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ABSTRACT

Selenoproteins constitute a distinct protein family characterized by the incorporation of the

21st amino acid, selenocysteine (Sec or U). While some are well-characterized, there is

limited in-depth knowledge on the structure and cellular roles of membrane-bound

selenoprotein – one of which is selenoprotein K (selenok). Selenok is an intrinsically

disordered endoplasmic reticulum (ER) membrane protein that has been reported to be

upregulated during ER stress, a condition characterized by the accumulation of misfolded

proteins in the ER. It has also been reported to play a role in protein quality control by

associating with key players in the endoplasmic reticulum-associated protein degradation

(ERAD) pathway, which retro-translocate misfolded proteins from the ER to the cytosol for

proteasomal degradation. However, the specific roles of selenok in these cellular processes

and pathways are not known. By employing cellular fractionation to investigate selenok’s

localization under different conditions, enzymatic deglycosylation to identify selenok’s

glycosylation, and purification of selenok and its ERAD partners, this work provides a

foundation for investigating the physiological role of selenok in the ERAD pathway.
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Chapter 1

INTRODUCTION

1.1 Introduction to Selenocysteine and the Human Selenoproteome

Selenoproteins constitute a distinct protein family characterized by the incorporation of the

21st amino acid, selenocysteine (Sec or U) [1]. Unlike cysteine (Cys or C), Sec differs by

replacing sulfur with selenium in its chemical structure [1][2]. This unique amino acid is

encoded by the opal stop codon UGA, and its insertion into proteins also requires a stable

RNA structure termed the selenocysteine insertion sequence (SECIS) [2][3]. SECIS is

situated in the 3’-UTR of selenoprotein mRNAs in eukaryotes and within the coding region

immediately downstream of the Sec-encoding UGA codon in bacteria [3]. The SECIS, in

collaboration with essential proteins like the Sec-specific eukaryotic elongation factor

(eEFSEC) and SECIS binding protein 2 (SBP2), orchestrates the regulated reprogramming

of UGA into Sec [1]. Beyond the intricacies of the insertion mechanism, Sec and Cys differ

in their chemical reactivity. Notably, Sec exhibits a lower pKa (5.3) compared to Cys (8.3).

Consequently, at the physiological pH of 7.4, Sec exists in a deprotonated state, making it a

reactive nucleophile [4]. This unique property contributes to the distinctive functional

aspects of selenoproteins.
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Selenoprotein is ubiquitously present across the three domains of life—Eukarya, Archaea,

and Bacteria [5]. Many selenoproteins function as enzymes, leveraging the reactivity of the

Sec residue. Out of the 100 identified selenoprotein families, 25 are encoded in the human

proteome [5] [6]. The human selenoproteome can be broadly classified based on their roles

in different physiological activities. Notably, they are grouped into those that play

antioxidant roles, exemplified by glutathione peroxidases and thioredoxin reductases;

metabolism of thyroid hormones, as seen in deiodinases; selenium transport and storage,

such as selenoprotein P; calcium metabolism, like selenoprotein K and selenoprotein T; Sec

synthesis (e.g., selenophosphate synthetase 2); and protein folding (e.g., Selenoprotein N,

Selenoprotein F, Selenoprotein S). However, the functions of many selenoproteins remain

undefined or not well elucidated [6].

1.2 Selenoprotein k: Function and Structure

1.2.1 Function

Selenoprotein K, also referred to as selenok, is one of seven selenoproteins identified within

the endoplasmic reticulum (ER) membrane [7]. Its expression level increases by 3-fold

during ER stress; a physiological condition characterized by the accumulation of misfolded

proteins within the ER lumen [8][9]. In response to ER stress, a pivotal cellular mechanism,

known as endoplasmic reticulum-associated degradation (ERAD), comes into play. The

ERAD is part of the protein quality control, and is responsible for detecting misfolded

proteins, initiating their ubiquitination, and orchestrating their retro-translocation from the
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ER to the cytosol where they are degraded [9]. Selenok has been found to be associated with

key players such as Derlins and p97 ATPase in the ERAD complex [8].

Studies have shown its involvement in the palmitoylation activity of DHHC6, a palmitoyl

transferase. This interaction, facilitated by SH3 interaction, stabilizes the acyl transferase

and promotes palmitoylation [10]. Selenok's impact extends to the stabilization of DHHC6,

emphasizing its role in protein modification and immunity. Palmitoylation is particularly

important for the proper interaction and organization of membrane-associated proteins,

including the inositol 1,4,5-triphosphate receptor (IP3R), a key player in store-operated

calcium entry (SOCE) into immune cells [10], [11], [12]. Recent studies have also revealed

selenok's involvement in vesicle formation and trafficking. Specifically, palmitoylation of

CD36, which facilitates its integration into vesicles and subsequent subcellular trafficking,

highlights the intricate roles of selenok in cellular processes [13].

Selenok has been implicated in signaling pathways that control growth and proliferation, as

evidenced by increased apoptosis and autophagy upon its knockout or knockdown (figure

1.1) [14], [15], [16]. Reports have linked selenok to cancer progression, including melanoma

and prostate cancer, underscore its potential as a regulatory element in oncogenic processes

[17], [18]. Additionally, the significance of selenok in immunity is evident through its high

levels in lymphoid tissues and its accumulation in lipid droplets during innate immune

responses [19], [20]. However, the specific interactions in immune pathways and cancer

remain elusive.
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Figure 1.1 Schematic diagram showing the physiological functions linked to selenok
(created with Biorender.com). Studies have shown selenok to participate in diverse cellular
processes, including protein homeostasis, palmitoylation, immunity, cellular signaling,
vesicle formation, trafficking, as well as growth and proliferation.
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1.2.2 Structure

The structural elucidation of full-length selenoprotein K (selenok) faces challenges due to

its hydrophobic nature as a membrane protein and the presence of an intrinsically

disordered region (IDR), making traditional crystallization methods unlikely [21].

However, a structural model is available based on AlphaFold2 [22]. According to this

prediction, selenok exhibits three distinct segments: residues 1-19 constitute the short

N-terminus, residues 20-51 form a membrane-bound hydrophobic helix, and residues 51-94

comprise the intrinsically disordered C-terminus. The disordered C-terminus is rich in polar

residues, prominently featuring proline and contains Sec at position 92 (Figure 1.1).

Intrinsically disordered proteins (IDPs) like selenok, often exhibit the ability to establish

transient interactions with different partners to perform varied functions [23]. IDPs

promiscuity is possible as they are rich in recognition features (MoRFs) or short linear

motifs (SLiMs) if they are less than 10 residues [24]. Predictions from Eukaryotic Linear

Motif (ELM) highlight two SH2 binding elements in selenok: one in the N-terminus

(residues 3-6) and one in the disordered C-terminus (residues 60-63). Three SH3 binding

sites are identified in this disordered region: residues 64-70 for class I SH3 domains,

residues 67-70 for class II SH3 domains, and the third site (residues 80-86) [25].

Additionally, studies have shown that selenok are cleavage substrate for calpain proteases

[26]. The webserver PROSPER which predicts proteases cleavage sites, predicts selenok to

be cleaved by serine, cysteine and metalloproteases [27]. Selenok's intrinsically disordered

nature, coupled with these features, implies its potential to interact with various protein

partners, although only a few are currently known.
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Figure 1.2: AlphaFold2’s prediction for selenok. Alphafold2 predicts three distinct
segments for selenok: residues 1-19 constitute the short N-terminus, residues 20-51 form a
membrane-bound hydrophobic helix, and residues 51-94 comprise the intrinsically
disordered C-terminus.

1.3 Protein Homeostasis, ERAD, and the AAA+ ATPase p97: An Overview

Proteins are central to cellular function, and their synthesis initiates in the cytosol with

translation [28]. Facilitated by the signal recognition peptide (SRP) and its receptor,

ribosomes laden with mRNA migrate to the ER, where proteins undergo proper folding and

modifications for functionality [28], [29]. However, errors in transcription or translation,

abnormal modifications, or cellular stress can lead to misfolded proteins [30]. The

accumulation of misfolded proteins triggers ER stress, a condition associated with cellular

dysfunction and diseases [30], [31].
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To manage ER stress, cells activate the unfolded protein response (UPR) which activates the

ERAD pathway [32]. As stated earlier, ERAD involves the extraction of misfolded proteins

from the ER lumen into the cytosol for proteasomal degradation [32]. A crucial player in

ERAD is the p97 ATPase, or valosin-containing protein (VCP), a hexameric AAA+ ATPase

residing in the cytosol [33]. Structurally, p97 consists of four domains: N-terminal, D1, D2,

and C-terminal, each serving distinct functions in the ERAD process. The N-terminal

domain plays a crucial role in client recognition and binding, as well as binding to adapters.

Simultaneously, the short C-terminus serves also as a site for adapter binding [33],[34]. The

D1 and D2 domains collaboratively generate the energy required unfolding the clients [33],

[34].

Derlins, which are integral membrane proteins, also contribute significantly to ERAD by

forming a channel on the ER membrane [35]. The retro-translocation of misfolded proteins

into the cytosol is facilitated by a channel formed by Derlins. Derlins are believed to

recognize and interact with misfolded substrates, triggering the opening of a channel across

the ER membrane. This interaction involves coupling with p97, utilizing its energy from

ATP Hydrolysis to extract misfolded proteins from the ER into the cytosol for subsequent

proteasomal degradation [35]. However, the detailed mechanism by which derlins open this

channel and couple with p97 for protein extraction remains incompletely understood [36].

This process plays a vital role in maintaining ER homeostasis and preventing the harmful

accumulation of misfolded proteins.
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The implications of ERAD dysfunction are evident in various diseases. Accumulation of

misfolded proteins is associated with neurodegenerative disorders like Alzheimer's and

Parkinson's diseases, as well as other debilitating diseases, such as liver and lung diseases,

and diabetes [37], [38]. Understanding how the structural domains of p97 interact with its

ERAD partners like derlins provides insights into potential therapeutic targets for diseases

linked to protein misfolding and ER stress.

1.4 Known Interaction Between selenoprotein K, selenoprotein S and p97 ATPase

Selenok, an ER membrane protein, shares significant parallels with Selenoprotein S

(selenos), also known as VIMP, Tanis, SEPS1. Selenos is structurally predicted by

AlphaFold2 [22]. It is predicted to have three α-helices: Helix-1 (residues 1-33), Helix-2

(residues 34-70), and Helix-3 (residues 73-123). As a transmembrane protein, Selenos

incorporates Helix-2 spanning the ER membrane, with the cytosolic segment including

residues 51-123 and an IDR from residues 124-189 [39]. This IDR contains the unique Sec

residue at position 188. Rich in proline, glycine, and polar charged residues, the IDRs of

both selenok and selenos contribute to their functional similarity.

Both selenok and selenos are localized in the ER membrane and have established

connections with key ERAD proteins, including Derlins and p97 [40]. Selenos plays a

pivotal role by binding to and recruiting the p97 ATPase to the ER through a VCP

interacting motif (VIM) within residues 69-108 [40], [41]. This interaction is crucial for the

energy-dependent retro-translocation of misfolded proteins from the ER lumen to the
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cytosol, facilitating subsequent proteasomal degradation. Although the direct interaction

between selenok and p97 remains incompletely elucidated, studies suggest that Selenos

recruits p97 to the ER membrane. Meanwhile, selenok interacts with the resulting complex

through its association with Selenos, forming the complex (selenos-p97/VCP-selenok) that

plays a vital role in ERAD and ER stress regulation [40] (Fig 1.2).

Understanding the intricacies of these interactions will provide valuable insights into the

mechanisms of ERAD. Investigating how selenok and its ERAD partners contribute to the

ER stress response and protein quality control can unravel new therapeutic targets for

diseases associated with ER stress and misfolded proteins.

Considering the above, this thesis focuses on providing groundwork for exploring the

physiological role of selenok during ER stress and ERAD.
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Figure 1.3: Schematic representation of selenok and its interaction partners during
ERAD (Created with BioRender.com). Studies suggest Selenos recruits p97 to the ER
membrane, while selenok interacts with the resulting complex through interaction with
selenos.
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Chapter 2

INVESTIGATING THE PHYSIOLOGICAL ROLE OF SELENOPROTEIN K

2.1 Background

Proteins are the molecular workhorses of the cell and they undergo critical

post-translational modifications (PTMs) that are pivotal for their structure and function [1].

PTM alter properties of protein by covalent proteolytic cleavage or addition of modifying

groups such as acetyl, phosphoryl, glycosyl and methyl, to one or more amino acids [2].

One of the prevalent forms of PTM on proteins is glycosylation [3]. It is estimated that over

half of mammalian proteins are glycosylated [4]. There are two major types of protein

glycosylation (N-and O-glycosylation), differentiated on the basis of biosynthesis and

linkage [5]. O-glycosylation usually occurs after protein folding and export from the ER

and it involves the sequential enzymatic addition of glycans to a hydroxyl group of the side

chains of amino acids, often serine and threonine[5],[6].

In contrast, N-glycosylation distinguishes itself as a process that takes place during the

elongation and folding of proteins in the ER [7]. As nascent proteins traverse the translocon

(Sec61 complex) into the ER, the oligosaccharyltransferase (OST) complex catalyze the

transfer of a 14 -saccharide core
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glucose3-mannose9-acetylglucosamine2) from the dolichol phosphate precursor to a

nascent protein at an asparagine (Asn) residue at a recognition site (Asn-X-Ser/Thr) where

X is not proline residue on the polypeptide [7],[8], [9]. Next, terminal glucose residues of

this core are trimmed by ER glucosidases. Then, with removal of one mannose residue by

the ER α-mannosidase I, the glycoproteins are exported to the Golgi [8], [9].

Some glycoproteins that are trafficked to the plasma membrane move through the Golgi

and post-Golgi vesicular compartments to their destination without further processing [8],

[9]. These glycans are high-mannose N-glycans. However, the majority undergo additional

alterations in the Golgi [9]. Golgi mannosidases remove one to three mannose residues

from the core, and various glycosyltransferases (GnTs) then catalyze branching and

elongation of the carbohydrate chains, resulting in the formation of hybrid or complex

N-glycans [9].

It is also important to note that not all potential N-glycosylation sequons are glycosylated

in vivo. It is estimated that about 2/3 of the potential sites are used as substrates by

oligosaccharyltransferase [7], [10] and it has been postulated that sequences surrounding

the glycosylation site affect glycosylation [7], [11]. In addition, distance from a

transmembrane domain in membrane proteins or to the next N-glycosylation site might also

influence glycosylation [12].

The diversity of N-glycans across different proteins stems from various factors, including

the expression of specific glycosyltransferases in different cell types [13]. Changes in

glycosyltransferase expression during cell or tissue development can alter protein
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glycosylation patterns [13]. Additionally, amino acid motifs and protein tertiary structure

influence glycosylation [14]. Some glycosylation sites are more accessible to Golgi

enzymes, leading to the formation of complex N-glycans, while others retain high-mannose

or hybrid structures [15], [16]. Consequently, protein glycosylation can vary, with some

sites bearing complex N-glycans and others having simpler structures [9].

This modification plays a central role in protein folding, stability, trafficking and quality

control in the ER by serving as recognition tags, or sorting signals, that allow glycoproteins

to interact with a variety of lectins, glycosidases, and glycosyltransferases ensuring that

only properly folded proteins are delivered from the ER to the Golgi [9], [16], [17]. Beyond

these functions, N-glycosylation serves as a versatile signaling mechanism, influencing

diverse cellular processes. More specifically, it modulates the activity of glycosylated

proteins, such as cell surface receptors, and participates in intercellular communication

[18], [19], [20].

Proteins also frequently gain functionality through cleavage from their precursor forms.

This proteolytic processing, exemplified by proteins like insulin and various growth

factors, [21], [22], often results in fragments exerting distinct roles compared to their

full-length precursors, participating in signaling cascades or influencing cellular processes

[21].

In the context of selenok, we observe both cleaved and glycosylated forms of selenok in

vivo. Selenok has an Asn-x-Thr/Ser N-glycosylation recognition site at residues 54, 55, and

56, respectively, with a predicted specific glycosylation at asparagine residue 54 (Asn54)
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via an N-acetylglucosamine (GlcNAc) moiety. Studies also suggest that selenok is substrate

for calpain proteases, and it is also predicted to be cleaved by serine, cysteine, and

metalloproteases [23].

This observation leads to our hypothesis that these modified forms play specific roles in

cellular physiology. Drawing parallels with other ER membrane-resident stress regulators,

such as activating transcription factor 6 (ATF6) and inositol requiring enzyme 1 IRE1 [24],

[25], which undergo activation either by proteolytic cleavage or by cleaving other

substrates that aid in alleviating ER stress. We hypothesize that a similar mechanism may

occur with selenok. However, the exact regulatory mechanisms governing this process

remain unclear.

To explore the physiological role of selenok, we employed cellular fractionation [26] under

both stressed and unstressed conditions. The concept of cellular fractionation was

pioneered by De Duve and coworkers in 1955 using rat liver tissue [27]. Cellular

fractionation is a technique used to isolate different organelles in the cells and has long

been used to study protein dynamics in the cell [27], [28]. Subcellular fractionation consists

of two major steps: first, the disruption of the cellular organization (homogenization) and

secondly, the fractionation of the homogenate to separate the different populations of

organelles [28]. This homogenate can then be separated by differential centrifugation into

several fractions such as nucleus, mitochondria, cytosol, and lysosomes. Each population of

organelles is characterized by size, density, charge and other properties on which the
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separation relies. This cellular fractionation approach aims to elucidate the cellular

localization patterns of selenok, providing insights into its dynamic behavior during stress.

Although cellular fractionation is a prevalent method for studying the localization and

function of nuclear proteins, it faces challenges [29]. These challenges involve selectively

permeabilizing the plasma membrane while safeguarding the nuclear membrane's integrity

to ensure the nucleus remains undisturbed. Secondly, the temperature sensitivity of

facilitated nuclear transport pathways poses a risk of mis-localizing nuclear proteins during

prolonged, low-temperature incubations in fractionation procedures. The third challenge

involves the leakage of small proteins through nuclear pore complexes (NPCs). Even with

a fully intact nuclear envelope (NE), proteins smaller than approximately 60 kDa may seep

out through these complexes [29].

Furthermore, to confirm the presence of N-glycosylation in selenok, we conducted a

Peptide-N-Glycosidase F (PNGase F) assay. PNGase F is a glycosidase enzyme derived

from the bacterium Flavobacterium meningosepticum [30], efficient in removing N-linked

glycans from glycoproteins for subsequent analysis [31]. By cleaving these glycans from

asparagine residues, we can confirm the nature of the glycosylation on selenok. Our

investigation aims to chart selenok's post-translational modifications and their impact on

cellular stress responses
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2.2 Results

2.2.1 Cellular localization of selenoprotein k in fractionated mammalian cells

The earliest subcellular fractionation method involves physically disrupting cells or tissues,

followed by sequential centrifugation to isolate organelles like nuclei, mitochondria, and

lysosomes [32]. However, this method has limitations, often resulting in mixed fractions

with organelles of similar sedimentation velocities [28]. Newer techniques address these

challenges by using non-physical methods such as detergents or hypo-osmotic shock to

replace the initial homogenization step [26], [29], [33], [34]. For example, NP-40, a

detergent, is commonly used, sometimes skipping density-based isolation steps. Another

approach is using digitonin to selectively permeabilize the plasma membrane (PM),

preserving nucleus integrity [29], [34], [35]. Recent advancements in subcellular

fractionation focus on enhancing accuracy and specificity. These include using low

concentrations of mild detergents like digitonin to maintain nucleus integrity, employing

lectins to prevent protein loss from the nucleus, and varying cell conditions with different

buffers during permeabilization and density-dependent cell separation [29][35].

To overcome challenges in cellular fractionation, we adopted a method refined by Ogawa et

al 2021. This method entailed optimizing conditions, such as treatment temperature, to

selectively permeabilize plasma membranes using a specified concentration of digitonin,

along with treating cells with the lectin wheat germ agglutinin (WGA), which prevents

leakage of small proteins from the nucleus. However, in our study, we deliberately omitted
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WGA to mitigate potential concentration effects on glycosylated proteins, thereby

minimizing the risk of obtaining inaccurate results.

This method divides the cell into cytosolic (C) and nuclear fractions. The nuclear fraction is

further subdivided into the nuclear soluble (NS) fraction, which contains soluble nuclear

proteins, and the nuclear pellet (NP) fraction, which comprises the nuclear membrane and

other insoluble nuclear proteins. However, separating the ER, where selenok is located,

from the nucleus poses a challenge. As a result, the NP may contain both ER membrane

proteins and insoluble nuclear proteins.

In our experimental setup, stable cell lines expressing HA-TEV-selenok U92C (MW -12.8

kDa) were utilized. From a total of 10 million cultured cells, 5 million underwent ER stress

induction with 1 μg/ml tunicamycin [36], while the remaining 5 million were grown

without inducing ER stress. For each condition (stress and unstressed), 0.5 million cells

were collected as whole cells, and the remaining 4.5 million cells were subjected to

fractionation with 100 μg/mL digitonin. Different centrifugation speeds were employed

following the protocol to isolate subcellular fractions.

Anti-selenok western blot analysis of fractioned cells revealed the presence of HA TEV

selenok 1-94 in both cytosolic and nuclear fractions. Approximately 10% of selenok was

observed in the cytosolic fraction (C), whereas in the nuclear fractions, 90% was found in

the nuclear pellet (NP), with none in the nuclear soluble fraction (NS) as depicted in Figure

2.1. A significant observation was the increase in the expression of the shorter form of
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selenok (HA TEV selenok 1-79) during ER stress induced by tunicamycin, shown in Figure

2.1. These findings further suggest that selenok might undergo cleavage during ER stress

and strengthen our hypothesis that these truncated forms may migrate to the nucleus,

potentially acting as regulatory factors or cofactors for genes involved in alleviating ER

stress. These findings serve as a foundation for a more in-depth exploration of selenok's

role in cellular stress responses
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Figure 2.1: Anti-selenok western blot of overexpressed HA TEV selenok 1-94 in
fractioned HEK 293 cells during stress and unstressed conditions. ER stress was induced
in 5 million cells using 1 μg/ml tunicamycin, while another 5 million cells were left untreated.
Whole-cell lysates (W) were obtained from 0.5 million cells, and the remaining 4.5 million cells in
each condition were fractionated into cytosolic (C), nuclear soluble (NS), and nuclear pellet (NP)
fractions. Overexpressed HA TEV selenok 1-94 U92C, 12.8 kDa (1) is evident in W, C, and NP
fractions. Importantly, two cleaved forms of this construct, HA TEV selenok 1-79, 11.5 kDa (2) and
HA TEV selenok 1-71, 10.5 kDa (3) are also observed, with (2) increasing during ER stress. In
addition, an oligomerized form of this construct was also observed (1). (n=1)
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2.2.2 Identification of N-Glycosylation in Selenoprotein k

As previously mentioned, selenok possesses an Asn-x-Thr/Ser N-glycosylation recognition

site at residues 54, 55, and 56, respectively, with a predicted specific glycosylation at

asparagine residue 54 (Asn54) via an N-acetylglucosamine (GlcNAc) moiety. We have

previously shown that mutation of Asn 54 resulted in removal of glycosylated forms of

selenok [37]. PNGase F is a glycosidase enzyme derived from the bacterium

Flavobacterium meningosepticum [30], efficient in hydrolyzing N-linked glycans from

glycoproteins for subsequent analysis [31]. By enzymatically hydrolyzing N-glycan from

selenok with PNGase F, this study provides support for N-glycosylation in selenok.

In this study, two million Flp-in HEK 293 cells were transfected with V5 selenok U92C

1-94 and cultured in DMEM media supplemented with 10% FBS and 1% Penstrep.

Following cell harvest, lysed cells were divided into three groups, each containing an equal

amount of protein. These groups were treated with 0 mg/ml (1 ul water), 0.05 mg/ml (1 μl),

and 0.5 mg/ml (1 μl) of purified PNGase F respectively. Cell samples were collected at 0,

20, and 60 minutes of incubation with the enzyme at 37°C.

Anti-V5 western blot revealed the hydrolysis of N-glycosylated selenok in all

concentrations of PNGase F at all incubation times (0, 20, and 60 mins), except for those

treated with no PNGase F (1 μl water), as depicted in Figure 2.2. Additionally, other

cleaved and oligomerized selenok forms were observed.
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This study provides further support that selenok is indeed N-glycosylated, supporting and

reinforcing our hypothesis that these various glycosylated forms might play crucial

physiological roles in mitigating ER stress.

Figure 2.2: Anti-V5 westerns of overexpressed V5 selenok U92C 1-94 at different
PNGase F concentrations and incubation times at 37°C in Flp-in HEK 293 cells.
Overexpressed V5-tagged selenok U92C 1-94, 12 kDa (3) was detected in all samples.
Glycosylated forms of V5-tagged selenok U92C 1-94 (2) were only observed in samples
treated with no PNGase. Additionally, two cleaved forms corresponding to V5-tagged
selenok 1-79 (4, 10.5 kDa) and V5-tagged selenok 1-71 (5, 9.5 kDa) were detected, along
with an oligomerized form of V5-tagged selenok 1-94 U92C. (n=1)
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2.3 Discussion

In vivo Investigation of selenok forms and cellular localization during ER stress conditions

forms an essential step in understanding its physiological role. Our result shows the

presence of cleaved selenok and N-glycosylated forms of selenok in vivo. Notably, the

level of the shorter variant selenok (1-79) increased during stress, which suggests a

potential role in addressing ER stress.

Interestingly, selenok was not observed in the nuclear soluble fraction, raising the

possibility of leakage during fractionation. Proteins smaller than 60 kDa are prone to

leaking from the nucleus during this process [29]. In addition, distinguishing the nucleus

from the ER membrane poses a challenge [19], and what we term the "nuclear pellet" may

encompass both ER membrane proteins and nuclear insoluble components.

The complexity of the ER and nuclear membrane interface poses a formidable challenge,

and refining our fractionation techniques could provide more accurate insights into

selenok's subcellular distribution. In addition to fractionation, employing

immunofluorescence microscopy with antibodies targeting different fragments of selenok

emerges as a valuable strategy. This technique offers a more direct visualization of

selenok's location during ER stress, complementing our fractionation data.
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2.4 Methods

2.4.1 Cell culture and expression of selenok constructs

Expression vector ID Construct
SR_110_21 HA-TEV-selenok U92C 1-94
SR_10_150 V5 selenok U92C 1-94

Table 2.1: The vector numbers and their corresponding selenok construct

Stable HEK 293 cell lines expressing HA-TEV-selenok U92C (SR_110_21) were used for

this study. Two million cells were seeded in a T75 flask (at confluence we had ~ ten million

cells). Among these, 5 million cells were cultured without inducing stress, while an

additional 5 million HEK 293 cells were subjected to ER stress induction by adding 1

μg/ml tunicamycin four hours before initiating expression with 50 ng/ml tetracycline. The

cell growth and maintenance occurred in DMEM supplemented with 10% FBS and 1%

Penstrep.

For the expression of V5-selenok U92C 1-94, around 0.7 million Flp-in HEK 293 cells

were seeded into a T25 flask. Plasmid DNA was diluted in serum-free DMEM media, with

2.5 μL of DNA plasmid added to 100 μL of serum-free DMEM. The PolyJET reagent was

diluted by combining 7.5 μL of PolyJET reagent with 100 μL of serum-free DMEM. The

diluted DNA and PolyJET reagent were mixed to form DNA-PolyJET complexes.

Following the removal of old media from the wells of a 6-well plate, 2800 μL of fresh

media was added to each well. Subsequently, 200 μL of the DNA-PolyJET mixture was

dropwise added to each well, ensuring uniform distribution of the complexes. The cells
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were then incubated at 37°C for 48 hours to facilitate transfection, allowing the cells to

recover and express the transfected plasmid construct. The cells were further incubated for

an additional 48 hours to promote adherence and reach approximately 60% confluence.

2.4.2 Cellular fractionation

Whole cell lysate from 0.5 million cells in two tubes was collected initially. The remaining

4.5 million cells underwent fractionation. Cells were centrifuged at 2,000 g for 30 sec, and

the supernatant was aspirated. Cell pellets were gently mixed with 400 μL of pre-warmed

TB (Transfer Buffer) and centrifuged. After aspirating the supernatant, pellets were mixed

with 400 μL of 100 μg/mL digitonin. Supernatants were collected after centrifugation. This

process was repeated, and the resulting supernatants constituted the cytosolic fraction (800

μL).

For nuclear fractions, cell pellets were successively treated with ice-cold TB, and after

centrifugation, the supernatants were collected. The remaining pellets were resuspended in

ice-cold PBS (-) with inhibitors, frozen-thawed, and centrifuged at 21,500 g for 10 minutes

at 4°C. Supernatants and final insoluble fractions were designated as nuclear soluble and

pellet fractions, respectively, using an Optima max XP ultracentrifuge. Pellets were

sonicated and resolved in a 1x sample buffer. All fractions, except the pellet fractions, were

acetone-precipitated using four times the volume of pre-chilled acetone at -30°C for 4

hours.
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2.4.3 Acetone precipitation

Following the protocol, acetone precipitation was applied only to the cytosolic and nuclear

soluble fractions. Acetone was cooled to -20°C, and an acetone-compatible tube was used

for protein samples. Cold acetone, four times the sample volume, was added to the sample

in the tube, vortexed, and incubated for 4 hours at -20°C. Centrifugation at 13,000-15,000

× g for 10 minutes followed, and the supernatant was carefully decanted to avoid disturbing

the protein pellet. If needed, additional precipitation cycles were performed before allowing

the acetone to evaporate for 5 minutes at room temperature in an uncapped tube.

Over-drying was avoided, and the pellet was dissolved in lysis buffer by thorough

vortexing for downstream processing.

2.4.4 Harvest and lysis

The cells were removed from well by trypsin and incubated at 37°C for approximately 3

minutes. Neutralization was achieved by adding media to each well. After transferring the

cell suspension to a collection tube and centrifuging at 300 g for 5 minutes at 4°C, the

media was carefully decanted, and cells were resuspended in PBS. Another centrifugation

at 300 g for 5 minutes at 4 °C followed, and the PBS was decanted. Lysis of cells involved

the addition of 200 μL ice-cold lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1%

IGEPAL CA-630, 1 mM EDTA, 5% glycerol), supplemented with Halt Protease Inhibitor

and phosphatase inhibitors just before use. After a 20-minute incubation on ice for protein

extraction, the lysed cells were spun down at 12,000 g for 20 minutes at 4°C. The collected

supernatant (lysate) was carefully transferred to new tubes without disturbing the pellet.
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2.4.5 Measuring protein concentration

Protein concentrations of the lysate were analyzed using the Bradford assay. 1 μL of the

lysate were added into 1000 μL of Bradford reagent and mixed thoroughly. Absorbance

was measured at 595 nm and the protein concentrations calculated.

2.4.6 PNGase concentration and assay

We employed a 3 kDa molecular weight cut-off (MWCO) Amicon concentrator for

PNGase (~36 kDa), ensuring efficient retention of most proteins. Loading the concentrator

with 1 ml of the initial PNGase, which had a concentration of 0.1 mg/ml, achieved a final

concentration of approximately 1 mg/ml. The centrifugation at 4,000 rpm for 20 minutes

was repeated until the final volume reached 100 μl. Following centrifugation, the

concentrated protein solution was carefully withdrawn from the concentrator.

The cell lysate was divided into three segments, each containing 50 μl of lysate. One

segment received 1 μl of distilled water, while the other two segments received 1 μl of 0.05

mg/ml and 0.5 mg/ml PNGase F, resulting in a total reaction volume of 51 μl. The mixture

underwent incubation at 37°C, and 16 μl of cell lysate were sampled at 0, 20, and 60

minutes, respectively.
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2.4.7 Tricine SDS-PAGE gel

To conduct Tricine SDS-PAGE [38] analysis, we utilized a gel system comprising a 16%

separating gel with glycerol and a 4% stacking gel. The 16% separating gel was prepared

using Fisher BioReagents Acrylamide:Bis-Acrylamide 19:1 (40% Solution, 5%

cross-linking), while the 4% stacking gel was prepared with Apex

Acrylamide:Bis-Acrylamide 37.5:1 (40% solution, 2.6% cross-linking). Samples were

prepared with 4X sample buffer, subsequently diluted to 1X with sample buffer, and loaded

onto the tricine gel under reducing conditions. Gel electrophoresis was conducted at 90 V

for 20 minutes, followed by an increase to 140 V for an additional 60 minutes. The gels

were then prepared for transfer onto a PVDF membrane for subsequent western blot

analysis.

2.4.8 Western blotting

The PVDF (polyvinylidene fluoride) membrane underwent activation through a brief soak

in methanol. Filter paper, saturated with a transfer buffer, was prepared. The assembly

involved layering filter paper, membrane, gel, and another filter paper. Semi-dry transfer

occurred using a Biorad semi-dry trans-turbo system for 15 minutes at 20 V and 1 A.

Post-transfer, the membrane underwent blocking in a buffer with 5% BSA in TBST for 30

minutes. Primary antibodies specific to the V5 tag (Thermo anti-V5 antibody, Catalog #

R96025) and selenok (Invitrogen anti-selenok, Cat # PA5-34420) were applied at a 1:2000

dilution in TBST and incubated for 1 hour. The membrane was washed thrice with TBST

for 5 minutes each to eliminate unbound primary antibodies. Secondary antibodies
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(anti-mouse and anti-rabbit, both from Proteintech) were applied at a 1:20000 dilution in

TBST and incubated for 1 hour. After three washes with TBST for 5 minutes each,

chemiluminescence substrate and enhancer were applied to the membrane. A mixture of

1.4 ml (750 μL each) was evenly spread across the membrane. Upon activation of the

chemiluminescent signal detection system, the membrane image was captured using a

ChemFlour R imager. Western blot results were analyzed, and band intensities were

quantified.
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Chapter 3

PURIFICATION OF SELENOPROTEIN K AND ITS ERAD PARTNERS P97

ATPASE AND SELENOPROTEIN S

3.1 Background

ERAD is the cellular machinery responsible for the retro-translocation of misfolded

proteins from the ER for proteasomal degradation in the cytosol [1]. Dysregulation of

ERAD has been implicated in various diseases and cancers [2], [3]. In ERAD, derlins, p97

ATPase, and ubiquitin ligases have shown to be crucial for misfolded protein

retro-translocation [4],[5],[6]. Selenok has shown to interact with key players of ERAD

including derlins, p97 ATPase, and selenos [7]. In the ER, derlins couple with ER-resident

ubiquitin ligases in defining convergent ERAD pathways, and studies have shown selenok

and selenos to have different affinities for derlins [7]. This poses the question of whether

selenok or selenos is connected to certain ubiquitin ligases and corresponding ERAD

pathways through association with derlins. p97 ATPase, on the other hand, is directly

recruited by selenos to the ER membrane via a VCP interacting motif (VIM) within

residues 69-108 [8]. Recent studies suggest that selenok interacts indirectly with p97

through its association with selenos [9]. However, neither the mechanistic details of these

interactions at an atomic level nor the role of selenok in ERAD are fully understood
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One of the methods for studying protein interaction and complexes at an atomic level is via

structural characterization by x-ray crystallography. However, this method faces challenges

due to the hydrophobic nature of membrane proteins as well as the presence of IDR in

some membrane proteins, making traditional crystallization methods difficult [10]. Unlike

crystallographic approaches, single-particle cryo-electron microscopy (cryoEM) determines

structures of biological macromolecules by averaging electron microscopy images of target

molecules embedded in a thin layer of vitreous ice in random orientations [11], [12].

Because it does not require either crystallization or absolute sample homogeneity, it has

been used to study large membrane complexes that are obviously refractory to

crystallization [11], [13].

The structure of selenok has not been characterized however, a structural model of selenok

is available based on AlphaFold2 [14]. According to this prediction, selenok spans 94

residues, exhibiting three distinct segments: residues 1-19 constitute the short N-terminus,

residues 20-51 form a membrane-bound hydrophobic helix, and residues 51-94 comprise

the intrinsically disordered C-terminus. The disordered C-terminus is rich in polar residues,

prominently featuring proline, and contains Sec at position 92. (figure 3.1 B). Selenok also

possesses interaction hubs for interacting with its protein partners. ELM predicts the

presence of two SH2 binding elements in selenok: one located at the N-terminus (residues

3-6) and another in the disordered C-terminus (residues 60-63). Additionally, three SH3

binding sites are predicted within the disordered region: residues 64-70 for class I SH3
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domains, residues 67-70 for class II SH3 domains, and a third site at residues 80-86 (figure

3.1 A).

Structural characterization by cryo-EM requires the extraction and purification of selenok

and its ERAD partners. By purifying selenok’s membrane and IDR segment as well as its

ERAD partners p97 and selenos, this work aims to provide a foundation for further

investigative structural studies by cryo-EM. The goal is to elucidate the interaction between

selenok and its partners selenos and p97, ultimately shedding light on its role in the ERAD.
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Figure 3.1: AlphaFold2 prediction of Human selenok. (A) AlphaFold2 segmentation of
human selenok. Also included are ELM predicted motifs. (B) AlphaFold2 structural
prediction of human selenok.
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3.3 Results

3.2.1 Purification of selenoprotein k (2-42 & 43-94)

According to the AlphaFold2 prediction [14], selenok's membrane-interacting region spans

residues 20 to 51, while the disordered region extends from residue 52 to 94 on the C

terminus (see Figure 1.2). To facilitate future investigative studies, we purified both the

membrane portion (residues 2-42) containing the short N-terminus (residue 1-20) and the

disordered region (residues 43-94) of selenok. It's noteworthy that we had previously

purified the full-length selenok (1-94) as reported [15].

Selenok was expressed as a fusion protein with Maltose Binding Protein (MBP) in E. coli

to enhance stability and solubility [15]. While MBP-selenok remains soluble and localized

in the cytosol during expression, it can aggregate post-purification in the absence of

detergents [15]. Therefore, for purifying the membrane portion of selenok, it was

imperative to conduct the extraction in the presence of DDM, Triton X-100 or other

suitable detergents to prevent aggregation. Selenok 2-42 (6x His-tagged MBP TEV strep

selenok 2-42) was expressed as a MBP fusion in E. coli, and the fusion protein was

subsequently purified via immobilized metal affinity chromatography (IMAC). Following

cleavage from its MBP partner by TEV protease, the strep-tagged selenok 2-42 was

isolated from the 6x His-tagged TEV protease and MBP using Strep-Tactin XL 4Flow

resin. The final purified protein exhibited a purity exceeding 95% (see Figure 3A & B).
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Similarly, selenok 43-94 was expressed as a MBP fusion protein (6x His-tagged MBP TEV

strep selenok 43-94 U92C) in E. coli, but it was extracted without detergents, as the

absence of the membrane-interacting region eliminated the risk of aggregation. Following

TEV cleavage, strep-tagged selenok 43-94 U92C was subjected to desalting and further

purification using cation exchange chromatography. The resulting purified protein

exhibited a purity exceeding 90% and included other oligomerized forms of the protein (see

Figure 3.2 C & D).

Figure 3.2: IMAC and Strep-Tactin purification of selenok 2-42. 16% glycine (A) and
16 % tricine (B) SDS-PAGE (reducing condition) analysis of selenok 2-42 purification. (A)
6x His-MBP-TEV-selenok 2-42 was purified using an IMAC to separate the His-tagged
fusion protein from cell lysates. (B) IMAC eluates were incubated with TEV protease and
subsequently purified using a Strep-Tactin XL 4Flow resin to isolate the strep-tagged
selenok 2-42 from the TEV protease and MBP. (SDS-PAGE analysis was carried out by
George Woodward)

46



Figure 3.3: IMAC and cation IEX (SP) chromatography purification of selenok 43-94
U92C. 16% glycine (A) and 16 % tricine (B) SDS-PAGE (reducing condition) analysis of
selenok 43-94 U92C purification. (A) 6x His-MBP-TEV-selenok 43-94 U92C was purified
using an IMAC to separate the His-tagged fusion protein from cell lysates (B) IMAC
eluates were desalted, incubated with TEV protease, and subsequently purified using cation
IEX (SP) chromatography to isolate the strep-tagged selenok 43-94 U92C from the TEV
protease and MBP.
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3.2.2 Purification of p97 ATPase

One of the ERAD partners that selenok has shown to interact with is the hexameric ATPase

p97 [6], [7]. We purified p97 by IMAC and size exclusion chromatography (SEC). A p97

vector with a C-terminal His tag (p97 His) was expressed in E. coli Rosetta cells.

Subsequently, the p97 His was purified via IMAC using a Ni2+-charged IMAC column to

separate it from the cell lysates (Figure 3.3 A). The eluted p97 His fractions from IMAC

were further concentrated and subjected to size exclusion chromatography using a

Sephacryl S-300 HR column.

As shown in Figure 3.3 B, p97 was observed to elute from the SEC column between 35 mL

to 50 mL of elution volume. The elution profile indicated that the p97 dodecamer exhibited

an earlier peak elution volume compared to the p97 hexamer. Specifically, the p97

dodecamer peaked at 40 mL, whereas the p97 hexamer fragment showed a peak elution at

45 mL (Figure 3.3 B). Based on the calibration curve of the Sephacryl S-300 HR column

established with globular proteins, we estimated the molecular weights of the eluted p97

hexamer and dodecamer to be approximately 1000 kDa and 552 kDa, respectively.

Furthermore, these fractions were subsequently analyzed on a glycine SDS-PAGE gel to

confirm their purity (Figure 3.3 C). The p97 exhibited a purity level exceeding 95%.
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Figure 3.4 IMAC and SEC purification of the ATPase p97. 10% glycine SDS-PAGE
(reducing condition) analysis of p97 His purification. (A) p97 His was purified using
IMAC to separate the protein from cell lysates. (B) The elution profile of p97 His from the
SEC (Sephacryl S-300 HR) column (35 mL to 50 mL) revealed distinct peaks
corresponding to p97 dodecamer and hexamer. The p97 dodecamer exhibited an earlier
peak elution at 40 mL, while the p97 hexamer fragment showed a peak elution at 45 mL.
(C) 10% glycine SDS-PAGE (reducing condition) analysis of the peak elution confirms p97
His in these fractions.
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3.2.3 Purification of Selenoprotein S

Selenos is one of the selenok’s binding partners and selenok has shown to associate with

p97 by interacting with selenos [7]. It is predicted by AlphaFold2 [14] to contain three

helices: helix 1 (from residues 1-33), helix 2 (residues 34-70), and helix 3 (residues

73-123). The third helix is followed by a C-terminal disordered region 123-189 containing

Sec at residue 188. Here, I describe the purification of residues 123-189 of selenos.

Selenos 123-189 was expressed as a MBP fusion protein (6x His-tagged MBP TEV strep

selenos 123-189 U188C) in E. coli, but it was extracted without DDM or other detergents,

as the absence of the membrane-interacting region eliminated the risk of aggregation.

Following TEV cleavage, strep-tagged selenos 123-189 U188C was subjected to desalting

and further purification using cation IEX (SP) chromatography. The resulting protein

exhibited a purity exceeding 95%. (see Figure 3.4 A & B)
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Figure 3.5: IMAC and cation IEX (SP) chromatography purification of selenos
123-189 U188C. 16% glycine (A) and 16 % tricine (B) SDS-PAGE (reducing condition)
analysis of selenos 123-189 U188C (A) 6x His-MBP-TEV- selenos 123-189 U188C was
purified using an IMAC to separate the His-tagged fusion protein from cell lysates (B)
IMAC eluates were desalted, incubated with TEV protease, and subsequently purified
using cation IEX chromatography to isolate the strep-tagged selenok selenos 123-189
U188C from the TEV protease and MBP.
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3.4 Discussion

The ERAD machinery plays a crucial role in eliminating misfolded proteins by transporting

them from the ER to the cytosol for degradation via the proteasome [1], [3]. Acting as the

primary retro-translocation protein, the cytosolic AAA+ ATPase p97 provides the

mechanical force necessary for this process [16],[17]. Structurally, p97 comprises four

domains: N-terminal, D1, D2, and C-terminal, each fulfilling distinct roles in ERAD [16],

[18]. The N-terminal domain is pivotal for recognizing and binding client proteins, as well

as interacting with adapters. Similarly, the short C-terminus also serves as a site for adapter

binding [19],[20]. The D1 and D2 domains work together to unfold the client proteins, with

the D1 domain primarily responsible for nucleotide binding independent of

oligomerization. P97 functions as a hexamer, and its crucial activity hinges on

conformational changes driven by ATP hydrolysis within the hexameric ring [19], [20].

The cellular functions of p97 are diverse, spanning from ERAD to the regulation of protein

complexes and transcriptional control [20]. These functions are influenced by interactions

with various partner proteins, particularly those binding to its N-domain [19]. These

partners encompass a range of proteins, including E3 ligases such as Hrd1 and grp78,

deubiquitinases like ataxn3 and YOD1, and ERAD accessory factors such as UbxD2 and

selenos [20], [21], [22], [23]. Previous research has characterized the interaction between

p97 and selenos, revealing that selenos directly recruits p97 to the ER through its VIM

domain [24]. Within the VIM domain in selenos, 40 residues (A69-E108) are minimally

required for p97(VCP) binding [25], [26]. Selenok has also been shown to interact with
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multiple proteins in the ERAD pathway, such as derlins, selenos, and the ATPase p97 [6].

Another study suggests that selenok interacts with the p97-selenos complex through its

association with selenos [7]. However, the atomic-level details of these interactions, as well

as selenok’s precise role in ERAD, remain incompletely understood.

A key method for studying membrane protein complexes is by structural studies, such as

cryo-EM, as it offers detailed insights into their molecular structure and interactions at an

atomic level [11], [12]. Various other methods can be employed to study selenok's function

and interaction with protein partners in ERAD. Binding assays, such as

immunoprecipitation, affinity pull-downs, and protein-protein interaction studies, help

identify interaction partners [27],[28]. Cellular imaging techniques, like

immunofluorescence microscopy [29], [30], enable visualization of membrane protein

localization and dynamics. Pharmacological strategies utilizing small molecule inhibitors

or activators can be used for functional elucidation [31], [32]. Gene knockout and

overexpression studies can assess selenok's effects on its ERAD partners when the genes

encoding it are silenced or increased [33], [34]. Additionally, proteolytic assays can provide

information on its regulatory and enzymatic activity [35], [36].

Many of these methods used to study these interactions require the extraction and

purification of these proteins. In this study, we purified selenok's membrane portion

(selenok 2-42) as well as its IDR (selenok 43-94). Selenok 2-42 was extracted and purified

by IMAC and on a Strep-Tactin XL 4Flow resin in the presence of detergent to prevent

aggregation post-purification [15]. Selenok 43-94 was purified by IMAC and IEX (SP)
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chromatography without detergent, as the absence of the membrane-interacting region

eliminated the risk of aggregation.

We also purified selenok's other ERAD partners, p97 ATPase and selenos. p97 was purified

by IMAC and SEC. From the SEC elution peaks, p97 mainly existed as a hexamer but also

as a dodecamer. Selenos 123-189 U188C, which is the IDR region of selenos, was purified

by IMAC and IEX (SP) chromatography. All proteins showed high purity of at least 90%.

This work lays the foundation for the structural characterization of the selenos-p97

ATPase-selenok complex via cryo-EM and for other future investigative studies into the

interaction between selenok and its partners (selenos and p97) with the goal of elucidating

selenok’s role in the ERAD pathway.
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3.5 Methods

3.5.1 Expression and purification of selenok (2-43 & 43-94 U92C) selenos (1-123

U188C) and p97 (p97 His)

Expression vector ID Constructs

SR-10-168 His-MBP-TEV-selenok
2-42

SR-10-161 His-MBP-TEV-selenok
43-94 U92C

SR-60-018 His-MBP-TEV-selenos
123-189 U188C

SR-90-213 P97-His

Table 3.1: The vector numbers and their corresponding construct

3.5.1.1 Expression, Harvest, and Lysis

All selenok and selenos constructs were expressed in BL2I (DE3) while p97 was grown in

Rosetta (DE3) cells. For the seeding culture, cells were grown in LB media (1 % (w/v)

tryptone, 0.5 % (w/v) yeast extract, 0.5 % (w/v) NaCl), selenok and selenos construct were

supplemented with 100 µg/ml ampicillin while p97 was supplemented with 50 µg/ml

kanamycin and 25 µg/ml chloramphenicol at 37°C while shaking at 200 rpm overnight. To

scale up cell culture, the overnight culture was transferred (using ratio 1:100) into 1 L TB

media (1.2 % (w/v) tryptone, 2.4 % (w/v) yeast extract, 0.4 % (v/v) glycerol, 2 mM

MgSO4 (2 mM), 0.5% lactose (29.2 mM), 0.015% glucose (1.67 mM), 0.375% neutralized

aspartic acid, 17 mM sodium phosphate monobasic, 72 mM sodium phosphate dibasic)

supplemented with 100 µg/mL ampicillin for selenok and selenos constructs while p97
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received 50 µg/ml kanamycin and 25 µg/ml chloramphenicol. Flasks were grown at 37 °C

with 180 rpm shaking. When OD600 of 0.2, the incubator temperature was changed to 18

°C.

After 20 hours of protein expression, cell pellets were harvested by centrifugation at 5,000

g for 30 minutes at 4°C. The harvested pellets were immediately resuspended in cold lysis

buffer (50 mM sodium phosphate, 25 mM imidazole, 200 mM NaCl, 1 mM EDTA, pH 7.5)

and flash frozen before storage at -80°C. Upon thawing, the cell pellets were lysed using an

LM10 microfluidizer after adjusting the cell weight percentage to 15% with lysis buffer

supplemented with 0.2% triton X-100 (only for selenok 2-42). Proteins were separated

from cell debris by centrifugation at 30,000 g for 60 minutes at 4°C.

The resulting supernatant was purified by loading onto a recharged and equilibrated

His-Trap HP IMAC column, followed by washing with wash buffer (50 mM sodium

phosphate, 25 mM imidazole, 200 mM NaCl, 1 mM EDTA, 0.2% triton X-100 for selenok

2-42, pH 7.5) and elution with elution buffer (50 mM sodium phosphate, 1 M imidazole,

200 mM NaCl, 0.2% triton X-100 for selenok 2-42, pH 7.5) using a linear gradient. The

purity of the recombinant proteins was assessed using SDS-PAGE. To remove the

His-MBP tag, the eluate from the IMAC column was desalted into TEV protease cleavage

buffer (50 mM sodium phosphate, 25 mM imidazole, 200 mM NaCl, 1 mM EDTA, 0.2%

triton X-100 for selenok 2-42, pH 7.5) using a HiPrep 26/10 Desalting column. After

desalting, TEV protease was added at a molar ratio of 1:10 for protease to selenok and

selenos, and the cleavage cocktail was supplemented with 1 mM DTT and 10% glycerol
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before overnight incubation at 4°C. The protein was then spun down to remove any

aggregation.

3.5.1.2 Strep-Tactin Purification:

The TEV-cleaved strep selenok was separated from the tagged MBP, TEV, and other

impurities by loading onto pre-equilibrated (50 mM Na2HPO4, pH 7.5, 200 mM NaCl,

1mM EDTA) Strep-Tactin XT 4Flow resin, followed by washing with the same buffer and

elution with the same buffer containing 50 mM biotin.

3.5.1.3 Cation Exchange (SP) Chromatography

Selenok 43-94 and selenos 123-189 were separated from the tagged MBP, TEV, and other

impurities by loading onto a 5 mL HiTrap (SP) column pre-equilibrated with 20 mM

bicine, 100 mM NaCl, pH 8.2, and eluted with 20 mM bicine, 1 M NaCl, pH 8.2. p97 was

further purified by size exclusion chromatography.

3.5.1.4 Size Exclusion Chromatography

Size exclusion chromatography was used to refine the purification of p97. A Sephacryl

S-300 HR column was equilibrated with 20 mM HEPES, 150 mM NaCl, 1 mM TCEP pH

7.5 at a flow rate of 0.2 mL/min. Protein concentration was done using anAmicon Ultra-15

Centrifugal Filters with a 30 kDa cutoff. p97 His was concentrated to 12 mg/ml, and 3 mL

of protein solution was loaded onto the column and run at a flow rate of 0.2 mL/min.
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3.5.2 Tricine SDS-PAGE Analysis

SDS-PAGE analysis was conducted to evaluate protein purity. Protein samples were mixed

with 4X glycine or tricine loading buffer containing 1% 2-mercapthoethanol (reducing

agent). Subsequently, 6 µL of the sample was loaded onto a 16% tricine gel or 16% glycine

gel and electrophoresed at 90 V for 20 minutes, then increasing to 170 V for 40 minutes.

For gel imaging, only the tricine gel was fixed in a solution of 50% methanol, 10% acetic

acid, and 100 mM ammonium acetate for 15 minutes. Both gels were stained with

Coomassie for 45 minutes and destained in 10% acetic acid
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