing the anti-apoptotic effect. The
anti-apoptotic proteins impede apoptosis by sequestering both BH3 protein forms.
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1.6. The significance of BH3 domain and activation of pro-apoptotic proteins

BH1 and BH2 domains of the pro-survival proteins are essential for dimerization
with the other anti-survival proteins and suppress apoptosis. On the other hand, the BH3
domain is the main domain for the pro-apoptotic proteins to induce heterodimerization
and cell death (K. Wang, Yin, Chao, Milliman, & Korsmeyer, 1996). BH3-only proteins
interact or control the pro-survival and the anti-survival proteins through the BH3
homology.
Some examples of direct activator BH3-only domains are Bid and Bim; both
activate the pro-apoptotic proteins BAX and BAK inducing oligomerization. Contrarily,
the BH3 sensitizers (BMF, BIK, BAD, HRK and NOXA) are not able to activate BAK or
BAX but release the sequestered direct activator from the anti-apoptotic proteins (Chipuk
et al., 2008; Willis et al., 2005)
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Activation of pro-apoptotic protein is not exclusively caused by the Bcl-2 protein
family. The tumor suppressor P53 can activate pro-apoptotic proteins resulting in cell
fatality (Chipuk et al., 2004).
The exact relationship between the Bcl-2 protein family and Apaf-1 protein is
controversial. Some studies have shown some interaction and others contradictory results
in both normal and apoptotic cells (Conus, Rosse, & Borner, 2000). When cytochrome
C1 is released from cells, it binds to Apaf-1 and activates it. This binding would induce
some conformational changes allowing Apaf-1 to bind to procaspase-9 and eventually
lead to cell death (Rodriguez & Lazebnik, 1999).

1.7. Na, K-Pump ATPase (NKA)
The sodium potassium-pump ATPase (NKA) is the key membrane transport
protein of the plasma membrane, which, by hydrolysis of one molecule adenosine
triphosphate (ATP) into adenosine diphosphate (ADP) and phosphate, drives three Na+
ions out of and two K+ ions into the cell, i.e. performs chemi-osmotic work against the
concentration gradients of the respective ions (Skou & Esmann, 1992). This process of
ion exchange establishes the ionic gradients, i.e. the driving forces behind all so called
’secondary’ membrane transporters such as cation- or anion-exchangers and cationchloride cotransporters (CCCs), and ionic (K+, Na+) channels.
Cardiotonic steroids (CTS) (cardenolides and bufadienolides) inhibit the function
of NKA (Lingrel, 2010) which belongs to the P-type ATPase family. The creation of an
acyl phosphate is considered as a marker for the P-type ATPase family. During ATP
hydrolysis and in the presence of cytosolic Na+, ATP's terminal phosphate residues is
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attached to NKA through an aspartate residue, forming an high energy phosphate
intermediate, E1~P, required to firmly bind and occlude the 3 Na+. The dissipating E1~P
bond energy then causes molecular translocation of the occluded carrier form to the
outside of the plasma membrane to release 3 Na+ in consecutive manner. Upon binding of
2 external K+, the now E2-P of lower Gibb's free energy is hydrolyzed resulting in the
regeneration of the free aspartate group and loss of phosphate (Bublitz, Morth, and
Nissen 2011).
The P-type family has five different classes and several ATPase subfamilies
(Bublitz et al., 2011). The difference between these subclasses is due to positioning of
some key amino acids within the protein sequence of the catalytic subunit. NKA consists
of three unique subunits. The first subunit is the α-subunit consisting of more than 1000
amino acids with an almost 110 kDa molecular mass. The α-subunit occurs in 4 isoforms
(α1, α2, α3 and α4) with small but significant differences in the arrangement of the amino
acid sequence (Kaplan, 2002). The α subunit holds the ATP binding side and the cardiac
glycoside binding site as well (X. Wang, Firsov, Puoti, Claeys, & Horisberger, 1997).
The main NKA isoform, α1, exists in most tissues and it’s expressed ubiquitously.
However, the α1 isoform is the only isoform expressed in kidney tissue and most of
epithelia (Kaplan, 2002). The α2 isoform is mainly expressed in adipose tissue, skeletal
muscle and neural tissue. In heart tissue, the α2 isoform plays a major role in
contractility (James et al., 1999). For instance, inhibition of NKA in the heart effects
through an increase of the intracellular Na+ concentration a stimulation of the sodium and
calcium exchange leading to an increase of cellular Ca2+ concentration which improves
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the heart contractility (Barry, Hasin, & Smith, 1982; Blaustein & Lederer, 1999; James et
al., 1999; Orlov & Hamet, 2006)
The α3 and α4 isoforms are primarily expressed in neural tissue and testis,
respectively (Lingrel, Orlowski, Shull, & Price, 1990). The α4 isoform is responsible for
the sperm motility. Absence of sperm motility occurred in the presence of ouabain, a
NKA α4 inhibitor (Woo, James, & Lingrel, 2000).
The α subunit consists of 10 trans-membrane domains (TMDs) with the carboxy(C)- and amino (N)-terminals located in the cytosol, with 4 intracellular loops (ICLs) of
different length (Sweadner & Donnet, 2001). The nucleotide domain (N) and
phosphorylation domain (P) are both produced by the TMD 4 and 5 loops. The loop
between TMD 4 and 5 consists of 450 amino acids and holds the sequence for ATP
binding and hydrolysis (Kaplan, 2002; Lingrel, 2010). The N-terminal tail of NKA has
about 90 amino acid residues and contains protein kinase C (PKC) phosphorylation sites
(Mahmmoud & Cornelius, 2002). The loop between TMD 2 and 3 has about 120 amino
acids residues (Hu & Kaplan, 2000) and contributes to the actuator domain (A) which, by
virtue of its capability to rotate by 120o, is crucial to protect the in line acyl-phosphate
formation and hydrolysis as well as contributes to the movements of the TMDs during the
catalytic and transport cycle (Bublitz et al. 2011).
Figure 6 is a sketch of the molecular structure of NKA α subunit with 10 transmembrane domains (TMDs). The N-terminal tail in the rat possesses Ser 11 and Ser 18
for phosphorylation by PKC. Aspartate (D369) within intracellular loop 2 between TMD
4 and 5 accepts the γ phosphate upon hydrolysis of ATP (Morth et al., 2007).
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The second subunit of NKA is the β subunit which is essential for the early
structural and functional development of α subunit (Dempski, Friedrich, & Bamberg,
2005). Nevertheless, it is responsible for direction the α- β complex to the cell membrane
(Morth et al., 2007). The β subunit consists of roughly 370 amino acids with 4 reported
isoforms with nearly 55 kDa molecular mass (Kaplan, 2002). Most of the amino acids in
the β subunit is coiled forming the extracellular part of the protein leaving only 30 amino
acids in the cytosol. The β subunit is responsible for inserting the alpha subunit in the
membrane (Kaplan, 2002). Some results and assumptions have shown some association
of β in the active transport of ions besides delivering the α subunit (Mcloud & Kaplan,
2001). There is evidence that angiotensin II mediated PKC induced activation of NOX2
with subsequent gluthionylation of the β subunit's cysteine 46 causes reversible inhibition
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of the catalytic activity of the α subunit, i.e. NKA is regulated by reversible oxidative
modification (White et al., 2009)
The last subunit is the γ subunit which has 8-12 kDa molecular mass. The exact
function of the γ subunit has not been under studied though it plays a part in the
regulation of the pump (X. Wang et al., 1997). The γ subunit dissociates from the pump
once it’s phosphorylated and when it is not phosphorylated it holds NKA in the E1 (Na+
occluded) state (Cortes, Veiga-Lopes, Barrabin, Alves-Ferreira, & Fontes, 2006;
Mahmmoud & Cornelius, 2002). This process may also depend on reversible oxidative
modification involving the β subunit (White et al., 2009)

1.8. Na, K-ATPase reaction cycle.
The active transport of ions (sodium and potassium) by NKA is described by the
Post-Albers canonical cycle (Figure 7). Intracellularly, 3 Na+ ions bind to the high
affinity ATP-liganded NKA and catalyze the phosphorylation of ATP producing the high
energy complex 3Na- E1~P plus adenosine diphosphate (ADP). When ADP is released
the energy of said bond dissipates as NKA occludes the 3 Na+ ions which then transits
into the lower energy state complex 3Na+-E2-P to release the Na+ ions extracellularly. As
2 K+ ions bind to the external surface of NKA, the phosphate is released and the K+ ions
are occluded in the 2K+-E2 conformation. Intracellular ATP then accelerates the release
of the K ions inside the cell, followed by subsequent affinity increase of ATP to begin the
canonical cycle over.
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Figure 7. The Post/Albers canonical cycle of ATP-hydrolysis-driven Na/K exchange
.

Cardiac glycosides have been known for targeting and inhibiting NKA. Digitalis
is an example of cardiac glycoside with a therapeutic benefit in cardiac insufficiency.
Most of the cardiac glycosides bind to the surface of the membrane in the 3Na+E2-P
conformation initiating their effect. The cardiac glycosides have not the same affinity
toward all α isoforms (J. Wang, Velotta, Donough, Farley, & Mcdon-, 2001).

1.9. The relationship between apoptosis and NKA
One of the major hallmarks of the apoptosis is the shrinkage of the cell (Bortner
& Cidlowski, 2007). Apoptotic volume decrease is taking place before cell fragmentation
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that is accompanied with K loss via K channels (Chimote, Adragna, & Lauf, 2010).To
evaluate the function of potassium in the apoptotic volume decrease (AVD), potassium
channel blockers have been used. Quinine and 4-amino pyridine (4-AP) are potassium
channel blockers that block apoptosis or even reverse it (Gantner, 1995). Interestingly,
AVD couldn’t be stopped when several caspase broad-spectrum inhibitors were been
used (Maeno, Ishizaki, Kanaseki, Hazama, & Okada, 2000).
Apoptotic cells frequently lose vast amounts of intracellular K+, the concentration
of the K+ ions can be reduced from over 100 mM to as low as 30–50 mM (Xiao, Wei,
Xia, Rothman, & Yu, 2002).	
  This reduction in K+ concentration is expected as essential
for facilitating a number of apoptotic processes such as caspase-3 cleavage, cytochrome
C1 release and decrease in cell volume (Bortner & Cidlowski, 2007; Maeno et al., 2000).
In addition, K+ ions also affect the function of mitochondria and its membrane potential
as part of apoptotic process (Dallaporta et al., 2014) Diminishing intracellular K+ alone is
often sufficient to produce apoptosis (Jonas et al., 1994; Marklund, Behnam-motlagh,
Henriksson, & Grankvist, 2001; Yu, 2003)
Noteworthy, the effect of inhibition of NKA on cell survival is cell type
dependent (Pchejetski et al., 2003). Incubation of epithelial cells with ouabain for 24 h
lead to apoptosis (Pchejetski et al., 2003). However, some studies have shown that a
complete inhibition of NKA with low doses of ouabain prevents apoptosis in rat smooth
muscle cells (VSMCs) that was triggered by serum withdrawal or inhibition of serine–
threonine protein kinases (Orlov & Hamet, 2006). When VSMCs were treated with CTS,
apoptosis was suppressed as a result of changing the membrane potential and
accumulation of Na+ or loss of K+ (Orlov & Hamet, 2006). The conformation change in
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NKA α subunit when it is interacting with CTS is adequate to produce the apoptosis
signal (Orlov & Hamet, 2006). Apoptosis was drastically suppressed when VSMCs were
incubated in K+-free medium (Orlov & Hamet, 2006). When VSMCs were treated with
ouabain in high K+-medium, there was a decrease in the ouabain effect on NKA with
obliteration of its anti-apoptotic effect (Orlov & Hamet, 2006).
Complete inhibition of NKA produces apoptosis in several tumor cell lines
(Mcconkey, Lin, Nutt, Ozel, & Newman, 2000; Penning et al., 2000; P. S. Wang, 2001).
Using ouabain (0.1-10 µM) induced cell death and disruption of K+ homeostasis in a
time- and concentration-dependent manner (D. Chen, Song, Mohamad, & Yu, 2014).
Ouabain binds to the NKA and inhibit its function and it converts the pump to a signal
transducer to activate other cascades and change the expression of multiple genes (Haas,
Wang, Tian, & Xie, 2002).
NKA α subunit is over-expressed in some cancer cells accompanied with high
activity (Ang, Ao, Hen, & Wen-liang, 2010; Prassas & Diamandis, 2008). NKA plays a
crucial role in cell survival, proliferation and migration. α1 knockdown or ouabain inhibit
cancer proliferation and migration (D. Chen et al., 2014)

1.9.1 Chelerythrine and apoptosis
Chelerythrine

(CHE)

[1,2-dimethoxy-12-methyl[1,3]

benzodioxolo[5,6-

c]phenanthridinium] is a quaternary benzophenanthridine alkaloid (QBA) that is
extracted from Papaveraceae, i.e. plants of the Poppy family. Chelerthrine has been
known as an inhibitor for protein kinase C (PKC) by interfering with the ATP and
blocking the phosphorylation (Dorney, Sizemore, Alqahtani, Adragna, & Lauf, 2013;
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Herbert, Augereau, Gleye, & Maffrand, 1990; Lauf et al., 2013).	
  CHE	
  delays	
  the	
  tumor	
  
growth	
  through	
  inhibiting	
  PKC	
  and is considered as a potential anticancer agent capable
of inducing apoptosis (Chmura et al., 2000; Courage, Budworth, & Gescher, 1995). The
alkaloid compounds has been also identified to inhibit binding of BclXl to BAK and thus
disrupt the interaction between both proteins (Chan et al., 2003; Lauf et al., 2013). This
inhibition will lead to cell death through BAX and BAK pore formation and activation of
cytochrome C1 release from mitochondria (Chan et al., 2003).
Short-term exposure to CHE leads to K ions efflux through K+ channels (Lauf et
al., 2013). 50 µM of CHE was able to inhibit the K+ influx by inhibiting NKA and NKCC
(Lauf et al., 2013). In silico analysis revealed that NKA possesses a BH1 motif to which
potentially a BH3 mimetic like CHE can bind to it (Lauf et al., 2013). A recent study has
shown that there appears to be a direct effect of the alkaloid compound on NKA in
human lens epithelial cells without interfering with ouabain binding (Lauf et al. 2013). It
was proposed that CHE may inhibit the mechanism of the pump without ATP depletion
by binding to the (A) domain of NKA (Dorney et al. 2013).

1.9.2 Sanguinarine and apoptosis
Sanguinarine

(13-methyl

(1,3)

benzodioxolo

[5,6-

c]-1,3-dioxolo

[4,5-

i]phenanthridinium), is another benzophenanthridine alkaloid that has similar structure to
CHE. Sanguinarine is a direct inhibitor for NKA. Sanguinarine was found to initiate
apoptosis and inhibit the cell proliferation in micromolar concentration in carcinoma cells
(Adhami, Aziz, Mukhtar, & Keratinocytes, 2003). Sanguinarine was able to increase the
pro-apoptotic BAX, decrease anti-apoptotic protein Bcl-2 and increase the ratio between
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BAX to Bcl-2 protein in dose dependent manner (between 0.5 to 2 µM) in HaCat
keratinocytes (Keratinocytes, Adhami, & Aziz, 2003). Nevertheless, sanguinarine was
able to activate caspase-9, caspse-3, caspase-7 and caspase-8 in HaCat keratinocytes and
thus cause apoptosis (Adhami, Aziz, Mukhtar, & Ahmad, 2003).

Figure 8. The diagram shows the effect of sanguinarine on Bcl-2 proteins.
Sanguinarine increases the pro-apoptotic proteins and decreases anti-apoptotic proteins.
After the release of cytochrome C1, pro-caspase-9 is converted into its active form that
then will activate other caspase proteins leading to apoptosis

	
  

Hypothesis and Specific Aims
The hypothesis is proposed that NKA physically interacts mutually with members
of the Bcl-2 protein family via specific BH1 and BH3 motifs present in the interactants in
human epithelial cells derived from lens and lung adenocarcinoma epithelial cells. Since
Bcl-2 proteins are major modulators of the cellular decision making process about
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survival and death, the proposed interaction between NKA and Bcl-2 proteins confers
upon the former a key sensory role as it controls the ionic steady state of cells. Results of
this project may shed light on the fulminant growth of chemo-resistant cancer and pave
the way to the development of a new class of anti-cancer drugs that target BH1/BH3binding sites .

1.10 Specific aim I
show evidence immunochemically in HLECs of the interaction of Na, K-ATPase
and the anti-apoptotic BclXl protein by
a) co-immunoprecipitation.
b) immunofluorescence.

1.11 Specific aim II
show evidence immunochemically in HLECs of the interaction of Na, K-ATPase
and the pro-apoptotic BAK protein by
a) co-immunoprecipitation
b) immunofluorescence.

2. MATERIALS AND METHODS
2.1 Chemicals
D-Glucose
methane),

HEPES

(anhydrous

dextrose),

Tris-base

(Tris-(hydroxymethyl)-amino-

(4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic

acid ),

sodium

chloride (NaCl), magnesium chloride (MgCl2), dibasic anhydrous sodium phosphate
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(Na2HPO4), potassium chloride (KCl), and dimethyl sulfoxide (DMSO) were obtained
from Fisher Scientific (Newark, NJ). Tween 20 polysorbate was bought from VWR
(Radnor, PA), monobasic potassium phosphate (KH2PO4) from T.J Baker (Pittsburgh,
PA), and methanol from EMD Millipore Chemicals (Philadelphia, PA). Trypsin 0.05 %,
M199 with L-glutamine, fetal clone III, and heat-inactivated horse serum were purchased
from Thermo Fischer Scientific (Waltham, MA), gentamicin from Life Technology
(Carlsbad, CA) and keratinocyte growth medium from Lonza, (Allendale, NJ). Trypsin
0.25%, penicillin and streptomycin were procured from Hyclone laboratories Inc
(Logan,Utah)
2.2 Antibodies
Monoclonal rabbit (Rb) anti-BclXl (E18) and anti-BAK antibodies (Y164) were
purchased from ABCAM Biotech (Cambridge, England), mouse (Ms) monoclonal antiATP1A2 α1 subunit antibodies (M7-PB-E9) from Millipore (Billerica, MA), mouse antiNKA α-1 subunit (α6F) from Iowa Hybridoma Bank (Iowa, IA), and rabbit polyclonal
anti-BAK antibody from Santa Cruz Biotechnology, Dallas, Texas. Secondary antibodies,
alkaline phosphatase-conjugated affinipure goat (Gt) anti-Rb IgG FC fragment-specific,
alkaline phosphatase-conjugated affinipure goat (Gt) anti-Ms IgG heavy chain specific
and Cy3- and FITC-conjugated donkey anti-rb or donkey anti-ms IgG were purchased
from Jackson Immunoresearch Laboratories, West Grove, PA. Alkaline phosphataseconjugated goat (Gt) anti-Rb IgG and anti-ms IgG from Life Technologies
(Waltham,MA)
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2.3 Cell Cultures
FHL 124 human lens epithelial cells (HLECs), a primary fetal human lens cell
line with established genomic background (L. Wang, Wormstone, Reddan, & Duncan,
2005; Wormstone et al., 2004), were a gift from Professor John Reddan, Oakland
University. FHL124 cells were grown to near confluence in either IT-75 flasks (BioLite
75 mL, Thermo Fischer Scientific, Newark NJ) or 100 X 20 mm Petri dishes (Corning
Life Sciences, Tewksbury, MA 01876, USA). Passages between 14 and 24 were usually
chosen. Both IT-75 flasks and Petri dishes were coated with gelatin solution type B
(Sigma Aldrich, San Louis, MO) to enhance cell adhesion. FHL124 cells were grown in
medium containing horse serum 5%, Hyclone medium M199 72 %, keratinocyte growth
medium (KGM) 18 %, HyClone FetalClone III Serum 5 %, with 2.05 mL Gentamicin in
an incubator under 5 % CO2 and 95 % O2 atmosphere, at 37 oC.

B3-HLECs were purchased from American Type Culture Collection (ATCC,
Manassa, VA). Passages up to the late fifties were used. The cells were acquired from
one year old infant cultured and developed by (Andley, Rhim, Chylack, & Fleming,
1994). Cells were grown until near confluence in either IT-75 flasks or 100 X 20 mm
Petri dishes in essential medium MEM/EBSS contatining 20 % fetal clone III , penicillin
( 100 units/ml) and streptomycin (100 mg/ml).placed in incubator under 5 % CO2 and 95
% O2 atmosphere, at 37 oC.

A549 lung carcinoma cell extracts, prepared similar to FHL124 cells, were a gift
from Dr. Weiween Long, Dept. Biochemistry, Wright State University.
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2.4 Protein Extractions
FHL124 cells were grown to confluence in six to eight 100 X 20 mm Petri dishes.
At room temperature (RT), medium was aspirated and all Petri dishes were washed with
4 mL balanced salt solution (BSS, containing (in mM) 20 Hepes-Tris, 5 KCl, 1 MgCl2,
10 glucose, at 300 mOsM) followed by two washes with 5 mL phosphate-buffered saline
(1X PBS containing (in mM) 137 NaCl, 2.7 KCl, 10 Na2HPO4, 2 mM KH2PO4). Cells
were removed with a scraper into 2 mL of 1X PBS and 20 µl of proteolysis inhibitor
HALT (Thermo Fischer Scientific), transferred to 2-ml Eppendorf tubes and centrifuged
at 13,500 RPM at 4 oC for 10 min in a Beckman (Indianapolis, IN) Elutriator Centrifuge.
Supernatants were discarded and a RIPA (Radio-Immunoprecipitation Assay, Teknova,
CA) buffer was added to break up the pellets which were kept on ice for 40-60 min,
vortexed every 5-10 min, and subsequently sonicated with a Misonix-3000 (Cole-Parmer,
Vernon Hills, IL 60061 USA) ultrasonic cell disrupter 3-5 times at a low setting of 6 W
(RMS). The homogenized samples were centrifuged for 10 min at 13,000 RPM at 4 oC
and the clear supernatants transferred to fresh Eppendorf tubes to be frozen at -80 oC until
used.
A549 cells were grown to confluence and extracted in a similar fashion to the
FHL124 cells.
B3 cells were grown to near confluence in 100 X 20 mm Petri dishes, washed
once at RT with 4 ml BSS 300 mOms and lysed with 250-750 µl of Mammalian Protein
Extraction Reagent (MPER, Pierce Biotechnology, IL) containing 1:100 diluted Halt
Protease Inhibitor Cocktail with gentle shaking for 10 min at 4 °C. Cells were scraped off
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the plate with a plastic cell scraper, and then carefully transferred into a micro-centrifuge
tube and then sonicated 3-5 times using the Misonix-3000 ultrasonic cell disrupter,
centrifuged for 2 min at 13,500 RPM in an Eppendorf 5415D bench centrifuge
(Eppendorf, NY) and the supernatants transferred into a fresh tube for storage at -80 oC
until used.
2.5 Protein Analysis
Proteins were measured by the Bio-Rad Protein Assay Dye Reagent (Bio-Rad,
Hercules, CA) with bovine serum albumin BSA in optically transparent 96-well plates
and read spectrophotometrically at 595 ηm at room temperature. Sample concentration
was read within the initial linear portion of the BSA calibration curve and calculated by
OriginLab software.
2.6 Co-Immunoprecipitation
Fifty microliters of Dynabeads Protein G were used per recommended
micrograms of antibodies. For mouse monoclonal anti- NKA α1subunit (α6F) antibody
(80 µl/50 µl beads), and rabbit monoclonal anti-BclXl (E18; Abcam) antibody, the
recommended ratio per beads was 1:10, and for polyclonal Rabbit anti--BAK antibody
(G23) 1–2 µg per 100 –500 µg of total protein. Another monoclonal rabbit anti-BAK
(Y164) was used for immunoprecipitation at 1/100 dilution. Antibody was diluted in 500
µl elution buffer (EB; 50 µM Tris pH 7.4, 150 µM NaCl, and 0.5 % NP40 detergent).
Fifty microliters of protein-G Dynabeads (Life Technologies) were placed into several
Eppendorf tubes, captured by a magnetic bar using the MagRack 6 (GE Health Life
Sciences, Pittsburgh, PA), and washed with EB elution buffer. Antibody was added to the
washed protein-G Dynabeads and incubated by rotating endover-end at 4 °C for nearly 2–
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4 h. Protein-G Dynabeads were captured by magnetic bar, the supernatant was aspirated,
and washed twice with 500 µl EB elution buffer. Cell extract protein (1–2 mg) was added
and incubated overnight at 4 °C. The loaded protein-G Dynabeads were washed five
times with cold EB elution buffer and captured with the magnet rack, and the EB was
completely removed. One hundred microliters of Laemmli sample buffer (LSB)
containing 5 mM dithiothreitol were then added to the protein-G Dynabeads that were
heated at 65 °C for 30 min, and the solubilized proteins were removed, transferred to
fresh tubes, and loaded onto the gel for Western blot.
2.7 Western Blot
Western blot. Twofold-concentrated LSB (950 µl LSB plus 50 µl 98 % mercaptoethanol and 0.1 M dithiothreitol) was added to the cell lysate with a 1:1 ratio.
Samples (generally 30-45 µl) were loaded unto either the precast 4 –15 % Tris·HCl
Criterion gel or the 12.5 % Tris·HCl Criterion gel (both from Bio-Rad Laboratories)
along with the spectra multicolor broad range molecular weight standards from Thermo
Fischer Scientific. The loading buffer was composed of 25 mM Tris, 192 mM glycine,
and 0.1 % SDS, pH 8.4. The samples were then run at RT and 150 V for 90 min when the
dye front had reached the bottom of the gel. The gel was transferred onto a 0.45-µm
nitrocellulose membrane (Bio-Rad) overnight at a constant current of 70 mA at 4 °C
using 25 mM Tris, 192 mM glycine, 10 % methanol, and up to 0.5 % SDS as transfer
buffer. The membrane was cut and washed two times with 0.1 % 1X PBS-Tween for 10
min each. An adequate amount of 1 % I-blocking solution (Applied Biosystems, Foster
City, CA) was diluted in 0.1 % 1X PBS-Tween and added to the blot and incubated for
90 min. The blot was then exposed overnight at 4°C on a plate shaker to the indicated
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primary mouse monoclonal anti-ATP1A2 antibody (1:500), rabbit monoclonal antiBclXl [E18] antibody (1:1,000), rabbit monoclonal anti-BAK antibody (dilution 1:1,000),
and rabbit polyclonal anti-BAK antibody (1:200 to 1:500). Afterward, the blot was
washed twice with 0.1 % PBS-Tween quick wash and three time with 0.1% 1X PBSTween, 10 min each, and incubated with the indicated secondary antibodies: alkaline
phosphatase-conjugated affinity-purified goat anti-rabbit IgG FC fragment-specific
(1:5,000), alkaline phosphatase-conjugated goat anti-mouse IgG (1:5,000), alkaline
phosphatase-conjugated goat anti-rabbit IgG (1:5,000) ,or goat anti-mouse IgG, L-chain
specific (1:5,000), for 2– 4 h. The blot was washed twice with 0.1 % 1X PBS-Tween and
three times with the same solution for 10 min each. Afterward the blot was incubated
twice for 2 min each with 1X assay buffer (Applied Biosystems). The blot was incubated
in CDP-Star substrates {disodium2-chloro-5-(4-methoxyspiro(1,2-dioxetane-3,2=-(5=chloro) tricyclo[3.3.1.13,7]decan)-4-yl)-1-phenyl-phosphate} for alkaline phosphatase
with Nitroblock (1:20 dilution; Tropix) for 5 min and then placed into a development
folder (Applied Biosystems) to be visualized with a new Bio-Rad Camera as per
instructions..
2.8 Immunostaining and Colocalization Analysis: (Done By Dr.Karin Flues)
FHLCs were seeded into eight-well Lab-Teck Chamber Slides (NUNC) at 3.6 x
105 cells/well, grown during 3 days in M199 medium supplemented with 72 % KBM, 5
% fetal clone III, 5 % heat inactivated horse serum, and gentamicin. Cells were then
washed with 1X PBS, fixed, and permeabilized with a freshly prepared 4 %
paraformaldehyde solution containing 0.1 % saponin for 30 min at 4 °C. After two
additional washes with 1X PBS, cells were blocked with 3% normal donkey serum in
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PBS for 1 h at RT, followed by separate incubation with two pairs of primary antibodies:
1) rabbit monoclonal BclXl antibody (Abcam) at 1:100-fold dilution and 2) mouse
monoclonal NKA α1-antibody (Millipore) at 7 µg/ml mixed in 3% normal donkey serum
and/or 3) rabbit polyclonal BAK antibody (Santa Cruz Biotechnology) at 1:100-fold
dilution and 4) mouse monoclonal NKA α1-antibody (Millipore) at 7 mg/ml mixed in 3
% normal donkey serum for overnight at 4 °C. Cells were washed three times with 1X
PBS before incubation with secondary antibodies: Cy3-, FITC-, and Alexa fluor 488conjugated

donkey

anti-rabbit

or

anti-mouse

IgG

(Jackson

ImmunoResearch

Laboratories) at 1:250-fold dilution for 2 h at RT in the dark. Wells were washed three
times with 1X PBS and mounted with coverslips containing Vectashield with DAPI 4=,6diamidino-2-phenylindole (DAPI) for fluorescence microscopy. Images were obtained by
an Olympus Epi-Fluorescence microscope with a “run time” Spot Scope color camera.
NKA was visualized by excitation at 550 nm and emission at 570 – 615 nm (red
fluorescence) and BclXl and BAK by Alexa Fluor 488 by excitation at 494 and emission
at 519 nm (green fluorescence). Colocalization analysis was performed with Spot
imaging software, version 4.6.4.7 and, where needed, background correction with Adobe
Photoshop. Na,K-ATPase- BclXl interactions were observed with an Olympus FV 1000D
confocal microscopy. NAPKA was visualized by excitation at 550 nm and emission at
570 – 615 nm (red fluorescence) and BclXl by excitation at 494 nm and emission 519 nm
(green fluorescence). Colocalization was performed with Olympus fluoview software,
4.0b view version. The final versions of the figures were made from full-resolution or
upscaled versions of the original images from the source output devices.
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3. Results
3.1 The interaction between anti-apoptotic BclXl and NKA proteins.
Initial in silico analysis predicted an interaction between Bcl-2 and NKA proteins
through BH1 and BH3 motifs based on the CHE inhibition (BH3 mimetic) of NKA in
FHLCs (Lauf et al., 2013). In order to prove this hypothesis, the aim of this experiment
was to reveal in FHL124, A549 and B3 cell lines the interaction between NKA α1
subunit and anti-apoptotic proteins, explicitly BclXl which would interact preferentially
through their BH1 motif with the BH3 motif of NKA. To display this interaction, coimmunoprecipitation was performed with two specific antibodies. The first antibody was
against human NKA and the second antibody against human BclXl in all 3 cell lines. In
cancer cell, an increase of NKA activity along with an over-expression of BclXl has
been reported (España et al., 2004; P. Yang et al., 2014). Hence human epithelial lung
A549 cancer cells were chosen to reveal whether there were any differences as compared
to normal lens epithelial cells. A B3 cell was another cell line included in this study.
Noteworthy, B3 cells were SV40 virus-transformed and were extracted by a different
procedure (Andley et al., 1994). The molecular mass of NKA is nearly 110 kD (1023
amino acids) and of BclXl about 27 kD (233 amino acids) (Kaplan, 2002; Redmond et
al., 2014).
Figure 9 compares the immuno-precipitation of NKA and BclXl from FHL124,
A549 and B3 cell lines. Rabbit monoclonal anti-BclXl used as a primary antibody and
goat anti-rabbit Fc fragment IgG secondary antibody, that recognized only the IgG heavy
chain at 50 kD molecular mass, and not the 25 kD IgG light chain that would be present
if an anti-IgG antibody were used. As predicted, the anti-BclXl antibody revealed the
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expected 27 kDa protein band in the 3 inputs (FHL, A549 and B3). Based on application
of equal amounts of proteins to all lanes, the band intensity increased as expected in NKA
and BclXl co-immuno-precipitated samples. A comparison between the immunoprecipitated samples and the native protein revealed a pixel increment in protein quantity
indicated by the numbers. The protein band at the 100 kDa in the BclXl immunoprecipitated samples might reflect the IgG heavy chain or BclXl tetramer since the Bcl-2
protein family tends to oligomerize in non-ionic detergents (Hsu, 1997; Lauf, Alqahtani,
Flues, Meller, & Adragna, 2015).

Figure 9. Western blot using rabbit monoclonal anti-BclXl (Abcam) as a primary
antibody and goat anti-rabbit Fc fragment IgG as a secondary antibody for revealing the
heavy chain only. Samples were extracted from fetal human lens epithelial cells
(FHL124), human B3 epithelial and epithelial A549 lung cancer cells. The first lane in
the gel is the molecular weight standards. The initial concentration was 1 mg for the
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immuo-precipitation samples and 5% for the inputs (50µg). Bands at the 50 kDa level
indicate the IgG heavy chains. With permission from: Lauf, Tariq, Flues, Meller and
Adragna, 2015(Lauf et al., 2015).
Figure 10 shows the reciprocal immunochemical test, a re-blot of Fig.9 with a
monoclonal mouse anti- NKA (α6f) as primary and goat anti-mouse IgG as secondary
antibody. A ~110 kDa band was displayed in the NKA -immunoprecipitated samples and
the inputs. However, the same band was not displayed in BclXl immuno-precipitated
samples.

Figure 10. Western blot re-probed figure 9. Mouse anti- NKA (α6f) was used as a
primary along with a goat anti-mouse IgG as a secondary antibody. Samples were
extracted from fetal human lens epithelial cell FHL124, human epithelial cell B3 and
epithelial lung cancer cell A549. The first lane in the gel contains the molecular weight
standards. The initial concentration was 1 mg for the immuno-precipitation samples and
5% for the inputs (50µg). With permission from: Lauf, Tariq, Flues, Meller and Adragna,
2015 (Lauf et al., 2015). Bands at the 50 and 25 kDa levels indicate the IgG heavy and
light chains, respectively.
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3.1.1. Immuno-colocalization in	
  fetal human lens epithelial cells, FHL124.
Immunocolocalization of BclXl and NKA was confirmed in FHL124 cells. Mouse
monoclonal anti- NKA α1 subunit from Millipore and rabbit monoclonal anti-BclXl
antibodies from Abcam were used. Figure 11A shows anti-human BclXl in green color
using green FITC-staining in FHL124 cells and Figure 11B the red CY3 staining of the
anti- NKA subunit. Figure 3C displays the merger between Figs 11 A and B and Figure
11D the merger between A and B with DAPI staining (nuclear stain). Figure 12 is a
confocal image with the identical antibodies used in Figure 11 displaying both membrane
and perinuclear staining of both NKA and BclXl. The perinuclear staining suggests
presence of both proteins in the endoplasmic reticulum, i.e. an early association in their
biosynthesis.
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Figure 11. Immunofluorescence staining of FLH124 cells with (A) rabbit monoclonal
anti- BclXl and FITC donkey anti-rabbit IgG (B) mouse monoclonal anti- NKA and
CY3- donkey anti-mouse IgG. (C) Display the merge between 11 A and 11 B. (D) shows
11 C with DAPI staining. With permission from: Lauf, Tariq, Flues, Meller and Adragna,
2015 (Lauf et al., 2015).

Figure 12. Confocal immunofluorescence staining of FHL124 cells with rabbit antiBclXl. (A) Rabbit monoclonal anti- BclXl and FITC donkey anti-rabbit IgG (B) mouse
monoclonal anti- NKA subunit and CY3- donkey anti-mouse IgG. (C) Displays the
overlap between 12 A and 12 B. (D) shows figure 4(C) with DAPI staining. Bars =10
µm. Arrows 2 indicates cytosolic colocalization staining in the endoplasmic reticulum
while arrows 1 and 2 indicate the membrane folding. With permission from: Lauf, Tariq,
Flues, Meller and Adragna, 2015 (Lauf et al., 2015).
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3.2 The interaction between pro-apoptotic BAK and NKA proteins
Since the in silico analysis revealed both BH1 and BH3 motifs within the Nterminal actuator (A) domain of the NKA molecule, we searched for BH3 motifs
containing proteins which might interact with the BH1 motif of NKA. The main goal of
the experiment was to show the interaction between BAK, the pro-apoptotic protein, and
NKA in FHL124 and A549 cell lines. Co-immuoprecipitation was applied to pull down
BAK and NKA independently (Figure 13). BAK protein was pulled down using rabbit
polyclonal anti-BAK antibody (Santa Cruz) while a mouse monoclonal anti-α6F was
used to pull down NKA. The secondary antibody was against the IgG Fc fragment and
thus doesn’t recognize the IgG light chain. The input proteins revealed two bands at 23
kDa and 36 kDa molecular mass, respectively. The 23 kDa band is apparently the BAK
protein monomer. A ~36 kDa protein was labeled as BAK "cross-reacting protein” (Lauf
et al., 2015) , a finding occasionally seen with polyclonal antisera.
For BAK pull down in FHL and A549 cells there were 4 bands associated with
the BAK protein. The first band was at 23 kDa molecular mass, which reveals the BAK1
monomer protein. The second band at 27 kDa also appeared in the NKA pull down and is
presumably related to a BAK-positive protein with a ~4 kDa gel shift (Lauf et al., 2015)
whereas the bands at 46 and 100 kDa are likely related to the BAK dimers and tetramers.
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The BAK-positive protein of 27 kDa is 4 kDa larger than the identified BAK1
monomer. BAK1 is known to occur in at least 3 splice variants. In-silico analysis of the
BAK 1 gene indicated another possible complementary splice variant with 27 kDa (Lauf
et al., 2015).

Figure 13. Western blot using rabbit polyclonal anti-BAK (Santa Cruz) as a primary and
goat anti-rabbit Fc fragment IgG as a secondary antibody for revealing the heavy chain
only. Samples were extracted from fetal human epithelial cell lines FHL124, and
epithelial lung cancer cell A549. The first lane in the gel is the molecular weight
standards. The initial concentration was 1 mg for the immuno-precipitation samples and
5% for the inputs (50µg). With permission from: Lauf, Tariq, Flues, Meller and Adragna,
2014 (Lauf et al., 2015).
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To confirm the gel shift of the BAK protein band (27 kDa) and the 36 kDa
protein, a second primary antibody was used. Rabbit monoclonal anti-BAK (Abcam) was
employed as a primary antibody with goat anti-rabbit FC fragment for the heavy chain
only as the secondary antibody. The result, shown in figure 13, revealed of duplet and
triplet bands at ~27 kDa in BAK, NKA and BclXl pull downs. As expected the 37 kDa
protein in Figure 13 was not found signifying it as cross-reacting, probably unrelated to
BAK proteins (Lauf et al., 2015).

Figure 14. Western blot using rabbit monoclonal anti-BAK (Abcam) and goat
anti-rabbit Fc specific fragment against rabbit-IgG, FHL124, A549 extracts and BAK,
BclXl and NKA samples. Left: molecular mass standards. Right: ID by arrows of major
bands of interest in this gel: 100-kDa and greater presumable BAK tetramers, 50 kDa
IgG-heavy chains, 46 kDa BAK dimers, a 23 kDa BAK monomer and 27 kDa molecular
weight bands, presumable splice variants of human BAK1, interacting with NKA and
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BclXl. The initial concentration was 1 mg, and the input loading volume was 5% (50 µg)
With permission from: Lauf, Tariq, Flues, Meller and Adragna, 2015 (Lauf et al., 2015).
A reciprocal test was applied to the previous blots of Figures 13 and 14 using a
monoclonal mouse anti- NKA subunit (α6f) primary antibody combined with goat antimouse IgG as secondary antibody. A ~110 kDa band was displayed in the NKA immunoprecipitated samples and their inputs (Figure 15). However, the same band was not
present in BAK or BclXl immuno-precipitated samples.

Figure 15. Western blots with mouse monoclonal anti- NKA and rabbit anti-mouse IgG
against rabbit-IgG, FHL, A549 extracts and BAK, BclXl, and NKA immuno-precipitated
samples. The two blots are re-blots from gels 4 and 5 with. A: immunoblot against mouse
monoclonal anti- NKA (6F). B: immunoblot against mouse monoclonal anti- NKA from
Abcam. Left: molecular mass standards. Right: ID of major bands: 110-kDa NKA, 50
kDa IgG heavy chains, and 25 kDa IgG light chains. With permission from: Lauf, Tariq,
Flues, Meller and Adragna, 2015 (Lauf et al., 2015).
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3.2.1 Immuno-colocalization in	
  fetal human lens epithelial cell FHL124.
Colocalization between BAK and NKA was confirmed by immuno-fluorescence.
Mouse monoclonal NKA from Millipore and rabbit polyclonal BAK from Santa Cruz.
Figure 16 A shows BAK in green color using green FITC staining in FHL124 cells.
Figure 16 B reveals by red CY3-conjugated anti-IgG staining the presence of NKA.
Figure 16 C displays the overlap between A and B and Figure 16 D is the merger
between A and B with DAPI staining (nuclear stain).

Figure 16. Immunofluorescence staining of FHLECs with (A) rabbit anti-BAK
(Santa Cruz) and FITC-donkey anti-rabbit IgG; (B) mouse monoclonal anti- NKA and
CY3-donkey anti-mouse IgG; (C) is the merger of A and B, and (D) C with DAPI. Bar =
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10 µm. Oil: X100. With permission from: Lauf, Tariq, Flues, Meller and Adragna, 2015
(Lauf et al., 2015).

Since the previous antibody BAK (Santa Cruz) showed cross reactivity (37 kDa
CR protein in Figure 13), another rabbit monoclonal anti-BAK (Abcam) was used to
confirm the overlap and the colocalization between the pro-apoptotic protein and the
pump and to eliminate the chance of deceptive immuno-colocalization. As shown in
figure 17 C and D there is distinctive punctate and diffuse yellow coloring of the
colocalization between the pro-apoptotic BAK and NKA proteins.
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Figure 17. Immunofluorescence staining of FHL124 cells with (A), monoclonal rabbit
anti-BAK (Abcam) and Alexis Fluor-donkey anti-rabbit IgG (B) mouse monoclonal antiNKA and CY3-donkey anti-mouse IgG (C).. (C) Is the fusion of A and B, and (D) is C
with DAP staining. Oil: X 60. Bar= 10 µm.
	
  One of the reasons behind the apparent failure of anti-BclXl and anti-BAK
antibodies to coimmuno-precipitate NKA is too low protein concentration. To eliminate
the effect of the concentration, an experiment was implemented with different proteins
concentration. Figure 18 shows western blot with different protein concentration (lane 3
to lane 9) with rabbit IgG as a control (lane 10). As anticipated, there is an increase of
intensity in BclXl and BAK once the concentration was increased. Yet, anti- NKA failed
to react with BAK and BclXl pull down and only displayed the protein band in the input
and NKA immuno-precipitate samples.

Figure 18. Western blots with antibodies against BCLXl, BAK, and NKA as a function
of increasing protein concentration per constant volume of Dynabead-protein G. In A and
B: lane 1: molecular weight standards; lane 2: 8% FHL124 input; lane 3: 500 µg; and
lanes 4 –9: 125, 250, 500, 750, 1,000, and 1,500 µg cytosolic protein extracts
immunoblotted with anti-BclXl (A), anti-BAK (B) and anti- NKA as denoted at right.
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4. Discussion
The starting point of this thesis project, which as of January 1, 2015 has been
published in American J Physiology Cell Physiology, was the in silico prediction by Lauf
and coworkers (Lauf et al. 2013) that the Na/K ATPase (NKA) in epithelial cells such as
in human lens epithelial cells (HELCs) possesses sequential motifs with high levels of
amino acid (aa) identity to sequences found in Bcl-2 proteins known to be regulator
proteins of apoptosis. Specifically, alignment studies revealed several aa motifs in the A
or actuator and NP or nucleotide binding and phosphorylation domains of NKA, of which
two are highlighted here: 1) aa 59-71: ARAAEILARDGPN matching closely (69 %
similarity) to BclXl's residues 124-136 EQVVNELFRDGVN, and 2) aa 42-48:
DELHRKY fitting to BclXl's 102-108 DDFSRRY (Lauf et al. 2013). A closer analysis of
site 1 (in bold) shows that NKA's LARDGPN is 71 % identical to BclXl's or Bcl-2's
LFRDGVN motif, and 85 % similarity and 43% identity between NKA's DELHRKY
and BclXl's DDFSRRY. Furthermore, the high identity sequence in 1) of LFRDGVN
belongs to the 'leitmotif' present in all Bcl-2 proteins except the BH3-only peptides such
Puma, Bim and Bid etc. Finally, as shown by the Singapore group in 2006 sequence 1) is
within the BH1 motif of BclXl known to interact with the BH3 domain of pro-apoptotic
proteins and shown by NMR studies to bind the BH3-mimetic chelerythrine
(CHE)(Zhang et al., 2006). If, for example, site 1 is indeed a BH1-type site in NKA and
CHE would bind to it, the inhibition of NKA by CHE would be explained. Theoretically,
this would mean that any BH3-type protein such as BAK and BAX, and any BH3-only
peptide such BID, BAD and BIK (See Figure 1) could interact with the BH1 canonical
site on NKA. By extension, any BH1 containing protein like all pro-survival proteins
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Bcl-2, Mcl-1 and BclXl as well as all full length pro-apoptotic peptides such as BAK and
BAK may interact with site 2 that confers BH3 similarity on NKA.
Above in silico considerations then are the basis of a hypothesis tested in this
thesis, that indeed NKA and Bcl-2 proteins physically interact to an extent the latter
would interact in the modulation of apoptosis.
Thus the main observations of this thesis were that NKA was found immunochemically, by immuno-coprecipitation and by immuno-colocalization, associated
with 1) BclXl and 2) BAK proteins (Figures 9-18), thus validating the in silico
proposed presence of NKA Bcl-2 canonical sites to interact physically with Bcl-2
proteins.
From a chemical point of view the pull down of BclXl with anti-NKA antibodies
was straight forward resulting in a 27 kDa protein, a molecular mass expected from its
length of 222 aa (Redmond et al., 2014). This protein was present in all three human cell
lines tested, in the two lens cell cultures the FHL124 cells and B3-cells, and in a human
lung cancer cell line (A569), and it was enriched by several fold in the pull downs
(Figure 9). This finding means that BclXl has a binding site on NKA. However, the
reciprocal pull down of NKA with anti-BclXl failed (Figure 10). As of the writing of this
thesis, the reasons for this asymmetry are unknown. Steric occlusion of sites between the
two proteins of 5 fold molecular mass difference may be at play, however, this possibility
maybe excluded since different antibodies with different antigenic epitope recognition
also failed to pull down NKA. The immuno-colocalization experiments confirmed the
immuno-coprecipitation data. Presence of the binary NKA -BclXl complex in the plasma
membrane (Figures 11 and 12) also raises the question whether there is a participation of
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the membrane spanning domain reported to be at the C-terminal end of BclXl (Figure 1).
That both BclXl and NKA were colocalized already in the perinuclear area (Figure 12)
suggests evidence of early association after biosynthesis of these two proteins.
In addition to the NKA -BclXl interaction, that of NKA -BAK association
revealed a surprise: The pulled down anti-BAK antibody-positive protein band was ~4
kDa larger than the BAK-positive protein in the input, independent of the antibody source
used in the immuno-precipitation experiment (Figures 13 and 14). In collaboration with
Dr. Jaroslaw Meller, an in silico analysis of the BAK1 gene suggests possible alternate
splice variants with minimum perturbation of the BAK canonical BH motifs consistent
with the molecular mass seen in our gels. As shown in Figure 19, in the canonical BAK1002 form, the translation starts with exon 2, while the anomalous and predicted variant
here does so with exon 1 skipping exon 2 and continuing with the open reading frame 3
into the canonical structure. As shown in Figure 19, the alternate splicing variant
interacting with NKA has 253 aa with the first 65 residues unique before joining the
remainder 188 aas at EEQVAQ. Compared to BAK1, the variant thus has an extra 41 aa
which approximately fits a difference of 4 kDa gel shift from ~24 kDa to 27 kDa in
Figures 13 and 14.
Figure 19. The in silico prediction for the splice variant of BAK1.
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Alternate possibilities exist and are discussed in Lauf et al. 2015. The association
of NAPKA with a BAK variant means that NKA is able to pull down a protein in low
abundance rather than the characteristic 24 kDa protein present in the input samples
(Figures 13 and 14)(Lauf et al., 2015). This may be significant as the lower molecular
weight species may be thus preserved for its mitotoxic function. Regardless, the immunocolocalization experiments show bright punctate distribution of the NKA -BAK variant
complexes with two different primary antibodies (Figures16 and 17). Attempts for
reciprocal pull down of NKA with anti-BAK also failed (Figure 14), probably for the
same reasons discussed above.
Based on above discussed findings we propose in Figure 20 a putative model of
NKA ternary complex formation, in which NKA is the scaffold for both Bcl-2 proteins
(Figure 20 B), rather than BclXl a scaffold for NKA and BAK (Figure 20A), as supported
by the lack of reciprocity of the NKA antibody mediated pull down of BclXl and a
variant BAK.
Figure 20. Describing putative models of NKA ternary complex formation with
BclXL and BAK1 variant (BAK1v). In A, NKA scaffolds BclXL through BH1/BH3 or
BH3/BH1 which in turn binds BAK1v. In B, NKA scaffolds independently both BclXL
and BAK1v through its BH1 and BH3 motifs. CHE, chelerythrine.
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Future work has to establish whether the in silico proposed sites on the NKA are
actually the real binding sites for the Bcl-2 proteins. Also, it needs be established which
of the two conformation of NKA, E1(blond) or E2 (brunette) of the Post Albers canonical
cycle (see Figure 7) are preferred by the Bcl-2 proteins, or whether these proteins do not
care about the hair color of the complex. There is work published in the literature
showing that for example the digitalis-induced conformational change of NKA (brunette)
triggers detachment and autophosphorylation of Src with activation of a signal cascade
that results in cell growth and differentiation rather than in cell death, as shown by Xie's
group (Haas et al., 2002; Z. Li & Xie, 2009; Tian et al., 2006). Another example is the
change in the catalytic activity conferred upon the α1 subunit by angiotensin II induced
PKCε mediated ROS formation with subsequent glutathionylation of the β subunit as
shown and proposed by Rasmussen's group (White et al., 2009)To speculate what actual
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molecular mechanism is governing the protein-protein interactions between NKA and
Bcl-2 proteins is premature but not excluded in future studies. Similarly, we really do not
know the fall out in terms of the pathophysiology of the cell, however, we can propose
that the ternary NKA -Bcl-2 protein complex may constitute an important sensor in terms
of signaling between the plasma membrane and the cytosolic apoptosis modulation and
vice versa. Its mechanistic understanding might provide new focused pharmaceutical
approaches that involve manipulation of the ratio of the pro-survival/pro-apoptotic
proteins as it is known to be altered in health and disease(España et al., 2004;
Weyhenmeyer, Murphy, Prehn, & Murphy, 2012). Oleandrin is a cardiac glycoside that
has been known for inhibiting the function of NKA. Oleandrin has been reported to
inhibit the growth of cancer cell in human (P. Yang et al., 2009). Moreover, ouabain has
been reported to diminish the up-regulation of BAX, but not caspse-8 (Burlaka et al.,
2013)
In terms of NKA’s role in apoptosis a mechanism outlined in Figure 21 is
proposed.

Based on our proposal suggesting both pro-apoptotic and anti-apoptotic

proteins interacting with the pump concurrently, trying to neutralize both apoptotic
proteins occurs. Once a cell experiences apoptosis, BH3 only proteins such as Puma
would interact with BclXl and inhibit its action (Ming, Wang, Bank, Yu, & Zhang, 2006).
This will allow BAK to generate its mitotoxic effect uniquely (Figure 21).
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Figure 21. Proposed pathway for a concurrent interaction of both pro-apoptotic and antiapoptotic proteins with NKA. In apoptosis, BH3 only proteins interact with the antiapoptotic and cease its protective effect leaving BAK alone to initiate apoptosis.

5. Conclusion
The null hypothesis of this thesis was that NKA and Bcl-2 proteins commonly share
interlocking BH1 and BH3 motifs which permit mutual protein-protein interaction
between these partners. The experimental data validate this hypothesis and show that
with the aid of anti- NKA antibodies both the pro-survival BclXl and the pro-apoptotic
BAK proteins were pulled down as complexes. These findings derived from co-immunoperceipitation were complemented by immuno colocalization using epi- fluorescence and
confocal microcopy. Since antibodies against these two Bcl-2 proteins failed to pull down
NKA, a model was developed in which both Bcl-2 proteins interact independently with
NKA to form a ternary complex. This BclXl- NKA -BAK complex is proposed to
function as biological sensor of cytosolic/membrane events either continuing in cell
survival or leading to cell death by apoptosis. This research may have implication in
tissue regeneration and cancer research.
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