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The most exciting phrase to hear in science, the one that heralds new 

discoveries, is not “Eureka!” (I found it!) but “That's funny ...” 
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Abstract 
Selenocysteine (Sec) exists in all domains of life and represents the 21st 

naturally occurring amino acid. A Sec residue is co-translationally incorporated at a 
predefined opal (UGA) codon. UGA codons normally encode for translational stop via 
the protein release factor 2 (RF2). The incorporation mechanism of Sec into the 
selenoprotein involves complex machineries, dependent on several specific factors that 
differ between organisms. For both eukaryotes and prokaryotes, an mRNA secondary 
structure, called a Sec insertion sequence (SECIS) element, is required. Sec insertion 
systems for eukaryotes are different from that of bacteria. Due to the differences 
between species, recombinant expression of eukaryotic selenoproteins in E. coli is not 
a trivial task. However, our group has previously been able to overcome this species 
barrier and successfully expressed the mammalian selenoprotein thioredoxin reductase 
1 (TrxR1) and other selenoproteins in E. coli. In this thesis, we have further developed 
this recombinant selenoprotein production system. We have also further characterized 
the recombinantly expressed rat TrxR1. 

We have studied growth conditions affecting yield of the recombinant 
selenoprotein when expressing rat TrxR1, using various levels of the selenoprotein-
encoding mRNA and growth in different types of medium. Guided by Principal 
Component Analysis (PCA), we discovered that the most efficient bacterial 
selenoprotein production conditions were obtained using high-transcription levels in 
the presence of the selA, selB and selC genes, with induction of production at late 
exponential phase. We also constructed an E. coli strain with the endogenous 
chromosomal promoter of the gene for relase factor 2 (RF2), prfB, replaced with the 
titrable PBAD promoter. In a turbidostatic fermentor system the simultaneous impact of 
prfB knockdown on growth and on recombinant selenoprotein expression was studied, 
using rat TrxR1 as the model selenoprotein. This showed that lower levels of RF2 
correlate directly to an increase of Sec incorporation specificity, while also affecting 
total selenoprotein yield concomitant with a slower growth rate.  

Recombinant rat TrxR is expressed as a mixture of full-length and two-
amino acid truncated subunits. Phenylarsine oxide (PAO) Sepharose can be used to 
enrich the Sec-containing protein. We investigated the mechanism of this purification 
by extensively purifying recombinant rat TrxR1, which gave an enzyme with about 53 
U/mg in specific activity, which was higher than ever reported. Surprisingly, only 
about 65% of the subunits of this TrxR1 preparation contained Sec, which revealed a 
theoretical maximal specific activity of about 80 U/mg for TrxR with full Sec content. 
The high specific activity revealed that the inherent turnover capacity of rat TrxR1 
must be revised, and that the efficiency of bacterial Sec incorporation may be lower 
than previously believed. We also discovered and characterized tetrameric forms of 
recombinant TrxR1, having about half the specific activity compared to the dimeric 
protein in relation to Sec content.  

In conclusion, this thesis describes limiting factors for recombinant 
selenoprotein production in E. coli and shows how this production system can be 
optimized for higher yield and specificity. The results may prove to be of importance 
for the further development of E. coli as a useful source for synthetic selenoproteins. 
Results are also presented and discussed regarding the catalytic capacity of rat TrxR1 
and novel multimeric states of the protein, which could represent unknown regulatory 
features of TrxR having potential physiological importance. 
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1 Introduction 

1.1 Selenium 

Jöns Jacob Berzelius discovered selenium in the year 1817, when searching 

for the cause of an illness among workers at a sulfuric acid production facility. Copper 

pyrites, from the copper mine in Falun, were used as the source of sulfur and when 

Berzelius examined the lead chamber where the pyrites were processed, he found a red 

substance. A closer study showed that it was a new substance, and he named it 

Selenium after the Greek goddess of the moon, Selene.  

Selenium was considered mainly a toxic agent for several decades. 

However, research performed in the latest half of the last century has revealed that 

selenium plays a very important role in life on earth. Selenium was identified as a 

essential trace element for bacteria in 1954 [1] and for mammals in 1957 [2]. 

Selenium is located between sulfur and tellurium in the periodic table and 

exists in six stable isotopes; 82 (9.19%), 80 (49.82%), 78 (23.52%), 77 (7.58%), 76 

(9.02%) and 74 (0.87%). Some of the isotopes have special properties, 77Se, for 

example, has a nuclear spin of ½ and is therefore suitable for NMR studies [3]. Another 

example is the artificially produced isotope 75Se that is a gamma-emitter and therefore 

commonly used for diagnostic applications in medicine [4-6]. Selenium is at the 70th 

place in abundance among the naturally occurring elements in the earth’s crust, with an 

average of 0.05 mg kg-1 [7], but it is unevenly distributed with values as high as 8 g 

per kg down to 0.005 mg Se per kg [8].Sulfur and selenium is compared in Table 1. 

1.1.1 Selenium and health  

The main part of our selenium intake comes from vegetables grown in soil 

rich of selenium, or from meat. Se contents in food from different countries are 

summarized elsewhere [9]. The selenium is absorbed by the sulfur pathways in plants 

and then taken up by humans or animals.  
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Table 1. Some physical properties of selenium and sulfur 

 Property   Selenium   Sulfur 

 
Atomic number   

34   
16 

Atomic weight  78.96  32.07 

Atomic radius   1.17 Å   1.04 Å 

Crystal structure  Hexagonal  Orthorhombic 

Electron negativity  2.4  2.5 

Melting point at 1 atm  220.5oC  112.8oC 

Boiling point at 1 atm  685oC  445oC 

Common compounds     

Inorganic  Selenite (SeO3
-2)  Sulfide (SO3

2-) 

  Selenate (SeO4
2-)  Sulfate(SO42-) 

Organic  Sec (see Table 4)  Cys (see Table 4) 

  Selenol (R-SeH)   Thiol (R-SH)  

  Selenolate (R-Se-)  Thiolate (R-S-) 

  Diselenide (R-Se-Se-R)  Disulfide (R-S-S-R) 

    
 

Selenenylsulfide (R-Se-S-R) 
 

 

The recommended daily intake of selenium is 55 µg. Diseases associated 

with selenium deficiency have great effects on human life in areas with soil containing 

low amount low selenium (especially the mountain areas of north east to south central 

China). Keshan disease is a type of cardiomyopathy characterized by abnormal ECG 

patterns, enlargement of the heart and congestive heart failure [10, 11]. The role of 

selenium in Keshan disease has been debated and it seems like the selenium deficiency 

causes changes in the viral genome of a normally non-pathogenic virus and changes it 

to a pathogenic one [12]. However, the symptoms are reversed by selenium 

supplementation.  

Moderate selenium deficiency is connected with several conditions, such as 

increased cancer risk, decreased immune function and neurological conditions such as 

Parkinson’s and Alzheimer’s disease [13]. Selenium deficiency as well as 

overexposure to selenium, is toxic for mammals and the window is narrow between the 

hazardous nutritional levels and required levels. Selenium deficiency induces 
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symptoms and diseases mentioned above, whereas too high intake of selenium causes 

nail sloughing and hair loss in humans [9]. A recent case of selenium poisoning 

illustrates the danger with selenium toxicity. In 2006, a 75-year-old man died from 

cardiac arrest after eating 10 g of sodium selenite. He had read on the Internet that 

selenium had positive effects against prostate cancer [14].  

Selenium intake has been shown to have impact on different types of 

cancer and this is reviewed elsewhere [15-17]. One of the first studies on the 

correlation between selenium and cancer was made in 1943 [18] where it was reported 

that selenium could cause cancer. This study has been criticized for poor experimental 

design, lack of controls and control of purity of the substance provided [13]. In a study 

published in 1996 by Clark et al the effects of selenium supplementation (200 µg 

selenium/day) significantly reduced the incidence of lung, colon, rectum or prostate 

cancer [19]. The highest preventive effect was in those persons with the lowest 

baseline selenium concentration.  

Right now one of the largest investigations to prevent cancer is ongoing. 

The trial is called SELCT and is a randomized, double blinded and placebo controlled 

trial on selenium and vitamin E prevention on prostate cancer [20, 21]. The trial, which 

started in 2001, involves 32000 men and is planned to end in 2013. 

1.2 Selenoproteins 

Selenium is essential for human life and the main function of selenium is in 

the form of selenoproteins. Selenoproteins take part in some of the most fundamental 

functions in life, such as DNA synthesis and protection against oxidative damage. 

Normal selenium intake is therefore required to maintain function for these proteins.  

Selenoproteins exist in all domains of life and for most of the higher 

organisms selenoproteins are essential. Some organisms have several selenoproteins 

such as the symbiotic deltaproteobacterium of gutless worm Olavius algarvensis where 

57 selenoproteins [22] have been identified. However, in C. elegance only one 

selenoprotein has been identified, thioredoxin reductase [23]. Interestingly, some 

higher organisms seem to have lost their selenoproteins, such as plants and certain 

insects have also been reported not to have any selenoproteins, probably as an 

evolutionary responce to the change of the living environment [24].  
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The first selenoprotein was discovered in 1973; the mammalian 

gluthathione peroxidase [25]. The same year glycine reductase and formate 

dehydrogenase were found in prokaryotes [26, 27]. Selenoproteins have shown to be 

essential in mice where the knockout of Sec-encoding tRNASec results in early 

embryonic lethality [28]. 

1.2.1 Mammalian selenoproteins 

In human, 25 selenoproteins gene were discovered by bioinformatic means 

in 2003 [29]. Several of the mammalian selenoproteins have yet unknown functions 

and still need to be thoroughly characterized. In Table 2 some of the human 

selenoproteins are described shortly, for more information see references [30-32].  

 

 

Table 2. Examples of selenoproteins from human 

Selenoprotein   Comments   Ref. 

Glutathione 
peroxidases (GPx)  

 

GPx has the function to reduce peroxides and serves as a 
protection against oxidative damage in the cell 
 

 [25] 

GPx1  

 

Ubiquitous cytosolic form with limited role during normal 
cell development but with an active role in protection 
against selenium toxic and commonly used control of 
selenium status  
  

 [33, 34] 

GPx2  
  

Epithelium specific gastrointestinal GPx that is also 
expressed at elevated levels in several breast cancer lines 
 

 [35, 36] 

GPx3  

  

Is glycosylated and secreated to extracellular compartments. 
GPx3 has a wider range of substrates compared with GPx1 
and GPx2 
 

 [37] 

GPx4  

  

Essential GPx localized in the cytosol, mitochondria and 
nuclei. Can reduce phosphoslipid- and cholestrol-
hydroperoxides. 
   

[38, 39] 

Thioredoxin 
reductase (TrxR)  Catalyzing the reduction of Trx   

TrxR1  
  

Predominantly cytosolic form of TrxR, important for cell 
development and protection against oxidative stress 
   

[40] 

TrxR2  
  

Mitochondrial TrxR important for cell development and 
protection against oxidative stress 
   

[41] 

TGR  
  

Expressed mainly in testis and contains an N-terminal 
monothiol glutaredoxin domain  
   

[42, 43] 
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Table 2. Examples of selenoproteins from human (continued) 
     

Iodothyronine 
deiodinases (IDO)  

  

Three IDO´s has been identified with the size around 27-32 
kDa. IDO function as an activator or inactivator of thyroid 
hormones. 
  

 [44] 

Selenophsophate 
synthetase 2  

  

50 kDa Se protein that catalyses phosphorylation of selenide 
with ATP to form selenophosphate (See Sec insertion 
section) 
  

 [45] 

Selenoprotein P  

  

A 43 kDa selenoprotein with up to 10 Sec residues. Acts as a 
selenium transporter protein but has also been shown to have 
antioxidant effects and a redox active site 
  

 [46, 47] 

Sep 15  
  

Has a C-X-U redox active motif and a classic Trx-fold. 
Function not fully determined 
  

 [48, 49] 

SelH, SelM, SelO, 
SelP, SelT, SelV, 
SelW 

 
  

C-XX-U redox motif 
  

 [29, 30] 

Other selenoproteins     
SelN, SelS, SelI 
GPx6 
   

Function unknown or reviewed elsewhere 
   

[29, 30] 

1.2.2 Selenoproteins of other organisms  

As mentioned, selenoproteins exist in all domains of life, but not in all 

organisms. Based on a computer search, on 12 complete and 33 incomplete prokaryotic 

genomes made in 2004, about 20% of these contained genes that were concluded to 

encode for selenoproteins [50]. The number of genomes containing genes for 

selenoproteins are constantly increasing, though. In a study, made by Gladyshev and 

co-workers in 2008, based on data from the Global Ocean Sampling (GOS) expedition, 

more than 3600 selenoprotein genes were identified [51]. For the genes sequenced in 

that study, 90% were bacterial genes and 2.8% eukaryotic genes [52]. The amount of 

selenoprotein genes varies in prokaryotic organisms from one to ten [50], most of 

which are probably having a redox function. In Table 3, some characteristics of 

selenoproteins from some other organisms than mammals are described. 
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Table 3. Examples of selenoproteins in other organisms than mammals 

Organism   Selenoprotein   Comments    Ref. 
 Haemophilus 
influenzae  

Selenophosphate 
synthetase (selD)  

Part of the selenoprotein 
synthesis [53] 

E. coli and other 
bacteria  

Formate 
dehydrogenase H 
(fdhF) 

 
Convert formate to 
carbondioxide. Essential in 
anaerobic growth  

[54] 

E. coli and other 
bacteria  

Formate 
dehydrogenase N 
(fdnG) 

 
Convert formate to 
carbondioxide.  [54] 

E. coli and other 
bacteria  

Formate 
dehydrogenase O 
(fdoG) 

 
Convert formate to 
carbondioxide.  [55] 

Eubacterium 
acidaminophilum  

Glycine reductase 
(grdA)  

Redox active. Two proteins; 
protein A (CXXU) and protein 
B UXXCXXC functioning by 
forming selenoether. 

[56] 

Clostridium 
sticklandii  

Proline reductase 
(prdB)  

The 26 kDa subunit of Proline 
Reductase contains a Sec 
residue and have redox 
function. 

[57] 

Methanococcus 
voltae   F420 non-reducing 

hydrogenase (VhuU)    Redox function, binds to Ni 
atom. 

  

[58] 

1.2.3 The specific selenoproteins in E. coli 

In E. coli, three selenoproteins have been identified. All these are forms of 

formate dehydrogenase [55, 59, 60]. The three forms differ from each other in the way 

that they are expressed, with formate dehydrogenase encoded by the fdoG gene 

constitutively expressed in aerobic conditions whereas formate dehydrogenases 

encoded by the fdhF and fdnG genes are expressed in anaerobic conditions. FdnG is 

also induced by nitrate [60]. 

1.3 Selenocysteine 

Selenium exists in selenoproteins in the form of selenocysteine, usually 

referred to as the 21st naturally occurring amino acid. Sec is a homolog to cysteine 

(Cys) with a selenium atom in place of the sulfur and the two amino acids differ due to 

the chemical properties of selenium and the biologically complexity of Sec insertion, 

as discussed herein. 
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1.3.1 Chemical Properties of Sec 

Sec has a lower pKa than Cys (5.2 compared to 8.3) and that makes Sec, at 

physiological pH, more easily forming its anionic selenolate form than the 

corresponding thiolate formation of Cys, which instead is mainly present in its 

protonated thiol form. Sec is therefore, in combination with a high nucleophilicity, 

significantly more reactive than Cys. Sec was discovered as a unique amino acid in 

1976 [61], but it was not until the sequencing of the first selenoprotein gene, in 1986, it 

was discovered that Sec was incorporated at the position of an in-frame UGA codon 

[59, 62]. Some features of Sec and Cys are listed in Table 4. 

 

Table 4. Properties of the amino acids selenocysteine and cysteine 

  Selenocysteine  Cysteine 

  
Codon 

  
 UGAa  UGU, UGC 

  
Abbreviations 

  
 Sec, U  Cys, C 

 
pKa 

  
 5.2  8.3 

Structure   

  

  

  
a) For some organisms e.g. Mycoplasma and some mitochondria the UGA encodes tryptophan [63] 

1.3.2 Function of Sec in proteins 

A selenoprotein contains one or more Sec residues in the polypeptide 

chain. A Sec in selenoproteins provides some special properties due to the chemistry of 

Se and Sec. However, for most identified selenoproteins the specific functions of Sec 

are still unknown. Sec seems, however, to be mainly involved in redox reactions, while 

Cys has much wider spread in its functions, e.g. redox, structural Cys and metal 

binding [64]. Some of the known actions of Sec in protein are presented here.  

Glutathione peroxidases (GPx) exist in human in seven different forms, 

five contain a Sec residue and two having a Cys in the place of the Sec, and are 
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expressed in different tissues. In human cells, GPx have a protective role against 

oxidative damage through the reduction of hydroperoxides. Sec in GPx forms an 

ionized selenolate that can react with H2O2, forming a selenenic acid, which is 

subsequently regenerated to a selenolate with glutathione [65]. A Sec to Cys mutation 

results in 1000-fold lower activity [66].  

Iodothyronine Deiodinases 1 and 2 (DIO1 and DIO2) have the function to 

activate the thyroid hormone thyroxine (T4) by converting it into triidothyronine (T3) 

and T3 into diidothyronine (T2). DIO3 has the function of inactivating T4 and T3 [67]. 

Oxidized DIO1 forms a selenenyl-iodide intermediate with the thyroid hormone, 

whereas DIO2 and DIO3 do not [68]. Expressed Sec-to-Cys mutants of these enzymes 

showed a 100, 10 and 2-6 times decrease in turnover for DIO1, DIO2 and DIO3, 

respectively [69-71]. 

Formate dehydrogenase H has the function of converting formate to carbon 

dioxide. The role of Se of the Sec residue is to coordinate a molybdenum atom to 

molybdenum-pterins [72]. A Sec-to-Cys mutant of fdhH decreases the kcat from 2800 

sec-1 to 9 sec-1 [73]. 

Glycine reductase has the function of converting glycine to acetyl 

phosphate. The enzyme functions with two larger proteins of which the first protein 

forms a Schiff base with the glycine [74]. The Sec in glycine reductase attacks in an 

ionized selenolate form the Schiff base and the cleaved produced is transferred to the 

second protein that adds phosphate and forms acetyl phosphate. It is likely that the Sec 

is essential for activity of the enzyme [75]. 

1.4 Sec insertion – Stretching the genetic code 

Sec insertion is in all organisms that express selenoproteins (gram-negative 

and gram-positive bacteria, mammals and archaea) incorporated at a UGA codon, 

directed by an mRNA secondary structure, called a Sec insertion sequence (SECIS) 

element. However, the structure and location of the SECIS vary in the different 

organisms and for different selenoproteins in the same organism. The fundamental 

difference in location of the SECIS elements between mammals and E. coli is 

schematically shown in Figure 1. The Sec insertion mechanisms also differ in other 

details and will be described in the following sections. 
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Figure 1. Schematic figure showing typical location of SECIS from bacteria and eukaryotes. The 
position of the bacterial SECIS is usually 11 nt downstream of the Sec-encoding UGA within the open 
reading frame while the eukaryotic can be hundreds of nt downstream in the 3´UTR. 
 

1.4.1 Sec insertion and Selenoprotein synthesis in eukaryotes 

The bacterial Sec incorporation system has been well known for several 

years thanks to a thorough work of Böck et al and also of other groups. The knowledge 

of the eukaryotic Sec incorporation system has made several advances in the last 

decade, but still there are factors in the eukaryotic system that need to be further 

studied. 

Briefly, the mammalian Sec incorporation system consists mainly of the 

following components: The Sec specific transfer RNA, tRNA(Ser)Sec, which is 

synthesized to its Sec containing form directly on the tRNA and is first charged with a 

serine [76, 77]. Sec is charged onto the tRNA using the action of Sec synthase, which 

also associates with a larger complex mediating Sec incorporation [78]. 

Selenophosphate synthetase (SPS) consists in two forms in mammalian cells, SPS1 and 

SPS2. SPS1 probably functions as a salvage pathway for Sec recycling. Knockdown of 

SPS2 has shown that SPS2 is the active selenium donor for Sec synthesis [76, 77]. A 

specific elongation factor, EFSec, delivers tRNA(Ser)Sec to the ribosomal A site for the 

insertion of Sec. eEFSec does, however, not bind directly to the SECIS; this 

connection is mediated by the SEICS binding protein 2 (SBP2). SBP2 also binds to the 

large subunit of the ribosome and a conserved part of the SECIS. Knockdown studies 

of SBP2 have shown to severely decrease the selenoprotein synthesis in cell lines [79]. 

Ribosomal binding protein L30 is an additional factor that binds the ribosome on its 

SBP2 binding site and takes the place of SBP2 after connecting with the ribosome [80]. 

The eukaryotic Sec insertion system is schematically shown in Figure 2.  
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Figure 2. Schematic drawing of the eukaryotic Sec insertion mechanism. See text for details.  

1.4.2 Sec insertion and selenoprotein synthesis in archaea 

The archaeal Sec biosynthesis is reviewed elsewhere [81]. Archaea has, as 

the mammalian Sec incorporation system, the SECIS located in the untranslated region 

of the selenoprotein mRNA [82, 83]. Similarly to the eukaryotic eEFSec, the Sec-

specific elongation factor (aSelB) does not bind the SECIS directly [81]. However, the 

aSelB N-terminal part has been confirmed to have an EF-Tu-like structure [84]. In 

mammalian systems, additional factors having the function of the C-terminal part of 

bacterial SelB have been discovered, called SBP2 [85], as also discussed above. A 

corresponding factor has not yet been found in Archaea. 
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1.4.3 Sec insertion and selenoprotein synthesis in bacteria 

The bacterial Sec incorporation system has been studied mainly using E. 

coli as the model organism. In all bacteria producing selenoproteins the Sec insertion is 

guided by a SECIS element. However, the structure of the SECIS differs between 

gram-positive and gram-negative bacteria and the SelB/tRNASec from E. coli is not 

compatible with the gram-positive Eubacterium acidaminophilum [86]. 

This thesis has its main focus on selenoprotein production in E. coli, 

therefore the translational machinery of selenoproteins in E. coli will here be 

introduced in more detail.  

Incorporation of Sec into the growing polypeptide chain is a complex 

procedure. The Sec incorporation has been thoroughly characterized for E. coli in the 

laboratory of August Böck [87]. Except for a selenium source, four gene products, 

SelA, SelB, SelC and SelD are requiered (these factors are summarized in Table 5).  

Also the bacterial type SECIS element at the mRNA is required for a 

functional selenoprotein synthesis. This system is illustrated in Figure 3 and briefly 

described in the following text. 

 

Table 5. Factors necessary for selenoprotein synthesis in E. coli 

Parameter   Comment   References 

Selenium   
 

Selenium can enter the bacteria via the sulfur 
pathway and/or reduced by the thioredoxin system 
 

 [88-90]  

SECIS element  
 

An mRNA secondary structure forming a hairpin 
loop that guides the Sec insertion 
 

 [83, 91] 

SelA  
 

Selenocysteine synthase charges the selenium to 
make Sec from Ser on the tRNASec 
 

 [92] 

SelB  
 

Sec-specific elongation factor 
 

 [93, 94] 

SelC  
 

Sec specific tRNA, tRNASec, first charged with Ser 
 

 [95] 

SelD   
 

Selenophosphate synthetase transforms selenide to 
monoselenophosphate 
 

  [96-98]  
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Figure 3. Schematic drawing of the E. coli Sec insertion mechanism. See text for details.  
 

Selenium, after its uptake into the bacterial cell, is transformed into 

selenide by pathways not fully characterized. It is known, though, that the E. coli Trx-

system is needed to convert selenite to selenide [89, 90]. Selenide is then transformed 

via the SelD gene product (selenophosphate synthetase) in an ATP dependent reaction, 

to selenophosphate [96, 98, 99], see Reaction no.1. 

 

Reaction no.1: ATP + HSe- + H2O  H3SePO3 + Pi + AMP  

 

 It has been shown that Cys17 of the 37 kDa E. coli SelD protein is 

essential for this reaction [97]. Selenium can also derive from the action of one of the 

E. coli Sec-lyases; IscS, CSD or CsdB, liberating selenium from Sec [100-102], see 

Reaction no. 2.  

 

Reaction no.2: L-Sec  L-alanine + Se0 
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The selenophosphate is charged to the Sec-specific tRNA (tRNASec), 

encoded by the selC gene. The structure of tRNASec has some specific characteristics 

as compared to those of standard tRNA. The E. coli tRNASec is shown in Figure 4. 

tRNASec has a slightly longer acceptor stem with one extra base pair and a long 

variable arm, and several base pairs that are conserved in other tRNA have here been 

changed [103-105]. 

 

 
 
Figure 4. E. coli tRNASec. The E. coli tRNASec has a slightly longer acceptor stem with one extra base 
pair and a long variable arm. 
 

 tRNASec is first aminoacylated (charged) with L-serine by seryl-tRNA 

synthetase (SerS) [95] and thereafter, via the action of the SelA gene product 

(selenocysteine synthase), converted into selenocysteyl-tRNASec [92]. Selenocysteine 

synthase is a pyridoxal phosphate dependent enzyme that esterifies the serine residue 

of seryl-tRNASec, which then forms an intermediate state and the selenol takes the 

place on the amino acid, forming Sec-charged tRNASec. Neither the tRNASec charged 

with Sec or the precursor tRNASec charged with seryl are, due to the structural 

differences, recognized by the E. coli elongation factor (EF-Tu) and are therefore not 

utilized in unspecific incorporation into growing polypeptides chains at the position of 

UGA codons (to which the tRNASec has an anticodon). However, the aminoacylated 

tRNASec binds, after the Se has been charged to form Sec, to a Sec-specific elongation 

factor (SelB) encoded by the selB gene. The SelB protein guides several important 
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steps in the process of Sec insertion into protein. The N-terminal part of SelB (SelB-N) 

shows similarities with EF-Tu and binds GTP and tRNASec charged with Sec. The C-

terminal part of SelB (SelB-C) binds to the SECIS element (the bacterial SECIS is 

discussed in further detail below). The SECIS interaction domain of SelB is an 

extension that is a unique structural feature for SelB in bacteria; archaeal and 

eukaryotic Sec-specific elongation factors (eEFSec and aSelB) do not interact directly 

with their respective SECIS elements. The need of a SECIS element in the bacterial 

mRNA and its interaction with SelB also prevents unspecific incorporation of Sec at 

non-Sec-encoding UGA codons [91]. The SelB also binds to the ribosomal 30S 

subunit. When these connections have occurred, the tRNASec can deliver the Sec only 

at the predefined UGA in the A-site of the ribosome [106], via the action of SelB 

[107]. A structural overview of the proposed SelB/Ribosome/tRNASec/SECIS complex 

is presented in Figure 5.  

 

 
 
Figure 5. Sec insertion complex in E. coli. Insertion of Sec occurs when the mRNA UGA codon is in 
ribosomal A site. The SelB binds to both the ribosome, SECIS and tRNASec charged with a Sec. 
Interaction of SECIS with the ribosome occurs mainly with the phosphate backbone of the RNA chains 
of the SECIS. Adapted from reference [106]. 
 

The sel-genes are generally expressed constitutively [55]. The selC gene is 

monocistronic, whereas the other sel genes are expressed in operons. selA and selB are 

expressed as one transcriptional unit from the same operon, the selAB operon, from a 

weak promoter. The transcript from the selAB operon is additionally regulated by a 



Stretching the genetic code - incorporation of Sec at predefined UGA codons 

  27 

SECIS-like structure in the 5´-untranslated region of the operon that binds free SelB 

thus forming a SelB-mRNA complex that represses the translation of SelB [108]. This 

suggests that free SelB molecules regulate the expression of SelB so that only the 

amount of SelB that is needed in a bacterial cell is synthesized. selD is part of an 

operon containing two other genes. The stoichiometry of the different sel gene 

products (SelB and SelC) has been shown to be an important factor for the efficiency 

of the UGA decoding as Sec in the bacterial selenoprotein synthesis [109]. 

Overexpression of SelB gives lower UGA read-through; this effect is however reversed 

when tRNASec is also overexpressed. SelB is thus believed to form inactive complexes 

in the absence of its other binding partners. 

1.4.4 The E. coli SECIS element 

The E. coli SECIS element (see Figure 6) binds SelB and guides the Sec 

insertion to the correct predefined UGA codon. Studies have been performed, showing 

the minimal requirement for the natural SECIS element to be functional [110]. The 

natural distance of 11 nt from the UGA to the start of the stem-loop is of great 

importance; if this distance is changed by a single base pair to 10 or 12 nt, the Sec 

insertion rate is markedly decreased. The specific nucleotide bases of the SECIS 

binding to SelB were found to be mainly G23, U24 and U17/U18 [111] (Sec encoding 

UGA is no. 1, 2 and 3). A crystal structure of the SelB/SECIS complex from Moorella 

thermoacetica shows that the SelB protein interacts specifically with G23 and U24 of 

the SECIS, whereas the other bases involved in the connection to SelB bind with the 

phosphate backbone of the mRNA [106]. If G23 is changed to any other nucleotide, 

the SelB binding to SECIS will not take place [112, 113]. 

 
Figure 6. SECIS of fdhF from E. coli. The native SECIS from the fdhF is shown containing the Sec 
encoding. Adapted from reference [114]. 
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1.4.5 Release factor 2 – opposing Sec insertion in E. coli 

Release factor 2 (RF2) is an essential protein in E. coli [115] and is one of 

two proteins catalysing translational termination at the mRNA. This occurs at the ochre 

(UAG) or amber (UAA) codons via release factor 1 (RF1) or at the opal (UGA) or 

amber (UAA) codons via RF2 [116]. Thus, it is only RF2 that catalyses translational 

termination at UGA codons in E. coli. Translational stop in eukaryotes and archaea is 

performed by only one release factor that recognize all three stop codons [117-119]. 

The release factor proteins performing the actual translational termination at the stop 

codon (RF1 and RF2 in E. coli and eRF in eukaryotes) are called class 1 release 

factors. In addition to the class 1 release factors there is a second class of release 

factors, class 2 RFs, e.g. RF3 in prokaryotic and eRF3 in eukaryotic organisms, having 

the function of increasing the recycling of the class I release factors by assisting the 

removal of class 1 RFs from the ribosome [120, 121]. The eukaryotic and prokaryotic 

class 1 release factors differ in their amino acid sequences and also by the fact that the 

eukaryotic class 1 release factor can form complexes with the class 2 release factor in 

the absence of ribosome [122-124], while prokaryotic RF1 and RF2 lack this ability 

[121, 125].  

A highly conserved sequence in the prokaryotic and eukaryotic class 1 

release factors is a GGQ motif [126]. The CGQ motif is likely to be involved in the 

peptidyl-tRNA hydrolysis that eventually ends the translation, since mutation in that 

region disturbs the activity of the class 1 release factors [126]. 

E. coli RF1 and RF2 share similar structures and mechanisms for releasing 

the polypeptide chain [127, 128]. A second conserved sequence in these proteins is the 

domain that determines the identity of the release factor; Pro-Xxx-Thr (PXT) in RF1, 

and Ser-Pro-Phe (SPF) in RF2. Their general similarities in structure and activity have 

been studied by mutations of these particular conserved regions, resulting in switched 

function for RF1 and RF2 [129]. Also, mutants of RF2 have been produced resulting in 

an RF2 function to encode translational stop at all three normal stop codons [130]. 

1.4.6 RF 2 regulation 

RF2 has some unique characteristics compared to RF1. RF2 expression is, 

in E. coli, regulated by an internal +1 frameshift at codon 26 [131, 132]. Interestingly, 
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this frameshift site involves a UGA codon, recognized by RF2 itself. The 

autoregulatory frameshift directs higher rate of RF2 truncation at codon 26 when levels 

of RF2 are high and when the levels of RF2 are critically low the ribosome undergoes 

a +1 frame shift on the mRNA, whereby an Asp residue is incorporated instead of the 

UGA truncation in the making of the RF2 protein (See Figure 7). 

 
 

 

 
Figure 7. Frameshift sequence of RF2 mRNA. Frameshift occurs at the inframe codon 26 if limiting 
RF2 is present. If excess amount of RF2 is present truncation at codon 26 will occur. 
 

 

Frameshifting during ribosomal translation of a normal mRNA is unlikely 

to occur, and the frequency is around once every 104 – 3 x 105 codon [133]. However, 

the efficiency of the programmed frameshift at codon 26 in RF2 varies and can be up 

to 50% in natural conditions [132, 134]. The occurence of frameshifning is not only 

regulated by the levels of RF2 present in the cell, but also by the codon context [135]. 

Codons 22 and 23 are Shine-Dalgarno (SD) like sequences (AGG-GGG). If the SD 

sequence is altered, the frameshifting occurs less frequent and codon 24-26 is referred 

to as a slippery site (UAU-CUU-UGA) that further enables the frame shift [131, 136-

138].  

The frame-shift event during RF2 translation occurs while the in-frame 

UGA codon enters the ribosomal A site, awaiting binding from RF2. If a non-

functioning RF2 would occupy this site the frameshift increases to 100% [138]. 

Expressing the RF2 under a strong promoter gave a 90% frame-shifting [139]. This 

could be due to the fact that when the mRNA exists in higher concentration the 



Olle Rengby  PhD Thesis 

30 

stoichiometry between RF2 and UGA becomes altered [140]. Overexpression of RF2 

increases the levels 5-fold using a recombinant plasmid that carriesd the RF2 gene, 

[141]. 

The prfB gene is located in the same operon as the lysS gene encoding for 

lysyl-tRNA synthetase [142]. lysS is expressed constitutively to yield lysyl-tRNA 

synthetase, which charges lysyl tRNA with lysine [142]. An additional separately 

present gene on the E. coli chromosome, lysU, which is induced on demand under 

certain conditions, also encodes lysyl-tRNA synthetase [143, 144]. 

1.4.7 RF2 and Sec competition 

It is of major interest how UGA codons can encode for both Sec and 

translational termination in the same organism and even in the same mRNA. A 

translational stop always occurs when a stop codon is in the A-site of the 30S 

ribosomal subunit, the same position as where the tRNASec/SelB complex incorporates 

the Sec at a Sec-encoding UGA. The specific factors, such as the sel-gene products and 

SECIS, make Sec incorporation possible as described above. However, the activities of 

RF2 and Sec insertion, even at a predefined Sec-encoding UGA, will be in competition 

with each other [145]. Several components affect this competition and are crucial for 

the results of this thesis. Some major parameters of this RF2 vs SelB/tRNASec 

competition are given here: 

  

• As discussed in the Sec insertion and selenoprotein synthesis in bacteria part 

(above), different SECIS elements provide different read-through activity, as a 

direct effect by the structure of the SECIS element and its affinity with SelB. A 

SECIS element that is less suitable for Sec insertion will allow RF2 to reach the 

UGA codon and thereby truncation will occur at higher rate [110].  

• It is likely that the SelB-tRNASec forms a complex with the SECIS before the 

ribosome is present [109] and this probably makes it harder for the RF2 to 

compete with the binding to the UGA. Overexpression of SelB as the only 

overexpressed sel-gene will however give a lower UGA read-through because 

uncharged (or empty) SelB that binds to the SECIS fails to support the 
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incorporation of Sec and thereby RF2 has a possibility to bind and enable 

truncation. 

• The kinetic parameters for binding the ribosome should also play a role. 

Lowering the affinity of either the SelB complex or RF2 to the ribosome should 

favor the other player in the competition between these two factors. 

• Codon context of the UGA makes a difference for UGA read-through [139, 

146]. UGA encodes translational termination with less efficiency if the 

following +4 position is a C. The natural sequences surrounding Sec-encoding 

UGA codons are usually of the character of bad translational terminator 

codons, e.g. the Sec-encoding UGA upstream sequence for bacterial formate 

dehydrogenases (fdnG, fdhF and fdoG) are Arg-Val encoded by CGT GTC and 

for rat TrxR GGA TGC (UGA) GGC UAA). It also seems like the nature of the 

penultimate amino acid influences UGA read-through [147-149]. 

 

All of these parameters affecting SelB and RF2 competition, as listed 

above, underlie the results of the work on optimized selenoprotein production, as 

presented in this thesis. 

1.4.8 Non-Sec mediated UGA suppression in E. coli 

Noren et al showed that the efficiency of Sec insertion is influenced by 

both the levels of selenium in the medium and of nucleotides directly downstream of 

the Sec-encoding UGA codon [150]. If no SECIS is present downstream of the UGA 

codon, either translational termination or Trp insertion may happen. If a SECIS is 

present, the rate of truncation or Trp incorporation is highly reduced and if a T or C 

follows the Sec-encoding UGA, Trp-mediated suppression is further reduced [150]. Of 

major importance for this thesis, however, is the fact that if both sufficient levels of 

selenium are present and a functional SECIS element is found in the mRNA, then no 

Trp-mediated suppression occurs, irrespective of codon context [150]. 
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1.5 Rat thioredoxin reductase – the model selenoprotein 

produced and studied in this thesis 

1.5.1 General properties of thioredoxin reductases 

Thioredoxin reductase (TrxR) forms, together with thioredoxin (Trx) and 

NADPH, the thioredoxin system that serves an important role in the defense system 

against oxidative stress in most organisms of all domains of life and supports many 

redox-related cellular pathways [151]. The importance of the Trx-system has been 

studied in detail and is reviewed elsewhere [151-153].  

TrxR proteins are divided into two groups; small-type TrxR and large-type 

TrxR, with their special characteristics presented in Table 6. 

 

Table 6. Charecteristics of large- and small-type TrxR 
    Large   Small 

Organisms  Mammals and several other 
eukaryotic organisms  Archaea, bacteria, plant 

Active sites  C-terminal -CU- or -CC-  -CXXC- 
  N-terminal CxxxxC   

Cofactors   FAD (enzyme-bound)   FAD (enzyme-bound) 
  NADPH  NADPH 

Substrate specificity  Wide  Narrow 

Subunit association  Dimer  Dimer 

Size (as dimer)   ≈110 kDa  ≈70 kDa 

 

 

The structure of large-type TrxR is more similar to glutathione reductase 

than that of small-type TrxR, while the Trx structure in all organisms consists of a 

central core of five B strands with four A helix surrounding them [154-156]. Both 

glutathione reductase and mammalian large-type TrxR have a -CVNVGC- redox active 

motif in the N-terminal domain. However, TrxR has also an additional C-terminal 

active site motif, either containing a dithiol (-CCX) [157] or a Sec residue as the 

second last amino acid in a –CUX motif that is essential for activity [154, 155, 158, 

159]. 
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More details of the features of rat TrxR1 are presented here, since this 

protein has been used as a model selenoprotein in this thesis. Sec, in rat TrxR1, is 

essential for its normal Trx-reducing activity and is located at the penultimate amino 

acid in the polypeptide chain [160]. The C-terminal end can be seen as an arm with 

high flexibility that probably is a prerequisite for the wide substrate specificity of the 

enzyme [155]. The C-terminal end is very reactive and the Sec-containing protein has 

been hard to crystallize for structural experiments (however, recently this was achieved 

by Qing Cheng and coworkers, showing a structure that essentially supports earlier 

models of the catalysis of the enzyme). A schematic drawing of the structure is show in 

Figure 9. 

 

 
 
Figure 9. Schematic structure of dimer TrxR. The dimer consists of two subunits arraged in a head to 
tail conformation. The NADPH, FAD and interface domain are show in the figure aswell as the redox 
active flexible C-terminal Cys-Sec motif. Adapted from reference [157]. 

 

TrxR is an NADPH dependent reductase and receives an electron that is 

transferred from NADPH to FAD of one subunit in the enzyme. Thereafter, the 

electrons are transferred to the redox active N-terminal site of the same subunit as that 

of binding the reduced FAD. This second redox active site is formed by two Cys 

residues located at positions 59 and 64 within a -CVNVGC- sequence. The electrons 

are then moved to the flexible C-terminus of the other subunit, to form a reduced 

selenolthiol from an oxidized selenenylsulfide found in a -GCUG- motif. The redox 

active selenolthiol can then reduce substrates of the enzyme, such as the active site 

disulfide of oxidized Trx.  
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1.5.2 Preparation of TrxR from rat liver 

The native form of rat TrxR1 (produced recombinantly in this thesis) has 

been purified earlier from rat tissue. Obtaining the native selenoprotein TrxR has been 

an arduous task that was costly and time consuming. Mikaela Luthman and Arne 

Holmgren developed a preparation method in 1982 [161]. They started with 200 g rat 

liver and in crude protein lysates obtained from this amount of tissue they detected 305 

units TrxR. After a purification process using ammonium sulfate precipitation, DEAE 

column, 2´,5´ADP Sepharose and (w-aminohexyl)agarose, 1.6 mg pure TrxR with a 

specific activity of 35 U/mg and a total of 55 U was collected. The features of the 

recombinant rat TrxR1 produced here will be discussed in comparison to the purified 

native rat TrxR towards the end of this thesis. 
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2 Present Investigation 

2.1 Intentions 

The overall aim of this study was to further characterize and develop the 

bacterial recombinant selenoprotein production system and to understand its 

limitations. To accomplish this we optimized growth conditions to achieve higher yield 

of recombinant selenoproteins and genetically created a bacterial strain that may 

function as an optimized host for selenoprotein production. Furthermore, we have 

wished to characterize the recombinant selenoprotein rat TrxR1 in more detail.  

Specific aims, results and conclusions for each paper are, as an addition to 

what is discussed in the individual papers, presented below. The papers on which this 

thesis is based are found in their whole in the final section of this thesis. 

2.2 Comments on the Results and Methods of the papers this 

thesis is based upon 

2.3 Paper I. 

 Olle Rengby, Linda Johansson, Lars A. Carlson, Elena Serini, Alexios Vlamis-

Gardikas, Per Kårsnäs and Elias S. J. Arnér. Assessement of production 

conditions for efficient use of Escherichia coli in high-yield heterologous 

recombinant selenoprotein synthesis. Applied and Environmental Microbiology, 

2004 Sep:70(9):5159-67. 

 

For Paper I we set out to increase the yield of the recombinant rat 

selenoprotein TrxR in E. coli, asking a number of general questions regarding 

this system:  

• Could titration of the selenoprotein mRNA levels result in 

increased selenoprotein yield? 
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• What would be a good way for producing a system capable of 

such titration? 

• Can we lower the RF2 levels by a slower growth rate and 

thereby yield higher Sec insertion into the recombinant 

selenoprotein? 

• What is the impact on the selenoprotein yield, when using co-

expression of the sel-genes from the pSUABC plasmid under 

different growth conditions? 

• Could diverging from standard protocols for recombinant 

protein production increase the yield of recombinant 

selenoproteins? 

• Can multi-dimensional analysis be applied to determine optimal 

growth conditions for recombinant selenoprotein production? 

 

These questions will be answered in the conclusions of this thesis, but first 

some aspects of the methods and results of Paper I will be discussed.  

2.3.1 Estimation of the E. coli Sec incorporation efficiency 

In Paper I (and in Paper II), we used the specific activity of the produced 

recombinant rat TrxR as an indication of its Sec content. Since native rat TrxR had 

been purified from rat liver and shown to have a specific activity of 35 U/mg (see 

above), we assumed that this activity would correspond to a full Sec content, i.e. one 

Se atom per subunit. The specific activity as given in percent was thereby determined 

for different preparations of recombinant TrxR, using the enzymatic activity in U/mg 

from the standard DTNB assay [162] and setting 35 U/mg (the activity of native 

enzyme) as 100%. This correlation between specific activity and selenium content was 

later further studied in Paper III (see below). 
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2.3.2 Selenoprotein mRNA titration and the araBAD promoter 

Since the stoichiometry of sel-genes is important for the UGA read-through 

as a Sec-encoding codon (see Introduction), we decided to analyze if changing the 

stoichiometry between the sel-genes and the selenoprotein mRNA could favor Sec 

incorporation. To do this, we needed a promoter capable of titrating the levels of 

selenoprotein mRNA expression. We chose the pBAD vector, based upon promoters 

from the E. coli araBAD operon. Since use of this system is crucial for major parts of 

this thesis, some important notes about the araBAD system will be discussed here. 

The pBAD vector contains the PBAD promoter from the araBAD operon as 

constructed in 1995 by Beckwith and co-workers [163]. Their intention was to design a 

promoter satisfying two conditions. First, the promoter should respond fast and 

efficient to a repressor. Second, it should be titrable within a wide range of inducer 

concentration. The PBAD promoter is driven by arabinose that induces a conformational 

change in the AraC protein. AraC stimulates initiation of mRNA synthesis from the 

PBAD promoter [164] and is a dimer containing an N-terminal dimerization domain that 

can bind arabinose and a C-terminal flexible DNA binding domain (Figure 10.2). 

 
Figure 10. The pBAD promoter and regulation with AraC. 1) The araBAD promoter region from the 
pBAD vector, I1 and I2 are binding sites for araC inducing start of transcription while O2 and I1 are 
binding sites of araC for inhibition of transcription. cAMP activator protein (CRP) binding to CAP site 
stimulates araC to bind I1 and I2. 2) AraC is a homodimer protein with arabinose binding capacity 3) In 
the absence of arabinose the araC binds O2 site and I1 site and hiders thereby RNA polymerase. In the 
presents of arabinose the araC stimulates RNA polymerase for start of transcription. 
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In the absence of arabinose, AraC hinders the RNA polymerase to start 

transcription from the PBAD promoter by binding the so called “O2-site” (Figure 10.1 

and 10.3). This results in very low transcriptional levels. When glucose is present, the 

transcription levels are depressed even further, down to virtually no transcription at all. 

Glucose lowers the levels of cyclic AMP (cAMP) that otherwise binds to the CAP site 

in the araBAD promoter region. The CAP site functions by stimulating AraC binding 

to the so called “I1” and the “I2”-sites and thereby increases promoter expression 

(Figure 10.3).  

The PBAD promoter can be regulated with a wide concentration range of 

arabinose as inducer. However, the expression from the promoter is dependent on 

uptake of arabinose from medium through the arabinose transporter protein AraE and 

AraE needs arabinose for induction of its own expression. Such a system is commonly 

referred to as an autocatalytical gene expression system [165]. The effect of arabinose 

titration on expression levels in such system, reflects a titrated regulation on the whole 

bacterial culture level, but not an actual titration of mRNA within each individual cell, 

which will be in a stocastic on-or-off regulation [166] (see Figure 11). For that reason 

we used two bacterial host strains, TOP10, recommended by the pBAD vector 

manufacturer, and BW27783, a bacterial host that was made to express AraE 

constitutively and thereby enable mRNA titration on the individual cell level [167]. 

 

 
Figure 11. Flow-scheme of araE function and regulation. The arabinose transporter protein, AraE, 
suffers from an on-or-off regulation in normal conditions schematically described in this figure. 1) The 
promoter of araE is arabinose dependent; arabinose cannot enter the cell without AraE. 2) Once araE has 
been expressed arabinose can enter the cell and 3) start transcription from the plasmid-born or 
chromosomal arabinose-dependent promoter such as PBAD of the pBAD plasmid as well as 1) inducing 
more AraE. 
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We placed the rat TrxR in the pBAD vector under the control of the PBAD 

promoter. The gene for rat TrxR, carrying a variant of the bacterial SECIS element that 

enables TrxR expression in E. coli (as previously described for the pET vector, see 

section Recombinant expression of selenoprotein in E. coli below and [114]), was 

here expressed from a new plasmid called pBAD-TRSTER. Titration experiments were 

performed using the two E. coli strains (TOP10 and BW27783) with the pBAD-

TRSTER plasmid, with or without co-transformation of the pSUABC plasmid that 

carries additional copies of the sel genes. Titration of mRNA levels was performed 

over a wide range of the inducer arabinose (0.0001%-1%). We then measured 

mammalian TrxR activity in the crude bacterial lysates using NADPH-dependent 

DTNB reduction, which was an efficient way of assessing Sec-containing TrxR levels 

since no endogenous bacterial enzyme reduces DTNB with NADPH at any appreciable 

level as compared to the overexpressed rat TrxR. For both strains, the mammalian 

TrxR activity reached a plateau, at an arabinose concentration of about 0.05% for the 

TOP10 culture and at 0.005% for the BW27783 culture. This is an interesting 

difference, since it is probably explained by the fact that the arabinose transporter 

protein araE is under arabinose control in the TOP10 but not in the BW27783 (where it 

is constitutively expressed). We also found that, in most conditions, the use of 

pSUABC was of great importance and when it was used, the yield was about doubled 

as compared to when it was not used. 

2.3.3 Culture conditions 

Previously published work showed that RF2-mediated translational 

termination at a predefined Sec-encoding UGA codon is in competition with tRNASec 

for decoding of the UGA as Sec [145]. We were therefore interested to determine the 

impact of RF2 on the selenoprotein yield, using our overproducing system. 

It has also been shown that lowered growth rate in a culture decreases the 

levels of RF2 [168]. Could reduced growth rate increase the read-through of Sec-

encoding UGA as Sec, compared to translational termination? We here wished to 

determine the effect of lower growth rate, and thereby lower RF2 levels, on the yield of 

Sec-containing recombinant rat TrxR. We performed studies on E. coli induced for 

selenoprotein production from the titrable rat TrxR1 overexpression plasmid (pBAD-
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TRSTER), where the growth rate was lowered by using minimal medium instead of 

previously used rich LB medium. The yield obtained thereby was however not favored 

and the yield of recombinant selenoprotein expressed under those conditions did not 

reach the levels that had been previously achieved [114]. Adamski showed that the 

number of RF2 molecules increased from 5900 to 24900 when the growth rate 

increased from 0.3 to 2.4 doublings per hour [168]. The percentage of RF2-containing 

ribosomes however increased only from 21% to 33% since the total number of 

ribosomes also increased [168]. In relation to our studies, it should likely be many 

components involved, resulting in lower Sec incorporation when selenoprotein 

production is induced in a culture grown in minimal medium, than just the number of 

RF2 molecules or the percentage of RF2-containing ribosomes. However, during 

production of selenoprotein in full medium, we found that the higher yield was 

obtained using high selenoprotein mRNA levels induced at late exponential 

phase/early stationary phase with a culture grown at room temperature. In this case, it 

should be reasonable to believe that lower RF2 levels in relation to SelB/tRNASec and 

selenoprotein mRNA, should be one of the factors explaining the higher yield of 

selenoprotein that was obtained. 

2.3.4 The pET vector 

The pET vector system uses the T7 phage RNA polymerase and a T7-

specific promoter. The bacterial host must be a DE3 lysogenic strain to enable 

functional expression with pET vectors. A DE3 lysogenic strain contains the lac 

promoter for T7 RNA polymerase, which has been incorporated into the E. coli 

genome by phage recombination techniques. The T7 polymerase is functionally 

exclusively for T7 promoters and will not recognize any other promoter in the bacterial 

cell. The inducer, IPTG, functions by displacing the repressor of the lac operator and 

transcription can thereby initiate upon production of T7 polymerase. Both the promoter 

region of the pET vector and the T7 polymerase promoter region are induced by IPTG, 

see Figure 12. 
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Figure 12. Overview of the pET vector system and pET-TRSTER. The bacteria must carry a DE3 
cassette encoding the IPTG induced T7 RNA polymerase. Once IPTG is present and T7 RNA 
polymerase has been produced it will function exclusively on the T7 promoter to produce copies of the 
gene of interest, in our case, rat TrxR. 

2.3.5 Principal Component Analysis 

How could the recombinant selenoprotein yield be improved in a system 

using overexpression of the selenoprotein mRNA levels, via a T7 promoter-driven 

transcription, together with overexpression of the sel-genes via the pSUABC plasmid? 

We decided to determine the impact of three different parameters on the selenoprotein 

yield, which we believed would have an impact on the selenoprotein production. We 

thus used principal component analysis (PCA) as a statistical tool for optimizing the 

following three parameters: temperature, induction at different growth phases and 

duration of induction. The optimization was preformed by randomly varying these 

production parameters, within a range that was considered to be reasonable. These 

parameters were investigated, using small-scale cultures that were induced for protein 

production at certain selected time points. Samples were then analyzed for protein 

amount and activity as well as cell density. The obtained data was then processed using 

PCA. The results of the PCA indicated co-variation between total amount of 

selenoprotein produced and selenoprotein produced per OD600, suggesting that the total 

yield was not only highest at a certain condition because of more bacterial cells were 

present, but that each cell under those conditions also contained more selenoprotein. 
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The analysis showed that selenoprotein expression should, to attain optimal yield, start 

at a high OD600 (e.g. in the late exponential growth phase) and that expression should 

occur at lower temperature. The total duration of the incubation was, however, the 

parameter with the least impact on the yield. The growth parameters given from the 

PCA analysis were then tested in larger cultures induced with different time points of 

induction and different duration. The analysis finally resulted in a protocol where 

induction should be at late exponential phase (OD600≈2.4) with duration for about 24 

hours at 24oC, the so-called “2.4/24/24-protocol”. We have subsequently found that 

this protocol gives good selenoprotein yield for a number of different recombinant 

selenoproteins, demonstrating the usefulness of the initial PCA analysis. 

2.3.6 Unpublished control of the PCA  

As a separate control to the published PCA prediction we also used a rule 

discovery system (RDS) to investigate if also such computer analysis would give the 

same prediction as the PCA. The data from Table 3 in Paper I was analyzed and the 

resulting recommendation indeed supported the published predictions, but with some 

slight differences. Induction should, according to the RDS, occur at an OD600>1.75 and 

incubation temperature should be lower than 28.5oC. The RDS was not able to make a 

good prediction for the duration parameter, due to insufficient information input. 

However, this also correlated with the PCA since the duration had the lowest impact in 

that analysis. It should also be noted that our first interpretation of the PCA was to 

induce the culture at stationary phase, which gave very low yield, and this would 

probably not have been done if an RDS had also been performed at the same time.  

2.3.7 Recombinant TrxR stability  

Earlier unpublished data had suggested that recombinantly produced TrxR, 

induced in early exponential phase and at 37oC, could loose activity if handled 

extensively in room temperature or upon repeated freezing and thawing. Having highly 

pure and larger amounts of the enzyme, we therefore wished to repeat the analysis of 

its stability. Two samples of recombinant rat TrxR were produced according to the 

“24/2.4/24-protocol” and purified over the 2´,5´ADP sepharose, whereupon they were 
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stored in the high-salt elution buffer (50 mM Tris, 2 mM EDTA, 500 mM NaCl) from 

the 2´5´ADP sepharose and treated in two different ways. One sample was stored at 

room temperature and activity measurement at certain time points were performed 

during several days of storage. The other sample was freezed-and-thawed several times 

with activity measurements in-between. The protein activity was only slightly affected 

by either of these treatments, showing that the selenoprotein produced was rather stable 

(Figure 13). 

 

 
Figure 13. Recombinant TrxR stability. The recombinant rat TrxR1 was freezed-and-thawed or 
incubated at room temperature for a long period, with activity measurements using the DTNB assay as 
shown in the figure.  

2.4 Paper II.  

 Olle Rengby and Elias S. J. Arnér. Titration and conditional knockdown of the 

prfB gene in Escherichia coli: Effects on growth and overproduction of a 

recombinant selenoprotein. Applied and Environmental Microbiology, 2007 
Jan:73(2):432-41 

 

In this study we wished to create an E. coli strain specialized for selenoprotein 

production, trying to answer a number of questions:  

 

• Could an E. coli strain specialized for selenoprotein production be 

made by knocking down the levels of RF2? 

• Which existing technique would be suitable for replacing a native 

chromosomal promoter with a synthetic titrable promoter? 

• Which would be the appropriate promoter to use for titration and knock 

down of the RF2 levels? 
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• How does overexpression of RF2 effect growth of the bacteria? 

• How would knock down of the RF2 levels affect growth? 

• What growth technique would allow us to knockdown RF2 

simultaneously as recombinant selenoprotein is produced? 

• How does knock-down of RF2 protein affect the recombinant yield and 

the specific activity of the selenoprotein? 

 

These questions will be answered in the conclusions of this thesis, but first 

some aspects of the methods and results of Paper II will be discussed.  

2.4.1 Chromosomal exchange of the prfB promoter 

RF2 is in competition with tRNASec for binding of the Sec-encoding UGA 

during selenoprotein mRNA translation in E. coli (see Introduction and [145]). Again 

we ask us, what effect could lowering the levels of RF2 have on the recombinant 

selenoprotein production yield and how could we deliberately achieve a specific RF2 

knockdown? Due to the fact that RF2 is essential for E. coli growth [115] we could not 

simply knock out the prfB gene encoding for RF2 in order to achieve an RF2-free cell, 

which otherwise would likely be ideal for the purpose of selenoprotein production. At 

the time we raised these questions, there were no established methods published for 

knocking down specific genes in E. coli without the use of additional plasmids. We 

realized that we needed to replace the chromosomal promoter of prfB gene with a 

promoter capable of tight regulation at low levels of expression and we decided to 

attempt a recombination methodology previously successfully used for making null E. 

coli cells of non-essential genes.  

The λ Red recombinase technique [169] was developed for knocking out 

specific genes using a PCR product containing one FRT (FLP recognition target) on 

each side of an antibiotic resistance gene (used for selection) and 36-50 nt extensions 

homologous to the regions adjacent to the gene of interest to be inactivated. The 

presence of exonucleases usually prevents the transformation of linear DNA in E. coli, 

but linear DNA transformation is possible upon expression of the gamma, λ, exo 

genes, thereby enabling use of λ Red recombination. Could the λ Red recombinase 

technique be used for not only knocking out, but also replacing genes (in our case the 
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promoter of a gene)? Indeed, we successfully used this technique with a PCR fragment 

containing not only an extension homologous to the sequence just upstream of the prfB 

gene and the FRT sites on one side of an antibiotic resistance gene, but also as the 

second homologous part, the first part of the prfB gene and an in-frame sequence of the 

PBAD promoter. Once recombination occurred upon this approach, the native prfB gene 

became under PBAD control and thereby RF2 levels were possible to be titrated using 

arabinose as an inducer and glucose as a repressor. The resulting host stain, after 

removal of antibiotic selection resistance gene and the helper plasmid for 

recombination, was called ORaa. We also made a DE3 lysogen of this strain in order to 

enable use of the pET vector systems for recombinant production (see above, under 

Paper I, for a discussion about the pET vector systems). 

As also discussed for Paper I, arabinose-titrable regulation use of the PBAD 

promoter requires expression of the arabinose transporter protein araE. We therefore 

chose the BW27783 strain, derived from the F- λ- E. coli BD792 [169, 170] strain that 

contains araE under a constitutively expressing promoter [167], as the parental strain 

for our experiment to construct the ORaa strain. This enabled titration of RF2 at the 

individual cell level (see discussion above, under Paper I). 

2.4.2 The impact of lowered RF2 levels on selenoprotein 
production 

How could we tightly regulate RF2 and estimate the effect of lowered RF2 

levels on the recombinant selenoprotein yield, and the specific activity of Sec insertion 

as compared to RF2-mediated truncation? Importantly, we chose to perform the RF2 

titration in a continuously turbidostatic fermentor system. In such system, the RF2 

levels could be knocked down by constant addition of glucose and by continuously 

collecting samples for selenoprotein induction, without altering any other growth 

conditions of the culture. We were thus able to study the direct effect of reduced RF2 

levels on the yield and specificity of recombinant selenoprotein production. Upon RF2 

down-regulation the decoding of UGA as Sec clearly increased, as expected. However, 

growth of the bacteria and the total yield of TrxR were also lowered, resulting in a final 

selenoprotein yield that was very low (although with a high Sec insertion to UGA 

termination ratio). The decrease of RF2 termination was higher than the decrease of 
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yield in TrxR production, resulting in an expression of recombinant rat TrxR1 with a 

higher specific activity than previously reached, ending at about 40 U/mg, before the 

yield became to low to measure.  

2.4.3 Continuously turbidostatic fermentor system 

In a continuously turbidostatic fermentor, new medium is constantly added 

to the culture at the same rate as the culture is harvested, with the volume of the culture 

thereby held constant. A culture grown in a continuously turbidostatic fermentor 

differs from that of a batch culture in several ways. For batch-wise cultures, the 

medium composition changes constantly due to components in the medium being 

constantly consumed, such as antibiotics, nutritients and other supplements, while 

other components such as secondary metabolites or cell density are increasing. These 

changes during culturing makes E. coli of batch cultures enter new growth phases 

during cultivation and both the bacterial cell and the culture as a whole must adapt to 

the constantly changing parameters. Each of the growth phases can have different 

impacts on a recombinant protein being produced in such culture, as also demonstrated 

in ours and others work (see Paper I, Paper II and references [168, 171]). A culture in 

a continuously turbidostatic fermentor enters a steady state after some time of 

culturing, which can be sustained if sterile conditions are used, for a very long time. 

This is both useful for an industrial-scale production of recombinant protein products 

and for research purposes. In our case, we applied a continuously turbidostatic 

fermentor in the titration of the prfB gene because it allowed us to titrate and follow the 

levels of RF2 under tightly controlled conditions. 

2.4.4 Knock-down of RF2 levels - effect on bacterial growth 

As previously shown by others, the cellular level of RF2 protein is essential 

for bacterial growth [115]. We were therefore interested to study the effects on 

bacterial viability during the knock down of the RF2 protein in the ORaa strain. We 

grow the bacteria on plates containing high concentration of glucose, the PBAD 

repressor, and showed that the bacteria displayed extremely slow growth under these 

conditions. However, the effect of glucose was rather bacteriostatic than bactericidal, 
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which was an interesting observation. It could possibly be explained by the fact that 

expression from the PBAD promoter leaks even when grown in the presents of glucose, 

but that is less likely since glucose is a strong repressor and we used very high 

concentrations. Another explanation is that the RF2 present in the bacterial cells when 

placed onto the plate was sufficient for a continued slow growth, so that the glucose 

could be consumed giving the bacteria a chance to cultivate albeit with very slow 

growth. However, when the bacteria grown on glucose were transferred onto new 

plates containing arabinose, the recovery of growth was surprisingly fast, which 

strengthened the hypothesis that the effect was indeed bacteriostatic and that glucose 

had not been consumed in the first plate. The last explanation is thus that in the 

absence of RF2, E. coli has the possibility to enter some type of bacteriostatic 

“hibernating” state exemplified by a lack of growth, but having the capability to regain 

normal growth if RF2 levels are again increased. 

2.4.5 Overexpression of RF2 - effect on growth 

We also became interested in how overexpression of the RF2 protein could 

affect bacterial growth, and also how high overexpression was possible to reach, using 

ORaa grown in high arabinose concentrations. Overexpression of RF2 using high 

concentrations of arabinose gave elevated RF2 levels about 3-7 times higher compared 

to the host strain. This overexpression resulted in slightly lowered growth rates, but 

without other apparent phenotypes. It was surprising that the RF2 levels were not 

higher, considering the very high transcription achieved from the araBAD promoter in 

the presence of high arabinose. The overexpression of RF2 is probably limited by the 

internal frame shift located in the prfB gene, functioning as an auto-regulatory ability 

(see Introduction and [131]). Another factor could be that the PBAD promoter from the 

pBAD vector was cloned into the chromosome without co-expression of the gene for 

the PBAD activator protein AraC. AraC is, however, endogenously upregulated up to 

10-fold upon the addition of arabinose [172]. 
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2.5 Paper III 

 Olle Rengby, Qing Cheng, Marie Vather, Hans Jörnvall and Elias S. J. Arnér. 

Highly active dimeric and low-activity tetrameric forms of selenium-containing 

rat thioredoxin reductase. Submitted Manuscript (2008). 

 

In this paper we wished to study the recombinant rat TrxR1 in more detail, 

specifically asking the following questions: 

 

• What is the molecular mechanism for purification of dimeric rat TrxR1 

over a PAO Sepharose column? 

• What is the explanation of the very high specific activity resulting from 

a PAO Sepharose purification of TrxR? 

• In what form are recombinant rat TrxR expressed? Heterodimers or 

homodimers? 

• What is the theoretical highest possible specific activity of recombinant 

rat thioredoxin reductase? 

 

The answers to these questions will be given in the conclusions of this 

thesis, but first some specific methods and results of Paper III will be discussed. 

2.5.1 PAO Sepharose and the Sel-tag 

The Phenylarsine oxide (PAO) Sepharose was originally developed as an 

affinity column for purification of vicinal dithiol-containing proteins [173]. The PAO 

Sepharose was subsequently found to have an even higher affinity for the C-terminal 

active site Cys-Sec of rat TrxR1. This property was a base for the development of the 

Sel-tag concept for recombinant proteins [174-177] and was used for purfication of 

Sec-containing TrxR in both Paper I and Paper III. A schematic drawing of how 

recombinant rat TrxR binds to PAO is shown in Figure 14 and this purification is 

further discussed below. 
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Figure 14. Binding of TrxR to PAO. PAO sepharose binding of rat TrxR. The selenylsulfide form a 
covalent binding to the arsenic atom of the PAO sepharose. The protein can be eluted by addition of 
DMPS. 
 

2.5.2 Recombinant rat TrxR1; heterodimer or homodimer 

 PAO Sepharose is not able to bind directly to a UGA-truncated subunit of 

TrxR. The interface area of two subunits forming a dimer is approximately 3400 Å2 

[155] and should therefore not be easily separated. However, the appearance of 35% 

truncated subunits in a PAO Sepharose elution fraction of an extensively washed 

column, suggests that the UGA-truncated TrxR was co-purified and probably part of a 

heterodimer with a Sec-containing subunit (that binds the PAO Sepharose). This would 

lead to the conclusion that recombinant TrxR selenoprotein forms both homodimers 

and heterodimers when expressed, as further discussed in Paper III. 

2.5.3 Specific activity of recombinant rat TrxR1 

TrxR is expressed as a dimer and the electron flow for full enzyme activity 

is dependent on both subunits being present and acting jointly within one catalytic 

cycle (see Introduction). Recombinant expression of rat TrxR1 in E. coli clearly 

results in a mixture of UGA-truncated and full-length Sec-containing enzyme. The 

main focus of this thesis was, with significant success, to decrease the rate of UGA 

truncation (Paper I and Paper II). In those studies, the activity of the recombinant 

TrxR has been used as a direct indication of its selenium content. We have also used 
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PAO Sepharose for enrichment of the Sec-containing TrxR and the purified enzyme 

usually has had an activity similar to that of native enzyme purified from tissue. We 

have therefore assumed that this enzyme would have full Sec content. However, we 

have always asked ourselves the question of the exact molecular mechanisms 

explaining how the PAO-purification can obtain TrxR with full selenium content, 

considering that the dimer should likely form as heterodimers between UGA-truncated 

and Sec-containing subunits. How can those subunits be separated from each other 

during PAO Sepharose purification, so that the purified enzyme has full activity? To 

answer this question we purified a very large amount of recombinant rat TrxR and, as 

discussed in the paper, we outlined two different hypotheses for the molecular behavior 

of TrxR during purification over PAO. To our surprise we found that neither of our 

outlined hypotheses were correct. The explanation for the results of the purification 

was clearly that UGA-truncated TrxR subunits were indeed co-purified over the PAO 

Sepharose, probably being associated with a Sec-containing subunit, but that the 

existence of these subunits was masked by the remarkably high activity of the selenium 

containing enzyme. A batch of a PAO purified enzyme with a very high specific 

activity of 53 U/mg, surprisingly only had Sec in 65% of its subunits. In light of this 

finding, earlier conclusions concerning the efficiency of E. coli Sec incorporation into 

recombinant selenoprotein (Paper I, Paper II and [114]) should be revaluated since 

the Sec insertion has been less than previously believed (about half). Moreover, the 

maximal catalytic capacity of recombinant rat TrxR1 has to be revaluated for the fully 

Sec-containing enzyme, which should have a specific activity around 80 U/mg. This is 

significantly higher than that determined for any native TrxR purified from mammalian 

tissues. The possible explanations for lower activities in the native enzyme 

preparations are discussed in Paper III. 

2.5.4 Tetrameric and multimeric forms of recombinant rat TrxR 

As a first experimental plan to solve the question of how TrxR could be 

purified to such high specific activity, we performed crosslinking studies in 

combination with PAO Sepharose purification. The outcomes of those experiments 

were inconclusive, since neither of the outlined hypothesis turned out to be correct (see 

discussion above, and in Paper III). However, as an unexpected finding from these 
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experiments, a stable tetrameric form of TrxR1 was identified. Further analyses 

showed that this form of TrxR1 seemed to be made of subunits apparently associated 

in a unique and strong manner with each other, but not linked by disulfides (or 

selenenylsulfides). This tetrameric form of rat TrxR1 (TrxR1T) had TrxR activity, but 

only approximately half that of the dimer form of the recombinant rat TrxR1 (TrxR1D) 

when correlated to the selenium content. We also noted formations of multimers, but 

those were rather provoked by crosslinking or linked by disulfides (or 

selenenylsulfides) and were not as apparent or stable as the tetrameric TrxR1. The 

questions are why, where, how and when the tetrameric form of TrxR is formed. This 

has not yet been answered by us, but some possible functions are discussed in the 

General Discussion part (and in Paper III). 
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3 Conclusions of this thesis 
The major conclusions of this thesis are presented below, answering the 

questions raised in connection with each of the papers forming the basis of the thesis: 

3.1 Paper I – Conclusions 

• Could titration of the selenoprotein mRNA levels result in increased 

selenoprotein yield? 

 Yes, to some extent. In the study we found that selenoprotein 

yield continuously surprisingly, increased, with higher mRNA 

levels (but Sec insertion specificity was still rather low). 

• What would be a good way for producing a system capable of such 

titration? 

 The PBAD promoter from the araBAD system was originally 

designed for a titration purpose and it suited well the purposes of 

our study. However, it is important to point out that araE needs 

to be constitutively expressed for a correct interpretation of the 

titration data, i.e. for PBAD-driven transcription to be titrated on 

the individual cell level. 

• Can we lower the RF2 levels by a slower growth rate and thereby yield 

higher Sec insertion into the recombinant selenoprotein? 

 Reducing the growth rate using minimal medium was not 

favorable for selenoprotein production, even if RF2 levels were 

lowered, due to a very low overall yield under such conditions. 

However, the increase in yield at late exponential phase may in 

part have been due to decreased RF2 levels. 

• What is the impact on the selenoprotein yield, when using co-expression 

of the sel-genes from the pSUABC plasmid under different growth 

conditions? 



Stretching the genetic code - incorporation of Sec at predefined UGA codons 

  53 

 Co-transformation with pSUABC results in increased 

selenoprotein yield in most growth conditions, with very few 

exceptions. 

• Could diverging from standard protocols for recombinant protein 

production increase the yield of recombinant selenoproteins? 

 Yes, yield was quadrupled when induction was initiated at late 

exponential phase and continued at 24oC for 24 hours. 

• Can multi-dimensional analysis be applied to determine optimal growth 

conditions? 

 Yes, multidimensional analysis and data mining were useful 

tools for optimizing protein yield in a recombinant system. 

3.2 Paper II - conclusions 

• Could an E. coli strain specialized for selenoprotein production be 

made by knocking down levels of RF2? 

 Yes, knocking down RF2 levels clearly increased the specificity 

of Sec insertion into a recombinant selenoprotein. However, as 

shown in this study, the production protocols for expressing 

larger amounts of highly active selenoprotein must still be 

imporved, since lowering the RF2 levels also gave lower total 

yields. 

• Which existing technique would be suitable for replacing a native 

chromosomal promoter with a synthetic titrable promoter? 

 The λ Red technique developed by Datsenko et al [169] has 

provend to be highly suitable for replacing genes in E. coli and 

tailoring specifically engineered variants of the chromosomal 

genes, including their promoter regions.  
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• Which would be the appropriate promoter to use for titration and knock 

down of the RF2 levels? 

 The PBAD promoter has proven to be a useful tool because of its 

capacity of tightly shutting down the promoter as well as good 

titrational abilities, but for those purposes it must be used in a 

host strain constitutively overexpressing araE.  

• How does overexpression of RF2 affect growth of the bacteria? 

 In a system where the prfB autoregulatory internal UGA codon 

is still intact, overexpression of RF2 up to 3- to 7-fold higher 

levels than normal were possible and at such conditions the 

growth rate decreased slightly. 

• How would knock down of the RF2 levels affect growth? 

 Knock down of RF2 in the ORaa strain resulted in a 

bacteriostatic effect that severely reduced (or stopped) growth of 

the bacteria, but with maintained capabilities of regaining 

growth if RF2 levels were restored.  

• What growth technique would allow us to knockdown RF2 

simultaneously as recombinant selenoprotein is produced? 

 A continuously turbidostatic fermentor allowed us to induce 

selenoprotein production simultaneously with RF2 levels being 

knocked down, without altering other conditions for the culture. 

• How does knock-down levels of RF2 protein affect the recombinant 

yield and the specific activity of the selenoprotein? 

 With lowering RF2 levels, the bacterial growth was much slower 

and led to expression of much less total amounts of recombinant 

selenoprotein. However, the specificity of Sec incorporation into 

recombinant TrxR increased significantly with decreased RF2 

levels. 
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3.3 Paper III - conclusions 

• What is the molecular mechanism for purification of dimeric rat TrxR1 

over a PAO-sepharose column? 

 The PAO Sepharose bound only to Sec-containing subunits of 

TrxR1 heterodimers, with Sec-containing and UGA-truncated 

subunits not being separated from each other. 

• What is the explanation for the very high specific activity yielded from 

PAO-sepharose purification? 

 It was revealed that the Sec-containing recombinant rat TrxR 

had significantly higher inherent specific activity than previously 

thought and that this high activity had previously been masked 

by co-purification of non-active UGA-truncated subunits. 

• In what form are recombinant rat TrxR expressed? Heterodimers or 

homodimers? 

 The enzyme was expressed in the form of both heterodimers and 

homodimers, with the homodimers being either two Sec-

containing subunits or two UGA-truncated subunits.  

• What is the theoretical highest possible specific activity of recombinant 

rat thioredoxin reductase? 

 According to our selenium determinations and activity 

measurements of many different preparations, the specific 

activity of 100% Sec-containing dimeric recombinant rat TrxR1 

should be around 80 U/mg. 
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4 Discussion 
In this thesis we have further developed the recombinant selenoprotein 

production system in E. coli. In the following section, some other methods used for 

producing selenoprotein will be discussed in comparison to our system. 

4.1 Different methods for selenoprotein production  

High-yield production methods for selenoproteins have been and still are a 

major limiting factor in the field of selenoprotein research. The task of producing 

selenoproteins is not trivial, due to the complexity of Sec incorporation machineries 

and their species specificity. We have used E. coli as host organism for our studies, but 

several other techniques may be attempted for production of selenoproteins. Let us 

first, however, discuss advantages and disadvantages of the E. coli system. 

4.1.1 Recombinant expression of selenoproteins in E. coli 

It is truly astonishing what reserve capacity E. coli has to produce 

recombinant selenoproteins. In 1992, it was first shown that E. coli have a high 

capacity for production of recombinant selenoproteins, when its endogenous formate 

dehydrogenase H was overexpressed at high yields [178]. The expression of 

selenoproteins in E. coli necessitates the presence of a SECIS element positioned 

correctly in the mRNA, so that the E. coli SelB protein is compatible with that SECIS. 

This was taken in consideration when a Cys-to-Sec mutant of formate dehydrogenase 

from Methanobacterium fromicicum was expressed in E. coli where the gene was 

altered, not only from UGC (Cys) to UGA (Sec) but also so that it contained an E. coli 

SECIS downstream of the UGA [179]. Similar approaches were applied when rat 

TrxR1 was first expressed in E. coli [114], which is the technique that has been used in 

this thesis. For its expression, the rat TrxR1 gene was fused with a variant of the 

SECIS element from the E. coli fdhH gene. The Sec-encoding UGA in a gene for 

TrxR1 is located as the penultimate codon, which allowed the SECIS element to be 

positioned in the 3´UTR but still be recognized by SelB and without interfering with 

the coding sequence of the gene (See Figure 15). This strategy was also performed by 

others for a variant of human TrxR1 (KDRF) [180]. Moreover, the same strategy has 
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been successfully developed for production of Sel-tagged proteins, whereby the Sec-

containing active site motif of TrxR is fused to other proteins in order to enable a range 

of biotechnological applications based upon the biochemical features of this motif 

[174-177, 181]. A similar methodology was also used in production of TGR from 

Schistosoma mansoni, which has proven to be promising key drug target for drug 

treatment of Bilharzia [182]. 

 

 
 
Figure 15. SECIS element used for expression of rat TrxR in E. coli. The altered SECIS element 
from the pET-TRSTER plasmid. Included in the structure is the C-terminal end of TrxR and the SECIS 
element from E. coli fdhF. 
 

Heterologous selenoproteins have also been expressed in E. coli with an 

internal Sec residue, with the E. coli SECIS placed 11 nt downstream of the UGA, 

within the open reading frame; the so-produced selenoproteins will then also 

necessarily have other amino acids than Sec dictated by the SECIS element as dictated 

from its invariable sequence corresponding to the loop region binding SelB (see the 

Introduction for details). The first heterologous protein expressed in E. coli with the 

Sec and SECIS placed within the open reading frame was phospholipid hydroperoxide 

glutathione peroxidase [183]. The effect of only having the SECIS introduced resulted 

in 28% activity loss, as compared to that of no mutation due to the SECIS element 

being engineered in the open reading frame. The full-length product produced by 

introduction of a UGA at the otherwise encoded Cys residue in the active site gave four 

times higher activity [183]. Glutathione S-transferase (GST) from schistosoma 
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japonica was expressed with its active site Tyr changed to Sec in E. coli using a similar 

approach [184]. In this case the introduction of a bacterial-type SECIS caused no 

activity loss, however, the active site Tyr-to-Sec mutation resulted in a loss of activity 

and no gain of any other measurable properties in terms of redox activity [184]. 

In conclusion, the E. coli system for recombinant selenoprotein production, 

as studied in this thesis and discussed above, has its major advantage in the high yields 

and relative ease for selenoprotein production. The major disadvantage of the E. coli 

system is the need for engineering of a SECIS element in the gene for the 

selenoprotein. In the case of TrxR or Sel-tagged proteins, this is no problem, whereas 

its requirement poses a major problem in production of selenoproteins containing an 

internal Sec residue. 

4.1.2 Native Chemical Ligation 

Native Chemical Ligation (NCL) is a technique that has been used for 

synthesis of many types of proteins [185]. The NCL methodology is based upon the 

native coupling with a C-terminal Cys, which undergoes trans-esterification with a 

second polypeptide N-terminal Cys. The formation of an acyl-group on the S is then 

migrated to the N atom to form a peptide bond, thereby joining two peptide fragments 

into one protein. Hilvert and colleagues have used this technique by replacing the N-

terminal Cys of the second peptide with a Sec residue, thereby potentially producing 

selenoproteins [186]. The first experiment in that study showed a proof of concept, 

whereby they successfully ligated the pentapeptide LYRAG with L-selenocysteine 

with good yield. Furthermore, they successfully produced bovine pancreatic trypsin 

inhibitor (BPTI) with a Cys38-to-Sec mutation. The Sec mutant showed similar 

properties as the native enzyme [186]. 

The advantage of chemical ligation-based production of selenoproteins is 

the possibility to use non-natural peptide derivatives in the production, as well as the 

avoidance of adherence to biological limitations (such as the need for a SECIS in the 

E. coli production system). The disadvantage may be the chemical side-reactions that 

can be difficult to avoid, as well as the technical hurdles in making selenoproteins with 

a Sec residue that is located far from either end of the protein. 
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4.1.3 Auxotrophic expression systems 

An additional technique that has been applied for the production of 

selenoproteins is the usage of auxotrophic strains where Sec can be incorporated by the 

sulfur pathway of tRNACys-mediated insertion. Shen et al made a Ser9-to-Cys mutant 

of glutathione peroxidase and then expressed it in an auxotrophic strain in the presence 

of selenium in the medium, thereby turning Cys9 into Sec9. The Sec mutant activity 

was found to be comparable with that of naturally occurring GPx [187].  

A similar approach was used to express mouse Grx with the active site 

residue Cys48 made into a Sec. The Sec-containing Grx active site was derived from 

mouse TGR and the Grx variant was introduced into the pET vector. The resulting 

enzyme was expressed in an auxotrophic strain in the presence of selenium and showed 

Grx and GPx activity [188]. Using similar methods, the two active site cysteine 

residues of E. coli Trx were replaced with Sec, whereby the expressed protein 

population contained 75-80% Sec-Sec, 5-10% Sec-Cys and 12-17% Cys-Cys [189]. 

The benefits of using auxotrophic strains for incorporation of Sec is that no 

SECIS or sel-genes are required. Drawbacks are that all Cys residues of an expressed 

protein have the ability to become converted to Sec and the technique is thereby not 

strictly Sec- or predefined residue-specific. 

4.1.4 Production of selenoproteins using mammalian cells 

Selenoproteins can also be produced by transfection of eukaryotic cells 

with selenoprotein-encoding genes compatible with the mammalian translation system, 

but this has so far only resulted in very low yield [190]. HEK293 cells transfected with 

human TrxR2 cDNA resulted in a 5.5-fold increase of total cellular TrxR activity [191] 

or similar effect with TrxR1. The benefits using eukaryotic cells to produce eukaryotic 

selenoproteins are several: lower risk for mis-folding of the protein, posttranslational 

modifications of mammalian selenoproteins can be obtained through natural routes, 

and no SECIS element has to be engineered inside the open reading frame while still 

allowing production of selenoproteins with internal Sec residues. However, retaining 

large quantities of selenoproteins using eukaryotic cells has so far not been possible 

and yields must be significantly increased before the mammalian expression system 

will be of any major or general use in selenoprotein research. 
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4.1.5 Intein-based selenoprotein production in combination with 

chemical ligation 

Intein is the natural splicing of polypeptide chains after release from the 

ribosome, to form an active protein from a longer precursor. Intein-based techniques 

can be used to produce proteins with a C-terminal thiolester, that subsequently can be 

allowed to react with a Sec or Cys on the N-terminus of another peptide [192]. This 

technique was used to create a semisynthetic TrxR. A three-amino acid truncated form 

of TrxR was expressed with an intein. After a thiol-induced cleavage at the intein site, 

chemical ligation of the truncated TrxR with the synthetic tripeptide Gly-Sec-Cys was 

used to attack the N-terminus and thereby created a stabile TrxR protein [193]. 

4.2 General Concluding Discussion and Future Perspectives 

The function of a selenoprotein can be implied, to some degree, by finding 

Cys homologues of the selenoprotein that have been studied in more detail, or through 

homology searches of preserved regions with known function, e.g. redox active sites. 

However, the detailed determination of function, kinetic parameters, structure, action 

of mechanism and other important biochemical parameters, requires a large quantity of 

the selenoprotein for it to be studied. Several of the different techniques used today for 

producing selenoproteins have limitations in yield or in the integrity of the protein (See 

the Different methods for selenoprotein production-section above and references 

therein). We have shown in this thesis that the capacity of E. coli for producing 

selenoproteins is very high (see Paper I, Paper II and [114]). In Paper I we showed 

that the already rather high level of recombinant selenoprotein production in E. coli, 

using previous protocols, could be increased further by altering the growth parameters 

in the culture used to express the selenoenzyme. The method used for determining 

optimal growth parameters for high selenoprotein yield (PCA) also demonstrated that 

multi-dimensional analysis can successfully be applied onto biological systems.  

How could we improve the yield of recombinant selenoprotein production 

even further? There are several different approaches how this could potentially be 

achieved, of which some are listed here: 
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4.2.1 Optimization of growth parameters that have not yet been 

optimized. 

• Oxygen levels: In fermentation process the oxygen levels are usually ranked as 

one of the most important parameter. Since the O2 is a hydrophobic molecule, it 

can be difficult to get enough oxygen into the growth medium for optimal 

growth and protein production. The oxygen in a flask is rapidly consumed 

when a batch of aerobic growing bacteria used and parameters like formation of 

foam can have substantial effects on the oxygenation of the culture. It is 

possible that better controlled oxygen levels could increase yield in 

selenoprotein production – this has so far not at all been evaluated.  

• Medium usage: The choice of carbon source could have great effect on a 

bacterial culture. In Paper I we showed that when glycerol was used as carbon 

source the effect of pSUABC was lower. This could be an effect of lower levels 

of the glucose-derived riboflavin precursor ribulose-5-phosphate [194]. Could 

some other medium additive be a limiting factor for selenoprotein production in 

E. coli? It is possible that much richer media than the full LB medium that we 

have used, would further increase selenoprotein yield. 

• pH: Usually a stable pH in a fermentor process is to prefer; it could potentially 

be beneficial for selenoprotein yield if the pH was monitored and controlled 

throughout a cultivation and production process. 

• Stoichiometry between the individual sel -genes: The use of co-expression of 

the sel-genes is very important for selenoprotein yield, however it has also been 

shown that too much selB lowers the Sec incorporation and that this effect can 

be reversed by overexpression of tRNASec [109] (see also discussion above). To 

regulate the stoichiometry between the sel-genes (increase all factors even more 

than with the pSUABC plasmid) might potentially increase the Sec 

incorporation as compared to the RF2-mediated truncation. 
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4.2.2 Further development of selenoprotein production system 

using the ORaa strain 

In Paper II, we developed a strain that increased the Sec insertion as 

compared to RF2-mediated truncation by lowering the cellular RF2 levels. We believe 

that this strain can be a useful tool in future work expressing other selenoproteins in E. 

coli, since RF2 truncation is one of the major problems when producing 

selenoproteins. However, due to the difficulties in regulating the RF2 levels in a batch 

culture, it should be favorable to perform such experiments in a continuously 

turbidostatic fermentor similar to the one that we constructed in Paper II. A possible 

way is to use a fed-batch system where a larger culture is grown in glucose and when 

RF2 levels are knocked down, the culture is induced to produce the selenoprotein. 

Possible difficulties could be to find the right time to start the induction of the 

selenoprotein. Moreover, since the total yield was low when the RF2 levels were 

knocked down, these production experiments should preferentially be made in large 

culture volumes and with optimized conditions for both yield and Sec insertion 

specificity. 

4.2.3 Further development using the PAO Sepharose 

In Paper III we were interested in determining how the PAO Sepharose 

could function so efficiently in purification of recombinant rat TrxR1 expressed in E. 

coli. Our conclusions as described in Paper III and above, were that the TrxR we 

purified did not consist of only Sec-containing TrxR subunits but rather of a mixture of 

full-length and truncated subunits. As also discussed above, this means that the enzyme 

that was previously thought of as full-length still contained truncated subunits. One 

possible way to attain 100% full-length protein would be to bind the TrxR to the PAO 

Sepharose whereupon the column could potentially be treated with increasing 

concentrations of denaturing agents (such as urea) or high salt, to separate the two 

subunits from each other. The TrxR dimer would thereby release UGA-truncated 

subunits not bound to the PAO Sepharose, and the full-length subunits bound to the 

colmun could potentially form homodimers upon a subsequent elution. However, it is 

not clear wether this on-column refolding would be functional and it should also be 
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noted that the non-covalently bound FAD should not be lost from the full-length 

subunits due to this treatment. 

4.2.4 Lowering the efficiency of RF2 by altering UGA codon 
context 

As discussed in the Introduction under the RF2 part, the codon context of 

a UGA alters the efficiency of RF2-mediated translation termination. One possible 

approach would therefore be to alter the codons surrounding the Sec-encoding UGA to 

be less favorable for RF2 truncation. If this approach was combined with use of the 

ORaa strain, it may be possible to find good combinations of even higher yield and 

higher Sec insertion specificity during recombinant selenoprotein production. 

4.3 Are the properties of recombinant rat TrxR found in Paper 

III of physiological relevance? 

In Paper III, we showed that the recombinant rat TrxR had higher activity 

than we earlier had thought and that the selenium content of TrxR purified over the 

PAO sepharose was lower than previously believed (shown by measurement ration 

full-length and truncated enzyme using TOF-MS and by selenium content 

determination using ICP-MS). The question is, could the native rat TrxR1 have this 

high activity (around 80 U/mg)? Enzyme purified from rat liver was found to have 35 

U/mg [161], however, the selenium content of that batch was not determined. To 

determine the activity of TrxR1 purified from rat tissue in correlation to its Se content 

should preferentially be done, as well as searching for possible inactive forms of the 

protein that could dilute the specific activity [195, 196]. 

In Paper III, a tetrameric form of TrxR (TrxRT) was also discovered and 

characterized. A similar TrxRT have been detected in human cell lines [197], which 

might indicate that this tetrameric form might have a role in the cell. Possible functions 

could be an altered substrate specificity or, more likely, some activity-regulating 

function. It could also reflect some property not directly related to the enzymatic 

activity of TrxR1. More experiments must clearly be made to determine the potential 

physiological function of tetrameric TrxR, if any such exists. 
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4.4 Biotechnological use of Sec and selenoproteins 

The Sel-tag is a multifunctional purification tag developed in our 

laboratory [176], as also discussed above. By introducing a small Sec-containing 

peptide at the C-terminal end of a recombinant protein expressed in E. coli, this can be 

used for protein purification and several other Sec-based applications. The peptide 

added as a Sel-tag corresponds to the four last amino acids of mammalian TrxR. The 

rat TrxR is thereby a naturally Sel-taged protein and purification of any protein labeled 

with the Sel-tag can be done over the PAO Sepharose, as described here in some detail 

for recombinant rat TrxR1 (see section above). The binding to the PAO Sepharose can 

only occur when the Sel-tag is reduced; the oxidized Sel-tag will not form a complex 

with the arsenic atom. The Sel-tag has several biotechnological applications; 

purification, Sec-specific fluorescent labeling, or labeling with either 75Se as a gamma-

emitter or 11C as a positron emitter. Protocols for use of the Sel-tag and this type of 

labeling have been developed in our lab by Qing Cheng, Linda Johansson and 

coworkers [174-177] The purification using a Sel-tag has the advantage of beeing 

smaller and more specific than other common purification tags, including the His-tag, 

while it can also be used for both purification and labeling purposes. 

4.5 Future perspectives – will recombinant selenoprotein 

production in E. coli be of importance? 

The selenoprotein field is growing exponentially; increasing numbers of 

selenoproteins are discovered with obvious medical importance and new promising 

biotechnological applications are developed. As highlighted in this thesis, the need for 

efficient selenoprotein production systems is high in order to match the growing 

selenoprotein field. Production of recombinant proteins, selenoproteins and other 

factors in E. coli should be of great importance in the future. This thesis-work will 

hopefully and likely provide useful information and needed tools for the continued 

exploration of knowledge in the selenoprotein field. 
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