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1. Introduction

Throughout this thesis the new nomenclature of selenoproteins is used (Gladyshev et

al., 2016)

1.1 The role of selenium for life

The element selenium (Se)  was discovered in 1817 by Jacob Berzelius,  a  Swedish

chemist. In 1934 it  was reported that the so called alkali  disease and blind staggers

disease  are  caused  by  the  uptake  of  Se-accumulating  plants  by  livestock  (Franke,

1934).  The fact that Se can also be essential  for  life was found later when Pinsent

(1954) found that Se is required for the synthesis of formate dehydrogenase in E.coli. In

1957 Se became first known as an essential trace element in mammals when Schwartz

and Foltz  (1957)  reported that  it  protects against  necrotic liver degeneration in rats.

Moreover,  certain diseases like Keshan's disease (a cardiomyopathy found in China)

were later associated with Se deficiency (Yang, 1988).

The  first  characterisation  of  Selenocysteine  (Sec)  as  the  active  compound  of  Se in

bacterial proteins known to be dependent on Se-presence happened in 1976 (Cone et

al., 1976). Finally, Sec became known as the 21st proteinogenic amino acid when it was

shown that it was attached to its tRNA in both mammals (Lee et al., 1989) and bacteria

(Leinfelder et al., 1989).

Specifically  into  protein  inserted  Sec is  the  most  important  factor  of  Se in  all  three

domains of life (eukaryotes, bacteria, archaea).  Se which is posttranslationally inserted

as a dissociable cofactor in some molybdoproteins, selenomethionine and unspecifically

inserted Sec (misincorporation of Se instead of sulphur) are less important (Hatfield and

Gladyshev,  2002).  However,  there  are  also  forms  of  life  that  do  not  express

selenoproteins such as fungi, some insect species and higher land plants (Lobanov et

al. 2008).
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1.2 Selenoproteins in humans

Until now twentyfive selenoproteins are known in humans (Kryukov et al., 2003). Sec is

probably only incorporated into proteins when it is essential for their function unlike the

other  twenty proteinogenic amino acids.  This  leads to  the fact  that  Sec is  often an

important  functional  group  within  the  protein  (Gladyshev,  2016).  Concerning  the

selenoproteins that have so far been characterised the Sec residue is always involved

in redox-active functions (Labunskyy et al., 2014).

1.2.1 Glutathione-peroxidases (GPX)

Of the eight different GPX enzymes in humans five are selenoproteins, namely the GPX

1, 2, 3, 4 and 6 while the other three contain a cysteine (Cys) residue in their active site

(Labunskyy et al., 2014). In the following only the selenoproteins are discussed in more

detail.

Except for GPX4 which is a monomeric enzyme, GPX1, 2, 3 and possibly also GPX6

form tetramers (Labunskyy et al., 2014). The main functions of GPX enzymes are the

detoxification of hydroperoxides and thereby influencing the H2O2 signalling as well as

keeping up the cellular redox homeostasis.

GPX1 is the most abundant GPX and is expressed in all human cell types as a cytosolic

enzyme which catalyses the glutathione-dependent reduction of H2O2 to water (Lubos et

al., 2011). The expression of GPX1 is highly regulated by Se availability (Baker et al.,

1993; Sunde et al., 2009). GPX1 knockout mice are viable but do show an increased

susceptibility to oxidative stress (Cheng et al., 1998; Fu et al., 1999).

GPX2 is most notably expressed in gastrointestinal epithelium, whereas the GPX3 is

primarily expressed in the kidneys and secreted into the blood (Labunskyy et al., 2014)

The mRNA of GPX6 can only be found in olfactory epithelium and in embryos (Kryukov

et al., 2003).

GPX4 is expressed in many cell  types and tissues.  GPX4 has a broader substrate

specificity, probably due to the fact that it is a monomeric enzyme. Its major function in

most cell types is the reduction of membrane bound hydroperoxy-lipids (Schnurr et al.,
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1996). In testis GPX4 is initially catalytically active in spermatids but is later inactivated

in order to become a part of a polymer with structural function (Maiorino et al., 2005;

Ursini et al., 1999). Due to the fact that knockout of GPX4 in mice was shown to lead to

embryonic  lethality,  the  function  of  GPX4  in  reducing  hydroperoxy-lipids  was

hypothesised to be essential during embryonic development (Imai et al., 2003; Yant et

al., 2003).

GPX4 is a key player in the mechanism of ferroptosis. Both the depletion of the GPX4-

substrate glutathione and direct inhibition of GPX4 leads to ferroptosis (Cao and Dixon,

2016).

1.2.2 Thyroid Hormone Deiodinases

The  three  types  of  deiodinases (DIO)  known in  mammals,  DIO1,  2,  and 3,  are  all

selenoproteins. They all function in the reductive deiodination of thyroid hormone but

differ  in  their  subcellular  localisation,  tissue  expression  and  the  definite  site  of

deiodination (inner or outer ring).

DIO1 is localised on the cell membrane and is both able to catalyse the activation of

thyroxine  (T4)  to  triiodothyronine  (T3)  by  outer  ring  deiodination  as  well  as  the

inactivation of T4- and T3-conjugates by inner ring deiodination. DIO1 is the deiodinase

that  primarily  processes  sulphated  iodothyronines  and  does  in  part  influence  the

circulating plasma levels of T3 (Gereben et al., 2008, figure 1).

DIO2 is localised on the endoplasmatic-reticulum(ER)-membrane and is also able to

catalyse  the  activation  of  T4 to  T3 or  the  degradation  of  reverse  T3 (rT3)  to

diiodothyronine (3,3'-T2) by outer ring deiodination (figure 1). Together with DIO1 the

DIO2 primarily regulates the circulating levels of plasma T3 in humans (Gereben et al.,

2008; Saberi et al., 1975).

DIO3 is localised on the cell membrane and catalyses the inactivation of T4 to rT3 and T3

to T2 by inner ring deiodination (figure 1).

Both DIO2 and DIO3 are able to  locally  increase or  decrease,  respectively,  cellular

levels of T3 without changing the overall plasma level of T3 (Dentice et al., 2013).
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1.2.3 Thioredoxinreductases

Similar to the deiodinases three thioredoxinreductases (TXNRD) are known in humans,

all of which are selenoproteins. All three are oxidoreductases that are important for the

disulfide reduction system of the cell (Labunskyy et al., 2014). 

TXNRD1 is  localised in  both the cytosol  and nucleus.  It  primarily  reduces cytosolic

thioredoxin (Trx1), but it can also reduce some other low-molecular-weight compounds

(Arner and Holmgren, 2000). The major function of TXNRD1 lies in the  Nicotinamide

adenine dinucleotide phosphate (NADPH)-dependent reduction or Trx1. Trx1 is in turn

an important electron donor within the cell for example for the ribonucleotide reductase

and  other  proteins  (Arner  and  Holmgren,  2000).  Furthermore,  together  with  Trx1,

TXNRD1 is involved in the regulation of cell signaling but its complete function therein is

not entirely understood (Labunskyy et al., 2014; Saitoh et al, 1998). It may play a part in

cancer development (Labunskyy et al., 2014).

TXNRD2 is localised within mitochondria and acts there as a reductase of mitochondrial

thioredoxin  (Trx2)  and  glutaredoxin  2  (Grx2)  (Labunskyy  et  al.,  2014).  Knockout  of

either  Txnrd1 or  Txnrd2 in mice leads to embryonic lethality (Bondareva et al., 2007;

Conrad et al., 2004).

Fig.  1:  Scheme  showing  the  metabolism  of  iodotyhronines  as  catalysed  by
deioidinases. D1, D2 and D3 represent the deiodinases 1, 2 and 3. Blue dots represent
iodine-atoms, modified after Gereben et al, (2008).
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TXNRD3 differs from the other two TXNRDs in that it has an additional glutaredoxin

domain (Sun et al., 2001) suggesting that it is involved in the reduction of both Trx and

glutathion disulfide (GSSG).  The physiological  role  of  TXNRD3 is  so far  not  known

(Labunskyy et al., 2014) but it was found to be highly expressed in testes after puberty.

TXNRD3  is  able  to  catalyse  the  formation  of  disulfide  bonds  within  and  between

proteins.  Therefore,  TXNRD3 was  hypothesised  to  be  involved  in  the  formation  of

structural proteins in spermatids via the formation or isomerisation of disulfide bonds

(Su et al., 2005).

1.2.4 Methionine-R-Sulfoxide Reductase 1 (MSRB1)

MSRB1 is a non-essential selenoprotein in mice since Msrb1 knockout mice are viable

(Fomenko et al., 2009). It reduces oxidised methionine-R-sulfoxides back to methionine

in proteins. MSRB1 plays a central role in the formation of filamentous actin by reducing

methionine-R-sulfoxide  residues  that  have  prior  been  oxidised  by  Mical  proteins.

Furthermore,  bone-marrow-derived  macrophages  from  Msrb1 knockout  mice  show

impairments  in  actin-polymerisation  dependent  processes  and  the  release  of

proinflammatory cytokines (Lee et al., 2013).

1.2.5 Selenophosphate Synthesase 2 (SEPHS2)

SEPHS2 catalyses the production of monoselenophosphate from selenide in an ATP

dependent manner (Xu et al., 2007a). It is essential for the synthesis of selenocysteine

(Xu et al., 2007b). Due to the fact that SEPHS2 is a selenoprotein in vertebrates, it was

suggested that it serves an autoregulatory purpose (Guimarães et al., 1996).

1.2.6 Selenoproteins H, T, V and W (SELENOH, SELENOT, SELENOV, SELENOW)

SELENOH,  SELENOT,  SELENOV  and  SELENOW  all  belong  to  the  Rdx  family  of

selenoproteins and are characterised by a thioredoxin-like fold and a conserved CXXU

motif (Dikiy et al., 2007). This suggests a function in redox-activities (Dikiy et al., 2007).
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Knockout of Selenow in mice using transcription activator-like effector nucleases led to

an embryonic lethality of 92.8 %. However, it cannot be concluded that this lethality is all

caused by the knockout of Selenow since the knockout procedure itself may contribute

to the lethality (Sung et al., 2013).

Knockout of Selenot in mice causes embryonic lethality. Furthermore, SELENOT plays

an  important  role  in  protecting  dopaminergic  neurons  from  oxidative  stress  and

therefore, seems to be associated with Parkinson's disease (Boukhzar et al.,  2016).

SELENOT was identified as a subunit of the oligosaccharyltansferase complex and is

important for both hormone synthesis and ER homeostasis (Hamieh et al., 2017).

Knockout of Selenov in mice affected the expression of Gpx1,  Txnrd1 and Selenop as

well as Se concentrations (Chen et al., 2020).

Studies  of  selenoh mutants  in  zebrafish  showed that  Selenoh  is  involved  in  redox

homeostasis, organ development and tumor suppression (Cox et al., 2016).

1.2.7 Selenoprotein I (SELENOI)

SELENOI  is  a  transmembrane  protein  which  contains  a  conserved  CDP-alcohol-

phosphatidyltransferase  domain.  It  transfers  phosphoethanolamine  to  diacylglycerol

(Horibata and Hirabayashi, 2007). A patient known to have a mutation in the SELENOI

gene shows neurological symptoms such as spastic paraplegia, blindness and seizures.

MRI studies from the brain showed hypomyelination as well as brain atrophy suggesting

an important role of SELENOI for myelination and development of the brain (Horibata et

al., 2018).

1.2.8 Selenoproteins F and M (SELENOF, SELENOM)

SELENOF and SELENOM are two selenoproteins belonging to the same family that are

localised in the ER (Labunskyy et al., 2014). They both possess redox active motifs and

therefore  may  be  involved  in  the  reduction  of  disulfide  bonds  in  ER-localised  or

secretory proteins (Labunskyy et al., 2007).

SELENOM is involved in leptin signalling in the hypothalamus and possesses a Trx
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activity (Gong et al., 2019).

Abnormal function of SELENOF has been associated with various diseases including

several cancers (Ren et al., 2018).

1.2.9 Selenoproteins K and S (SELENOK, SELENOS)

SELENOK and SELENOS are similar in that they both share a single transmembrane

domain and are  localised in  the ER-membrane (Shchedrina et  al.,  2011).  They are

probably  involed  in  the  ER-associated  degradation  (ERAD)  of  misfolded  proteins

(Shchedrina et al.,  2011; Ye et al.,  2004) but their exact function remains unknown.

Reduced expression of SELENOS has been shown to cause increased production of

proinflammatory  cytokines (Curran et  al.,  2005)  and certain  gene polymorphisms in

SELENOS are associated with diabetic nephropathy (Li et al., 2019).

1.2.10 Selenoprotein O (SELENOO)

Very little is known about SELENOO. So far it has only been shown to be a redox-active

protein that is localised in mitochondria (Han et al., 2014).

1.2.11 Selenoprotein N (SELENON)

SELENON is a transmembrane glycoprotein which is localised in the ER membrane. It

is highly expressed in fetal tissues and to lesser extent also in adult tissues, for example

in skeletal muscle (Petit et al., 2003). Exact functions of SELENON are not known but it

is  suggested to  be involved in regeneration of skeletal  muscle after stress or injury

(Castets et  al.,  2011) supported by the fact that mutations in SELENON lead to so

called  SEPN1  (an  earlier  name  of  SELENON)-related  myopathies  (Arbogast  and

Ferreiro, 2010).  SELENON is required for normal function of the ryanodine receptor

(Jurynec  et  al.,  2008)  and  reduces  isoforms of  sarcoplasmic/endoplasmic  reticulum

calcium ATPase 2 (SERCA2) (Marino et al., 2015).
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1.2.12 Selenoprotein P (SELENOP)

SELENOP is a unique selenoprotein because it contains ten Sec residues. It is thought

to  play an important  role in the transport  of  Se from the liver  to peripheral  tissues,

especially the brain, kidney and testes (Schomburg et al., 2003). 

1.3 Eukaryotic mechanism of selenocysteine incorporation into proteins

Sec is incorporated into growing polypeptides when an in-frame UGA codon is recoded

to  Sec.  This  recoding mechanism requires  a  complex  machinery  that  is  so  far  not

completely  understood.  Known  factors  involved  in  the  Sec  incorporation  are  the

Selenocysteine  insertion  sequence  (SECIS)  element,  the  SECIS  binding  protein  2

(SECISBP2),  the  Sec-specific  eukaryotic  elongation  factor  (eEFSec),  the  ribosomal

protein L30 (RPL30), the eukaryotic translation initiation factor 4a3 (eIF4a3) and the

protein nucleolin (Labunskyy et al., 2014, fig. 2). These factors are now discussed in

more detail.

Fig.  2: Scheme  of  mammalian  Sec  incorporation  showing  a  selenoprotein  mRNA
(green) with the essential factors SBP2 (blue), SECIS element, eEFSec (orange) and
tRNA[Ser]Sec (blue with yellow Sec) as well as non-essential factors eIF4a3 (purple)
and nucleolin (red). RPL30 is not shown.
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1.3.1 Selenocysteine insertion sequence (SECIS) elements

The SECIS element is the major cis-acting factor of the Sec-incorporation machinery

(Schweizer and Fradejas-Villar, 2016). Each selenoprotein mRNA contains one SECIS

element within its 3' untranslated region (3' UTR) except for the SELENOP mRNA which

contains two SECIS elements (Berry et al., 1993).

The SECIS element is an RNA stem-loop structure which is formed by two helices, an

internal and an apical loop (Berry et al., 1991; Walczak et al., 1996). The junction of the

internal loop to the 5' side of helix II is formed by a conserved AUGA motif of which the

latter two bases form a GA/AG quartet (Walczak et al.,  1996, figure 3). This GA/AG

quartet is called SECIS core and is responsible for the kink-turn of SECIS elements

(Matsumura et al., 2003; Walczak et al., 1996). Furthermore, nearly all human SECIS

elements  share  a conserved AAR motif  in  the  apical  loop,  the  exception  being the

mRNAs of SELEONOM and SELENOO which contain a CCN motif (Korotkov et al.,

2002,  Kryukov  et  al.  2003).  The  AAR  motif  was  shown  to  be  required  for  Sec-

incorporation  in  cell  culture  experiments  (Berry  et  al.,  1993)  although  its  function

remains unknown.

SECIS elements can be classified in type I and type II elements based on the existence

of an additional bulge and ministem between the internal and apical loop (Grundner-

Culemann et al., 1999, figure 3).

SECISBP2 was shown to primarily bind to the GA/AG quartet as well as the upper part

of helix I and the 5' side of the internal loop (Fletcher et al., 2001).
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1.3.2 SECIS binding protein 2 (SECISBP2)

SECISBP2 is a protein that can be divided into three domains: the N-terminal domain,

the Sec-incorporation domain (SID) and the RNA-binding domain (RBD) with the latter

two domains forming the C-terminal domain (see figure 4). Four different functions are

ascribed to SECISBP2 namely binding of the SECIS element, binding of the ribosome,

interaction with eEFSec and Sec-incorporation (Copeland et al., 2001; Tujebajeva et al.,

2000).

The function of the N-terminal domain is unknown. It roughly extends until amino acid

(AA)  407  in  murine  SECISBP2  and  is  not  required  for  Sec-incorporation  in-vitro

(Copeland et al., 2000). The N-terminal domain contains a putative nuclear localisation

sequence (NLS) which is probably involved in the shuttling of SECISBP2 between the

nucleus and cytoplasm (Papp et al., 2006, figure 4).

Fig.  3:  Scheme of  type I  and type II  SECIS elements.  On the left  a  type I  SECIS
element is shown with its two helices, the internal and apical loop. On the right a type II
SECIS element is shown, which has an additional bulge and ministem compared to type
I SECIS elements.  At the junction of the internal loop to helix 2 one can see the AUGA
quartet for both type I and type II SECIS elements. The conserved AAR motif lies in the
apical loop in type I SECIS elements. In type II SECIS elements the conserved AAR
motif lies within the bulge between helix 2 and the ministem, modified from Labunskyy
et al., (2014).
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The C-terminal domain consists of the SID (AA 442-549 in murine SECISBP2) and the

RBD (AA 628-789 in murine SECISBP2) and is in-vitro both essential and sufficient for

Sec-incorporation (Donovan and Copeland, 2010). The SID enhances the binding of the

RBD to the SECIS element and it also contributes to Sec-incorporation in a way that is

independent of binding to the SECIS element (Donovan et al., 2008). Moreover, the SID

transiently interacts with the ribosome (Donovan et al., 2008) but the function of this

interaction is not yet known. The RBD contains an L7Ae RNA-binding motif (AA 662-

762) which is required for SECIS binding but is also involved in stable binding to the

ribosome (Caban et  al.,  2007).  Just  in  front  of  the L7Ae motif  there is  a  predicted

nuclear export signal (NES) (Papp et al., 2006, figure 4).

Finally,  SECISBP2  does  also  interact  with  eEFSec.  This  was  shown  in  co-

immunoprecipitation  experiments  of  mammalian  transfected  cells  (Tujebajeva  et  al.,

2000) and in in-vitro electrophoretic-mobility-shift-assay (EMSA) experiments (Donovan

et al., 2008).

1.3.3 Sec-specific eukaryotic elongation factor (eEFSec)

eEFSec is a specific elongation factor for the tRNA [Ser]Sec  and does not bind any other

tRNA. Similarly, tRNA[Ser]Sec  cannot be bound to other elongation factors. Compared to

Fig. 4: Scheme of SECISBP2 domains in murine SECISBP2, NLS = nuclear localisation
sequence, NES = nuclear export signal, CSbp2 = C-terminal SECISBP2, SID = Sec-
incorporation  domain,  RBD  =  RNA-binding  domain,  modified  after  Donovan  and
Copeland (2010).
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other mammalian elongation factors the eEFSec has a fourth domain which is essential

for both binding of SECISBP2 and tRNA[Ser]Sec (Gonzales-Flores et al., 2012). eEFSec

also interacts with SECISBP2 as already described above.

1.3.4 Ribosomal protein L30 (RPL30)

RPL30 was shown to bind the SECIS element both  in-vitro and in-vivo and is able to

compete with  SECISBP2 for  SECIS-binding.  Furthermore,  overexpression of  RPL30

stimulates  Sec-incorporation  in  rat-hepatoma  cells  (Chavatte  et  al.,  2005).  It  has

therefore been hypothesised that RPL30 is involved in Sec-incorporation. The exact

function remains, however, unclear.

1.3.5 Nucleolin

Nucleolin was initially identified when it was found to bind a GPX1 SECIS probe (Wu et

al.,  2000).  In  further  experiments  by  different  research  groups  conflicting  results

concerning the affinity of nucleolin towards different SECIS elements were published

(Miniard et al., 2010; Squires et al., 2007). Overall, nucleolin seems to be involved in

Sec-incorporation but its exact function remains unclear, too.

1.3.6 Eukaryotic translation initiation factor 4a3 (eIF4a3)

The eIF4a3 does also bind SECIS elements and has been shown to have a negative

effect  on  Sec-incorporation.  Moreover,  it  was  shown  that  eIF4a3  is  more  highly

expressed under conditions of limiting Se (Budiman et al., 2009). It has been proposed

that under conditions of limiting Se eIF4a3 could reduce the expression of a subset of

selenoproteins  by  binding  to  the  SECIS  elements  of  the  corresponding  mRNAs

(Labunskyy et al., 2014).
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1.4. Hierarchy of selenoproteins

A “hierarchy” of selenoproteins was first described when rats were fed diets of low Se. It

was observed that the expression of some selenoproteins significantly decreased whilst

others are less affected (Hill et al., 1992; Lei et al., 1995). This led to a differentiation of

selenoproteins in so called “housekeeping” selenoproteins (such as TXNRD1, TXNRD3,

GPX4) that are less dependent on Se-availability and stress-related selenoproteins that

are  more  highly  dependent  on  Se-availability  (such  as  GPX1  and  SELENOW)

(Labunskyy et al., 2014).

The  complete  mechanism behind  this  hierarchy  is  not  fully  understood  but  several

possible  influencing  pathways  and  factors  are  being  discussed.  This  includes  the

susceptibility of selenoprotein mRNAs to nonsense-mediated-decay (NMD), the affinity

of SECISBP2 towards different SECIS elements, its ability to stabilise mRNAs and the

influence of factors like eIF4a3 and nucleolin (Fradejas-Villar et al., 2017; Sunde et al.,

2011).  In  addition,  post-transcriptional  modifications  of  the  tRNA [Ser]Sec affect  the

expression of selenoproteins in a selenoprotein-dependent manner (Schweizer et al.,

2017).

1.5 Mutations in SECISBP2

Several mutations in SECISBP2 have been described in humans (Fradejas-Villar, 2018,

Schoenmakers and Chatterjee 2020). This thesis focuses on SECISBP2 p.Arg540Gln

and SECISBP2 p.Cys691Arg mutations, which will be discussed in more detail. Since

various  studies  use  either  human,  murine  or  rat  SECISBP2,  in  the  following

SECISBP2RQ will be used as abbreviation for SECISBP2 protein that has a mutation

which represents the SECISBP2 p.Arg540Gln mutation in humans. SECISBP2CR will be

used as abbreviation in the same way concerning SECISBP2 p.Cys691Arg.

1.5.1 The R540Q mutation

The R540Q mutation, which targets the SID domain of SECISBP2, was identified in a
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Bedouin family in which three of seven siblings had abnormal levels of thyroid hormone

(Dumitrescu et al., 2005). All three affected siblings showed elevated levels of thyroid

stimulating hormone (TSH), free thyroxine (fT4), as well as total reverse-triiodothyronine

(rT3), but low levels of free triiodothyronine (fT3). Measurement of  DIO2 mRNA levels

and activity from cultured skin-fibroblasts showed that activity of DIO2 is reduced in

affected individuals although mRNA levels  are normal.  Furthermore,  GPX activity  in

both serum and cultured fibroblasts was reduced and SELENOP levels in serum were

also reduced. A homozygous R540Q mutation in SECISBP2 was identified in all three

siblings as the cause of these findings. 

Since the phenotype was rather mild the authors proposed that the R540Q mutation

might not completely abolish the function of SECISBP2. However, since the affected

individuals were not yet fully grown at the date of study, further defects that might show

later in life could not be evaluated. (Dumitrescu et al., 2005)

Binding of SECISBP2RQ to Gpx4 and Txnrd1 SECIS elements was observed by RNA-

electrophoretic-mobility-shift-assay  (rEMSA).  However,  SECISBP2RQ did  not  bind  to

Gpx1, Dio1 and Dio2 SECIS elements. On the contrary in-vitro Sec-incorporation into a

modified luciferase occurred when the luciferase mRNA sequence contained either a

Gpx4, Gpx1 or Dio1 SECIS element (Bubenik and Driscoll, 2007).

Ribosomal profiling (RiboSeq) data (Fig. 5) showed that the ribosome coverage 3' of the

UGA codon in brain of conditional-mutant mice is reduced regarding the  Gpx4 mRNA

when comparing SECISBP2RQ to SECISBP2WT. Regarding the Gpx1 mRNA it could be

observed that  there  are  overall  less  reads when SECISBP2RQ was present,  but  no

apparent change in the ribosome coverage 3' of the UGA codon relative to 5'. (Zhao et

al., 2019)
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1.5.2 The C691R mutation

The C691R mutation, which targets the L7Ae domain of SECISBP2, was identified in a

male child showing various symptoms (Schoenmakers et al., 2010). These symptoms

included abnormal levels of thyroid hormone (elevated fT4, low fT3, normal TSH), mild,

global  development  delay,  muscle  weakness,  mild  bilateral  hearing  loss  of  high

frequencies and the tendency to develop hypoglycaemia when fasting for longer periods

Fig. 5: Plots of ribosome coverage of Gpx1 and Gpx4 mRNAs from mice brain of either
control  mice or CamK-Cre; Secisbp2RQ/fl.  Y-axis shows the reads per million mapped
reads. X-axis shows the open reading frame of the corresponding mRNA. The red line
marked with a red arrow indicates the position of the UGA codon, modified after Zhao et
al., (2019).
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(e.g. overnight). The child showed a compound heterozygous genotype with the C691R

mutation in one allele and a splicing-defect leading to either lack of exons 2-4 or 3-4 in

the other  allele.  The muscle weakness was similar  to  that  of  patients  with  SEPN1-

related myopathies and a Western blot of the child's fibroblasts showed reduced levels

of SELENON. In addition, cultured fibroblasts did show increased levels of reactive-

oxygen-species (ROS) and DNA-damage after exposure to oxidative stress. Western

blot analysis of further selenoproteins showed reduced levels of SELENOP, GPX3 and

SEPHS2.  75Se labeling showed reduced levels of  SELENOW (Schoenmakers et al.,

2010).

1.6 Selenoproteins in viruses

In  1994  it  was  first  suggested  that  the  genome  of  the  HI-virus-1  might  encode

selenoproteins  via  a  frameshift-mechanism.  The  authors  proposed  a  frameshift-

mechanism  in  which  the  ribosome  “slips”  at  slippery  sequences  that  are  located

upstream of an RNA pseudoknot. Supporting arguments towards the existence of these

alternative selenoprotein encoding open reading frames were the conservation of the

sequence in the -1 reading frame and some clinical data that showed improvement in

AIDS  patients  when  they  were  treated  with  Se.  The  authors  reasoned  that  Se-

availability in the body might be decreased in AIDS patients, if the HI-virus uses some

Se for its own selenoproteins (Taylor et al., 1994).

In 1997 a homology between the potential protein that would result from a -1 frameshift

in the HIV envelope (env)-gene, which encodes the glyocprotein 120 (gp120), and a

Gpx was found (Taylor et al., 1997b). The potential gp120-Gpx fusion protein that would

result from this frameshift was then further analysed by the authors. A protease-site was

predicted just N-terminal of the Gpx sequence and the potential  Gpx sequence was

cloned with an additional start-codon and SECIS element. Gpx-activity was increased in

cells transfected with this construct (Zhao et al., 2000).

This still left the problem of the viral mRNA having no own SECIS element to promote a

potential Sec-incorporation. To propose a possible solution to this problem Taylor et al.

(2016)  published  a  hypothetical  antisense-tethering-interaction  (ATI)  mechanism.
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Interaction between viral  mRNAs and human selenoprotein mRNAs would lead to a

“hijacking” of the human SECIS element by the virus (see Fig. 6). Thus the virus would

use the human SECIS element to recode its own UGA codon. In detail  Taylor et al.

(2016)  found  that  certain  sequences  of  viral  mRNAs are  in  part  complementary  to

mRNA sequences of human selenoproteins. These ATIs were proposed to take place

between  HIV-mRNAs  and  TXNRD1 mRNA and  Ebola-virus-mRNAs  and  TXNRD3

mRNA. To further validate this hypothesis the authors showed results of a DNA-gel-shift

assay using the sequences that are supposed to take part in the ATI in which a shift of

DNA bands can be observed (see Fig. 7).

Fig. 6: A: scheme of Sec-incorporation in eukaryotes showing the selenoprotein mRNA
with  its  SECIS  element  (red),  SECISBP2  (light  blue),  eEFSec  (orange)  and
tRNA[Ser]Sec (teal  with Sec in yellow) B: Scheme of potential  viral  SECIS element
recruitment showing viral (HIV) mRNA (green) with its ATI to human TXNRD1 mRNA
(red), SECISBP2 (light blue), eEFSec (light red) and tRNA[Ser]Sec (teal with Sec in
yellow), modified after Taylor et al. (2016).
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Fig.  7: Results of DNA-gel-shift assay with sequences from Ebola-nucleoprotein-gene
(Ebola-NP), human TXNRD3-gene (TR3), HIV-nef-gene (HIV-nef) and human TXNRD1-
gene (TR1), modified after Taylor et al. (2016).

1.7 In-vitro assay to measure Sec-incorporation

An in-vitro asssay to measure Sec-incorporation is used in this thesis. Sec-incorporation

is monitored by the luminescence produced by a luciferase. Since the luciferase is not a

selenoprotein, the cysteine codon at position 258 of the luciferase was mutated to a

UGA/Sec codon. In addition, the sequence of the rat Gpx4 SECIS element was added

in the 3' UTR downstream of the luciferase gene (see figure 8) and the whole sequence

was cloned into a plasmid. This method was first used by Mehta et al. (2004) and the

described plasmid was a gift to our lab from Paul Copeland.

Fig. 8: Scheme of luciferase reporter showing the luciferase coding region containing the
UGA codon and the rat Gpx4 SECIS element within the 3' UTR.
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This reporter plasmid can be transcribed and translated in-vitro so that luciferase will be

produced if  Sec-incorporation takes place successfully.  The produced luciferase can

then be quantified by adding a luciferase substrate and measuring luminescence (see

figure  9).  Overall  the  measured  luminescence  is  therefore  a  correlate  for  Sec-

incorporation and allows a direct assessment of the Sec-incorporation efficiency.

1.8 Aims of the thesis

1.8.1 Effects of SECISBP2 mutations in regard to different SECIS elements

Both the R540Q and C691R mutation have been found in humans (Dumitrescu et al.,

2015; Schoenmakers et al., 2010). Previous experiments from other research groups

(Bubenik and Driscoll,  2007) and data from our research group led to the idea that

SECISBP2RQ might have different effects on Sec-incorporation depending on the SECIS

element. A ribo-seq analysis from a neuron-specific SECIBP2RQ mutation showed that

SECISBP2RQ leads to a reduced amount of ribosomes that can be found 3' of the UGA

codon compared to  SECISBP2WT on  a  Gpx4 mRNA (Fig.  5).  Concerning  the  Gpx1

mRNA the overall amount of ribosomes that could be found on the mRNA was reduced

but there was no apparent difference between the ribosome amount 5' or 3' of the UGA

codon.  For  that  reason  I  proposed  that  SECISBP2RQ would  lead  to  reduced  Sec-

incorporation when the SECIS element is a  Gpx4 SECIS element but would have no

effect when a Gpx1 SECIS element is used.

Fig. 9: Oxidation reaction of luciferin to oxyluciferin which is catalysed by the luciferase
using ATP•Mg2+ as a cosubstrate. The reaction produces light, which can be measured
as luminescence,  from Promega Luciferase Assay System technical bulletin. 
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Since  the  C691R mutation  likely  disrupts  the  hydrophobic  core  of  the  RNA-binding

domain of SECISBP2 I hypothesised that the C691R mutated protein is not functional,

independent of the SECIS element used.

The first aim of the thesis was to show that SECISBP2RQ affects the efficiency of Sec-

incorporation  in-vitro differently depending on the SECIS element. I also hoped to get

insights into the hierarchy of selenoproteins by observing that some SECIS elements

are impaired  more severely by the RQ mutation than others. In addition, I wanted to

show that SECISBP2CR leads to a loss of Sec-incorporation-activity independent of the

SECIS element.

1.8.2 Viral SECIS element recruitment

Another  aim  of  the  thesis  was  to  provide  the  first  evidence  of  a  successful  Sec-

incorporation by an antisense-tethering-interaction between viral  and human mRNAs

that leads to an in-trans recruitment of a SECIS element. Since the sequence of the

Ebola-virus from 1976 is less matching to the TXNRD3 sequence than the sequence of

the Ebola-virus from 2014 I  also wanted to  show that  the Sec-incorporation is  less

effective when the Ebola-virus sequence from 1976 is  used compared to  when the

sequence of 2014 is used.  Furthermore, I wanted to express the HIV-encoded Gpx in-

vitro using  the  proposed  mechanism of  an  in-trans  SECIS  element  recruitment  by

antisense-tethering-interaction.

1.9. Experimental outlines

1.9.1 Investigation of SECISBP2 mutations

A luciferase assay was performed to show that SECISBP2RQ affects the efficiency of

Sec-incorporation  differently  depending  on  the  SECIS  element  and  SECISBP2CR

abolishes Sec-incorporation completely. The murine SECIS elements of  Gpx1,  Gpx4,

Txnrd1,  Dio1,  Dio2 and  Dio3 were cloned into the 3' UTR of the luciferase reporter.

Subsequently, the reporters were transcribed  in-vitro. Since SECISBP2 was shown to
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be the only  limiting factor for  Sec incorporation in  RRL (Mehta et  al.,  2004)  the C-

terminal  part  of  murine  SECISBP2  (CSECISBP2)  was  cloned  as  CSECISBP2WT,

CSECISBP2R543Q and CSECISBP2C696R. These two mutations are the equivalent to the

human R540Q and C691R mutations in murine SECISBP2. The proteins were then

expressed heterologously and purified. Afterwards, in-vitro translation of the transcribed

reporters  was  performed  using  RRL  adding  one  of  the  three  different  types  of

CSECISBP2. Finally, luminescence was measured as a correlate for Sec-incorporation.

1.9.2 Investigation of potential viral SECIS element recruitment

In order to show an in-trans SECIS element recruitment by means of an antisense-

tethering-interaction between viral and human mRNA sequences a different luciferase

assay was performed.

The viral sequences to which the ATIs were proposed were cloned into the 3' UTR of

the luciferase reporter instead of a SECIS element (see Fig. 10)

Plasmids encoding the full-length mRNA sequences of human TXNRD1 and TXNRD3

were acquired commercially from BaseClear B.V. 

Both the luciferase reporters and the TXNRD mRNA sequences were transcribed  in-

vitro and then incubated together in an  in-vitro translation reaction with added murine

CSECISBP2.  The  results  of  the  in-vitro translation  reaction  were  then  checked  for

luciferase activity that would indicate a successful Sec-incorporation.

Fig. 10: Scheme of the luciferase reporter with viral sequences cloned into the 3' UTR
instead of a SECIS element
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2. Materials and Methods

2.1 Supplementary list

2.1.1 Technical equipment

Tab. 1: Pipettes and disposable materials

Equipment Manufacturer

Pipettes Eppendorf (Hamburg)

Pipette tips Sarstedt (Nümbrecht)

Microcentrifuge tubes 1.5 and 2 ml Sarstedt (Nümbrecht)

PCR tubes 0.2 ml Biozym (Hessisch Oldendorf)

Falcons 15 and 50 ml Sarstedt (Nümbrecht)

Round  bottom tubes with  ventilation

cap 13 ml

Sarstedt (Nümbrecht)

96-well-plate, “cellstar” white Greiner Bio-One (Kremsmünster, Austria)

Centrifuge tubes 500 ml Beckman Coulter (Brea, CA, USA)

Econo-Pac Chromatography

Columns

Bio-Rad Laboratories (Hercules, CA, USA)
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Tab. 2: Technical equipment – This list only contains technical equipment that may have
been critical for the success of the experiments and does not contain general laboratory
equipment

Device Name Manufacturer

Refrigerated  benchtop

centrifuge 

5417-R Eppendorf (Hamburg)

Refrigerated  benchtop

centrifuge

5430-R Eppendorf (Hamburg)

Benchtop centrifuge 5430 Eppendorf (Hamburg)

Refrigerated  centrifuge,

Rotor F-34-6-38, Rotor A-

4-62

5810-R Eppendorf (Hamburg)

Refrigerated  centrifuge,

Rotor JA-10

Avanti J-E Beckman  Coulter

(Brea, CA, USA)

Thermocycler Mastercycler, Nexus GSX1e Eppendorf (Hamburg)

Thermocycler TGradient Biometra (Göttingen)

Sonicator Sonifier 250 Branson (Danbury, CT,

USA)

Spectrophotometer NanoDrop 2000 Thermo  Fisher

Scientific  (Waltham,

MA, USA)

Gel documentation Gel iX Imager Intas (Göttingen)

Incubator Function Line Heraeus (Hanau)

Luminometer/plate

reader

Infinite M200 Pro Tecan,  Männedorf

(Switzerland)

Ultrapure water system GenPure Standard Thermo  Fisher

Scientific  (Waltham,

MA, USA)
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Gel  electrophoresis

system  used  for  SDS-

PAGE (large scale)

PerfectBlue Doppelgelsystem Peqlab  Biotechnologie

(Erlangen)

Gel  electrophoresis

system  used  for  SDS-

PAGE (small scale)

SE 250 Hoefer  (Holliston,  MA,

USA)

Blotting System PerfectBlue Semi-Dry

Electroblotter Sedec M

Peqlab  Biotechnologie

(Erlangen)

Gel  electrophoresis

system used for agarose-

gels

Owl Easy-Cast

Electrophoresis System

Thermo  Fisher

Scientific  (Waltham,

MA, USA)

2.1.2 Chemicals

Most chemicals were purchased from AppliChem (Darmstadt). Exceptions are listed in

the following or later tables.

Tab. 3: Chemicals not purchased from AppliChem

Chemical Manufacturer

Bromophenolblue Merck (Darmstadt)

Xylenecyanol Merck (Darmstadt)

peqGold Universal Agarose Peqlab Biotechnologie (Erlangen)

LB-Agar Invitrogen (Carlsbad, CA, USA)

LB Broth (Miller) SigmaAldrich (St. Louis, MO USA)

Brillant Blau R 250 (Coomassie) Carl Roth (Karlsruhe)

Glycogen, molecular biology grade Thermo Fisher Scientific (Waltham, MA, USA)
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HD-Green DNA-Dye Intas (Göttingen)

Acrylamide-solutions Carl Roth (Karlsruhe)

ß-Mercaptoethanol Carl Roth (Karlsruhe)

cOmplete EDTA-free  protease

inhibitor

Roche (Basel, Switzerland)

Ni-NTA Agarose Qiagen (Venlo, Netherlands)  

RNase A Qiagen (Venlo, Netherlands, Cat. No.:19101)

GeneRuler 100 bp plus DNA ladder Thermo Fisher Scientific (Waltham, MA, USA)

GeneRuler 1 kb DNA ladder Thermo Fisher Scientific (Waltham, MA, USA)

dNTPs (dATP, dCTP, dGTP, dTTP) Thermo Fisher Scientific (Waltham, MA, USA)

2.1.3 Primers used in different experiments

All primers were purchased from Eurogentec (Seraing, Belgium)

Tab. 4: Primers used for generating recombinant DNA sequences

Species Primer name Sequence (5’ to 3’)

mouse

SECIS_Gpx1_PacI_Fw
AGT-CTT-AAT-TAA-TCT-GGG-GGG-

CGG-TTC-TTC-C

SECIS_Gpx1_NotI_Rv
GAC-GGC-GGC-CGC-TCT-GAG-

GGG-ATT-TTC-CTG-GA

SECIS_Gpx4_PacI_Fw
AGT-CTT-AAT-TAA-TGA-CCC-CTG-

GAG-CCT-TCC-AC

SECIS_Gpx4_NotI_Rv

GAC-GGC-GGC-CGC-CGG-CAG-

GGA-TGC-ACG-CCA-GG



37

mouse

SECIS_Txnrd1_PacI_Fw
AGT-CTT-AAT-TAA-CAT-CTG-GCA-

GAG-CAT-CAC-AG

SECIS_Txnrd1_NotI_Rv
GAC-GGC-GGC-CGC-TGA-GCT-CAA-

CAG-ACC-CGG-CA

Dio1_SECIS_Fw_PacI
ATG-TTT-AAT-TAA-TTT-TAT-ATT-TGT-

GTA-TGA-TGG-TCA-CA

Dio1_SECIS_Rv_NotI
TTG-CGC-GGC-CGC-CCG-ACA-TTT-

TTA-AAA-ATC-AAG-TCA

Fw_Primer_mDio2
ATG-TTT-AAT-TAA-CAC-TGG-TGT-

GCG-AAT-GAT-AA

Rv_Primer_mDio2
TGC-AGC-GGC-CGC-GAC-TCG-TGT-

GAC-TAC-ATC-CAA-CC

Dio3_Seq_Fw_Primer

TAA-GCC-CTG-GCT-GCT-GAT-GAC-

GAA-CCG-CCT-CTA-ACT-GGG-CTT-

GAC-CAC-GGG-TCG-GCT-CTG-AAT-

TGC-AGA-GAG-GCT-GC

Dio3_Seq_Rv_Primer

GGC-CGC-AGC-CTC-TCT-GCA-ATT-

CAG-AGC-CGA-CCC-GTG-GTC-AAG-

CCC-AGT-TAG-AGG-CGG-TTC-GTC-

ATC-AGC-AGC-CAG-GGC-TTA-AT

Ebola virus

Ebo_2014_Fw

TAA-AAC-AAC-AAG-ATC-AGG-ACC-

ACA-TTC-AAG-AGG-CCA-GGA-ACC-

AAG-ACA-GTG-ACA-ACA-CCC-AGG-

C

Ebo_2014_Rv GGC-CGC-CTG-GGT-GTT-GTC-ACT-

GTC-TTG-GTT-CCT-GGC-CTC-TTG-

AAT-GTG-GTC-CTG-ATC-TTG-TTG-

TTT-TAA-T
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Ebola-virus

Ebo_1976_Fw

TAA-AGC-AAC-AAG-ATC-AGG-ACC-

ACA-CTC-AAG-AGG-CCA-GGA-ACC-

AGG-ACA-GTG-ACA-ACA-CCC-AGG-

C

Ebo_1976_Rv

GGC-CGC-CTG-GGT-GTT-GTC-ACT-

GTC-CTG-GTT-CCT-GGC-CTC-TTG-

AGT-GTG-GTC-CTG-ATC-TTG-TTG-

CTT-TAA-T

HI-virus

Fw_HIV_seq

ATG-CTT-AAT-TAA-AGC-TGC-ATC-

CGG-AGT-ACT-TCA-AGA-ACT-GCT-

GAC-ATC-GAG-CTT-GCT-ACA-AGG-

GAC-TTT-CCG-CTG-GGG-ACT-TTC-

CAG-GGA-GGC-GTG-GCC-T

Rv_HIV_seq

CGA-TGC-GGC-CGC-CCA-GTA-CAG-

GCA-AAA-AGC-AGC-TGC-TTA-TAT-

GCA-GCA-TCT-GAG-GGC-TCG-CCA-

CTC-CCC-AGT-CCC-GCC-CAG-GCC-

ACG-CCT-CCC-TGG-AAA-GTC

HIV_Fw_PCR ATG-CTT-AAT-TAA-AGC-TGC-ATC-C

HIV_Rv_PCR CGA-TGC-GGC-CGC-CCA-GTA
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Tab. 5: Primers used for sequencing

Target

plasmid/sequence

Primer name Sequence (5’ to 3’)

pTrcHis2 pTrcHis_Fw_seq GAG-GTA-TAT-ATT-AAT-GTA-TCG

pTrcHis_Rv_seq GAT-TTA-ATC-TGT-ATC-AGG

pcDNA3.1  and

pBluescript II KS+

T7 TAA-TAC-GAC-TCA-CTA-TAG-GG

pcDNA3.1 BGH_rv_Primer TAG-AAG-GCA-CAG-TCG-AGG

pBluescript  II  KS+

with Txnrd1 insert

Txnrd1_seq_2 CGA-TCT-GCC-CGT-TGT-GTT

Txnrd1_seq_3 TTC-TTA-GAG-GAT-TTG-ACC-AGG-ACA-

T

Txnrd1_seq_4 ACA-ACA-TTG-TCT-GTG-ACC-AAG-C

Txnrd1_seq_5 AAG-TTT-TTC-TGG-TAG-CTT-TAG-CTT-

TA

pBluescript  II  KS+

with Txnrd3 insert

Txnrd3_seq_2 GGC-TGG-GAA-TAT-AAT-CAA-CAA-G

Txnrd3_seq_3 CAC-TTG-TTA-CGC-AAA-GAT-AAT-CTG-

C

Txnrd3_seq_4 TAG-TGC-GTG-GGC-CTA-GAA
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Tab. 6: Primers used for site-directed mutagenesis

Target plasmid Primer name Sequence (5’ to 3’)

pTrcHis2-CSbp2

CSbp2R543Qforward CTG-CTG-CAT-CCT-CTC-TTG-CTG-

TTC-TTT-CAA-AAT-TAT-CTT-CT

CSbp2R543Qreverse AGA-AGA-TAA-TTT-TGA-AAG-AAC-

AGC-AAG-AGA-GGA-TGC-AGC-AG

SBP2_C696R_fwd GCT-CAG-GAA-GCT-GAA-GCG-CAT-

CAT-CAT-CTC-TCC

SBP2_C696R_rev GGA-GAG-ATG-ATG-ATG-CGC-TTC-

AGC-TTC-CTG-AGC

2.2 Cloning and amplification of recombinant DNA plasmids

The free software APE was used to plan all cloning procedures. Special reagents and

kits used in the cloning process are listed in Tab. 11.

2.2.1 Cloning and amplification of pTrcHis2 with CSecisbp2 inserts

In  order  to  express the  C-terminal  part  of  mouse SECISBP2 (AA 408-858)  both  as

wildtype and mutated protein in bacteria, the pTrcHis2 vector with the insert coding for

the  named  amino  acids  plus  a  C-terminal  His-tag  of  6  histidine  residues  was

transformed into E.coli BL21 star. The R543Q and C696R mutations were previously

introduced to the pTrcHis2-CSBP2 vector using site directed mutagenesis. The mutated

plasmids were subsequently transformed into E.coli DH5, plasmid-DNA was isolated

and sent for Sanger-sequencing to confirm the identity of the mutations.
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Tab. 7: pTrcHis2 plasmids with CSecisbp2 inserts

Plasmid name Origin Antibiotic resistance

pTrcHis2-CSBP2 Previously  cloned  by

Magdalena  Antes  in  our

laboratory

Amp

pTrcHis2-

CSBP2_R543Q

Cloned after  site directed

mutagenesis

Amp

pTrcHis2-

CSBP2_C696R

Cloned after  site directed

mutagenesis

Amp

2.2.1.1 Site-directed mutagenesis

Site-directed mutagenesis was performed using the QuikChange Lightning Site-directed

mutagenesis kit.  Primers which were designed using the QuikChange primer design

program on the Agilent website are listed in table 6. The reaction was assembled and

performed according to the manufacturer’s protocol with 50 ng of template and 1 l of

each primer (10 M).

2.2.1.2 Transformation of plasmids into E.coli DH5 bacteria

7,5 l of the site-directed mutagenesis PCR reaction or 10 ng of plasmid were added to

competent bacteria with careful mixing, incubated for 20 min on ice, then a “heat-shock”

of 45 s at 42 °C followed. Afterwards, the bacteria were placed on ice again for 2 min

before 500 l of LB-medium were added and incubated for 1 h at 37 °C and 550 rpm.

Finally,  the transformed bacteria  were  centrifuged at  4000 g for  5  min at  4  °C,  the

supernatant  was  poured  off  and  the  bacteria  pellet  resuspended  in  the  rest  of  the

medium.  This  resuspension was then plated  on LB agar  plates  with  ampicillin  (100

g/ml),  which  were  incubated  at  37  °C  overnight.  The  centrifugation  step  was  only
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performed for the transformations with the mutated plasmids,  otherwise 150  l  were

directly plated.

2.2.1.3 Plasmid isolation through alkaline lysis (Mini-Prep and Midi-Prep)

Single colonies from the overnight incubated bacteria were picked from the plate and

incubated overnight at 37 °C, 200 rpm in 5 ml LB medium with Ampicillin added to a

concentration of 100 g/ml. Of each bacterial culture 3 ml were centrifuged at 8000 rpm

and room temperature for 1 min and the supernatant was removed. The bacteria pellet

was then resuspended by pipetting up and down in 400 l P1-buffer (Tab.12). Afterwards

400 l P2-buffer (Tab. 12) was added, the tubes were carefully mixed by inverting and

incubated 2-3 min at room temperature (RT) until 400 l P3-buffer (Tab. 12) was added.

Once more the tubes were carefully mixed by inverting until a white precipitate formed

and incubated at room temperature for around 30 min. Subsequently, the samples were

centrifuged at 14000 rpm, RT and the clear supernatant was transferred into a new tube.

840 l Isopropanol was added and after thorough mixing the samples were centrifuged

again (14000 rpm, RT, 10 min). The supernatant was removed, 500 l of 70 % ethanol

(EtOH) added and after thorough mixing centrifugation followed once more (14000 rpm,

RT, 2 min). The supernatant was then removed completely and the DNA pellet left to air-

dry  for  5-10  min  before  it  was  resuspended  in  20-30  l  nuclease-free  water.  DNA

concentrations were afterwards measured using the NanoDrop 2000.

To  confirm  the  integrity  of  the  transformed  DNA  the  isolated  plasmid  DNA  was

sequenced (GATC Biotech, Konstanz) using the primers as specified in Tab. 5. After

identifying a clone with positive sequencing result, 100  l  of the original culture were

incubated overnight at 37 °C, 190 rpm in 100 ml LB medium with ampicillin added to a

concentration of 100  g/ml. On the following day plasmid DNA from this culture was

isolated using the NucleoBond Xtra MIDI Kit following the manufacturer’s protocol. The

isolated DNA was quantified using the NanoDrop 2000.
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2.2.2 Cloning and amplification of pcDNA3.1_Luciferase with SECIS element inserts

Table 8 gives an overview of all pcDNA3.1 plasmids that were used. 

The pcDNA3.1_Luciferase_1 plasmid contains a luciferase coding region in which the

codon 258 was changed from a normal cysteine codon to a UGA codon and a rat Gpx4

SECIS  element  in  the  3’  UTR.  The  pcDNA3.1_Luciferase_2  and

pcDNA3.1_Luciferase_3  plasmids  are  identical  to  the  pcDNA3.1_Luciferase_1  but

contain a rat Gpx4 SECIS element with the AUGA core of the SECIS element deleted or

a UAA stop codon at position 258, respectively. All these plasmids were kindly provided

to our research group from Paul Copeland. The pcDNA3.1_Luc_5 plasmid contains the

original UGU Cys codon at position 258 and was created by Magdalena Antes in our

research group using site directed mutagenesis.

In order to create plasmids with different SECIS elements downstream of the luciferase

coding region  for  later  usage as  templates  for  in-vitro transcription,  different  murine

SECIS elements  were  PCR-amplified  from mouse  cDNA (or  gDNA in  case  of  Dio2

SECIS  element),  and  cloned  into  the  pcDNA3.1_Luc_1  plasmid.  When  PCR-

amplification  failed  for  the  Dio3  SECIS  element,  the  sense  sequence  and  its

complementary were purchased as single stranded DNA and aligned.



44

Tab. 8: pcDNA3.1_Luciferase plasmids with SECIS element inserts

Plasmid name Origin Antibiotic

resistance

pcDNA3.1_Luc_1  (Luc

C258U/rat_Gpx4)

Gift from Paul Copeland Amp

pcDNA3.1_Luc_2  (Luc

C258U/AUGA_del)

Gift from Paul Copeland Amp

pcDNA3.1_Luc_3  (Luc

C258UAA/ratGpx4)

Gift from Paul Copeland Amp

pcDNA3.1_Luc_5  (Luc

C258/rat_Gpx4)

Created by Magdalena Antes Amp

pcDNA3.1_Luc_mGpx1 Cloned from mouse cDNA Amp

pcDNA3.1_Luc_mGpx4 Cloned from mouse cDNA Amp

pcDNA3.1_Luc_mTxnrd1 Cloned from mouse cDNA Amp

pcDNA3.1_Luc_mDio1 Cloned from mouse cDNA Amp

pcDNA3.1_Luc_mDio2 Cloned from mouse gDNA Amp

pcDNA3.1_Luc_mDio3 Cloned  after  alignment  of  bought

sequence

Amp

2.2.2.1 RNA extraction from mouse liver

In order to extract RNA from mouse liver, 50 mg of tissue were added to 1 ml of TRIzol

and homogenised.  After  5  min incubation  at  RT 200  l  chloroform were added,  the

sample incubated at RT again for 2-3 min and then centrifuged for 15 min at 12000 x g,

4 °C. The aqueous phase was then transferred into a new tube, 500 l Isopropanol were

added and the sample centrifuged again for 10 min at 12000 x g, 4 °C. The supernatant

was subsequently removed and 1 ml of 75 % EtOH was added. After mixing the sample
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was centrifuged once more at 7500 x g, 4 °C. Again, the supernatant was removed and

the pellet air-dried for around 10 min. Finally, the RNA pellet was resuspended in 30 l of

nuclease-free water, incubated for 10 min at 60 °C and the RNA concentration measured

using the NanoDrop 2000.

2.2.2.2 cDNA synthesis 

cDNA was  synthesised  using  the  Superscript  III  Reverse  Transcriptase  kit  with  the

extracted  RNA  as  template.  The  reaction  was  assembled  according  to  the

manufacturer’s protocol using around 1 g of extracted RNA, 200 ng of random primers

and 1 l RiboLock (40 U/l) as RNAse Inhibitor. After the incubation step at 70 °C the

sample was frozen at -20 °C without previous removal of RNA or measurement of the

yield of cDNA.

2.2.2.3 Genomic DNA extraction from mouse liver

In order to extract genomic DNA from mouse liver, 50 mg of tissue were dissolved in 500

l  lysis  buffer  (table  15)  and incubated at  55  °C,  550 rpm overnight.  The following

morning 500  l of phenol:chloroform:isoamylalcohol (25:24:1) were added, the sample

mixed, centrifuged for 5 min at 14000 rpm, RT and the upper aqueous phase transferred

to a new tube. Subsequently, 0.6 volumes of isopropanol were added and the sample

was inverted until white fibres appeared followed by centrifugation for 10 min, 14000 rpm

at RT. Afterwards the supernatant was removed and the pellet washed with 500 l of 70

% ethanol followed once more by centrifugation (10 min, 14000 rpm, RT). Finally, the

ethanol  was  removed,  the  pellet  air-dried  and  resuspended in  150  l  nuclease-free

water. The concentration of the DNA was measured using the NanoDrop 2000.

2.2.2.4 PCR amplification of Gpx1-, Gpx4-, Txnrd1-, Dio1 SECIS elements from mouse

cDNA and Dio2 SECIS element from mouse genomic DNA.

In order to amplify the named SECIS elements from mouse cDNA, PCR was performed.



46

The primers flanking the site of interest were designed to introduce a PacI and NotI

restriction site using the free Primer3Plus software and are listed in table 4. The PCR

reaction was assembled using 1 l of the synthesised cDNA, 1 l of MgCl2 (50 mM), 0.5

l dNTPs (10 mM) 0.5 l of Fw- and Rv-primer each (10 M), 2.5 l 10 x buffer and 0.3

l of Taq polymerase (5U/l) in a total volume of 25 l. The PCR cycles were performed

as specified in table 9.

Subsequently, the PCR products were purified using the QIAquick Gel Extraction Kit

following the manufacturer’s protocol. In order to increase the yield of the amplified PCR

fragments,  the PCR and subsequent  purification were performed multiple  times,  the

purified proucts pooled, and then quantified using the NanoDrop 2000.

The same protocol  was used for  the  amplification of  the  Dio2 SECIS element from

mouse genomic DNA, using 0.15 g of genomic DNA instead of cDNA.

Tab. 9: TaqPolymerase PCR program

Step Temperature Duration

Initial Denaturation 95 °C 5 min

Denaturation
30x

95 °C 30 s

Annealing 58 °C 30s

Extension 72 °C 30s

Final extension 72 °C 5 min

2.2.2.5 Preparation of Dio3 SECIS element from primer sequences

Since PCR amplification of the  Dio3 SECIS element did neither work from cDNA nor

from genomic DNA a different approach was taken. The sense and antisense strand of

the SECIS element were purchased as “primers”, with a PacI and NotI restriction site

designed in  such a way that  after  the annealing of  the two primers there would be

overhangs as if there had been a digestion with the restriction enzymes (Fig. 11). 1 g of
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each fw- and rv-primer each were mixed in 20 l TE-buffer (table 16), incubated at 95 °C

for 5 min and then left to cool down at RT for around 2 h. 1 l of this sample was then

diluted 1:10 and used for later ligation.

2.2.2.6  Restriction  digest  of  Gpx1,  Gpx4,  Txnrd1,  Dio1 and  Dio2 SECIS  element

fragments, gel electrophoresis and gel-extraction

The cleaned PCR fragments and the pcDNA3.1_Luc_1 vector were digested with PacI

and NotI restriction enzymes. 5 g of the vector was mixed with 5 l of Buffer G (10x)

and 1 l of PacI and NotI enzymes each in a total volume of 50 l. Between 0.55 and 1.6

g of the cleaned PCR fragments were mixed with 6 l of Buffer G (10x), 1 l of PacI

and NotI enzymes each in a total volume of 60 l. All of these samples were incubated

at 37 °C overnight.

The digestions of the SECIS elements were then loaded onto a 2 % agarose gel with a

100 bp ladder as size control. The digested vector was loaded onto a 1 % agarose gel

with a 1 kb ladder as size control. Both gels were run at 100 V for 1 h in TAE buffer

(table 17), the bands corresponding to the correct size cut out and the DNA extracted

using the QIAquick Gel extraction kit (table 11) following the manufacturer’s protocol.

The resulting DNA concentration was measured using the NanoDrop 2000.

2.2.2.7 Dephosphorylation of the digested pcDNA3.1_Luc_1 vector and ligation of the

vector with the SECIS element inserts

The  digested  pcDNA3.1_Luc_1  vector  was  dephosphorylated  using  the  FastAP

 

 

     5’ TAA          Dio3 SECIS sequence            GC 3’ 

3’  TAATT          Dio3 SECIS sequence            CGCCGG 5’ 

Fig.  11: Dio3  Primer  scheme.  The  forward  and  reverse  primers  annealed  with  the
overhanging restriction sites
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thermosensitive alkaline phosphatase (table 11) following the manufacturer’s protocol.

Subsequently, the dephosphorylated vector was ligated with 20-35 ng of the extracted

SECIS element inserts or 10 ng in case of the annealed Dio3 insert using the buffer and

ligase of the pGEM-T Easy Vector Systems (table 11). The reaction was assembled

according to the manufacturer’s protocol and incubated at 4 °C overnight.

2.2.2.8 Transformation of the ligated plasmids into E.coli DH5

The ligated plasmids were transformed into competent E.coli DH5 bacteria following

the protocol as described in 2.2.1.2 performing the centrifugation step.

2.2.2.9 Plasmid isolation of transformed bacteria

Plasmid  DNA was  isolated  from  the  transformed  bacteria  following  the  protocol  as

described in 2.2.1.3. The integrity of the sequence was confirmed by Sanger-sequencing

using the BGH rv primer.

2.2.3 Cloning and amplification of pcDNA3.1_Luc_1 with viral inserts

In order to create plasmids with a luciferase coding region containing a UGA Sec codon

and a viral  insert  instead of  a  SECIS element,  different  viral  inserts  (Tab.  10)  were

cloned into the pcDNA3.1_Luc_1 (Tab. 8) vector.

Tab. 10: Viral inserts used for cloning

Origin of viral insert Accession number Bases

HIV-1, isolate BRU K02013.1 8979-9133

Zaire 1976 ebolavirus NC_002549.1 2340-2398

Zaire 2014 ebolavirus KJ660346.2 2340-2398

The  used  HIV  sequence  covers  both  regions  of  the  described  antisense-tethering-

interactions (ATI-1 and ATI-2) plus additional 10 bases on both 3'  and 5'  end of the
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sequence.  Both  Ebola  sequences  only  cover  the  larger  region  of  both  described

antisense-tethering-interactions (ATI-1) plus 10 additional bases on both 3' and 5' end of

the sequence.

2.2.3.1 Preparation of Ebola_1976 and Ebola_2014 sequences

The sense and antisense strand of both Ebola sequences were purchased as “primers”.

PacI and NotI restriction sites were designed in such a way that after the annealing of

the two primers there would be overhangs as if there had been a digestion with the

restriction enzymes (Fig. 12). 1 g of each fw- and rv-primer each were mixed in 20 l

TE-buffer (table 16), incubated at 95 °C for 5 min and then left to cool down at RT for

around 2 h. 1 l of this sample was then diluted 1:10 and used for later ligation.

Ligation was then performed using 10 ng of the annealed inserts following the protocol

from 2.2.2.7.

Transformation  was  performed  following  the  protocol  from  2.2.1.2  omitting  the

centrifugation step.

2.2.3.2 Preparation of the HIV sequence

Since the HIV sequence was too long to be obtained completely by complementary

primers, a slightly different approach was taken. Primers were designed so that each

primer contained parts  of  the HIV sequence but  both primers overlapped in  their  3’

sequence. Also, the primers contained the PacI and NotI restriction sites plus 4 extra

nucleotides as a 5’ overhang (figure 13). 2  l of these primers in 10 M concentration

 

 

     5’ TAA          Ebola 1976/2014 seq.            GC 3’ 

3’  TAATT          Ebola 1976/2014 seq.            CGCCGG 5’ 

Fig.  12: Primer scheme for Ebola sequence alignments. Forward and reverse primers
annealed with the overhanging restriction sites
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were then mixed with 10 l of 10 x NEBuffer 2, 1 l of 100 x BSA in a total volume of 100

l. This sample was then incubated at 95 °C for 5 min and left to cool down at RT for

around 2 hours. Afterwards 1 l of dNTPs (0,25 mM) and 1 l Klenow Fragment were

added and the sample incubated for 1 h at 37 °C and then 10 min at 75 °C.

1 l of this sample was then used as a template for PCR following the same protocol as

in 2.2.2.4. In order to increase the yield, the PCR was performed fourfold. Subsequently,

the PCR product was purified using the QIAquick Gel Extraction Kit (table 11) following

the manufacturer’s protocol.

29 l of the purified PCR product were then digested in a total volume of 60 l, loaded

onto a 2 % agarose gel and extracted from the gel following the protocol from 2.2.2.6. 

1 l of the resulting HIV insert (31.4 ng/l) was then ligated following the protocol from

2.2.2.7.

Transformation  was  performed  following  the  protocol  from  2.2.1.2  omitting  the

centrifugation step.

2.2.3.3 Plasmid DNA isolation from transformed bacteria

The three newly created plasmid DNAs were isolated from the transformed bacteria

Fig. 13: Primer scheme for HIV sequence primer alignments. This shows the forward-
and reverse-primer schematically in red with the overhanging restriction sites plus 4
extra nucleotides.

 

 

                             5’    HIV sequence                               3’  

 

 3’                                     CGCCGGCGTAGC 5’ 

5’ ATGCTTAATTAA 3’                Rv_HIV_seq primer  

                Fw_HIV_seq primer 

         3’       5’ 
HIV sequence 
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following  the  protocol  as  described  in  2.2.1.3.  The  integrity  of  the  sequence  was

confirmed by Sanger sequencing using the BGH rv primer and for each SECIS element

the plasmid was isolated as Midi-Prep following the already described protocol.

2.2.4 Acquisition of human Txnrd1 and Txnrd3 full length sequences

The full-length sequences of Txnrd1 and Txnrd3 were purchased as gene synthesis from

BaseClear  B.V.  (Leiden,  Netherlands)  in  the pBluescript  II  KS+ vector,  using a  NotI

restriction site at the 5’ end and a SalI restriction site at the 3’ end. The integrity of the

sequence was verified by Sanger sequencing using the primers listed in table 5.

Tab. 11: Kits or special reagents used in the cloning process

Kit/reagent Manufacturer Catalogue number

QuikChange Lightning Agilent  (Santa  Clara,  CA,

USA)

210519

NucleoBond Xtra Midi Macherey-Nagel (Düren) 740410.100

TRIzol Reagent Thermo  Fisher  Scientific

(Waltham, MA, USA)

15596026

Supercript III  Reverese

Transcriptase

Thermo  Fisher  Scientific

(Waltham, MA, USA)

18080044

Random Hexamer Primer Thermo  Fisher  Scientific

(Waltham, MA, USA)

SO142

RiboLock (40 U/l) Thermo  Fisher  Scientific

(Waltham, MA, USA)

EO0381

Phenol:chloroform:isoamylalcoh

ol 25:24:1

SigmaAldrich  (St.  Louis,

MO USA)

P3803

BioTherm Taq  Polymerase  (5

U/μl) 

GeneCraft (Köln) GC-002
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Kit/reagent Manufacturer Catalogue number

10x buffer BioTherm GeneCraft (Köln) Supplied  with  GC-

002

QIAquick Gel Extraction Kit Qiagen  (Venlo,

Netherlands)

28706

Restriction enzymes PacI  (10U/

l) and NotI (10U/l)

Thermo  Fisher  Scientific

(Waltham, MA, USA)

ER2201  and

ER0591

Buffer G (green) 10x Thermo  Fisher  Scientific

(Waltham, MA, USA)

Supplied  with

restriction enzymes

FastAP Thermosensitive Alkaline

Phosphatase

Thermo  Fisher  Scientific

(Waltham, MA, USA)

EF0654

pGEM-T Easy Vector Systems Promega  (Madison,  WI,

USA)

A1360

NEBuffer 2 New  England  Biolabs

(Ipswich, MA, USA)

B7002S

100 x BSA New  England  Biolabs

(Ipswich, MA, USA)

B9001S

Klenow Fragment (Large) New  England  Biolabs

(Ipswich, MA, USA)

M0210S
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Tab. 12: Buffers for MiniPrep

Buffer Component Concentration

P1 Tris-HCl pH 8 50 mM

EDTA 10 mM

RNase A (fresh) 100 g/ml

P2
NaOH 200 mM

SDS 1 %

P3 KCH3COO pH 5,5 3 M

Tab. 13: Bacteria used for DNA amplification or protein expression

Name Manufacturer/preparation

Chemically competent E.coli DH5 and

E.coli BL21 star

Made  chemically  competent  by  Inoue

method

Tab. 14: Preparation of LB medium and LB Agar

Name Preparation

LB medium 25 g LB broth was dissolved in 1 l purified water

and autoclaved

LB agar plates with ampicillin 25.6 g of LB-Agar was dissolved in 0.8 l purified

water,  autoclaved,  left  to  cool  to  50  °C,

ampicillin was added to a final concentration of

20 g/ml, the solution poured into sterile plates

and then stored at 4 °C

Ampicillin Ampicillin was dissolved to a final concentration

of 100 mg/ml in 0.1 M Tris-HCl pH 8
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Tab. 15: Lysis buffer for genomic DNA extraction

Buffer Components Final concentration

Lysis buffer

Tris-HCl pH 8 10 mM

EDTA 0.1 mM

NaCl 0.15 mM

SDS 0.5%

Proteinase K (fresh) 0.5 mg/ml

RNAse A 0.5 mg/ml

Tab. 16: TE-buffer 

Buffer Components Final concentration

TE-buffer pH 8
Tris 10 mM

EDTA 0.1 mM

Tab. 17: TAE-buffer

Buffer Components Final concentration

TAE buffer

Tris 40 mM

Acetic acid 20 mM

EDTA 1 mM

2.3  Expression  and  purification  of  recombinant  CSECISBP2WT,  CSECISBP2RQ and

CSECISBP2CR from bacterial culture

In order to purify recombinant protein, E.coli BL21 star bacteria were transformed with

the  previously  obtained  plasmids  pTrcHis2-CSBP2,  pTrcHis2-CSBP2_R543Q  and
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pTrcHis2-CSBP2_C696R. The bacteria were then grown in culture and the protein was

later purified by Ni-NTA-affinity-chromatography.

2.3.1 Expression of recombinant CSECISBP2 in E.coli BL21 star

E.coli  BL21  star  bacteria  were  retransformed  with  10  ng  of  the  previously  purified

plasmids  pTrcHis2-CSBP2,  pTrcHis2-CSBP2_R543Q  or  pTrcHis2-CSBP2_C696R,

which were obtained by Midi-Prep, following the protocol as described in 2.2.1.2 omitting

the  centrifugation  step  with  direct  plating  of  150  l.  A  single  colony  of  this

retransformation was then dissolved in a preculture of 8 ml LB-medium with Ampicillin

added to a final concentration of 100 g/ml and incubated at 37 °C 200 rpm overnight.

The next morning, 1 ml of the preculture was inoculated in 400 ml of LB-medium with

ampicillin added to a final concentration of 100 g/ml. This was done twice to obtain a

total culture volume of 800 ml. When the cultures reached an OD600 of around 0.6, 400 l

IPTG (1M) were added to each culture and the cultures were further incubated at 30 °C

160 rpm for 1.5 h. Subsequently, the cultures were centrifuged for 15 min at 6000 x g

and 4 °C, the supernatant was removed, the bacteria pellet air-dried, frozen in liquid

nitrogen and then stored at -80 °C.

2.3.2 Ni-NTA-affinity-chromatography of recombinant CSECISBP2

All steps were performed on ice or at 4 °C in the cold room.

At first  the frozen bacteria pellets were resuspended in 10 ml buffer XH1 (table 18)

followed by sonication (4 x 50 s, duty cycle 50 %, output control 3.5). Then the samples

were centrifuged at 4 °C, 15000 x g for 15 min. Meanwhile, 2 ml Ni-NTA agarose slurry

were filled into  a chromatography column. After  the ethanol  had dribbled out  of  the

column,  the  Ni-NTA agarose  beads  were  washed  twice  with  10  ml  of  buffer  XH1.

Afterwards, the supernatant from the centrifugation step was incubated with the Ni-NTA

agarose beads for 2 h on a shaker before the supernatant was allowed to run through

the column and was collected as flow-through. Subsequently, the beads were washed 3

times with 5 ml of  buffer XH1, once with 5 ml buffer XH2 and these fractions were
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collected as washing fractions W1.1, W1.2, W1.3 and W2. Then the protein was eluted

with 2 ml of buffer XH3, which was collected in 2 separate fractions of 1 ml, E1.1 and

E1.2. Finally, the column was closed, 1 ml of buffer XH3 was added and after 10-15 min

incubation time the column was opened again and the last elution fraction collected,

E1.3.

Tab. 18: Buffers for purification of bacterially expressed protein

Buffer Components Final concentration

Buffer XH1

Sodium  phosphate  pH  8

(94.7  %  Na2HPO4,  5.3  %

NaH2PO4)

50 mM

NaCl 1 M

Tween 20 1 %

Imidazole 20 mM

25x  cOmplete  EDTA-free

protease inhibitor

1x

Buffer XH2 Same as buffer XH1 but with 50 mM imidazole

Buffer XH3 Same as buffer XH1 but with 500 mM imidazole

2.3.3 SDS-PAGE and Coomassie Staining

SDS-PAGE and Coomassie staining was performed for all three purified proteins. 

45 l aliquots were taken from each purification fraction in order to be analysed by SDS-

Page. Polyacrylamide (PA) gels were prepared using a 12.5 % PA-gel as resolving gel

with an upper stacking-gel of 5 % PA following the recipe in table 19. Each 45 l aliquot

was mixed with 22.5 l 3 x Laemmli buffer and incubated for 10 min at 95 °C before it

was loaded onto the gel.  The first  well  of  the gel  was loaded with  a protein  ladder

(PageRuler Prestained  Protein  Ladder,  10  to  180  kDa,  Thermo  Fisher  Scientific
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#26616). Gel electrophoresis was then performed in running buffer at first at 90 V until

the front reached the resolving gel and afterwards at 120 V until the front reached the

bottom. The gel was then stained for 20 min with Coomassie Blue solution (table 20)

and destained overnight.

Tab. 19: Recipes for PA-gels

Resolving Gel (12.5 %, 20 ml)

Water 2.5 ml

1.5 M Tris, 0.4 % SDS 5 ml

20  %  PA  Gel-solution  (37.5:1

Acrylamide:Bisacrylamide)

12.5 ml

TEMED 20 l

APS 200 l

Stacking Gel (5 %, 12 ml)

Water 6 ml

1.5 M Tris, 0.4 % SDS 3 ml

20  %  PA  Gel-solution  (37.5:1

Acrylamide:Bisacrylamide)

3 ml

TEMED 12 l

APS 120 l
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Tab. 20: Buffers for SDS-PAGE and Coomassie staining

3 x Laemmli buffer

Tris-HCl pH 6.8 192.9 mM

SDS 6 %

Glycerol 30 %

Bromophenol blue 0.01 %

ß-Mercaptoethanol 0.05 %

Running Buffer for SDS-PAGE

Tris 25 mM

Glycine 192 mM

SDS 0.1 %

Coomassie Blue Staining Solution (in water)

Methanol 45 %

Acetic acid 10 %

Coomassie Brillant Blue G-250 0.25 %

Destaining solution (in water)

Methanol 40 %

Acetic acid 10 %

2.3.4 Western-Blot analysis

Western-Blot  analysis  was  only  performed for  the  purification  of  CSECISBP2RQ and

CSECISBP2CR.

After separation by SDS-Page the proteins were transferred onto a 0.2 m nitrocellulose

membrane (Amersham Protran 0.2 m NC, GE Healthcare Life Sciences, #10600001)
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using a semi-dry blotter at 23 V for 1 h. Afterwards the membrane was shortly stained

with Ponceau Red solution, to check if the transfer had worked. The membrane was

then incubated in the blocking solution for 1 h at  RT,  washed with  TBST-buffer  and

afterwards incubated with the primary antibody solution at 4 °C overnight on a shaker.

On the next day the membrane was washed 3 times for 10 min with TBST-buffer at RT

before it was incubated with the secondary antibody solution for 1 h at RT on a shaker.

Subsequently, the membrane was washed again 3 times for 10 min with TBST-buffer at

RT. Finally, the proteins were detected by chemiluminescence using the SuperSignal

West Dura Extended Duration Substrate (Thermo Fisher  Scientific,  #34075) and the

Fusion Solo detector (Vilber Lourmat).

Tab. 21: Buffers and Solutions for Western-Blot

Transfer Buffer

Tris 48 mM

Glycine 39 mM

SDS 0.033 %

Methanol 20 %

Ponceau Red solution

Ponceau S 0.5 %

Acetic acid 1 %

TBST-buffer

Tris-HCl pH 8 25 mM

NaCl 150 mM

Tween 20 0.1 %

Blocking Solution

5 % semi-skimmed milk powder in TBST-buffer
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Primary Antibody solution

SECISBP2 rabbit antibody, polyclonal (Proteintech, 12798-1-AP) 1:1000 in TBST-

buffer with 1% semi-skimmed milk powder

Secondary Antibody solution

Horseradish  peroxidase-goat  anti-rabbit  (Jackson  ImmunoResearch  111-035-

003), diluted 1:15000 in TBST-buffer with 1% semi-skimmed milk powder

2.3.5 Concentration and quantification of purified CSECISBP2

To concentrate the purified protein, the elution fractions were loaded into an Amicon

Ultra 2 centrifugal filter unit (Merck, UFC 803008) and centrifuged at 7000 x g for 10 min

at 4 °C. The flow-through was discarded and afterwards a buffer exchange to the protein

storage buffer (Tab. 22) was performed using the same filter.

The amount of protein was then quantified using the Pierce BCA Protein Assay Kit

(Thermo  Fisher  Scientific,  #23225)  following  the  manufacturer’s  instructions.

Subsequently, 10 l aliquots were made, frozen in liquid nitrogen and stored at -80 °C.

Tab. 22: Protein storage buffer

Components Final concentration

Sodiumphosphate buffer pH 7.2 50 mM

NaCl 200 mM

Glycerol 10 %

DTT 1 mM
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2.4 In-vitro transcription from plasmid DNA

In-vitro transcription was performed for all plasmids from table 8 and the pBluescript II

KS+ plasmids with both the Txnrd1 and Txnrd3 insert.  Special  reagents used in the

process are listed in table 23.

2.4.1 Plasmid linearisation

For the pcDNA3.1 plasmids with the Gpx1, Gpx4 and Txnrd1 SECIS inserts and the

pcDNA3.1_Luc_1 plasmid around 11 g was used, for the pcDNA3.1 plasmids with the

HIV and Ebola inserts around 20 g was used and for the pcDNA3.1 with the Dio1, Dio2

and Dio3 SECIS inserts around 15 g was used. For the pcDNA3.1_Luc plasmids 2, 3

and 5 around 5 g was used.  All these plasmids were linearised using 1.5-2 l of XhoI

(10U/l) and 10 x buffer Red in a total volume of 30-40 l.

For the pBluescript II KS+ vectors with the Txnrd1 and Txnrd3 inserts around 15 g were

digested using 3 and 2.5  l of SalI, respectively, (10U/l) and 10 x buffer Orange in a

total volume of 60 and 50 l, respectively.

All digestions took place at 37 °C overnight.

2.4.2 Phenol-chloroform extraction of digested plasmids

After checking for the success of the digestion using agarose gel electrophoresis, the

digestions were filled up with water to 100  l  before 1 volume of Phenol-Chloroform-

Isoamylalcohol (25:24:1) was added. The samples were mixed and cooled on ice for 10

min and afterwards centrifuged for 5 min at 12000 rpm, 4 °C. The upper aqueous phase

was then transferred into a new tube and 0.5 volumes of 7.5 M ammonium acetate and

1 l glycogen (20 mg/ml) were added. The samples were mixed and then 3 volumes of

100 % ethanol were added, before the samples were mixed again and stored at -80 °C

for 30 min. Subsequently, the samples were centrifuged for 15 min at 4 °C, 13700 rpm,

the supernatant  discarded and 200  l  of  -20 °C cold 80% ethanol  were added,  the

samples  mixed  and  centrifuged  once  more  for  5  min  at  12000  rpm,  4  °C.  The
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supernatant was then removed and after a final centrifugation step (12000 rpm, 4 °C, 5

min) all  the remaining supernatant was removed before the pellet  was air-dried and

resuspended  in  20  l  of  nuclease-free  water.  The  resulting  DNA concentration  was

measured using the NanoDrop 2000.

2.4.3 In-vitro transcription reaction

All  in-vitro transcription reactions were performed using the mMESSAGE mMACHINE

T7 ULTRA Transcription kit  following the manufacturer’s  instructions but  omitting the

poly-A-tailing step.

2.4.4 Phenol-chloroform extraction of mRNA

The  resulting  samples  from  the  in-vitro transcription  reactions  were  filled  up  with

nuclease-free water to 100 l before 1 volume of phenol:chloroform (5:1, pH 4.5) was

added. The aqueous phase was transferred into a new tube after centrifugation for 10

min at 4 °C, 15000 rpm. 1  l  of glycogen (20mg/ml) and 0.5 volumes of ammonium

acetate (7,5M) were added and the samples were mixed. Subsequently, 3 volumes of

100  %  ethanol  were  added  and  the  samples  were  mixed  again.  After  30  min  of

centrifugation at 4°C, 16400 rpm, the supernatant was discarded and 600  l of 75 %

ethanol were added before the sample was centrifuged again at 16400 rpm, 4 °C for 5

min. Afterwards the supernatant was removed again and the pellet air-dried. Finally, the

pellet was resuspended in 20 l of nuclease-free water and incubated at 62 °C for 7 min.

The concentration of the RNA was measured using the NanoDrop 2000, keeping the

samples on ice all the time before the samples were stored at -80 °C.
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Tab. 23: Reagents used in the process of in-vitro transcription

Reagent Manufacturer Catalogue number

XhoI Thermo  Fisher  Scientific

(Waltham, MA, USA)

ER0691

SalI Thermo  Fisher  Scientific

(Waltham, MA, USA)

ER0645

10 x buffer Red Thermo  Fisher  Scientific

(Waltham, MA, USA)

Supplied  with

restriction enzymes

10 x buffer Orange Thermo  Fisher  Scientific

(Waltham, MA, USA)

Supplied  with

restriction enzymes

Phenol:chloroform:isoamylalcoh

ol 25:24:1

SigmaAldrich  (St.  Louis,

MO USA)

P3803

mMESSAGE mMACHINE T7

ULTRA Transcription Kit

Thermo  Fisher  Scientific

(Waltham, MA, USA)

AM1345

Acid-Phenol:Chloroform 5:1 pH

4.5

Thermo  Fisher  Scientific

(Waltham, MA, USA)

AM9720

2.5  Luciferase  assay  comparing  mouse  SECIS  elements  using  different  SECISBP2

proteins

In-vitro translation  of  the  in-vitro transcribed  mRNAs  was  performed  using  rabbit-

reticulocyte-lysate  (RRL,  table  24).  The  amount  of  translated  luciferase  was  then

quantified by measuring luminescence after adding luciferase-assay-reagent (LAR).

The in-vitro translation reaction was assembled in a total volume of 12.5 l using 6.5 l

of  rabbit  reticulocyte  lysate,  1.25  l  of  amino  acid  mixture  minus  leucine  (0.1  mM,

supplied with RRL), 1.25 l of amino acid mixture minus methionine (0.1 mM, supplied

with  RRL),  0.5  l  RiboLock  (40  U/l),  2  l  of  recombinant  CSECISBP2  (final

concentration  160  nM  or  40  nM)  and  100  ng  of  luciferase  reporter  mRNA (final
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concentration about 13.5 nM). The recombinant protein was diluted in Tris Acetate pH

7.2. The samples were then incubated at 30 °C for 60 min. During the incubation time

the luciferase assay reagent was equilibrated to room temperature and 50 l of 1 x PBS

(table 25) was given into the wells of a 96-well plate. After the incubation 2  l of the

translation reactions were given into the wells with 50  l 1 x PBS, 50  l of LAR were

added and the luminescence was measured at 23 °C with a wait-time of 2 seconds and

a measuring-time of 10 s using the Infinite M200 Pro plate reader (table 2). For both the

luciferase reporter mRNAs with murine Gpx1, Gpx4 and Txnrd1 SECIS elements and

the  luciferase  reporter  mRNAs  from the  plasmids  pcDNA3.1_Luc_1-5  (table  8)  this

assay was performed using a concentration of 160 nM CSECISBP2  (a concentration

previously established in our laboratory). For the luciferase reporter mRNAs with murine

Dio1, Dio2 and Dio3 SECIS elements a concentration of 40 nM CSECISBP2 was used.

Every  SECIS  element  was  tested  using  CSECISBP2WT,  CSECISBP2RQ  and

CSECISBP2CR in triplicates.

Tab. 24: Reagents used for luciferase assays

Reagent Manufacturer Catalogue number

Rabbit  Reticulocyte

Lysate  System,

Nuclease Treated

Promega  (Madison,  WI,

USA)

L4960

Luciferase Assay System Promega  (Madison,  WI,

USA)

E1500

RiboLock (40 U/l) Thermo  Fisher  Scientific

(Waltham, MA, USA)

EO0381
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Tab. 25: PBS buffer, pH 7.4

Component Final Concentration

NaCl 137 mM

KCl 2.7 mM

Na2HPO4 10 mM

KH2PO4 2 mM

2.6 Luciferase assay comparing CSECISBP2WT and CSECISBP2RQ by titrating luciferase

reporter mRNA

Another set of luciferase assays was performed to further compare CSECISBP2WT with

CSECISBP2RQ. 9 different dilutions of luciferase reporter mRNAs were made and 1 l of

these was added to a mixture of 6.5 l of RRL, 2.5 l of amino acid mixtures (0.1 mM), 2

l of diluted CSECISBP2 protein (final concentration 80 nM) and 0,5 l of RiboLock (40

U/l). The samples were then incubated at 30 °C for 60 min. During the incubation time

the luciferase assay reagent was equilibrated to room temperature and 50 l of 1 x PBS

was given into the wells of a 96-well plate. After the incubation time 6 l of the translation

reactions were given into the wells with 50 l 1 x PBS, 50 l of LAR were added and the

luminescence was measured at 23 °C with a wait-time of 2 seconds and a measuring-

time of 10 s using the Infinite M200 Pro plate reader (table 2). Every SECIS element was

tested with the concentrations as specified in Tab. 26 in triplicates.
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Tab. 26: mRNA concentrations used for the luciferase titration assays. Data points 1-9
show  the  mRNA concentrations  used  for  each  reporter  mRNA.  For  the  luciferase
reporter with the mGpx4 SECIS, different mRNA concentrations were used in regard to
CSECISBP2WT and CSECISBP2RQ (they differ from data point 6-9)

Data

Point

mGpx1

SECIS

(nM)

mGpx4

SECIS

with

CSECIS

BP2WT

(nM)

mGpx4

SECIS

with

CSECI

SBP2RQ

(nM)

mTxnrd1

SECIS (nM)

mDio1

SECIS

(nM)

mDio2

SECIS

(nM)

mDio3

SECIS

(nM)

1 0.11 0.11 0.11 0.11 0.11 0.2 0.11

2 0.44 0.44 0.44 0.43 0.42 0.39 0.43

3 0.88 0.88 0.88 0.86 0.85 0.79 0.85

4 1.76 1.75 1.75 1.72 1.7 1.58 1.71

5 3.51 3.51 3.51 3.44 3.39 3.16 3.41

6 7.03 7.02 4.68 6.88 6.79 6.31 6.82

7 10.54 10.52 7.02 10.32 10.18 9.47 10.23

8 14.06 14.03 10.52 13.76 13.58 12.62 13.64

9 21.08 21.05 14.03 20.64 20.37 18.94 20.47

2.7  Luciferase  assay  comparing  the  temperature  stability  of  CSECISBP2WT and

CSECISBP2RQ

In order to compare the temperature stability of CSECISBP2WT and CSECISBP2RQ, both

proteins were diluted in Tris Acetate pH 7.2 to a concentration of 0.05665  g/l (final

concentration 160 nM). 2  l of these diluted proteins were then incubated for 30 min

either on ice or at 37 °C. After this incubation 6.5 l RRL, 2.5 l of amino acid mixtures

(0.1 mM), 0.5  l  RiboLock (40 U/l) and 1  l  of luciferase reporter mRNA carrying a
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murine  Gpx4  SECIS  element  (94.3  ng/l)  were  added.  The  samples  were  then

incubated at 30 °C for 1 hour. During the incubation time the luciferase assay reagent

was equilibrated to room temperature and 50 l of 1 x PBS was given into the wells of a

96-well plate. After the incubation time 2 l of the translation reactions were given into

the wells with 50  l  1 x PBS, 50  l  of  LAR were added and the luminescence was

measured at 23 °C with a wait-time of 2 seconds and a measuring-time of 10 s using the

Infinite M200 Pro plate reader (table 2).

The experiment was repeated with a 30 min incubation of the proteins at 40.5 °C. Both

experiments were performed in triplicates.

2.8 Luciferase assays investigating potential viral SECIS element recruitment 

To test a viral  in-trans SECIS element recruitment a luciferase assay was performed

using luciferase reporter mRNA with the viral sequences in the 3’ UTR and the full length

Txnrd1 and Txnrd3 mRNAs. 6.5 l RRL, 2.5 l of amino acid mixtures (0.1 mM), 0.5 l

RiboLock (40  U/l)  and 1  l  CSECISBP2WT (final  concentration  160 nM) were  each

pipetted into 11 tubes in triplicates. Then mRNAs were added following the scheme in

Tab. 27.

The samples were then incubated at 30 °C for 1 hour. During the incubation time the

luciferase assay reagent was equilibrated to room temperature and 50 l of 1 x PBS was

given into the wells of a 96-well plate. After the incubation time 2  l of the translation

reactions were given into the wells with 50 l 1 x PBS. 50 l of LAR were added and the

luminescence was measured at 23 °C with a wait-time of 2 seconds and a measuring-

time of 10 s using the Infinite M200 Pro plate reader (Tab. 2).

The assay was repeated on a smaller scale with the mRNAs being previously incubated

at 95 °C. The mRNAs were mixed as specified in Tab. 28, then incubated at 95 °C for 5

min and left to cool down at RT for 30 min. Two tubes were filled with 6.5 l RRL, 2.5 l

of amino acid mixtures (0.1 mM), 0.5 l RiboLock (40 U/l) and 1 l CSECISBP2WT (final

concentration 160 nM) in triplicates. 2  l  of the mRNA mixtures were added and two

tubes of the same mRNA sample were then incubated at 30 °C for 1 hour, the other tube

at  37  °C  for  1  hour.  During  the  incubation  time  the  luciferase  assay  reagent  was
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equilibrated to room temperature and 50 l of 1 x PBS was given into the wells of a 96-

well plate. After the incubation time 6 l of the translation reactions were given into the

wells with 50 l 1 x PBS, 50 l of LAR were added and the luminescence was measured

at 23 °C with a wait-time of 2 seconds and a measuring-time of 10 s using the Infinite

M200 Pro plate reader (table 2).

Tab. 27: Scheme for mRNA addition for viral luciferase assay

Sample Added mRNAs

1 2 l H2O 

2 1 l Luciferase_mGpx1 SECIS mRNA (100 ng/l) + 1 l H2O

3 1  l  Luciferase_HIV mRNA (93.9 ng/l)  + 1  l  full  length Txnrd1 mRNA

(84,3 ng/l)

4 1  l  Luciferase_HIV mRNA (93.9 ng/l)  + 1  l  full  length Txnrd3 mRNA

(107.7 ng/l)

5 1  l  Luciferase_Ebola_2014 mRNA (95.4 ng/l) + 1  l  full  length Txnrd1

mRNA (84,3 ng/l)

6 1  l  Luciferase_Ebola_2014 mRNA (95.4 ng/l) + 1  l  full  length Txnrd3

mRNA (107.7 ng/l)

7 1  l  Luciferase_Ebola_1976 mRNA (90.1 ng/l) + 1  l  full  length Txnrd1

mRNA (84,3 ng/l)

8 1  l  Luciferase_Ebola_1976 mRNA (90.1 ng/l) + 1  l  full  length Txnrd3

mRNA (107.7 ng/l)

9 1 l Luciferase_HIV mRNA (93.9 ng/l) + 1 l H2O

10 1 l Luciferase_Ebola_2014 mRNA (95.4 ng/l) + 1 l H2O

11 1 l Luciferase_Ebola_1976 mRNA (90.1 ng/l) + 1l H2O
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Tab. 28: Scheme for mRNA mixtures for luciferase assay with 95 °C incubation

Sample Added mRNAs

1 5 l Luciferase_HIV mRNA (93.9 ng/l) + 10 l full length Txnrd1 mRNA

(84.3 ng/l)

2 5 l Luciferase_Ebola_2014 (95.4 ng/l) + 10 l full length Txnrd3 mRNA

(107.9 ng/l)

2.9  Agarose  gel-shift  assay with  luciferase mRNAs with  viral  inserts  and  full  length

Txnrd1 and Txnrd3 mRNAs

In order to detect  a possible base-pairing and therefore gel-shifting of the luciferase

mRNAs with the viral inserts and the full length Txnrd1 and Txnrd3 mRNAs an agarose

gel-shift assay was performed.

The mRNAs were diluted in water after the scheme in table 29, incubated at 95 °C for 2

or 5 min, left to cool down at RT for around 25 min, mixed with 3 l 6 x loading buffer

(table 30), loaded onto a 70 ml 1 % agarose gel with 6 l Ethidium bromide (5 mg/ml)

and then run in TAE buffer (table 17) at 100 V for 1 hour. 7 l of the GeneRuler 1 kb DNA

ladder (table 3) was run in the first well. In total 3 gels were run with different mRNAs.
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Tab. 29: Scheme for mRNA mixing for gel-shift assay

Gel 1

Well

number

Added mRNAs Incubation time at

95 °C

2 1.5  l Luciferase_Ebola_2014 mRNA (1300.7 ng/l) +
13.5 l H2O

2 min3 1.5 l full length Txnrd3 mRNA (1034.3 ng/l) + 13.5 l
H2O

4 1.5  l Luciferase_Ebola_2014 mRNA (1300.7 ng/l) +
1.5  l full length Txnrd3 mRNA (1034.3 ng/l) + 12  l
H2O

Gel 2

Well

number

Added mRNAs Incubation time at

95 °C

2 3 l Luciferase_HIV mRNA (635 ng/l) + 12 l H2O

5 min

3 3 l Luciferase_HIV mRNA (635 ng/l) + 2 l full length
Txnrd1 mRNA (627.4 ng/l) + 10 l H2O

4 1.5  l Luciferase_Ebola_2014 mRNA (1300.7 ng/l) +
13.5 l H2O

5 1.5 l full length Txnrd3 mRNA (1034.3 ng/l) + 13.5 l
H2O

6 1.5  l Luciferase_Ebola_2014 mRNA (1300.7 ng/l) +
1.5  l full length Txnrd3 mRNA (1034,3 ng/l) + 12  l
H2O

Gel 3

Well

number

Added mRNAs Incubation time at

95 °C

2 3 l Luciferase_HIV mRNA (635 ng/l) + 12 l H2O

5 min
3 3 l full length Txnrd1 mRNA (497.3 ng/l) + 12 l H2O

4 3 l Luciferase_HIV mRNA (635 ng/l) + 3 l full length
Txnrd1 mRNA (497.3 ng/l) + 9 l H2O
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Tab. 30: 6 x loading buffer

Components Final concentration

Glycerol 30 %

Bromophenol blue 0.3 %

Xylene Cyanol 0.3 %
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3. Results

3.1 Results of protein purification

Murine  CSECISBP2WT,  CSECISBP2RQ and  CSECIBSP2CR were  recombinantly

expressed in bacteria and purified via Ni-NTA-chromatography. The collected fractions

were then analysed by SDS-PAGE and in case of CSECISBP2RQ and CSECISBP2CR

also  by  Western  blot.  The elution  fractions  were  then  concentrated  and the  protein

concentration measured.

3.1.1 Results for purification of CSECISBP2RQ

Figure 14 shows the different protein fractions collected after chromatography that were

electrophoresed in a PA-gel, transferred to a membrane and stained with Ponceau S.

The proteins on the membrane were then further analysed by Western blot using an

anti-SECISBP2 antibody. The results are shown in figure 15.

Fig.  14: Ponceau staining of membrane after transfer from PA gel for CSECISBP2RQ

purification. The columns represent the different fractions that were collected from the
Ni-NTA-purification. S = supernatant fraction, FT = flow-through fraction, W1.1-1.3 =
washing fractions 1.1-1.3, W2 = washing fraction 2, E1-3 = elution fractions 1-3, CSbp2
= band that corresponds to CSECISBP2. The outmost left column shows protein marker
with the sizes of the proteins in kDa
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Figure 14 shows a thick band that correlates to CSECISBP2, which also yields a very

intense band in the Western blot. The signal is so intense that the band starts to become

white due to a burning of the membrane. Both the ponceau staining and the Western

blot  show proteins that are smaller than CSECISBP2. Also,  there seem to be some

bands around 15 kDa in the ponceau staining that do not appear in the Western blot.

The lower protein bands that do appear in the Western blot could be truncated parts of

CSECISBP2  and  are  therefore  smaller  than  the  full-length  CSECISBP2  but  are

recognised  by  the  anti-CSECISBP2  antibody.  However,  it  is  also  possible  that  the

antibody does unspecifically bind to other proteins and for that reason other proteins,

smaller  than  CSECISBP2  appear  in  the  Western  blot.  The  bands  lower  than  the

CSECISBP2 band that do not appear in the Western blot could be either other proteins

that  are  to  a small  extent  present  in  the  elution  fractions or  truncated fragments  of

CSECISBP2  that  do  no  longer  carry  the  epitope  that  is  recognised  by  the  anti-

CSECISBP2 antibody.

Fig.  15: Western  blot  results  from  the  purification  of  CSECISBP2RQ.  The  columns
represent the same fractions as in figure 14.
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3.1.2 Results for purification of CSECISBP2CR

Figure 16 shows once more the membrane to which the proteins were transferred from

the PA gel, this time for CSECISBP2CR. Western blot was performed for further analysis

using an anti-SECISBP2 antibody. The results are shown in figure 17. 

Fig. 16: Ponceau staining of membrane after transfer of the proteins from PA gel for
CSECISBP2CR purification. The columns represent  the different  fractions that were
collected from the Ni-NTA-purification. S = supernatant fraction, FT = flow-through
fraction,  W1.1-1.3  =  washing  fractions  1.1-1.3,  W2 =  washing  fraction  2,  E1-3  =
elution fractions 1-3, CSbp2 = band that corresponds to CSECISBP2. The outmost
left column shows protein marker with the sizes in kDa
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Again, it can be seen that there is a thick band corresponding to CSECISBP2 in both the

ponceau staining and the Western blot. In the Western blot this band can be seen in all

fractions  but  is  most  prominent  in  the  elution  fractions.  The band that  correlates  to

CSECISBP2 in the elution fractions is also turning a bit white due to a burning of the

membrane. In the elution fractions there are also a lot of bands visible both higher and

lower than the CSECISBP2 band but these bands are less prominent than the band for

CSECISBP2. Similar to the results from the purification of CSECISBP2RQ the bands that

are lower than the full-length CSECISBP2 band but do appear in the Western blot are

likely products of proteolytic digestion. The bands that are higher than the full-length

CSECISBP2 band could be either proteins that are unspecifically recognised by the anti-

CSECISBP2 antibody or an aggregation-product of CSECISBP2 protein parts which are

specifically recognised by the antibody.

3.1.3 Results for purification of CSECISBP2WT

After the initial Coomassie staining of the PA gel with all fractions (picture not shown) the

Fig.  17: Western  blot  results  from the  purification  of  CSECISBP2CR.  The  columns
represent the same fractions as in figure 16.
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elution  fractions  were  concentrated.  SDS-PAGE  of  the  concentrated  protein  was

performed and stained with Coomassie. The result can be seen in figure 18.

Similar to the results for the purification for CSECISBP2RQ and CSECISBP2CR a thick

band can be seen that corresponds to the size of CSECISBP2 from earlier experiments.

Also,  one band which is  higher  than the CSECISBP2 and lots  of  bands lower than

CSECISBP2 can be seen.  Western  blot  analysis  was not  performed.  Similar  to  the

purifications of CSECISBP2RQ and CSECISBP2CR the bands that are smaller than the

CSECISBP2 band could be either truncated parts of full-length CSECISBP2 or other

proteins that are present as impurities. The band which is higher than the CSECISBP2

band could be caused by an aggregation of CSECISBP2 parts or by another protein

which is bigger than CSECISBP2.

Fig.  18: Result  from  SDS-PAGE  with  Coomassie  staining  of  the  concentrated
CSECISBP2WT elution. The band that correlates to CSECISBP2 is marked CSbp2. The
outmost left column shows protein marker with the sizes in kDa.
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3.2  Results  from  luciferase  assay  comparing  CSECISBP2WT,  CSECISBP2RQ and

CSECISBP2CR in regard to different SECIS elements

Tab. 31: Schematic pictures of different luciferase reporters. This table shows a scheme
for the mRNAs that were used for the luciferase assays of Fig. 19 and 20 and their
corresponding abbreviations.

mRNA name Abbreviation

in graphs

Schematic picture

Luc_mGpx1 Gpx1

 
 
 
 
Start    UGA / Sec   UAA Stop codon 
 
 

Luciferase coding region               3' UTR: mouse GPx1 SECIS  

Luc_mGpx4 Gpx4

 
 
 
 
Start    UGA / Sec   UAA Stop codon 
 
 

Luciferase coding region               3' UTR: mouse GPx4 SECIS  

Luc_mTxnrd

1

Txnrd1

 
 
 
 
Start    UGA / Sec   UAA Stop codon 
 
 

Luciferase coding region               3' UTR: mouse Txnrd1 SECIS  

Luc_2 AUGA del

 
 
 
 
Start    UGA / Sec   UAA Stop codon 
 
 

Luciferase coding region 3' UTR: rat GPx4 SECIS with AUGA 
deletion  

Luc_1 No CSbp2

Luc_3 Luc_UAA

 
 
 
 
Start    UAA stop codon  UAA Stop codon 
 
 

Luciferase coding region               3' UTR: rat GPx4 SECIS  
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mRNA name Abbreviation

in graphs

Schematic picture

Luc_mDio1 Dio1

Luc_mDio2 Dio2

Luc_mDio3 Dio3

Fig.  19: Luciferase  Assay  comparing  the  mouse  Gpx1,  Gpx4 and  Txnrd1 SECIS
elements  in  regard  to  CSECISBP2WT,  CSECISBP2RQ and CSECISBP2CR.  The y-axis
shows the measured luminescence and is broken in order to show all the data. The x-
axis  shows  which  mRNAs  were  used  (for  explanation  of  names see  table  31).  No
CSECISBP2 was added in the column named “no CSbp2” and no mRNA was added in
the  column named “no mRNA”.  CSECISBP2 concentration  was 160 nM,  100 ng of
reporter  mRNA was  used  (around  13.5  nM).  The  graph  shows  the  mean  value  of
triplicates, the error bar shows one SD.
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Figure  19  shows  the  data  from  the  luciferase  assay  comparing  CSECISBP2WT,

CSECISBP2RQ and  CSECISBP2CR in  regard  to  different  SECIS  elements.  No

CSECISBP2 was added in  the  column named “no  CSbp2”.  It  can  be seen that  all

negative controls (AUGA del, no mRNA, no CSbp2, Luc_UAA) show low luminescence

values below 100. Within this group of negative controls, the highest luminescence can

be seen for the Luc_1 without CSECISBP2. All three reporter mRNAs with functional

SECIS elements (Gpx1,  Gpx4,  Txnrd1) show luminescence values between 5000 and

10000 for both CSECISBP2WT and CSECISBP2RQ with the highest luminescence values

at  the  Txnrd1 SECIS  reporter.  For  CSECISBP2CR the  same  reporters  show  only

luminescence values between 50 and 100. 

The difference between the values for CSECISBP2WT and CSECISBP2CR for the Gpx1,

Gpx4 and  Txnrd1 reporters was calculated to be significant by a two-tailed unpaired

student’s  t-test.  The  differences  between  CSECISBP2RQ and  CSECISBP2WT were

analysed by the same test, but no significant difference was found. 

The differences within the group of negative control were analysed by paired two-tailed

student’s t-test. It can be seen that both the luciferase reporter with the AUGA deletion

within the SECIS element and the Luc_1 reporter without CSECISBP2 show significantly

higher luminescence values than the background (no mRNA). However, compared to

the luminescence values of the complete SECIS elements these values are very low.

Therefore, it can be said that very low but significant readthrough of the UGA codon

takes  place  with  both  the  AUGA deletion  within  the  SECIS  element  and  without

CSECISBP2.

Figure 20 shows the results of the luciferase assay comparing the Dio1, Dio2 and Dio3

SECIS elements in regard to the different CSECISBP2 proteins.
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It  can  be  seen  that  similar  to  the  results  from  Gpx1,  Gpx4 and  Txnrd1 very  low

luminescence  was  measured  for  CSECISBP2CR.  CSECISBP2WT and  CSECISBP2RQ

show much higher luminescence values with the values of CSECISBP2RQ always a little

lower than CSECISBP2WT. The highest luminescence was measured when the reporter

contained a Dio2 SECIS element, the least when the reporter contained a Dio3 SECIS

element. The differences between CSECISBP2WT and CSECISBP2CR were calculated to

be significant  by  a  two-tailed  unpaired  student’s  t-test.  The  same test  was  used  to

analyse the differences between CSECISBP2WT and CSECISBP2RQ but no significant

difference was found. The fact that the concentration of CSECISBP2 was reduced to 40

nM as compared to 160 nM in the previous experiment is discussed later.

Fig. 20: Results from the luciferase assay comparing CSECISBP2WT, CSECISBP2RQ

and CSECISBP2CR for the luciferase reporters carrying a Dio1, Dio2 or Dio3 SECIS
element (see table 31 for explanation of the used reporters). The y-axis shows the
measured luminescence and is broken in order to show all the data. CSECISBP2
concentration was 40 nM, 100 ng of reporter mRNA was used (around 13.5 nM).
Values shown are the mean of triplicates, error bars show one SD.
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3.3  Results  from luciferase assays comparing  CSECISBP2WT and  CSECISBP2RQ by

titration of mRNA reporters

Figures  21  and  22  show  the  results  for  the  comparison  of  CSECISBP2WT and

CSECISBP2RQ with titrated Luc_mGpx1, Luc_mGpx4 and Luc_mTxnrd1 mRNA as well

as  Luc_mDio1,  Luc_mDio2  and  Luc_mDio3  mRNA.  It  can  be  seen  that  the

luminescence values are considerably lower for the RQ mutant when the Gpx1, Gpx4 or

Txnrd1  SECIS  elements  were  used.  Similarly,  luminescence  was  also  reduced  for

CSEBISBP2RQ  using the Dio1,  Dio2 and Dio3 SECIS elements,  but  the reduction in

luminescence was not as evident. This result seems to be in contrast to the results of

the  luciferase  assay  without  titration,  since  this  experiment  shows  a  considerable

difference between the  absolute  luminescence values comparing  CSEBISBP2RQ and

CSECISBP2WT that was not observable beforehand (compare fig. 19 and 20). However,

this may be explained by the lower concentration of CSECISBP2 that was used (80 nM

instead of 160 nM regarding Luc_mGpx1, Luc_mGpx4 and Luc_mTxnrd1).

To see if there are differences for CSECISBP2WT and CSECISBP2RQ in their ability to

both bind to the SECIS element and then promote Sec incorporation, Michaelis-Menten

kinetic was assumed to calculate and compare a Km value. This Km value was then

compared so that any differences in the amount of active protein within the samples of

CSECISBP2WT and CSECISBP2RQ could  be  eliminated.  In  order  to  compare  the  Km

values an extra sum of squares F test was performed with H0 being that the Km is the

same  for  both  data  sets  and  H1 being  that  the  Km is  different  for  both  data  sets.

Significant differences were found for the Txnrd1 and Dio1 SECIS element for which the

Km is significantly higher in the CSECISBP2RQ-samples.
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Fig. 21: Results for the comparison of CSECISBP2WT and CSECISBP2RQ with titrated
Luc_mGpx1,  Luc_mGpx4 and Luc_mTxnrd1 mRNA reporter.  Values are  shown as
mean of triplicates, the error bars show one SD. The interpolated lines were made with
the Michaelis-Menten least-squares function of GraphPad Prism 6. Km and R2 were
calculated by the software and are written beneath or above the respective lines. P
values were calculated by Extra Sum of Squares F Test. Modified after Zhao et al.,
(2019).
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Fig.  22: Results  for  the  comparison  of  CSECISBP2WT and  CSECISBP2RQ with
titrated Luc_mDio1, Luc_mDio2 and Luc_mDio3 mRNA reporter. Values are shown
as mean of triplicates, the error bars show one SD. The interpolated lines were made
with the Michaelis-Menten least-squares function of GraphPad Prism 6. Km and R2

were calculated by the software and are written beneath or above the respective
lines. P values were calculated by Extra Sum of Squares F Test. Modified after Zhao
et al., (2019).
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3.4  Results  from luciferase  assays  comparing  thermostability  of  CSECISBP2WT and

CSECISBP2RQ

Figure 23 shows the results of comparisons of the thermostability of CSECISBP2WT and

CSECISBP2RQ. It can be seen that when the proteins were kept on ice the luminescence

values of CSECISBP2WT and CSECISBP2RQ are similar with the CSECISBP2RQ value

being  slightly  higher.  When  the  proteins  were  incubated  at  37  or  40.5  °C  the

luminescence values for both the wild-type and the mutated protein decrease. However,

the luminescence values of the CSECISBP2RQ-samples diminish more than those of the

CSECISBP2WT-samples. This difference in decrease of Sec-incoporation-activity is even

more  evident  in  the  relative  data.  CSECISBP2WT retains  about  twice  as  much

percentage  activity  as  CSECISBP2RQ when  incubated  at  37  or  40.5  °C  and  this

difference was tested to be significant by an unpaired, two-tailed student’s t-test. This

seems to indicate that CSECISBP2RQ is thermically less stable than CSECISBP2WT.
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3.5 Results of luciferase assay investigating possible viral SECIS recruitment

Different luciferase assays were performed to investigate a possible viral SECIS element

recruitment (compare paragraph 2.8).

The  first  assay  without  incubation  of  the  mRNAs  at  95  °C  did  not  show  any

luminescence values above the  level  of  the  negative  control  except  for  the  positive

control (data not shown). Figure 24 shows the results of the luciferase assay after the

Fig.  23: Luciferase assays comparing the temperature stability of CSECISBP2WT and
CSECISBP2RQ.  The first  line  shows the  results  for  30  min  incubation  at  37  °C,  the
second line shows the results for 30 min incubation at 40.5 °C. The second column
shows the calculated relative values of the first column. Values are shown as mean of
triplicates,  error  bars  show one SD.  P value  was calculated  by  unpaired,  two-tailed
student’s t-test.
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mRNAs were incubated at 95 °C. The luminescence values of the tested mRNAs are

around the level of the negative control of an earlier experiment. In contrast, the positive

control of an earlier experiment shows a much higher luminescence value.

3.6 Results of agarose gel-shift assays with luciferase reporters with viral inserts and

Txnrd1 and Txnrd3 mRNAs

Figures 25, 26 and 27 show the results of the three performed gel shift assays. It can be

seen that no new band appears that would indicate a shift of these mRNAs due to an

Fig.  24: Luciferase  assay  comparing  the  luminescence  values  of  Luciferase_HIV
mRNA +  Txnrd1  mRNA and  Luciferase_Ebola_2014  mRNA +  Txnrd3  mRNA after
mRNAs were incubated at 95 °C. Data from earlier experiments without incubation of
mRNAs is added for comparison. “no mRNAs” is a negative control  from an assay
without added mRNA. “Luc_mGPx4” is a positive control in which a luciferase reporter
with a murine GPX4 SECIS element was used.
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antisense-tethering interaction both after incubation for 2 min (fig. 25) or 5 min (fig.26

and 27) at 95 °C. Since there was not enough mRNA left for a sample with only Txnrd1

mRNA in the experiment shown in figure 26, this was repeated and the results can be

seen in figure 27. The mRNAs do not run to the expected sizes but this is due to the fact

that a DNA ladder was used.

Fig.  25: Agarose gel shift assay to detect interaction between viral and selenoprotein
mRNAs. Luciferase mRNA containing viral sequences and selenoprotein mRNA were
either loaded alone or in combination. mRNAs were previously incubated at 95 °C for 2
min. Wells were loaded with mRNAs as written beneath each lane.
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Fig.  26: Agarose gel shift assay to detect interaction between viral and selenoprotein
mRNAs. Luciferase mRNAs containing viral sequences and selenoprotein mRNAs were
either loaded alone or in combination. mRNAs were previously incubated at 95 °C for 5
min. Wells were loaded with mRNAs as written beneath each lane. Txnrd1 mRNAs was
not loaded alone due to insufficient amount.

Fig.  27: Agarose gel shift assay to detect interaction between viral and selenoprotein
mRNAs. Luciferase mRNAs containing viral sequences and selenoprotein mRNAs were
either loaded alone or in combination. mRNAs were previously incubated at 95 °C for 5
min. Wells were loaded with mRNAs as written beneath each lane
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4. Discussion

4.1 Purification and quantification of heterologously expressed CSECISBP2

Recombinant CSECISBP2 was expressed in E.coli and then purified by Ni-NTA-affinity-

chromatography. The results of the analysis of the elution fractions by SDS-PAGE and

Western blot are shown in figures 14-18.

The SDS-PAGE results clearly show a thick band that corresponds to the CSECISBP2

protein at a size of around 70 kDa. The calculated mass of the recombinant protein

should actually be 53,4 kDa (calculated using the ExPASy tranlate tool, Artimo et al.,

2012), but the band at around 70 kDa is known to correlate to CSECISBP2 from earlier

experiments in our research group. This is probably due to the fact that RNA-binding

proteins are often basic and therefore less mobile in SDS-PAGE.

As already mentioned in the results part there are many other bands visible in both the

Coomassie staining and the Western-Blot, many lower than the CSECISBP2 band but

some also higher. In general these other bands could all be impurities but it is likely that

at least some of the lower bands are truncated parts of the full-length CSECISBP2. This

is supported by the results of the Western-Blot in which many of these smaller bands are

recognised by the anti-CSECISBP2 antibody, therefore suggesting that they carry the

CSECISBP2 epitope that is recognised by the antibody.

The amount of protein in the concentrated elution fractions was quantified by comparing

it to a protein standard. The resulting concentrations were then used to calculate the

amount  of  protein  used  in  subsequent  experiments.  However,  this  approach  of

quantification has some drawbacks. Firstly, the elution fractions of the Ni-NTA-affinity

chromatography  were  not  further  purified  (for  example  by  using  a  gel-filtration-

chromatography), therefore they still contained other proteins that were not separated in

the Ni-NTA-affinity chromatography. Secondly, one cannot say how much of the purified

CSECISBP2 protein is active protein that can still function in Sec-incorporation. All in all,

this leads to the fact  that although the protein concentration within the concentrated

elution fractions was measured in order to  use the same amount of  protein in later

experiments, the amount of active CSECISBP2 protein used in subsequent experiments
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cannot be assumed to be entirely equal. This fact both needs to be and was considered

in the interpretation of the experimental results.

4.2 Luciferase assay comparing effects of CSECISBP2 mutations in regard to different

SECIS elements

4.2.1 CSECISBP2CR does not support Sec-incorporation

The original hypothesis was that CSECISBP2CR would show a great impairment in Sec

incorporation activity due to the location of the mutation in the RNA binding domain of

SECISBP2.

This hypothesis could be confirmed by the performed luciferase assays showing that

CSECISBP2CR displays much and significantly less Sec-incorporation activity compared

to CSECISBP2WT independent of the SECIS element. The reduction in Sec-incorporation

activity is so prominent that the earlier mentioned fact of possibly differing amounts of

active  CSECISBP2  protein  can  be  neglected  in  the  interpretation.  Furthermore,  no

significant  difference  between  the  measured  luminescence  in  samples  containing

CSECISBP2CR compared to samples without CSECISBP2 could be found. Therefore, it

is  shown  for  the  first  time  that  the  C696R  mutation  (corresponding  to  the  C691R

mutation in humans) leads to a severe defect of function in Sec-incorporation in an in-

vitro assay.

This lack of function in Sec-incorporation is in keeping with the described phenotype of a

patient suffering from the C691R mutation (Schoenmakers et al.,  2010).  This patient

shows various symptoms that can be attributed to a lack of function of SECISBP2. Since

the  described  patient  is  only  compound  heterozygous  for  the  C691R  mutation  he

probably has a remaining activity  of  SECISBP2 from his allele that is  affected by  a

splicing defect leading to an absence of either exons 2,3 and 4 or exons 3 and 4. This

can be assumed since a homozygous  SECISBP2C696R/C696R mutation in mice leads to

embryonic lethality (Zhao et al., 2019) and therefore, a homozygous SECISBP2C691R/C691R

mutation, which would lead to severe impairment of SECISBP2, would probably also be

fatal in humans.
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The lack of Sec-incorporation activity displayed by CSECISBP2CR is probably due to a

defect in binding to the SECIS element. This seems likely, since the mutation lies within

the  RNA-binding  domain  of  SECISBP2.  However,  in  order  to  further  support  this

hypothesis further experiments investigating the binding of SECISBP2CR to the SECIS

element would be necessary, for example rEMSA experiments.

4.2.2  CSECISBP2RQ does  not  show  any  significant  differences  in  Sec-incorporation

activity compared to CSECISBP2WT

The original hypothesis was that CSECISBP2RQ would show different effects on the Sec-

incorporation depending on which SECIS element was used. This hypothesis was based

on RiboSeq analyses from our lab, which are shown in the introduction (Fig. 5). These

show that the relative amount of ribosomes that can be found 3' of the UGA codon are

reduced  on  the  Gpx4 mRNA when  SECISBP2RQ was  present  compared  to  when

SECISBP2WT was present. This difference could not be observed for the Gpx1 mRNA for

which  the  presence  of  SECSIBP2RQ compared  to  SECISBP2WT led  to  an  absolute

reduction, but no relative reduction concerning the amount of ribosomes that can be

found 3' of the UGA codon. This led to the hypothesis that the RQ mutation impairs the

Sec-incorporation activity of SECISBP2 depending on which SECIS element is present.

Based on the RiboSeq data the assumption was that the RQ mutation would affect Sec-

incorporation  when  a  Gpx4 SECIS  element  was  present  but  would  not  affect  Sec-

incorporation  when  a  Gpx1 SECIS  element  was  present.  Since  the  UGA codon  in

Txnrd1 mRNA is the penultimate codon, RiboSeq analysis cannot be performed sensibly

to compare the amount of ribosomes 3' of the UGA codon. Therefore, no hypothesis

concerning the effect of the RQ mutation when a Txnrd1 SECIS element is present could

be based on RiboSeq results.

Dumitrescu et al. (2005) showed that patients suffering from a homozygous RQ mutation

show decreased levels of DIO2 activity in their fibroblasts, while their Dio2 mRNA levels

are normal. This led to the hypothesis that the RQ mutation would also reduce Sec-

incorporation when a Dio2 SECIS element was present.
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Another hypothesis was that CSECISBP2RQ might affect the translation of selenoprotein

mRNAs differently depending on the type of SECIS element present within the mRNA.

This  idea  was  supported  by  the  above-mentioned  RiboSeq  data  that  found  an

impairment in the readthrough of the UGA codon for the Gpx4 mRNA (which has a type

II SECIS element) but no impairment for the  Gpx1 mRNA (which has a type I SECIS

element).

All  these  hypotheses  could  not  be  confirmed  by  the  performed  experiments.

CSECISBP2RQ did  not  show  any  significant  differences  in  in-vitro Sec-incorporation

compared to CSECISBP2WT independent of the used SECIS element.

Bubenik  and  Driscoll  (2007)  also  reported  that  they  observed  no  reduction  of  Sec-

incorporation  activity  in  luciferase  assays  when  comparing  CSECISBP2RQ to

CSECISBP2WT.  They  performed  this  comparison  for  Gpx1,  Gpx4,  and  Dio1 SECIS

elements.

Together these results seem to support the idea that the RQ mutation does not affect the

in-vitro Sec-incorporation activity of SECISBP2, even though one must keep in mind that

the amount of active protein from my experiments is not entirely comparable.

Furthermore,  it  appears  possible  that  the  amount  of  protein  used  in  the  in-vitro

translation assay (a final concentration of 160 nM was used for Gpx1, Gpx4 and Txnrd1

SECIS elements) was too high, therefore masking differences between CSECISBP2RQ

and CSECISBP2WT protein that might be observed when using less protein.  For that

reason the comparison of the  Dio1,  Dio2 and  Dio3 SECIS elements was performed

using  40  nM  of  CSECISBP2,  but  still  no  significant  differences  could  be  observed

between CSECISBP2RQ and CSECISBP2WT. Unfortunately the amount of protein used in

the assay cannot be compared to the results of Bubenik and Driscoll (2007), because

they did not publish the amount of protein they used.

The  assays  investigating  the  Gpx1,  Gpx4 and  Txnrd1 SECIS  elements  were  not

repeated at a lower concentration of CSECISBP2 since any differences that might have

been observed could only be interpreted cautiously due to the fact that the amount of

active  protein  might  not  have  been  the  same.  However,  experiments  titrating  the

concentration of the luciferase reporters discussed below yield more insights.
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4.2.3 Significant readthrough of the UGA codon occurs even without CSECISBP2 and

with a mutated SECIS element

It  can  be  observed  that  within  the  group  of  negative  controls  there  are  significant

differences  between  some  groups.  All  groups  show  very  low  luminescence  values,

therefore confirming the previous insights that both the SECIS element and CSECISBP2

are essential for an effective Sec-incorporation  in-vitro (Mehta et al., 2004). However,

within the group of negative controls one can observe significant differences. The group

in which a luciferase reporter with a SECIS element having a mutation in its SECIS core

structure  was  used  and  the  group  in  which  no  CSECISBP2 was  added  both  show

significantly higher luminescence values than the group in which no luciferase reporter

was present. The group in which a luciferase reporter with a UAA stop codon at position

258 was present did not show significant differences compared to the group without

mRNA. Therefore, one can conclude that a low but significant readthrough of the UGA

(but not UAA) codon occurs even when no CSECISBP2 is added. Since SECISBP2 was

shown to be the only limiting factor for Sec-incorporation in RRL (Mehta et al., 2004),

this supports the findings of Fradejas-Villar et al. (2017) that SECISBP2 does stimulate

the recoding of a UGA codon to Sec but is not absolutely essential for Sec-incorporation.

Furthermore, one can also conclude that a low but significant readthrough of the UGA

codon occurs when a mutated SECIS element is present. This might indicate that the

SECIS  element  is  also  not  absolutely  essential  for  Sec-incorporation,  but  it  is  also

possible that the mutated SECIS element that was used retains a very low residual

activity.

4.3  Titration  experiments  investigating  CSECISBP2  kinetics  independent  of  protein

concentration

In order to further investigate possible effects of the RQ mutation on Sec incorporation

experiments  titrating  the  luciferase  reporter  mRNA were  performed.  This  allowed  to

calculate a Km-value (measuring the overall function of CSECISBP2 in both binding to

the  SECIS  element  and  then  promoting  Sec-incorporation)  that  is  independent  of
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CSECISBP2 concentration, therefore allowing a comparison of the wild-type and RQ

mutated protein even though the amount of active protein might not have been exactly

the same.

It can be seen that the luminescence values are lower for all the six different SECIS

elements tested when CSECISBP2RQ was used. This is especially noticeable for the

Gpx1, Gpx4 and Txnrd1 SECIS element. These results seem to be contradictory to the

previous results (Fig. 19 and 20) but may be explained by the fact that a lower amount of

CSECISBP2  (80  nM  final  concentration)  was  used  regarding  the  Gpx1,  Gpx4 and

Txnrd1 SECIS elements.  Furthermore,  one must  consider  that  the amount  of  active

CSECISBP2 cannot be assumed to be equal and therefore only the Km-value (which is

independent of CSECISBP2 concentration) can be compared in a sensible way. 

Significant differences in the Km-value could only be observed for the Txnrd1 and Dio1

SECIS elements. In both cases CSECISBP2RQ showed a significantly higher Km-value

than  CSECISBP2WT.  Therefore,  the  overall  ability  to  promote  Sec-incorporation  (a

combination of binding to the SECIS element and then promoting Sec-incorporation) of

CSECISBP2RQ is  impaired  regarding  the  Txnrd1 and  Dio1 SECIS  element.  The

differences in the Km-values were however slight, around 2 nM for the  Txnrd1 SECIS

element and around 4 nM for the Dio1 SECIS element.

Since Txnrd1 mRNA contains a type II SECIS element while Dio1 mRNA contains a type

I SECIS element this effect seems to be independent of the type of SECIS element.

The absolute measured Km-values for  CSECISBP2WT vary between 3.7 and 8.7 nM.

These values are in a similar range as the KD-value measured by Bubenik et al. (2014)

for the binding of CSECISBP2 to a Gpx4 SECIS element.

4.4 Increased temperature impairs protein stability of CSECISBP2RQ 

Fig. 28 shows a Western blot by Zhao et al. (2019) detecting SECISBP2 in mouse liver.

Both SECISBP2CR and SECISBP2RQ showed almost no detectable SECISBP2 equal to

the knockout.

Furthermore,  another  Western  blot  (Fig.  29)  by  Zhao  et  al.  (2019)  shows  that  the

selenoproteins GPX1, GPX4, SELENOT and SEPHS2 are either undetectable or barely
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detectable in mouse liver when SECISBP2 is knocked out, or affected by the CR or RQ

mutation. Liver TXNRD1 is not affected in any of these mice, possibly because Sec is

the penultimate amino acid.

Fig. 28: Western blot of SECISBP2 in liver-specific Secisbp2 mutant mice. Comparison
of protein expression in liver of control mice (WT) with Alb-Cre; Secisbp2fl/fl (KO), Alb-
Cre;  Secisbp2C696R/fl  (CR) and Alb-Cre;  Secisbp2R543Q/fl  mice.  The lowest  band
shows an unspecific band that indicates equal loading. Modified after Zhao et al. (2019)

Fig. 29: Western blot of different selenoproteins in liver-specific Secisbp2 mutant mice.
Comparison of protein expression in liver of control mice (WT) with Alb-Cre; Secisbp2fl/fl
(KO),  Alb-Cre;  Secisbp2C696R/fl  (CR)  and Alb-Cre;  Secisbp2R543Q/fl  mice.  ß-actin
bands serve as loading control. Modified after Zhao et al. (2019)
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The fact that the CR mutation leads to a decrease in selenoprotein expression in liver

similar to the knockout of Secisbp2 is expected since CSECISBP2CR did show a loss of

Sec-incorporation activity in the luciferase assays. However, for the RQ mutation this

seems contradictory to the results of the luciferase assays in which CSECISBP2RQ did

not show any significant differences in Sec-incorporation compared to the wild-type.

Therefore, the hypothesis came up that the RQ mutation might lead to a reduced protein

stability of SECISBP2 explaining both the fact that SECISBP2RQ itself and the measured

selenoproteins cannot or only to a very small extent be detected in Western-blot. The

fact that SECISBP2CR can also not be detected in Western-Blot might also be caused by

a  reduced  protein  stability  while  the  failing  expression  of  selenoproteins  could  be

explained  both  by  absent  SECISBP2CR due  to  instability  or  its  inability  to  promote

efficient Sec-incorporation.

The  findings  that  CSECISBP2RQ shows  a  reduced  thermal  stability  compared  to

CSECISBP2WT supports  the  hypothesis  that  the  RQ  mutation  reduces  the  protein

stability of CSECISBP2. The temperatures of the assay (37 °C and 40.5°C) were chosen

to reflect both physiological temperature and a stressful state for protein stability. Since

significant  differences  in  protein  stability  can  already  be  observed  at  37  °C  it  is

reasonable  to  assume  that  SECISBP2RQ would  be  less  stable  in  the  human  body

thereby affecting the expression of selenoproteins.

Western blots similar to the ones performed for liver were also performed for brain by

Zhao et al. (2019). SECISBP2 and several selenoproteins were detected from neuron-

specific Secisbp2 knockout mice and Secisbp2RQ and Secisbp2CR mutant mice. (Fig. 30

and 31). It is hard to judge whether SECISBP2RQ  and SECISBP2CR are expressed at

higher levels compared to the knockout. In my opinion, it seems to be the case that in

contrast to the findings in liver,  both SECISBP2CR and SECISBP2RQ can be detected at

higher  levels  than  in  mice  with  a  knockout  of  Secisbp2 (Fig.  30).  The  fact  that

SECISBP2 can be detected in the knockout mice at all is due to SECISBP2 expression

from other brain cells in which the Secisbp2 gene is not knocked out.

The observation that SECISBP2RQ seems to be expressed at higher levels in neurons

compared  to  a  SECISBP2-knockout  is  supported  by  the  fact  that  CamK-Cre;

SECISBP2RQ/fl   mice showed an apparently normal phenotype. In contrast,  CamK-Cre;
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SECISBP2CR/fl and CamK-Cre; SECISBP2fl/fl mice showed the same phenotype including

impaired  movement  and  impaired  growth  (Seeher  et  al.,  2014,  Zhao  et  al.,  2019).

Furthermore, the expression of selenoproteins in neurons of CamK-Cre; SECISBP2RQ/fl

mice is reduced but it  is still  higher than in hepatocytes from  Alb-Cre; SECISBP2RQ/fl

mice (Fig. 29 and 31).

This suggests that SECISBP2RQ and possibly also SECISBP2CR show a different protein-

stability depending on the tissue or the cell-type. Therefore, it appears possible that the

rather mild phenotype of patients carrying a homozygous SECISBP2RQ mutation could

be explained by a different protein stability of SECISBP2RQ depending on the tissue. The

affected patients show low activity of DIO2 in fibroblasts, low activity of GPX3 in serum

and reduced levels of SELENOP in serum. GPX3 and SELENOP are expressed in the

kidney and liver,  respectively before they are secreted into the blood. Therefore, the

reduced  levels  of  SELENOP in  affected  patients  can  be  explained  by  the  fact  that

SECISBP2RQ  seems to be less stable in liver. Since there is no data on the stability of

SECISBP2RQ in kidney or fibroblasts one can only speculate that SECISBP2 might also

be less stable in these tissues thereby leading to the described phenotype.

Fig.  30: Western  blot  of  SECISBP2  in  neuron-specific  SECISBP2  mutant  mice.
Comparison of protein expression in cortex of control  mice (control) with CamK-Cre;
SECISBP2fl/fl  (KO),  CamK-Cre;  SECISBP2C696R/fl  (CR)  and  CamK-Cre;
SECISBP2R543Q/fl  mice. The small  band that corresponds to SECISBP2 is marked
“Secisbp2”. Modified after Zhao et al. (2019)
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4.5 Conclusions to analysis of mutant SECISBP2 

4.5.1 SECISBP2CR shows decreased function in Sec-incorporation and might also be

unstable

The C691R mutation in SECISBP2 leads to two effects. Firstly, the Sec-incorporation

activity  in-vitro of SECISBP2CR is reduced to levels similar to when no SECISBP2 was

added at all. This is expected since the mutation lies within the RNA-binding domain and

thereby  probably  disrupting  the  binding  of  SECISBP2CR to  the  SECIS  element  and

therefore, abolishing its function in Sec-incorporation. Bubenik et al. (2014) published

that an  in-vitro translated CSECISBP2 carrying a C691S mutation does not show an

impaired  SECIS  binding  to  a  Gpx4  SECIS  element.  This  seems  at  first  glance

contradictory to the hypothesis that the CR mutation disrupts the binding of SECISBP2CR

Fig.  31: Western blot of  different selenoproteins in neuron-specific Secisbp2 mutant
mice. Comparison of protein expression in cortex of control mice (WT) with CamK-Cre;
Secisbp2R543Q/fl mice. ß-actin bands serve as loading control. Modified after Zhao et
al. (2019)
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to the SECIS element. However, serine is an amino acid that is very similar to cysteine

in contrast to arginine and one might assume that a C691S mutation leads to effects

much less severe than a C691R mutation.

Secondly,  the  Western-Blot  from Zhao et  al.  (2019)  (Fig.  28)  suggests  that  the  CR

mutation might also lead to a reduced protein stability of SECISBP2CR since the protein

can hardly be detected in mouse liver. This is supported by findings from Schoenmakers

et al. (2010) who could not detect full-length SECISBP2 by Western-Blot in fibroblasts

from a patient suffering a compound heterozygous C691R mutation. Furthermore, they

found  that  SECISBP2CR is  more  susceptible  to  proteasomal  degradation  than

SECISBP2WT.

4.5.2  SECISBP2RQ shows  almost  no  impairment  in  Sec-incorporation  but  reduced

protein stability possibly depending on the tissue

The performed luciferase assays did only show a slight impairment in Sec-incorporation

efficiency  affecting  the  Txnrd1  and  Dio1  SECIS elements.  Together  with  the  similar

results from Bubenik and Driscoll (2007) this seems to suggest that the pathogenicity of

the R540Q mutation is not caused by a reduced function in Sec-incorporation.

Furthermore,  Bubenik  and  Driscoll  (2007)  showed  that  when  challenged  by  an

environment  of  competing  SECIS elements CSECISBP2RQ does show differences in

binding affinity towards different SECIS elements. They found that CSECISBP2RQ shows

less affinity towards the Gpx1 and Dio2 SECIS elements compared to CSECISBP2WT

while no difference could be observed for the Gpx4 SECIS element.

The already above discussed results from our research group suggest that SECISBP2RQ

is less stable than SECISBP2WT and that this instability might be dependent on the tissue

in which SECISBP2 is expressed. This potential tissue-dependent difference in stability

might contribute to the mild phenotype of patients affected by a homozygous R540Q

mutation.

To  sum it  all  up,  SECISBP2RQ does  not  show  any  impairment  in  Sec-incorporation

activity in isolated in-vitro experiments for Gpx1, Gpx4, Dio2, and Dio3 SECIS elements

and only a slight impairment for Txnrd1 and Dio1 SECIS elements. SECISBP2RQ seems
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to be less stable both in-vitro and in-vivo. Due to both these reasons SECISBP2RQ may

lead to a reduced expression of a subset of selenoproteins in an environment where

different selenoprotein mRNAs compete for SECISBP2.

4.6  Viral  SECIS  element  recruitment  cannot  be  shown  in  in-vitro assay  despite

compelling supporting evidence

4.6.1 Data that supports the hypothesis of viral selenoproteins

As  already  described  in  the  introduction  the  idea  that  viruses  may  encode

selenoproteins first came up in 1994 (Taylor et al., 1994). It then developed further to the

idea of a potential Gpx being encoded in the -1 reading frame of the HIV envelope-gene

(Taylor et al., 1997b).

Figure 32 shows the transition from the 0 to the -1 reading frame in the HIV envelope-

gene  that  is  hypothesised  to  lead  to  the  encoding  of  a  Gpx.  A potential  protease

cleavage site just in front of the hypothesised Gpx sequence is also shown.

Figure 33 shows the sequence of the predicted Gpx from the -1 reading frame of the env

gene  (named env-fs)  aligned to  the  sequences of  different  glutathione peroxidases,

Fig.  32: Protein sequence of a potential protein from the -1 reading frame of the HIV
envelope gene. The first part of the sequence shows a part of the 0 reading frame.
Beginning  with  the  red  arrow the  sequence is  shown in  the  -1  reading frame.  The
underlined SFVPWV shows a potential protease cleavage site. The underlined C shows
the position of a UGA codon that might be decoded as Sec. Modified after Taylor et al.
(1994).
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namely mouse,  rat,  human and bovine Gpx3 (rows named “P”),  mouse,  rat,  bovine,

human and rabbit Gpx1 (rows named “C”) and pig Gpx4 (row named “L”).

Three active site regions of the env-fs protein are similar to the other Gpx sequences to

an extent that it seems possible that the env-fs protein might encode a functional Gpx.

This idea is supported by the findings of Zhao et al. (2000) who cloned this potential Gpx

sequence  together  with  an  additional  start  codon  and  a  rat  Dio1  SECIS  element.

Subsequent  transfection  of  mammalian  cells  with  this  construct  led  to  a  significant

increase in measured Gpx activity. 

Furthermore,  Cohen  et  al.   (2004)  published  data  showing  that  mammalian  cells

transfected with a plasmid containing this potential Gpx together with an additional start

codon  and  a  rat  Dio1  SECIS  element  are  more  resistant  against  apoptosis  when

exposed to reactive oxygen species (ROS). 

It  has  already  been  shown  that  the  Molluscum  contagiosum  virus  does  encode  a

functional Gpx (Shisler et al., 1998) and until now this is the only example of a virus-

encoded  selenoprotein.  All  this  evidence  shows  that  the  general  idea  of  viral

selenoproteins is not erroneous.

Fig. 33: Alignment of the potential frameshift protein from the HIV envelope gene (env-
fs) as shown in figure 32 to different Gpx proteins named by their Swiss-Prot accession
number.  Rows named “P” show sequences of mouse, rat,  human and bovine Gpx3.
Rows named “C” show sequences of mouse, rat, bovine, human and rabbit Gpx1. The
row named “L” shows a pig Gpx4 sequence. AS1, AS2 and AS3 show active site regions
in  red  boxes  with  their  catalytic  aminoacids  U=selenocysteine,  Q=glutamine,
W=tryptophan; three areas of deletions of 19, 11 and 41 amino acids are indicated by %,
# and ~ respectively; amino acids identical to at least one of the Gpx sequences are
indicated  by  the  corresponding  letters  in  the  “Match”  row,  similar  amino  acids  are
indicated by an asterisk. Modified after Zhao et al., (2000).
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Another hint towards a potential Gpx encoded by HIV is the fact that HIV-infected T-cells

show an increase of low molecular Se compounds as shown in figure 34 (Gladyshev et

al., 1999). This could be caused by the expression of the potential Gpx protein which is

predicted to have a mass of around 9 kDa (Zhao et al., 2000).

Molluscum contagiosum has a SECIS element within the 3'  non coding region of its

mRNA that  allows  for  an  efficient  recoding  of  its  UGA codon  to  Sec.  The  HI-virus,

however, lacks a SECIS element and this is still an unsolved problem in the idea of an

HIV encoded Gpx.

Towards  this  end  Taylor  et  al.  (2016)  published  the  idea  of  an  antisense-tethering-

interaction between viral  and human mRNAs that  would lead to  the “hijacking”  of  a

human SECIS element in order to recode a viral UGA codon to Sec as described in the

introduction.

The idea of an in-trans recruitment of a SECIS element is supported by findings from

Berry  et  al.  (1993)  that  showed  that  Sec-incorporation  can  be  observed  in  cells

Fig.  34: PhoshporImager detection of  75Se labeled proteins of HIV-infected cells (lane
2) compared to uninfected cells (lane 1) after separation by SDS/PAGE. The arrow
marks  low  molecular  weight  Se  compounds.  Molecular  masses  in  kDa  of  some
selenoproteins are shown, modified after Gladyshev et al., (1999).
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transfected with both a reporter plasmid lacking a SECIS element and a second plasmid

carrying a SECIS element.

If  the  HI-virus  does  encode a  functional  Gpx,  this  might  be  a  factor  increasing  the

virulence for example by making infected cells more resistant against apoptosis. It has

been shown that the expression of the HIV tat protein in HeLa cells leads to reduced

levels  of  Mn-dependent  superoxide  dismutase (Mn-SOD) in  turn  leading  to  reduced

levels of glutathione and a reduced ratio of reduced:oxidised glutathione (Westendorp et

al., 1995). Therefore, one can speculate that an infection of a cell with HIV leads to a

situation of increased oxidative stress within the cell which might be countered by an

HIV-encoded Gpx. The enhanced survival of infected cells would then improve the ability

of HIV to replicate.

Furthermore, ferroptosis might also be a way that could lead to the death of HIV-infected

cells. A key enzyme that prevents a cell from undergoing ferroptosis is Gpx4 (Cao and

Dixon, 2016). Therefore, an HIV-encoded Gpx might also prevent HIV-infected cells from

undergoing ferroptosis thereby also improving the ability of HIV to replicate.

4.6.2  In-vitro assay  fails  to  show  Sec-incorporation  by  means  of  “hijacked”  SECIS

element

Despite  the  compelling  data  that  supports  the  theory  of  an  HIV-encoded  Gpx,  the

performed in-vitro experiments trying to show a successful Sec-incorporation by means

of a via antisense-tethering-interaction “hijacked” SECIS element were unsuccessful.

Furthermore, the performed gel-shift  assays did also not show any band-shifting that

would indicate a stable base-pairing taking place between the viral and human mRNA

sequences.

Altogether, these results fail to provide evidence for a potential in-trans recruitment of a

SECIS element that would lead to a successful Sec-incorporation. However, this can be

interpreted in different ways.

It is possible that the hypothesised antisense-tethering-interactions simply do not take

place and therefore can also not be shown in both the luciferase and the gel-shift assay.

However, the above discussed data strongly suggests that the HI-virus does encode a



104

functional Gpx. Regarding the Ebola virus there is less supporting data indicating that it

might encode a functional selenoprotein (Ramanathan and Taylor, 1997).

Since only a small part of the viral genomes of the HI- and Ebola-virus were used in the

described  assays  it  seems  possible  that  larger  parts  of  the  viral  sequences  are

necessary for a successful ATI that might then lead to a successful Sec-incorporation.

This seems especially possible for the Ebola-virus since only one of the two regions to

which the ATI has been proposed was used. Concerning the HI-virus both regions to

which the ATI has been proposed were used in the luciferase assay. If other parts of the

viral genome or transcriptome were necessary for an ATI this would explain the fact that

the experiments do not  show any successful  Sec-incorporation as well  as no stable

base-pairing in the gel-shift assay.

Furthermore,  it is also possible that additional factors that were not present in the  in-

vitro translation assay are necessary for a successful ATI between the mRNAs. These

factors could be proteins or nucleic acids that are either present in the cells that are

normally infected by the viruses or that are synthesised by the viruses themselves.

Although, Taylor et al.  (1994) proposed several potential mRNA structures that might

function as SECIS element in the HIV genome none of these have so far been shown to

be able to  promote Sec-incorporation (Taylor  et  al.,  1997a;  Zhao et  al.,  2006).  This

makes it less likely, yet does not completely rule out the possibility that HIV encodes a

SECIS element or a similar RNA motif on its own that allows the recoding of a UGA

codon to Sec.

All in all, there is a lot of compelling data that supports the idea of the HI-virus encoding

a Sec-containing Gpx. However, evidence is still lacking as to how the HI-virus might

recode its UGA codon. The here described  in-vitro assay failed to provide evidence

towards  an  antisense-tethering-interaction  between  viral  and  human  selenoprotein

mRNAs but further experiments possibly using a cell based model and active HI-virus

might yield further insights.
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5. Summary

The 21st amino acid selenocysteine (Sec) is encoded by the UGA codon. In order to

recode the canonical stop codon additional factors are needed in mammals including the

selenocysteine-insertion-sequence  (SECIS)  element  and SECISBP2.  Mutations  of

SECISBP2 have been identified in patients and this thesis investigates the R540Q and

C691R mutations in an in-vitro luciferase assay. Moreover, it has been speculated that

viruses, although lacking a SECIS element, are able to express selenoproteins by using

the SECIS element of a human mRNA via an antisense-tethering-interaction (ATI). This

possibility was also investigated in an in-vitro luciferase assay.

Murine SECISBP2  was  cloned  and  expressed  in  E.  coli.  Both  R543Q  and  C696R

mutations  were  introduced  by  site-directed  mutagenesis.  Different  murine  SECIS

elements were cloned into  the 3’ UTR of  a  luciferase reporter  that  contains a UGA

instead of a cysteine codon. All reporters were transcribed in-vitro. In-vitro translation of

the  luciferase  reporters  together  with  SECISBP2  protein  was  performed  and

luminescence as a correlate for Sec incorporation was measured.

Furthermore, the SECIS element of the same luciferase reporter was replaced by viral

sequences predicted to take part in the ATI. Full-length mRNAs of human TXNRD1 and

TXNRD3 were transcribed in-vitro, as well as the luciferase reporter. Finally, an in-vitro

luciferase assay was performed mixing the reporter and TXNRD mRNAs.

The  luciferase  assay  comparing  the  mutated  SECISBP2  proteins  with  the  wildtype

showed  that  the  C696R  mutation  causes  highly  reduced  Sec-incorporation.  No

significant difference between the wildtype and the R543Q mutation could be found.

The luciferase assay trying  to  show an in-trans SECIS element  recruitment  by  viral

sequences did not show any luminescence beyond background.

The present data show for the first time loss of function of the C691R mutant in an in-

vitro assay,  thereby showing that RNA binding of SECISBP2 is critical for its function.

Decreased thermal stability of the R540Q mutant protein could be observed which might

explain the partial loss of function. 

A viral in-trans SECIS element recruitment could not be shown. Therefore, the proposed

ATI may not take place or it simply could not be shown by the performed approach.
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