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ABSTRACT

Selenocysteine (Sec), the 21* amino acid, exists in all kingdoms of life and has unique
biochemical properties, such as high electrophilicity and low pK,. The highly increased
reactivity of selenoenzymes compared to their sulfur-containing cysteine-dependent
homologs is generally regarded as the evolutionary reason for having selenoproteins. A
Sec residue of a selenoprotein is co-translationally incorporated at a predefined UGA-
codon. This is re-coded from a termination codon to Sec-encoding by species-specific
translation mechanisms dependent on structural features of the mRNA. As a
consequence, selenoproteins have generally been excluded from conventional
heterologous recombinant expression in bacteria. However, our group has been able to
by-pass this species-barrier and successfully expressed the mammalian selenoprotein
thioredoxin reductase (TrxR) in E. coli. The technique for expressing recombinant
selenoproteins in E. coli involves tailoring of genes to become compatible with the
bacterial selenoprotein synthesis machinery. In this thesis, this methodology has been
used for studying the properties of Sec in proteins. The possibility of using Sec for a
wide range of biotechnological applications has also been explored and demonstrated.

I) TrxR of D. melanogaster naturally contains Cys instead of Sec in the
active site, but surprisingly has nearly the same catalytic activity as the mammalian
counterpart. We found that the catalytic rate of the insect enzyme is highly dependent
on two serine residues, which somehow activate the redox active Cys to act more like a
Sec moiety. Our results suggest that selenocysteine is not necessary for a high catalytic
efficiency per se but gives an advantage of a broader range of substrates and a wider
range of environmental conditions within which the catalytic efficiency can be
maintained.

IT) In mammalian TrxR the Sec moiety is the penultimate residue, which,
due to the constraints of selenoprotein mRNA structural features, facilitated its
expression as a recombinant protein in E. coli. Producing selenoproteins with a Sec
residue internally positioned is more problematic. Despite the technical difficulty, a
Sec-substituted GST could nonetheless be produced at a yield of 2,9 mg/l bacterial
culture, showing a promising potential for the technique to be applied in recombinant
production also of certain proteins with internal Sec residues.

IIT) The C-terminal motif of mammalian TrxR, -Gly-Cys-Sec-Gly, was
introduced as a fusion motif for recombinant proteins produced in E. coli, named a Sel-
tag. Human Vasoactive Intestinal Peptide (VIP) and the dust mite allergen Der p 2,
served the basis for development and evaluation of Sel-tag based techniques. We found
that the Sel-tag could be used as a protein tag for purification of the recombinant
protein, the basis for selenolate-targeted labeling with fluorescent compounds, or
radiolabeling with either gamma-emitting °Se or short-lived positron-emitters such as
e

IV) We have demonstrated an in vivo application of the Sel-tag. The dust
mite allergen Der p 2 was thus labeled with "*Se and used for tracking in vivo allergen
uptake in a mouse model for mite allergy. The fate of the labeled allergen was followed
after intratracheal administration at the whole body level as well as on the protein level
by whole body autoradiography and tissue extractions. We found that the inflammatory
state of the lung upon allergen challenge influenced the clearance of Der p 2. Thus an
allergic response to the allergen may lead to prolonged retention of Der p 2 in the lung.
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Introduction

1 INTRODUCTION

In parallel with writing my thesis, 1 have also worked on a review entitled
“Selenocysteine in proteins — properties and biotechnological use” (same title as my
thesis), which you will find in Appendix 1. In this review we describe the unique
properties of selenocysteine (Sec), the biochemical role of Sec in proteins and the
biotechnological use of Sec-containing proteins. I will therefore not discuss these
aspects in detail here and instead I will refer you to my review for further technical
details and additional information on the subject (Appendix 1). Here, I will give a brief
introduction of the fields of interest for this thesis and subsequently give specific

comments on our results.

1.1 SELENOCYSTEINE

Selenocysteine exists naturally in all kingdoms of life. It is a cysteine analog but
contains a selenium atom instead of a sulfur atom. Selenocysteine has unique
biochemical properties, such as high electrophilicity and low pKa and it can in many

instances be thought to function as an “extraordinarly reactive cysteine” residue.

Selenium is an essential trace element for mammals and it has been known for over
thirty years that selenium can be covalently bound to enzymes. In 1973, the first
genuine selenoprotein was identified, the mammalian glutathione peroxidase (Flohe et
al., 1973), in the same year two bacterial proteins, glycine reductase (Turner and
Stadtman, 1973) and formate dehydrogenase (Andreesen and Ljungdahl, 1973) were
also reported to contain selenium. However, it was not until 1986 it was discovered that
the genes for the mammalian glutathione peroxidase (Chambers et al., 1986) and a
bacterial formate dehydrogenase (Zinoni et al., 1986) both contained an in-frame UGA
codon responsible for insertion of Sec. It was later concluded that a Sec residue of a
selenoprotein is always co-translationally incorporated at a predefined UGA-codon,
which is re-coded from its normal function as a termination codon with species-specific
mechanisms dependent on structural features of the mRNA. This lead to the
establishment of selenocysteine as the 21* genetically encoded amino acid (‘U’ in one-
letter code) (Bock et al., 1991; Stadtman, 1996).
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1.1.1 The expansion of the genetic code

When the genetic code was solved, 20 amino acids were assigned to 61 of the 64
possible codons and 3 codons were identified as stop-codons (i.e. UGA, UAA and
UAG). The AUG was also recognized having dual function, i.e. to initiate protein
synthesis and to code for methionine. Since then it has also been found that the stop-
codons can have additional functions. In Mycoplasma species UGA codes for
tryptophan, and it has been suggested that UGA is the stop codon, that is most often
used for alternative translation events (Tate et al., 1999). Sec is incorporated into
proteins by a genuine expansion of the genetic code as the translation of selenoproteins
involves the decoding of a UGA codon in organisms where UGA also serves as a stop
codon. UGA can thus be redirected, by species-specific mechanisms, to code for
insertion of a Sec residue in case a selenoprotein is to be expressed (see next section
1.1.2). Recently a 22™ naturally occurring amino acid was also identified, pyrrolysine
(Pyl), which is encoded by the stop codon UAG (Atkins and Gesteland, 2002; Zhang et
al., 2005a). It seems, however, to be far less broadly distributed than Sec, being only

identified in certain archaea and bacteria.

1.1.2 Selenocysteine incorporation

All selenocysteine incorporation events that occur at a predefined UGA codon,
necessitates a complete selenoprotein synthesis machinery. This includes, at least, a
selenium source, a unique Sec-tRNA®, a unique elongation factor and a SECIS
(Selenocysteine insertion sequence) structural element in the selenoprotein mRNA.
However these features differ significantly between bacteria, eukaryotes and archaea.
As a consequence, selenoproteins have generally been excluded from conventional
heterologous recombinant expression in bacteria, however there are ways to circumvent
this species barrier. This will be further discussed in the section “Recombinant
selenoprotein production in E. coli” (section 1.2.1), but first the normal Sec

incorporation mechanism in E. coli will be described.

1.1.2.1 Sec incorporation in E. coli

The Sec incorporation machinery in E. coli has been characterized in detail by Bock
and coworkers, mainly using the expression of selenoprotein formate dehydrogenase H
(fdhF gene) as a model (Bock et al., 1991; Leinfelder et al., 1988; Thanbichler and
Bock, 2002b). In short, the Sec-insertion involves four gene-products SelA, SelB, SelC
and SelD and a SECIS-element in the mRNA coding for the selenoprotein (Figure 1).
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The SECIS element is an mRNA structure, located immediately downstream from the
UGA codon, which additionally to coding for the translation of the following amino
acids guides the Sec-specific elongation factor SelB to its place. SelB is a homolog of
the elongation factor Ef-Tu, with an extra C-terminal domain recognizing the SECIS-
clement. SelB binds to a selenocysteine-specific tRNA (tRNA>, the selC gene
product), only when it is charged with a Sec residue, and catalyzes the insertion at the
UGA codon, under GTP hydrolysis. The tRNAS® is first charged with a seryl residue,
which is converted to selenocysteinyl by selenocysteine synthase (SelA) using
selenophosphate as the selentum donor. Selenophosphate is provided by the
selenophosphate  synthetase (SelD), which converts selenide and ATP to
selenophosphate (Figure 1).
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Figure 1: Selenocysteine incorporation in E. coli.

In A) the Sec incorporation mechanism in E. coli is presented in comparison to protein synthesis in
general. During translation of a protein, the EF-Tu catalyzes insertion of all common 20 amino acids into
the polypeptide chain. In contrast, the SelB elongation factor responsible for Sec insertion, only binds to
the tRNAS® (SelC), when charged with a selenocysteinyl moeity. The tRNAS® is, however, originally
charged with a seryl residue, which is converted by selenocysteine synthase (SelA) to selenocysteinyl.
Selenophosphate, provided by selenophosphate synthetase (SelD), is used as selenium donor. RF2 is not
able to bind efficiently to the UGA codon and end the translation when SelB is bound to the mRNA.

In B) anative E. coli SECIS element from the fdhF gene is shown. See text for further details

A quaternary complex with selenocysteyl-tRNA®, GTP, SelB and the mRNA(SECIS)
is necessary for incorporation of Sec and it has been shown that the stoichiometry

between these components is highly important for high fidelity (Tormay et al., 1996).
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Assisting to achieve a correct stoichiometry, it has been shown that the expression of
the seld4 and selB is regulated by a SECIS-like structure in the 5’ non-translated region
of the selAB operon (Thanbichler and Bock, 2002a). When free SelB is available it
binds to the SECIS-like structure and inhibits translation of seld and se/B , thus the
complete Sec-insertion machinery can be tightly regulated. The Sec incorporation is
however inefficient by nature (Suppmann et al, 1999) and UGA, being a
multifunctional codon can be recognized by several elements. There is always a
competetion between the SelB and the bacterial release factor 2 (RF2) terminating
translation at UGA codons (Mansell et al., 2001). In addition, tRNA™ can bind to the

UGA codon and suppress Sec insertion in certain contexts (Sandman and Noren, 2000).

1.1.2.2  Sec incorporation in eukaryotes and archaea

The main difference in Sec incorporation between bacteria, eukaryotes and archaea is
the features of the SECIS elements and thus the proteins binding those mRNA
structures. In contrast to the bacterial SECIS element, selenoprotein mRNAs of both
archaea (Rother et al., 2001a) and eukaryotes (Berry et al., 1991) carry SECIS elements
in the 3’-untranslated region, although they differ in structure and composition.

Another dissimilarity between the eukaryotic and prokaryotic systems is that the
bacterial SelB recognizes both the SECIS element and the unique Sec-tRNA>*. The
correponding functions in eukaryotes are conferred by two distinct factors, a SECIS
binding protein (SBP2) which is recognizes the SECIS element in the 3' untranslated
region, and a Sec specific elongation factor (eEFSec) recognizing the Sec-tRNA® (see
reviews (Berry et al., 2001; Copeland, 2003) for further information). In archea a
specific elongation factor (aSelB) has been identified and shown to bind Sec-tRNAS,
Although it is homologous to SelB, no binding of the archaeal SECIS element was
detectable, suggesting a second protein to bind to the mRNA also here (Rother et al.,
2001Db).

1.2 SELENOPROTEINS

Since the first selenoproteins were discovered in 1973, several other selenoproteins
have been identified. Selenoproteins have been found in all kingdoms of life, but
certain organisms like yeast or higher plants, lack selenoproteins. The fact that Sec is
encoded by the stop codon UGA, probably postponed the identification of many
selenoproteins and there are cases where enzymes were identified and cloned as

truncated products, due to misinterpreted UGA codons (Gasdaska et al., 1995).
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Information and identification of selenoproteins were mainly obtained by in vivo
labeling with Se-selenite and gel electrophoretic separation. In recent years, many
bioinformatic approaches have been developed, identifying selenoproteins by searching
for predicted SECIS elements or Sec/Cys pairs in homologous sequences (Castellano et
al., 2001; Castellano et al., 2004; Kryukov et al., 2003; Kryukov and Gladyshev, 2000;
Kryukov and Gladyshev, 2004; Zhang et al., 2005b; Zhang and Gladyshev, 2005).

There are 25 human and 24 murine selenoproteins identified (Kryukov et al., 2003) and
the necessity of one or several of these selenoproteins has been shown by a Sec-
tRNAS mouse knock-out, which had early embryonic lethality (Bésl et al., 1997).

The mammalian selenoproteins most studied and having known functions are
glutathione peroxidases, iodothyronine deiodinases, selenophosphate synthetase 2,
methionine-R-sulfoxide reductase 1 (selenoprotein R) and the thioredoxin reductases.
Selenoprotein P differs from other selenoproteins by having 10 Sec residues and 2
SECIS-elements. For further reading about mammalian selenoproteins in general, see

reviews (Behne and Kyriakopoulos, 2001; Schomburg et al., 2004).

Selenoproteins seem to be more common in higher eukaryotes than in bacteria or
archaea. E. coli has three selenoproteins, the formate dehydrogenases H, N, and O
isoenzymes, which are expressed under different growth conditions. The only identified
selenoprotein in C. elegans is thioredoxin reductase, probably also the only one existing
in that orgnism according to a recent genome search performed by Gladyshev and
coworkers (Taskov et al., 2005). This means that the entire Sec-incorporation
machinery is present solely for one protein. In D. melanogaster, three selenoproteins
have been identified (Castellano et al., 2001), although in that case thioredoxin

reductase is not a selenoprotein.

The majority of characterized selenoproteins are enzymes where the Sec residue is
essential for the catalytic activity. For further discussion about the role of Sec in these
enzymes see Appendix 1. However, there are still many selenoproteins with unknown
functions. The reasons for so many orphan selenoproteins could be, as mentioned
above, the late discovery of numerous selenoproteins. Another reason is the general
difficulties to achieve purified selenoproteins for biochemical studies. In Appendix 1
we describe different approaches to produce selenoproteins. The technique to express
recombinant selenoproteins in E. coli, which is the methodology I have been using,

shall be discussed in further detail as follows.
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1.2.1 Recombinant selenoprotein production in E. coli

The species-specific Sec incorporation makes it impossible to directly express
mammalian selenoproteins in E. coli. The Sec-encoding UGA codon will inevitably be
read as a stop-codon, resulting in a truncated product. In 1999, our group reported a
method to by-pass this species-barrier and successfully expressed the mammalian
selenoprotein thioredoxin reductase (TrxR) in high yields in E. coli (Arnér et al.,
1999a). By fusing an engineered variant of the bacterial SECIS element from formate
dehydrogenase H to the TrxR open reading frame, the bacterial Sec incorporation
machinery could insert a Sec residue at the UGA codon. Due to the penultimate
position of the Sec residue, the SECIS element could be positioned outside the open
reading frame and thereby not interfering with the coding region of the TrxR. Co-
expression with the sel4, selB and sel/C genes increased the efficiency of selenoprotein
production and 20 mg TrxR with 25% specific activity (compared to native enzyme)
could be produced per liter bacterial culture. By optimizing the production conditions,
we have now increased the yield to 40 mg TrxR with 50% specific activity per liter
bacterial culture (Rengby et al., 2004). The specific activity of TrxR is a direct
measurement of Sec-incorporation efficiency (Rengby et al., 2004), thus we can
achieve 50% Sec-incorporation. This was accomplished when expressing the TrxR in
late exponential phase, probably explained by better SelB function in comparison to

RF2 activity in stationary phase.

Other groups have later expressed other isoforms of TrxR using similar approaches
with fusion of bacterial-like SECIS element, however they did not use co-expression of
the seld, selB and sel/C genes and their yields of selenoprotein were lower (Bar-Noy et
al., 2001; Koishi et al., 2000).

In TrxR the SECIS element is located after the stop codon and does not need to unfold
and thereby also encode consecutive amino acids. Having the Sec residue internally
positioned makes recombinant production more difficult, due to the need of point-
mutations in the protein to acquire a functional SECIS element (Arnér, 2002). Then it is
vital to define the recognition elements in the SECIS-element, in order to find the
minimal sequence, necessary for SelB-binding and Sec incorporation. The SECIS
element of fdhF mRNA is 40 nucleotides long and forms a stem-loop RNA structure
(Zinoni et al., 1990). It has later been shown that the 17 base pairs upper stem-loop
structure is sufficient for Sec incorporation, with the condition that it is located 11
nucleotides downstream from the UGA codon (Liu et al., 1998) (see Figure 1B) .
Several groups have studied this further revealing additional SECIS variants capable of

guiding Sec-insertion in E. coli (Chen et al., 1993; Klug et al., 1997; Sandman et al.,
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2003). There are two reports, (in addition to Paper III) showing that it is possible to
express recombinant selenoproteins with internal Sec residues in E. coli (Bar-Noy and
Moskovitz, 2002; Hazebrouck et al., 2000). However yield and efficiency of Sec
incorporation were generally very low in those cases.

1.3 THE THIOREDOXIN SYSTEM

The classical thioredoxin system consists of thioredoxin (Trx), thioredoxin reductase
(TrxR) and NADPH and is present in almost all living organisms. It mediates reduction
of protein disulfide bonds and employs a wide range of important antioxidant and redox
regulatory roles in cells (reviewed elsewhere (Arnér and Holmgren, 2000; Gromer et
al., 2004; Nordberg and Amér, 2001)). In lower organism, reduced Trx carries out all
the important roles for this system and the task for TrxR is to reduce Trx. However, in
higher organism TrxR has several additional direct substrates, which are important for

cell function (see below).

1.3.1 Thioredoxin

Thioredoxin is a thiol-disulfide oxidoreductase of 12 kDa ubiquitously expressed in
most living organisms. It contains the active site Cys-Gly-Pro-Cys and the
characteristics of Trx are well conserved between species. The typical thioredoxin fold
consists of five central B-strands surrounded by four a-helices (Holmgren, 1995). This
was first demonstrated in 1975, when the structure of oxidized E. coli Trx was solved
(Holmgren et al., 1975).

Reduced Trx plays an important role in DNA synthesis by acting as an electron donor
for the essential ribonucleotide reductase, which converts ribonucleotides into
deoxyribonucleotides (Holmgren, 1977b; Laurent et al., 1964). Other Trx substrates are
methione sulfoxide reductases (Brot and Weissbach, 1991) and peroxiredoxins (Chae et
al., 1999). Disulfide reduction by Trx also involves redox regulation of many
transcription factors, such as NF-kB and AP-1, which contribute to the numerous
functions of Trx in the cell (for reviews see (Arnér and Holmgren, 2000; Gromer et al.,
2004; Holmgren, 1985; Nordberg and Arnér, 2001; Powis and Montfort, 2001)).

Many thioredoxin isoforms have been found and in addition, mitochondria have a
separate thioredoxin system. The cytosolic Trx1 and mitochondrial Trx2 are the

principal thioredoxins in humans and both are essential as shown by the early



Linda Johansson

embryonic lethality of mice lacking either Trx1 (Matsui et al., 1996) or Trx2 (Nonn et
al., 2003).

1.3.2 Thioredoxin reductase

TrxR is a flavoprotein belonging to a family of homodimeric pyridine nucleotide-
disulfide oxidoreductases, which includes glutathione reductase, lipoamide
dehydrogenase and mercuric ion reductase (Williams, 1992). Two distinct types of
TrxR have evolved; bacterial, plant and yeast thioredoxin reductases are homodimers
of around 35 kDa (referred to as small or low M, type of TrxR) and are different from
the large TrxR (high M; type), which has a subunit size between 55-60 kDa and is
present in higher eukaryotes (Gromer et al., 2004; Williams et al., 2000).

The low M; type of TrxR contains one FAD and one redox active disulfide in each
subunit. The catalytic cycle, which involves a domain rotation of 66°, is different from
all other members in this family (Lennon et al., 2000; Williams et al., 2000). The
crystal structure for both conformations have been solved, revealing one conformation
necessary for flavin reduction by NADPH and Trx reduction and one conformation
required for the transfer of the electrons from the flavin to the redox active disulfide
(Lennon et al., 1999; Waksman et al., 1994).

The high M; type of TrxR has in addition to the FAD and the redox active disulfide a
third redox active group per subunit. The third group is a selenenylsulfide in mammals
(Zhong et al., 1999) and a disulfide in P. falciparum (Gilberger et al., 1998), D.
melanogaster (Kanzok et al., 2001) and the malaria mosquito A. gambie (Bauer et al.,
2003a). The mechanism of large TrxR is distinct from the small TrxR and is more
similar to that of glutathione reductase (Arscott et al., 1997). Electrons are shuttled
from the FAD via the redox-active disulfide in one subunit and further to the third
redox active site at the flexible C-terminus of the other subunit in the dimeric enzyme.
The reduced C-terminal active site is subsequently highly accessible for reducing
substrates and no large conformational change is necessary (this mechanism is

presented in more detail in section 1.4.1).

1.3.2.1 Mammalian TrxR

The fact that mammalian TrxR is a selenoprotein was first discovered by Stadtman and
coworkers in 1996 (Gladyshev et al., 1996; Tamura and Stadtman, 1996). It is
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homologous to glutathione reductase with an additional C-terminal elongation of 16
amino acids containing the redox active site Gly-Cys-Sec-Gly-COOH (Sandalova et al.,
2001; Zhong et al., 2000; Zhong et al., 1998; Zhong and Holmgren, 2000). This
flexible C-terminal tail transports electrons from the buried redox-center near the flavin
to a more exposed position at the surface of the enzyme, enabling reduction of bulky
substrates (Sandalova et al., 2001). This feature of the large TrxR has helped explaining
the very broad specificity possessed by these enzymes. Whereas small TrxR exhibits a
very narrow specificity, with Trx being almost the sole substrate, mammalian TrxR can
react with a wide range of substrates from proteins to small molecules. In addition to
Trx from different species it reduces protein disulfide-isomerase (Lundstrém and
Holmgren, 1990), NK-lysin (Andersson et al., 1996) and various low molecular weight
compounds such as DTNB (Holmgren, 1977a), selenenyl iodide (Mugesh et al., 2003),
methylseleninate (Gromer and Gross, 2002), selenite (Kumar et al., 1992), lipid
hydroperoxides (Bjornstedt et al., 1995), dehydroascorbate (May et al., 1997) and a
number of different quinones (Cenas et al., 2004; Xia et al., 2003). Another feature of
the mammalian TrxR, explaining the broad specificity is the highly reactive Sec residue
in the active site of TrxR, which is essential for its catalytic activity (Bar-Noy et al.,
2001; Lee et al., 2000; Zhong and Holmgren, 2000).

The oxidized enzyme, containing a selenenylsulfide bridge between the Cys and the
Sec residue in the C-terminal active site, is resistant to modification with electrophilic
agents or digestion with carboxypeptidase (Zhong et al., 1998). However, the reduced
enzyme is highly susceptible to the above treatment (Gromer et al., 1998a; Nordberg et
al., 1998; Zhong et al., 1998), indicating that most inhibitors of TrxR react directly with
the C-terminal active site. This view is further supported by the fact that glutathione
reductase, similar in structure but lacking the C-terminal redox site including the Sec
residue, is far less inhibited by many TrxR inhibitors (Gromer et al., 1998a; Gromer et
al., 2004). There are many known inhibitors of TrxR, such as DNCB (Arnér et al.,
1995), arsenicals (Lin et al., 1999), platinum compounds (Arnér et al., 2001), gold
compounds like aurothioglucose and auranofin (Gromer et al., 1998a), quinone
compounds (Cenas et al., 2004), nitrosoureas (Schallreuter et al., 1990) and thiol
alkylating  agents including iodoacetic = acid, iodoacetamide and 5-
1odoacetamidofluorescein (5-IAF). A number of these are pharmacological substances,
which have been clinically applied for cancer treatment, rheumatic disorders and other
diseases (Becker et al., 2000; Gromer et al., 2004). Due to the many roles of TrxR
inside cells, TrxR inhibition would start numerous pathways leading to increased
susceptibility to oxidative stress (Nordberg and Arnér, 2001). Sec is more sensitive to
oxidation than Cys and it has been postulated that TrxR works as a cellular redox

sensor by means of the Sec residue (Sun et al., 1999). It has further been demonstrated
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that selenium-compromised TrxR (formed by cisplatin inhibition or as truncated
enzyme lacking the Sec residue) could induce rapid cell death as a gain of function
(Anestal and Arnér, 2003).

In addition to the classic cytosolic TrxR (TrxR1), two isoforms have been identified
with the same Sec-containing C-terminal active site and overall structure, one
mitochondrial TrxR2 (Miranda-Vizuete et al., 1999) and one testis-specific TGR
(Thioredoxin and Glutathione Reductase) carrying an additional N-terminal
glutaredoxin domain (Sun et al., 2001). The cytosolic TrxR1 has also been shown to be
present in a number of splicing variants with a complex transcript regulation (Rundlof
et al., 2004). Mice lacking either TrxR1 (Jakupoglu et al., 2005) or TrxR2 (Conrad et
al., 2004) show early embryonic lethality, further demonstrating the significance of

these enzymes.

1.3.2.2  Drosophila melanogaster TrxR

Drosophila melanogaster TrxR (DmTrxR) belongs to the high M; type TrxR and is a
homolog to the mammalian TrxR. As its counterpart Plasmodium falciparum TrxR,
DmTrxR does not contain a Sec residue and instead has two cysteines in the C-terminal
active site (Gilberger et al., 1998; Kanzok et al., 2001). Disulfide bonds between
sequentially adjacent cysteines are normally strained, however, for the Cys-Sec pair,
the Sec exhibits a 15% longer bond length, probably facilitating the formation of the
selenenyl-sulfide bridge. In Plasmodium falciparum TrxR this has been solved by a
four amino acid spacer between the two redox-active cysteines (Cys-Gly-Gly-Gly-Lys-
Cys) enabling a tension-free disulfide bridge. Surprisingly, when the DmTrxR was
characterized, two neighbouring Cys residue was found in the C-terminal active motif,
Ser-Cys-Cys-Ser-COOH (Kanzok et al., 2001). In contrast to the low activity of the
mammalian Sec-to-Cys mutant (Zhong and Holmgren, 2000), and in spite of the
proposed strained disulfide bond, DmTrxR has approximately 50% activity of the
mammalian TrxR. A model of the catalytic mechanism of DmTrxR has been published
although it does not fully explain why this insect enzyme does not need selenium and
still has high catalytic activity (Bauer et al., 2003b).

Drosophila has one gene, which codes for two TrxR forms, one cytoplasmic and one
mitochondrial and as the mammalian TrxR, both are essential (Missirlis et al., 2002).
Furthermore, these insects lack glutathione reductase, which assigns TrxR to additional

roles (Kanzok et al., 2001). Despite the broad specificity of TrxR, it is incapable of
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reducing glutathione disulfide (GSSG) directly, however, reduced Trx can work in

place of glutathione reductase and reduce glutathione (Arnér et al., 1999b).

1.4 STUDIES OF SEC-MUTANTS AND CATALYTIC ACTIVITY
141 TrxR

The mechanism of mammalian TrxR has been rather well investigated (Arscott et al.,
1997; Gromer et al., 1998a; Gromer et al., 1998b; Sandalova et al., 2001; Zhong et al.,
2000; Zhong et al., 1998; Zhong and Holmgren, 2000). Electrons are transferred from
NADPH, via the FAD to the redox-active disulfide in one subunit, formed by the
cysteines in positions 59 and 64 in the N-terminal active site domain sequence
CVNVGC. The electrons are then shuttled further to the third redox active site at the
flexible C-terminus of the other subunit in the dimeric enzyme (Figure 2).
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Figure 2: Proposed mechanism for mammalian TrxR.

NADPH reduces the FAD in the fully oxidized enzyme (species 1), electrons are then shuttled to the C-
terminal selenenylsulfide (species 2, 3), another NADPH molecule reduces the re-oxidized FAD (species
4). The selenol attacks the substrate, Trx (species 4-5), subsequently the nearby Cys-497 cleaves the
intermolecular disulfide between TrxR and Trx, leading to a reduced Trx product and the selenenylsulfide
in TrxR (species 2). The dotted line in species 2, 4 and 5 indicate charge-transfer interaction between the
thiolate of Cys-64 and the flavin, this charge-transfer complex is characterized by an absorbance peak

around 540 nm, which is seen for reduced TrxR.
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The selenenylsulfide in the C-terminal active site is thereby reduced to a selenolthiol
and the selenol can subsequently reduce the disulfide of Trx. The mixed
selenenylsulfide between Trx and TrxR is subsequently attacked by the nearby Cys in
the enzyme, resulting in the release of the reduced Trx and regeneration of the

selenenylsulfide.

There are additional amino acids, which have been suggested to play a role in the
catalytic cycle of large TrxR. A conserved His residue (His 472 in human TrxR, His
464 in DmTrxR) has been postulated to be involved in the catalysis of the interchange
between the reduced and oxidized form of the N-terminal and C-terminal redox active
sites. A mutant form lacking the corresponding His 509 in Plasmodium falciparum
TrxR showed 95% loss of activity, supporting this theory. There is an additional
conserved His residue in all large TrxR postulated to be involved in catalysis, by acting
as base in the reaction between the enzyme and substrate, however, a recent report
studying the His-106 mutant in DmTrxR suggests it to have a more structural rather
than enzymatic role in TrxR (Jacob et al., 2005). A recent paper, proposes a catalytic
triad, Sec-His-Glu, in the mammalian TrxR, based on computer analysis (Brandt and
Wessjohann, 2005).

As mentioned above, the Sec residue is essential for the catalytic mechanism of
mammalian TrxR. A Sec498Cys mutant of the mammalian TrxR has been studied in
detail and showed a 100-fold lower ke, than the wild type enzyme using Trx as
substrate (Zhong and Holmgren, 2000). The pH optimum for this mutant was changed
from pH 7 to pH 9, which could be explained by the lower pKa of a Sec residue
compared to a Cys residue. The selenolate anion is both a better nucleophile and a
better leaving group than a thiolate anion, further explaining the low activity of the Cys
mutant. When the isolated Sec498Cys TrxR was characterized there was no disulfide
bridge between the vicinal dithiols consistent with an unfavorable structure for forming
a disulfide (Zhong et al., 2000). Despite all these observations, which disfavors the
existence of an active site containing two neighbouring Cys residues, DmTrxR shows

high catalytic activity in reducing Trx. This will be further discussed in Paper L

1.4.2 GST/GPX

Glutathione S-transferases (GST) are a family of multifunctional isozymes found in
most organisms, which protects the cell from endogenous and xenobiotic toxic
compounds. GST isoenzymes catalyse the transfer of glutathione (GSH) to electrophilic

groups of cytotoxic compounds, thus making the compounds more water soluble and
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easier to transport out of the cell. The GSTs are divided into species-independent
classes (alpha, beta, mu, kappa, omega, pi, sigma theta and zeta) based on their
biochemical and immunological properties and sequence identities (Sheehan et al.,
2001). The GSTs have been extensively studied, many structures have been solved and
their catalytic mechanisms have been characterized in detail (Armstrong, 1997; Dirr et
al., 1994). They are hetero- or homodimers, with subunits around 25 kDa. Each subunit
is built up of two domains, an N-terminal more conserved GSH-binding site and a C-
terminal hydrophobic, xenobiotic substrate binding site. The active site is located in the
N-terminus and contains a catalytically essential tyrosine, serine or cysteine residue,
which interacts with the thiol group of GSH, subsequently activating the sulfur for
nucleophilic attack (Armstrong, 1997; Dirr et al.,, 1994; Sheehan et al., 2001). The
GSTs catalyze a wide range of reactions and the specificity for different compounds
varies greatly between different isoforms. To assay GST-activity, CDNB usually works
as substrate, but there are a number of other assays for determining catalytic activity as
well (Habig and Jakoby, 1981).

Glutathione peroxidase (GPX) was the first selenoprotein identified in mammals (Flohe
et al., 1973), it protects the cell from oxidative damage by catalyzing the reduction of
H,0,, lipid hydroperoxides and other organic peroxides, using glutathione as the
reducing substrate. There are five types of mammalian selenium-containing GPXs, the
cytosolic GPX (GPX1), the gastrointestinal GPX (GPX2), the plasma GPX (GPX3),
the phospholipid hydroperoxidase PHGPX (GPX4) (Arthur, 2000) and the more
recently found GPX6 (Kryukov et al., 2003). All five types have a Sec residue in the
catalytic active site. There is also at least one non-selenium GPX (GPX-5), which has a
Cys residue in the active site, however its activity is around 0.1% of that of GPXI1
(Ghyselinck et al., 1991; Vernet et al., 1996). GPX1 is abundant in most tissues, it is a
tetramer, with four identical subunits of 22-23 kDa. GPX1 is not an essential enzyme,
shown by a viable GPX1”" knockout mouse (Ho et al., 1997), although it has an
important antioxidant role (reviewed in (Lei, 2002)). It has also been postulated that it
is only GPX1, which can sufficiently protect against oxidative stress and the other GPX
isoenzymes must have other additional roles (Brigelius-Flohe et al., 2002). The
catalytic reaction for GPX (Reaction I) involves the oxidation of the reduced Sec
residue by hydroperoxide forming a selenenic acid, which is further converted to a
selenyl sulfide by GSH (Ursini et al., 1995). An additional GSH reacts with the enzyme

and regenerates the reduced selenol.

ROOH + 2GSH = ROH + H,0 + GSSG  (Reaction 1)
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Several attempts have been made to try to copy the GPX activity. This has been
demonstrated by the artificial selenoenzyme selenosubtilisin, where the modification of
changing an active site Ser residue to a Sec residue in the serine protease subtilisin,
resulted in a glutathione peroxidase mimic with peroxidase activity (Bell et al., 1993;
Wu, 1989). A Cys residue in the active site of phosphorylating glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), which was changed to a Sec residue also revealed
peroxidase activity (Boschi-Muller et al., 1998). However, these enzymes has no GSH-

specific binding site, thus they utilize other thiols as reducing substrates.

The glutathione-binding domains of GST and GPX both have a thioredoxin-fold
(Martin, 1995) and a GSH-binding site, but they have different catalytic residues and
different catalytic mechanisms. However, some GSTs have been reported to have
glutathione peroxidase activity, thus some overlap between their activities may exist
(Hurst et al., 1998). This has led groups to speculate that one could get a GST with high
specific GPX-activity, by introducing a Sec residue in the active site. There have been
reports on such conversions (Ren et al., 2002; Yu et al., 2005), using either chemical
modification or auxotrophic bacterial system to insert the Sec residue. We used our
method for selenoprotein production in E. coli to address this question (Paper II),

which will be discussed below (section 2.3.2).

1.5 RESEARCH AREAS WHERE THE SEL-TAG WAS SUBSEQUENTLY
APPLIED

The development and applications of the Sel-tag (see Paper III and IV) is a main focus
of this thesis. The Sel-tag is a small multifunctional tetrapeptide motif containing a Sec
residue. We have shown that by introducing the Sel-tag into recombinant proteins
expressed in E. coli it could serve the basis for protein purification, fluorescent labeling
and radiolabeling, including labeling of positron emitters to be used for PET-studies
(Paper III). Furthermore the Sel-tag was applied for radiolabeling of the recombinant
allergen Der p 2 and used in a mouse allergy model (Paper IV). Thus, here I will
introduce in more detail these different research fields where we subsequently used the

Sel-tag, before discussing our own results.

1.5.1 Protein purification

Heterologous expression of recombinant proteins in E. coli is a general technique for

producing high protein yields for use in basic research studies, therapeutics and
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diagnostics. It is a convenient and inexpensive expression system for production and
purification of many different recombinant proteins. The ideal solution for purification
is to use a chromatography method, which is highly specialized for the targeted protein,
thus enabling specific purification. This can be accomplished by fusion of a DNA
fragment, coding for a small peptide or protein, to the 5’- or 3’- terminus of the target
gene (Hearn and Acosta, 2001). Such affinity tags are widely used to produce proteins
of high purity in a single-step procedure. The most common tag for purification
procedures is the His-tag. It consists of six histidine residues, and is subsequently used
for immobilized metal ion affinity chromatograph (IMAC) (Ueda et al., 2001). Other
commonly used affinity tags are poly-Arg-, FLAG- , c-myc-, S- and Strep II-tags
(Terpe, 2003).

One important aspect to consider is that the tag utilized for purification, should not
influence the biochemical and biological properties of the tagged protein. There are two
different approaches to achieve this. One method is to fuse a small peptide to the parent
protein, which hopefully will not introduce any change in functionality of the protein.
The other approach is to cleave off the tag after purification and in that case it is
possible to use a larger fusion protein. Examples of common fusion proteins include the
GST-tag, which is purified by a glutathione-coupled matrix, the CBD (cellulose-
binding domain)-tag, which binds specifically to cellulose, and the MBP (maltose-
binding protein)-tag, which has high affinity for amylase (Terpe, 2003). Removal of
these fusion proteins after purification is accomplished by proteases, which recognize
and cleave after specific amino acid sequences (Stevens, 2000). The most widespread
proteases for this purpose are enterokinase, thrombin and factor X, (Terpe, 2003).
Cleavage of the tag without using proteases is also possible by introducing a self-
splicing intein, which is commonly available in combination with a chitin-binding
domain (Chong et al., 1997). Accordingly, to enable a single chromatographic step, a
targeted protein is bound to a chitin column and subsequently induced to undergo self-
cleavage, releasing the protein, with the chitin-binding domain still attached to the
column (Chong et al., 1997).

A common aspect to consider when producing heterologous proteins in E. coli is that
some proteins aggregate, forming so called inclusion bodies, and can thus be tricky to
recover functional proteins. In that case, a tag or fusion protein could be of advantage to
increase the solubility of the protein. The fusion proteins NusA, TrxA (E. coli
thioredoxin) and DsbA are known for increasing the solubility of the parent protein.

However, proteins with these tags usually need a second tag for purification.
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High-throughput protein expression and purification is indeed dependent on affinity
tags and is often used when producing proteins for structural biology (Stevens, 2000).
The solubility of the protein expressed relies both on the protein itself and the fusion
tag, thus there are no general tag working every time (Stevens, 2000). However, there
are today methods for easy subcloning, resulting in easy transfer of a recombinant gene
into different vectors containing different tags (Braun et al., 2002; Hammarstrém et al.,
2002). It should be noted however, that the Gateway® method of switching inserts
between different expression vectors adds an additional peptide “scar” sequence that

could also affect the properties of the target protein.

Many of the fusion tags, such as the FLAG-, strep- and the c-myc-tag, enable in
addition to a purification tool, also detection with monoclonal antibodies. Other
approaches for protein detection are to use fluorescent or radioactive compounds for
labeling (see below).

1.5.2 Fluorescent labeling

Fluorescent compounds can be used to prepare fluorescent peptides or proteins for
detection and evaluation of protein function or protein-protein interactions. There are
numerous fluorescent probes commercially available, which can bind to an amine- or
thiol-group in a protein. There are also affinity tags, which can be used for both
purification and specific fluorescent labeling, such as lanthanide-binding tags (Franz et
al., 2003). Furthermore, methods have been developed for incorporation of a
fluorescent reporter group in the N-terminus of a recombinant protein while expressed
in E. coli (Gite et al., 2000). In that way a sensitive detection of expressed proteins by
SDS-PAGE and subsequent UV-detection is achieved.

Fluorescent labeling is widely used to study protein function and localization in living
cells (Miller and Cornish, 2005; Zhang et al., 2002). Expression of genetically encoded
reporter constructs resulting in fluorescent proteins enables real-time visualization and
tracking of various cellular events. Green fluorescent protein (GFP) is extensively used
for this purpose. GFP is a 27 kDa protein from Aequorera victoria with a compact
structure allowing fusion to a variety of target proteins without much interference with
the biological properties of the proteins. There are also many new GFP variants with
altered excitation and emission spectra and improved properties (for an in-depth review
see (Tsien, 1998)). Redox-sensitive variants of GFP allowing visualization of the
intracellular oxidative state have also been constructed (Dooley et al., 2004; Hanson et

al.,, 2004). A promising alternative for GFP is the biarsenical-tetracysteine system
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developed by Tsien and coworkers (Adams et al., 2002; Gaietta et al., 2002; Thorn et
al., 2000). This approach relies on a short tetracysteine peptide (CCXXCC), in the
recombinant protein, and a biarsenical fluorescent compound which bind with high

affinity to this motif.

1.5.3 Radiolabeling

Radiolabeling of recombinant proteins or peptides can serve the basis for many
applications in basic science as well as for clinical applications. In basic science it can
be used for protein detection, metabolic tracking and turnover studies or as radiolabeled
antigen in Radioimmuno Assays. The most common radionuclides for labeling proteins
are iodine-125 and iodine-131 and they are introduced into the protein by direct
labeling, i.e. radioiodination (Wilbur, 1992). Radioiodination is a random process,
where the iodine preferentially binds to tyrosine residues. Other common radionuclides
for protein labeling are tritium, carbon-14, phosphor-32 and sulfur-35. An alternative
approach to insert radionuclides is by chemical conjugation methods, but they are more
complicated to conduct (Wilbur, 1992). Labeling of recombinant proteins can also take
place during protein synthesis by introducing radiolabeled amino acids, such as sulfur-

35 labeled methionine and cysteine, which are commercially available.

Also here, an affinity tag, is off great use, to specifically localize a radionuclide to a
unique site in the recombinant protein. For instance, the introduction of a
phosphorylation motif can enable radiolabeling using ATP labeled with phosphor-32
(Chen and Hai, 1994; Clark et al., 2002; Mohanraj et al., 1996) or the use of a His-tag

for conjugation of a technetium-99m molecule (Waibel et al., 1999).

1.5.4 Positron Emission Tomography

Positron emission tomography (PET) localizes and quantifies positron decays over time
and is used for studying biochemical and physiological processes in vivo. It is a non-
invasive method for detection of trace amounts of compounds labeled with positron
emitters. The most common positron emitters used are O (t;,=2.07 min), N
(t1,=9.96 min), ''C (t;,=20.4 min), and "*F (t,,=109.7 min). A selenium positron
emitter "*Se (t;,=7.1 hour) can also be produced (Fassbender et al., 2001) and has been

postulated for use in PET studies in humans (Bergmann et al., 1995).
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The high resolution and sensitivity of PET gives it an advantage over other imaging
techniques for detection of cancer tumors (Okarvi, 2001). The major clinical
application for PET in oncology today is the use of a single radiopharmaceutical, '*F-
FDG (Rohren et al., 2004). "*F-FDG, a glucose analog, is trapped in the glucose
metabolism and accumulates in most tumors to a greater extent than in normal tissue
due to increased metabolic rate. The short half-lives of the radionuclides used in PET
are a determining factor for the utility of the labeling procedure. Thus the lack of rapid
labeling techniques for polypeptides has been a limiting factor for developing new in
vivo approaches for PET-studies based on peptide ligands (Okarvi, 2001).
Consequently simple and efficient general labeling techniques for proteins and small

peptides could generate new important applications for future PET imaging.

1.5.5 Peptide targeted imaging of cancer

The concept of designing radiopharmaceuticals based on peptides for cancer detection
is promising (Reubi, 1997; Reubi and Waser, 2003). Various receptors are
overexpressed on different tumor types and biologically active peptides, which
selectively bind with high affinity to these receptors, could be used for imaging.

One successful example is somatostatin receptor scintigraphy. Somatostatin is a small
neurohormone with numerous effects and a stable analogue of this peptide is today
widely used for detection of neuroendocrine tumors (Virgolini et al., 2005). Examples
of other peptides, which have receptors in high density on tumor cells, are VIP, gastrin-
releasing peptide, neuropeptide Y and cholecystokinin, all with clinical relevance
(Virgolini et al., 2005).

1.5.5.1 Vasoactive Intestinal Peptide

Vasoactive Intestinal Peptide (VIP) is a widely studied neuroendocrine polypeptide
hormone. It is a 28 amino acid peptide, which was first isolated from porcine intestine
and sequenced in 1970 (Said and Mutt, 1970). VIP is derived from a 170 amino acid
precursor molecule and metabolized post translationally to form the bioactive VIP
peptide. The biological effects of VIP include vasodilatation, anti-inflammatory
actions, immunosuppression and stimulation of hormonal secretion. It has great
potential in treatment of tumors, diabetes, rheumatoid arthritis and neurodegenerative
diseases (Delgado et al., 2004; Gozes and Furman, 2004). VIP is structurally related to
another neuropeptide, PACAP (pituitary adenylate cyclase activating polypeptide) with
which it shares two G-protein-coupled receptors, VPAC1 and VPAC2 (Laburthe et al.,
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2002). VIP binds with high affinity to both of the two VIP receptors (VPACI,
VPAC2).

The VIP receptors are present in almost all human tissues but are more abundant in
numerous tumor tissues, including intestinal carcinomas, endocrine tumors (Virgolini et
al., 1994) and breast cancer (Moody et al., 1998a). This makes VIP a good candidate
for peptide targeted imaging of cancer tumors. The radioligand '*’I-VIP has been used
for receptor scintigraphy in cancer patients with positive results (Hessenius et al., 2000;
Raderer et al., 2000). Tc-99m-VIP has also been used for imaging tumors in humans
(Thakur et al., 2000). Promising results with mice bearing cancer xenografts with "°F-
or ¥Cu- VIP derivatives suggest that VIP could be used as a PET tumor imaging agent
in humans (Jagoda et al., 2002; Thakur et al., 2004).

As discussed above, peptide labeling can be very difficult and many different
approaches have been attempted for radiolabeling of VIP. VIP is a basic peptide of 3.3
kDa containing three lysines (at positions 15, 20, 21), two tyrosines (at positions 10 and
22) and no cysteine residue. It has been reported that all 28 amino acids are important
for high affinity binding of VIP to the VIP receptors (Chakder and Rattan, 1993). To
enable labeling with Tc-99m, four amino acids, Gly-Gly-Ala-Gly with a 4-
aminobutyric acid as spacer were added at the C-terminal with retained biological
activity (Pallela et al., 1999). This motif could subsequently be used as a Ny chelating
site for Tc-99m. Another approach is to label lysine residues. The VIP Lys 15 and Lys
21 were mutated to arginines without loss of biological function, thus enabling labeling
of the single Lys 20 with '*F (Moody et al., 1998b). For the '“I-VIP human
scintigraphy studies, monoiodinated VIP at one Tyr residue was used, although this
was a mixture of VIP labeled at either of the two tyrosine residues (Tyr 10 or 22). Our
results of VIP labeling (Paper III) should be viewed in the context of these prior

experiments.

1.5.6 Allergy

In Western societies the prevalence for allergic diseases has increased significantly over
the last decades. There are many theories for explaining this higher incidence of
allergic diseases, including better diagnosis, atmospheric pollution, nutrition and the
“hygiene hypothesis™ (Kaiser, 2004). The hygiene hypothesis, which states that loss of
early life exposure to microbial agents increases the risk of allergic disease has been
heavily debated (Romagnani, 2004). Beside environmental factors another important

risk factor for allergy/asthma is a family history of allergic diseases and several gene
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regions on chromosome 1, 2, 6, 7, 11, 12, 13, 14 and 20 have been linked to an
increased risk for development of allergy and/or asthma (Malerba and Pignatti, 2005).

Allergy is defined as a hypersensitivity reaction initiated by immunologic mechanisms
(Johansson et al., 2004; Johansson et al., 2001). Most allergic patients suffer from IgE-

mediated allergy, defined by the production of IgE-antibodies in response to otherwise

harmless environmental antigens (allergens), see Figure 3.
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Figure 3: A simplified overview of the allergic reaction.

In the sensitization phase of the allergic reaction, the allergen is taken up by antigen
presenting cells (APC) localized at mucosal surfaces or in the skin, processed to
peptides and presented at the cell surface bound to MHC class Il molecules. The APC
travels to the lymph nodes where it stimulates naive T cells (von Bubnoff et al., 2001)
bearing T cell receptors (TCR) specific for the peptide/MHC II complex. In certain
contexts, as in the presence of the cytokine IL-4, the naive T-helper cells will
differentiate into allergen-specific Th2 cells. Th2 cells produce the cytokines IL-4, IL-5
and IL-13, which all contribute to the allergic reaction (Robinson, 2000). IL-4 and IL-
13 stimulates B-cells to IgE isotope switching and production of allergen-specific IgE
antibodies. IL-5 is important for the allergic inflammation and promotes eosinophil
activation and survival. When the sensitization process has occurred and the individual
re-encounters the allergen, the allergen will crosslink preformed IgE antibodies bound
to high-affinity IgE receptors (FceRI) on mast cells leading to degranulation and release
from granules of inflammatory mediators, such as histamine, leukotrienes and
prostaglandins (von Bubnoff et al., 2001). This leads to smooth muscle contraction,

increase in local blood flow and increase of mucus secretion and accounts for the early
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phase reactions, which can occur only a few minutes after the exposure to the allergen
(Janeway, 2005). The late-phase reaction takes place 6-12 hours after allergen exposure
and involves the recruitment of inflammatory leucocytes, including eosinophils and T

lymphocytes to the site of inflammation (Janeway, 2005).

Allergic disease may be diagnosed by in vivo or in vitro tests. A common in vivo test is
the skin prick test, in which a drop of an allergen extract is applied to the skin followed
by slightly puncture the skin with a lancet. A positive test is distinguished by a typical
weal and flare reaction. /n vitro allergy tests are based on the detection of allergen-
specific IgE in serum samples. The treatment for allergic diseases is based on allergy
avoidance and medication, e.g. antihistamins and corticosteroids, for relieving
symptoms. The only curative treatment for allergy available today is allergen-specific
immunotherapy, where the allergen is administrated in increasing quantities to induce

allergen-specific unresponsivness (Kowalski and Jutel, 1998).

1.5.6.1 Allergens

The definition of an allergen is a molecule that induces hypersensitivity by an
immunologic mechanism, most often mediated by specific IgE antibodies (Johansson et
al., 2004; Johansson et al., 2001). Most allergens are proteins or glycoproteins, but why
certain proteins become allergens and other proteins not is not understood. However,
there are some features identified that are common for allergens and could contribute to
their allergenicity. A prerequisite for all allergens is that they contain at least two IgE
binding sites (B cell epitopes) in order to cross-link the FceRI receptors on mast cells
and that they have T cell epitopes capable of inducing a Th2 response (Huby et al.,
2000). Protein stability and biological properties, such as enzymatic activities are other
factors, which have been discussed (Bredehorst and David, 2001). For airborne
allergens, features like solubility in the mucosa and low dose exposure are of major
importance (Pomes, 2002). The three-dimensional structure has also been assessed for
common features but no apparent structural or molecular allergen motifs have so far
been identified (Aalberse, 2000). Hence, none of the properties listed above can be used
to predict if a protein may be an allergen. Some allergens seem to be more potent than
others and cause allergic symptoms in a large proportion of sensitized individuals,
while other rarely cause sensitization. A protein is regarded as a major allergen if more

than 50% of patients sensitized to an allergen source react to that particular allergen.

Common sources of allergens are mites, moulds, pollens, animal dander, latex, drugs

and food. Allergen extracts prepared from natural sources are heterogeneous mixes,
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which include many allergenic and non-allergenic proteins and other macromolecules.
This makes it difficult to standardize these extracts, since the levels of the major
allergens may differ between preparations and contamination with allergens from other
sources may also be present (van der Veen et al,, 1996). These problems can be
overcome by using recombinant allergens, which can be produced at high levels and
purity and can easily be standardized. Thus recombinant allergens can be used for
improved diagnostics and for safer and better treatment of allergic diseases (Chapman
et al., 1997; Cromwell et al., 2004; Valenta et al., 1998). Furthermore they are excellent

tools for allergy research.

1.5.6.2 Mite allergy

House dust mites (HDM) are a major cause of allergic disease worldwide (Platts-Mills
et al., 1997; Sporik et al., 1992). The most common mite in house dust in Europe is
Dermatophagoides pteronyssinus (Fernandez-Caldas, 1997). There are at least 20
characterized groups of house dust mite allergens. As a rule, allergens are named by the
first three letters in the Latin genus name followed by one letter derived from the
species name and a number based on the order of discovery (e.g. Der p 1). In the case
of mite allergens, allergens from different mite species have been shown to belong to
the same protein families and thus are designated the same group number. In
D. pteronyssinus, allergens belonging to 13 of the dust mite allergen groups have been
identified (Der p 1-11, Der p 14 and 20), whereof Der p 1 and Der p 2 are the most
studied (see (Thomas et al., 2002) and International Union of Immunological Societies

(IUUS) allergen catalogue at www.allergen.org (checked May 2005)).

Der p 1 was the first mite allergen to be described (Chapman and Platts-Mills, 1980). It
is a 27 kDa cysteine protease. The protease activity of Der p 1 has been reported to
increase the permeability of the human respiratory epithelium, by disrupting tight
junctions (Wan et al., 2000). Furthermore the proteolytic activity and possibly other
intrinsic properties of Der p 1 have been shown to increase its allergenicity in many
different contexts (Brown et al., 2003; Ghaemmaghami et al., 2002; Ghaemmaghami et
al., 2001; Gough et al., 2003; Schulz et al., 1995; Schulz et al., 1997).

Der p 2 is a major allergen of D. pteronyssinus, to which up to 80-90% of the mite
allergic individuals elicit an allergic response (Platts-Mills et al., 1997; Sporik et al.,
1992). It is a 14 kDa protein containing three disulfide bonds, all important for the
antigenic structure and mutations of any of these cysteines reduces IgE binding

significantly (Smith and Chapman, 1996). Unlike for Der p 1, the biological function
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of Der p 2 is currently unknown. Recombinantly expressed Der p 2 has been
characterized to be similar to the natural mite allergen and has been used to determine
the three-dimensional structure of the protein (Derewenda et al., 2002; Mueller et al.,
1998; Mueller et al., 1997). The crystal structure reveals two anti-parallel B-sheets
overlaying each other with a resulting hydrophobic cavity in the middle (Derewenda et
al., 2002). The fold is characteristic of the immunoglobulin superfamily. The only
closely related structure is the human Rho-specific guanine dissociation inhibitor,
RhoGD1. Other reports showed that Der p 2 exhibits a 35 % sequence identity to a
human epididymal gene product (HE1) (Thomas and Chua, 1995), which is known to
bind cholesterol. This suggests that the Der p 2 is a lipid-binding protein, although the
ligand has not yet been identified (Derewenda et al., 2002).

1.5.6.3 Mouse models

Mice are widely used for in vivo models of allergy (Kips et al., 2003). Many mouse
models have been developed with the model allergen ovalbumin, where the mice are
sensitized 1.p. together with a Th2 skewing adjuvant such as aluminum hydroxide
(alum) followed by allergen challenge in the airways (Kips et al., 2003). The allergic
response is usually characterized by allergen-specific IgE antibodies, eosinophilic
inflammation in the lung and a Th2-type of T-cell response to the sensitizing allergen.
What kind of allergen, route and dose of allergen exposure, as well as what mouse
strain is used, has shown to be of major importance for the outcome of sensitization and
the allergic response (Epstein, 2004; Repa et al., 2004; Shinagawa and Kojima, 2003).
Thus there is no standard method to be applied and for each allergen it is necessary to
establish a functional model. Mice exposed to aerosolized allergens in the absence of
sensitization do not develop lung disease (Epstein, 2004). This has been one criticism
for mouse models. Other differences in the immunological response between mouse
and man which have been discussed are that IgE seems not to be necessary for allergic
responses in mouse and, furthermore, chronic allergen exposure in humans leads to
chronic asthma, whereas in mice it often induces tolerance (Epstein, 2004). Despite
these limitations the mouse allergy models have proven to be of great importance for
studying allergic disease mechanisms and have lead to many insights regarding the

allergic response to allergens.
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2 PRESENT INVESTIGATION

21 AIMS OF THE STUDY

Our aim was to study the properties of selenocysteine in proteins and investigate the

possibility of using Sec-insertion into non-selenoproteins in order to enable novel Sec-

based biotechnological applications. More specifically, the aims for each paper were:

Paper I:

Paper II:

Paper III:

Paper IV:

To characterize the catalytical role and necessity of Sec in the family of
large thioredoxin reductases by studying TrxR from D. melanogaster,
lacking the Sec residue in the active site. By mutational studies, we
wished to investigate the importance of the microenvironment in the
active site of DmTrxR for activating the Cys residues for efficient
catalysis and compare this with variants of the enzyme instead containing

Sec.

To assess if it is possible to produce selenoproteins with internal Sec
residues in E. coli in sufficient amounts for purification. We also wished
to investigate if the introduction of a Sec residue in the active site of a

glutathione S-transferase could result in glutathione peroxidase activity.

To develop a new multifunctional protein-tag for recombinant production
of proteins in E. coli, based on the introduction of selenocysteine into

non-selenoproteins.
To assess the use of the Sel-tag technique in an in vivo system, which

involved tracking of the "*Se-labeled Sel-tagged Der p 2 allergen after

inhalation in sensitized and non-sensitized mice.
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2.2 COMMENTS ON METHODOLOGY

The methods used in Paper I-1V are thoroughly described in the Material and Methods
sections for each paper. I have thus selected to here describe the development of the
different applications of the Sel-tag technique (Paper III-IV) and the method for
expression and labeling of recombinant selenoproteins in E. coli (applied in Paper I-
IV). Both of these methodologies are of central importance for this thesis and therefore

deserve to be commented.

2.2.1 "Se-labeling of recombinant selenoproteins in E. coli

7Se-labeling is a convenient method for detecting Sec-incorporation in selenoproteins.
We generally use this method to confirm that our recombinant selenoprotein constructs
are functional and to confirm that the selenium incorporation is specific and thus not
yield any radioactive protein in the absence of either the UGA-codon or the SECIS
element. Here is a short standard protocol for ~Se-labeling and detection of Sec-
incorporation: Transformed BL21(DE3) cells are grown in LB + antibiotics to an ODggo
of usually around 0.5. The bacterial growth medium should also contain L-cysteine
(100 pg/ml) to avoid non-specific selenium incorporation into sulfur pathways (Miiller
et al., 1997) and 5 uM selenite as selenium source. Approximately half an hour before
addition of IPTG, to induce recombinant selenoprotein production, ["*Se]-selenite is
added (1-2 pCi /ml bacterial culture). The bacteria are then incubated a selected
expression time (usually over night) and subsequently harvested by centrifugation.
7Se-incorporation is easily visualized by dissolving the bacterial pellet directly in SDS-
buffer and subsequently run the samples on a SDS-PAGE followed by autoradiography
of the gel using a phosphor imager.

In order to get more efficient Sec-incorporation, the expression of selenoproteins
should be conducted at late exponential phase (Rengby et al., 2004). To get the highest
possible specific radioactivity of "*Se-labeled proteins, more [Se] selenite needs to be
added and cold selenite should be excluded. This was done in Paper IV for the ”Se-
labeled Der p 2, where 1,5 mCi [°Se] selenite was added to 100 ml LB media.

2.2.2 Applications of the Sel-tag

Production of a PAQO-sepharose
There has been a commercially available affinity chromatography method for purifying

proteins containing vicinal dithiols, called ThioBond (Invitrogen), based on the binding
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of two vicinal dithiols to a phenyl arsine oxide (PAO) sepharose. Initially we used the
ThioBond for Sel-tag purification approaches (Rengby et al., 2004). This PAO-
sepharose is no longer on the market and we therefore had to produce the affinity
purification material by coupling 4-aminophenylarsine oxide to sepharose, pre-
connected with a 9-carbon spacer (Paper III). The production was successful, resulting
in a sepharose with much higher binding capacity than the commercial ThioBond
column material (unpublished results). We also found that it was possible to regenerate
the sepharose with free PAO (Paper III).

Development of the PAQO purification protocol

We early found that the selenolthiol motif present in Sel-tagged proteins bound to the
PAO-sepharose with very high strength. However, an obstacle in the beginning of
using that as a basis for purification was the subsequent elution of the Sel-tagged
proteins from the column. Other proteins, including dithiol-containing proteins, could
be eluted with f-mercaptoethanol or low concentrations of DTT. According to the
instructions for the commercial ThioBond sepharose, 10 mM DTT should elute any
bound protein, but we found that Sel-tagged proteins were an exception. Even with
DTT concentrations up to 1 M there was no efficient elution. However, by using the
highly specific PAO-chelating agents, BAL (2,3-dimercaptopropanol) and its less
volatile derivative DMPS (2,3-dimercaptopropane sulfonic acid) in the 10-100 mM
range, we achieved an efficient elution. BAL is an abbreviation for “British Anti
Lewisite” which was developed during the Second World War as an anti-dote against
arsine oxide and other heavy metal compounds used as war gasses. This explains the
high selectivity of BAL (or DMPS) for the PAO-sepharose affinity medium and
explains how BAL can compete with the Sel-tag for binding. We could thus develop a
general protocol for purification of Sel-tagged proteins. In short; protein extract is
treated with 1-10 mM DTT in order to reduce the Sel-tag before loading on the PAO-
sepharose column. The column is subsequently washed with 5-500 mM f-
mercaptoethanol for elution of proteins with vicinal dithiols, prior to elution with 10-
100 mM DMPS. Upon dialysis or gel filtration of the eluted Sel-tagged protein, it
should self-oxidize and spontaneously form the oxidized selenenylsulfide motif that

protects it from further reactivity.

Development of the selenolate-specific fluorescence labeling

We wanted to assess if we could use the Sel-tag for selenolate-specific targeting with
electrophilic fluorescent compounds. There are numerous thiolate-reactive fluorescent
probes commercially available and due to the Sec chemistry, they should be even more
selenolate-reactive. We chose a fluorescein compound, 5-IAF to address this question.

Sel-tagged and His-tagged Der p 2, a protein that contains six Cys residues, were
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reduced and subsequently incubated together with 5-IAF under different labeling
conditions. The hypothesis was that by using a low pH and a short reaction time, the
fluorescent probe should exclusively react with the selenolate, while the protonated
thiol groups of Cys residues should not react with the fluorescent probe. The samples
were analyzed by SDS-PAGE and the fluorescent protein bands visualized under UV-
light. The problem in the beginning was that we got labeling of both the His-tagged and
Sel-tagged Der p 2 even at pH 5.5. However, eventually we found the principle on how
to achieve the specific-labeling of Sel-tagged proteins; by incubating at pH 5.5 for short
reaction times (minutes) and in the present of access DTT as scavenger for any Cys

reactivity.

Development of the selenolate-specific radiolabeling with positron emitters

We hypothesized that we could use a similar strategy as for the selenolate-specific
fluorescent labeling to introduce positron emitters into Sel-tagged proteins. For this
purpose, ' C-labeled methyl iodide was used. We first ensured that cold methyl iodide
bound to the selenolthiol motif when added in equimolar amounts. This confirmed a
high reactivity. However, when using cyclotron-produced ''CH;l there are only minute
trace amounts available for reaction (nM range). This fact makes it difficult to
extrapolate the result from experiments using stoichiometric amounts and the only way
to know the labeling efficiency and specificity was to perform the actual experiments
using relevant controls. For this, we used reduced Sel-tagged and His-tagged Der p 2 to
evaluate the ''CH;I -labeling. The result showed that even at pH 7.4 there was a
significant difference between radiolabeled Sel-tagged and His-tagged Der p 2 and
merely 20 minutes incubation with the PET-isotope resulted in a 25% incorporation
efficiency in Sel-tagged Der p 2 compared to 2 % for the His-tagged protein. These
were the first results demonstrating the possibilities of this technique as a general
method for introducing PET isotopes into Sel-tagged proteins. This has further been
demonstrated by PET-labeling of TrxR and we are now working on protocols for
labeling of Sel-tagged VIP with positron emitters, for further development of clinical
applications.
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2.3 RESULTS AND DISCUSSION

2.3.1 Paperl

Active sites of thioredoxin reductases: Why selenoproteins?

Selenocysteine functions as an extraordinarily reactive cysteine analog and substitution
of Sec to Cys in mammalian TrxR decreases the enzymatic activity about hundred fold
(Zhong and Holmgren, 2000). Surprisingly, the TrxR of Drosophila melanogaster
(DmTrxR), which contains Cys instead of Sec in the C-terminal active site, has
approximately the same catalytic activity as the mammalian counterpart. The two
active cysteines in DmTrxR are flanked by two serines instead of glycines as in
mammalian TrxR (i.e. the active site is Ser-Cys-Cys-Ser instead of Gly-Cys-Sec-Gly).
In this study we analyzed the importance of these flanking serines for the catalytic

activity of the insect enzyme.

Mutants of DmTrxR were constructed replacing one or both serines in the C-terminal
active site with Gly or Asp. Additionally, Cys-to-Sec mutants in the penultimate
position were made using our technique for expressing heterologous selenoproteins in
E. coli. Thus these mutants should potentially answer questions regarding the roles of
the flanking residues as well as the effects of Sec versus Cys in the DmTrxR. All
mutants were catalytically active and capable of binding thioredoxin. However, the
catalytic rate was highly dependent on the serines for the Cys-mutants, with the second
serine (Ser 491) being far more important than the first (Ser 488). The Sec-containing
mutants were, in contrast, almost unaffected by the nature of the flanking residues.
These findings led to an important conclusion. Within the very same enzyme, Cys
residues can be “activated” by flanking residues to reach the reactivity of a Sec residue,
while the Sec residue is reactive by its own virtue and unaffected by such flanking

residues.

The catalytic mechanism of the wild-type DmTrxR (SCCS) and the mutants GCCG,
SCCG and GCCS was characterized in detail by stopped-flow kinetics. This revealed
an impaired interchange between the N-terminal and C-terminal redox site as well as
poor reactivity with the Trx substrate for all the “Gly-mutants”. Our hypothesis for
explaining the high importance of the flanking Ser residues is that they assist the

deprotonation of the reactive Cys residues in the various steps of the catalysis.
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When comparing catalytic rates using methylseleninate as substrate, the Sec-variants
showed two to five fold higher turnover than the corresponding Cys-variants. The
catalytic activity of the Sec-containing mutants was also maintained within a broad pH-
range (pH 6-9), while the Cys-dependent mutants rapidly lost activity at pH values
below 7.0. The inhibition of catalytic activity by auranofin, an effective inhibitor of
human TrxRs, was also investigated and the selenium-free mutants were inhibited to a
much lower degree while all Sec-containing enzymes were rapidly inhibited by
auranofin. These results suggest that selenocysteine must not be necessary for high
catalytic efficiency per se but gives an advantage of a broader range of substrates and a
broader pH optimum with maintained catalytic efficiency of a selenoenzyme such as

mammalian TrxR.

D. melanogaster has selenoproteins (Romero 2001), thus one can speculate why it has a
selenium-free TrxR. One possible explanation could be that the expression of DmTrxR,
which is an essential enzyme in this organism, can not rely on an adequate supply of
nutritional selenium. This would, on the other hand, imply that no selenoprotein of D.
melanogaster could be essential. That has, however, not yet been studied in detail,
although the sel/D gene has been showed to be required for development in D.

melanogaster (Serras et al., 2001).

2.3.2 Paper ll

Expression of a selenocysteine-containing glutathione S-transferase in Escherichia
coli

Production of recombinant selenoproteins in E. coli requires a bacterial SECIS element,
located directly after the UGA codon. In TrxR the selenocysteine is the penultimate
residue, thus the SECIS element is located after the stop codon and does not need to
unfold and code for amino acids. Having the Sec residue internally positioned is more
problematic in view of E. coli expression, due to the need of point-mutations in the
protein to acquire a functional SECIS element. In Paper I, we nonetheless produced a
selenoprotein heterologously expressed in E. coli with an internal Sec residue at yields
high enough so that it could be completely purified. The catalytic Tyr residue in
glutathione S-transferase (GST) was mutated into a Sec residue, with the hypothesis
that this change would generate glutathione peroxidase (GPX) activity. The GST
selected for testing this hypothesis was from the helminth S. japonica, which has
known biochemical properties and the crystal structure has been studied in detail
(Cardoso et al., 2003; McTigue et al., 1995; Walker, 1993). The mutations inferred as a
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result of the introduction of a SECIS element per se did not affect the GST-activity if
we maintained the active-site Tyr residue. The seleno-GST was therefore subsequently
produced, at a yield of 2,9 mg/l bacterial culture, which enabled that it could be isolated
and assayed for activity. The Tyr-to-Sec mutation could, however not induce any GPX
activity. Our results nonetheless showed, in spite of the limitations in the technique, a
promising success in heterologous recombinant production in E. coli of protein with an

internal Sec residue.

2.3.3 Paper lli

Exploiting the 21* amino acid — purifying and labeling proteins by selenolate
targeting

The C-terminal motif of mammalian TrxR, -Gly-Cys-Sec-Gly, was introduced as a Sel-
tag fusion motif for recombinant proteins produced in E. coli. This small redox active
motif has been well characterized as part of TrxR (Gladyshev et al., 1996, Zhong et al.,
2000; Zhong et al., 1998). When reduced, the Sec residue becomes easily targeted by
electrophilic compounds, but when it is oxidized it is inert to alkylating agents
(Nordberg et al., 1998). In the oxidized form, the tetra peptide motif includes a
selenenyl-sulfide between the Cys and the Sec residues, protecting the otherwise highly
reactive Sec (Zhong et al., 2000). Our rationale was to take advantage of the selenium
biochemistry for several applications by introducing a selenocysteine into non-
selenoproteins. By including a near-by cysteine, the reactive selenium atom could thus
be protected in the oxidized state due to the bond between the Sec and Cys residues.
Two model proteins were chosen, the human neuropeptide VIP (expressed as a fusion
with a CBD-domain) and the major house dust mite allergen Der p 2. Both were
successfully expressed as selenoproteins in E. coli by fusion of their open reading
frames to a nucleic acid sequence encoding the Sel-tag and the SECIS-element needed
for expression. These two model proteins, together with the naturally occurring “Sel-

tag” in TrxR served the basis for the development and evaluation of the technique.

We found that it was possible to get a residue-specific radiolabeling of Sel-tagged
proteins by introducing "°Se to the bacterial culture. The gamma emitter "Se is
commercially available and can be specifically introduced into selenoproteins
expressed in E. coli, as long as excess cysteine is added to block nonspecific
radiolabeling of cysteine or methionine residues (Miiller et al., 1997). In order for the
applications of the Sel-tag to be truly valuable, an easy purification approach is also
needed. This was solved by the use of a phenylarsine oxide (PAO) sepharose, which
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has previously been applied for purifying vicinal dithiols (Hoffman and Lane, 1992;
Kalef et al., 1993; Zhou et al., 1991). We found that the affinity of a selenolthiol was
much greater than for a dithiol to the column. The elution of the selenolthiol was
achieved by using specific PAO-chelating agents, such as DMPS and BAL. Both Sel-
tagged Der p 2 and CBD-VIP could thus be isolated from solubilized inclusion bodies
in one step. The fact TrxR purified over PAO-sepharose had the same activity as native
TrxR confirmed that the Sec-containing protein was indeed purified and the “Sel-tag”

was kept intact throughout the purification procedure.

The properties of the Sec residue could subsequently be employed for selective
selenolate targeting. This was demonstrated by comparing His-tagged and Sel-tagged
Der p 2 and we found conditions where it was possible to get a site-specific selenolate-
targeted fluorescence labeling using a thiol (selenol)-specific probe, i.e. low pH, short
reaction time and in the presence of DTT. Fluorescently labeled Sel-tagged VIP was
used to visualize VIP receptors on human breast cancer MCF-7 cells, which
overexpress VIP receptors (Gespach et al., 1988), further demonstrating the usefulness
of the labeling technique. Due to the effective labeling with fluorescent compounds, we
furthermore hypothesized that the Sel-tag could be used for labeling of proteins using
short-lived positron emitters utilizing a similar approach. This was found to be true and
we were able to get a selenolate-specific labeling both with Sel-tagged Der p 2 and
TrxR using ''CH;I. Labeling of proteins or peptides with short-lived isotopes is
generally considered a difficult task; thus this Sel-tag application could become very
useful for generating radiolabed probes for PET (positron emission tomography)
imaging. In summary, we show in Paper III that the Sel-tag can be used for
purification, selenolate targeting, as well as residue-specific radiolabeling, with either

the gamma emitter "°Se or positron emitters, such as ''C.

2.3.4 Paper |V

A mouse model for in vivo tracking of the major dust mite allergen Der p 2 after
inhalation.

This study describes the first in vivo application of the multifunctional Sel-tag. The
HDM allergen Der p 2 was labeled with ”Se and used for investigation of allergen
uptake and distribution in mice, aiming to understand how inhaled airborne allergens
interact with the airway mucosa and the immune system. A mouse model for Der p 2
sensitization was first established and characterized by Der p 2-specific IgE antibodies

in serum and eosinophilic inflammation in the lung. The overall principle of the
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developed mouse model was to administrate recombinant Der p 2 i.p. together with
alum as adjuvant to sensitize the animals and then expose the mice to whole mite

extract (or ~Se- Der p 2), mimicking inhalation of the natural allergen.

The fate of the labeled allergen was followed after intratracheal administration at the
whole body level as well as on the protein level. Whole body autoradiography showed
that radioactivity persisted in the lungs of sensitized mice for as long as 48 hours.
Radioactivity was also detected in kidneys, liver and in enlarged lung-associated lymph
nodes. During an immune-response, antigens are taken up and transported by dendritic
cells from the airway mucosa to the lung-associated lymph nodes (Vermaelen et al.,
2001). Thus enlarged radioactively labeled lymph nodes detected in sensitized mice,
but not in non-sensitized mice, are in agreement with an allergic response. However,
the small portion of radioactivity in the lymph-nodes compared to the other organs was
surprising. Since only the C-terminal of Der p 2 was radiolabeled, partly degraded non-
radioactive Der p 2 may have been taken up and presented by dendritic cells in lymph
nodes. On the other hand, by comparing sensitized and non-sensitized mice after 24
hours, we found a significantly larger proportion of radioactivity in the lung of
sensitized compared to non-sensitized mice. The origin of the radioactivity was
assessed by homogenizing isolated organs from mice, given ">Se-Der p 2 i.t. 24 hours
before sacrificed. When gel filtration was performed, essentially all radioactivity was
found in the protein fraction and no low molecular weight radioactivity was detected.
SDS-PAGE and autoradiography analysis revealed that a radioactive protein
corresponding in size to intact Der p 2 could only be detected in lung, whereas ”*Se-Der
p 2—derived radioactivity was recovered in known selenoproteins both in lung and other
organs. Thus, this showed that the selenium from the degraded "Se-Der p 2 was
directly guided into selenoprotein resynthesis and incorporation into new endogenous

selenoproteins.

The main finding in this study was the larger portion of radioactivity in lungs after 24
hours in sensitized mice compare to non-sensitized mice. We concluded that this
radioactivity originated both from newly synthesized Sec-containing proteins and
retained intact Der p 2. This indicates that the inflammatory state of the lung influences
the clearance rate of Der p 2. Thus an allergic response to the allergen may lead to
prolonged retention of Der p 2 in the lung, potentially leading to a vicious circle

aggravating the disease.
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3 CONCLUSIONS

The main conclusions from each individual paper were as follows:

Paper I

Paper II

Paper III

Paper IV

34

Selenocysteine is not necessary for high catalytic efficiency in certain
large TrxR isoenzymes, but has the advantage of giving the enzyme a

broader range of substrates and makes the enzyme less pH dependent.

The flanking Ser residues in the active site of the DmTrxR are highly
important factors facilitating the high catalytic efficiency of this enzyme.

Recombinant selenoproteins with internal Sec residues can be

heterologously expressed in E. coli in sufficient amounts for purification.

Changing the active-site tyrosine to a selenocysteine in sjGST is not

sufficient to induce a novel GPX activity.

The Sel-tag technique can be used for single-step purification, fluorescent
labeling and radiolabeling with either gamma or positron emitters, of

recombinant proteins produced in E. coli.

7Se-labeling using the Sel-tag can be used for in vivo tracking with
whole body autoradiography and analysis of tissue extractions, revealing
patterns of radioactive proteins in a mouse model for Der p 2

sensitization.

The metabolism and clearance of Der p 2 in the lung is influenced by the

inflammatory state of the lung.
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4 FUTURE PERSPECTIVES

There are many newly identified selenoproteins without known functions and to
express them in E. coli for purification and analyses can be a way of gathering more
information and a start for further characterizations. In the mammalian selenoproteome
several proteins contain the Sec residue close to the C-terminal, thus the bacterial
SECIS structure can be placed outside the coding region as for the expression of
mammalian TrxR. Furthermore, the greater knowledge about SECIS allowances and
restrictions gives more selection possibilities, and fewer point-mutations necessary for
expressing selenoproteins with internal Sec residues. However, the incorporation of
internal Sec residues seems not to be as efficient as for the expression with recombinant
selenoproteins, carrying the SECIS element after the coding region. This could be
explained by the necessity for the SECIS element to unfold and code for the amino
acids after the Sec residue, which is not required when the SECIS element is placed
after the stop codon. Despite these difficulties, in Paper Il we demonstrated a
successful expression of a selenoprotein with an internal Sec residue in yields sufficient
for purification and analyses. The expanding research about selenocysteine and
selenoproteins will probably yield more information about how to get more efficient
Sec incorporation systems for production of selenoproteins. The recent results showing
that by only changing the expression conditions into late exponential phase the Sec-
incorporation efficiency increased from 25% to 50% for TrxR (Rengby et al., 2004), is

very promising for the future of selenoprotein production in E. coli.

The unique features of the 21* amino acid can also be used for a number of different
biotechnological purposes (see Appendix 1), the Sel-tag being one of them. In Paper
II1, we demonstrated the truly multifunctional role of the Sel-tag. In addition, its small
size compared to the commonly used His-tag, could possibly give the Sel-tag the
advantage of not affecting the function of the parent protein or peptide. There are
however a number of factors, which need to be solved in order for the Sel-tag to be of
commercial interest. A vector has to be constructed, where one can insert an open
reading frame of interest and get the Sel-tag and SECIS element directly 3’ of the insert
with no additional amino acids codons in between. Also, the purification method needs
to be commercially available; this was the case some years ago when it was possible to
purchase a PAO-sepharose, ThioBond (Invitrogen), constructed to purify Trx-fusion
proteins. To achieve even more applications for a Sel-tag, monoclonal antibodies
should be developed against the reduced and oxidized Sel-tag motif providing

additional detection possibilities.
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In Paper IV we showed the use of the Sel-tag for in vivo detection and tracking of a
7Se-labeled allergen in a mouse model for allergy. We could subsequently analyze the
radioactivity on the whole body level, tissue level and protein level, determining the
nature of the radioactivity we were studying. This technique could be valuable for a
number of in vivo models, studying anything from allergen tracking to metabolic
functions or diseases. We have recently produced a Sel-tagged recombinant cat allergen
Fel d 1 (Gronlund et al., 2003). Fel d 1 is a major allergen in cat. It would be very
interesting to perform similar experiments as for the Der p 2 mouse model with Fel d 1
if a mouse model for Fel d 1 sensitization can be successfully developed. A ™Se-
labeled Sel-tagged Fel d 1 could furthermore be administrated to our already
established Der p 2 allergy model in order to address how a ~Se-labeled Sel-tagged
irrelevant allergen would behave in a Der p 2 -sensitized mouse compared to a non-
sensitized mouse. The results of such an experiment would elucidate if it is the specific
immune-response to the Der p 2 allergen or if the general inflammatory state of the

lung in sensitized mice is causing the retention in the lung tissue.

There are numerous systems for purification and labeling of recombinant proteins. Still
the Sel-tag is truly multifunctional and should be of great use in many different ways.
However, the most important and novel use for the Sel-tag will probable be as a tool for
introducing PET radionuclides into proteins or peptides for use as radioligands in PET
studies. To label polypeptides with such short-lived isotopes is a difficult task, where
the Sel-tag has been shown to have great potential (see Paper III). Together with a new
Ph.D student in our group, Qing Cheng, we will continue to develop this technique in
collaboration with Professor Sharon Stone-Elander at the Karolinska Pharmacy. The
Sel-tagged VIP will be an excellent tool for further demonstration of this technique,
heading for in vivo localization of VIP receptor expressing tumors primarily in mice.
For the Sel-tagged VIP we have demonstrated that the tag is not interfering with the
binding of the VIP-receptor on MCF-7 cells (Paper III). The fact that Sel-tagged VIP
binds to VIP-receptors shows great potential for identification of tumors by PET
studies. One obstacle is that VIP is easily degraded in vivo, but analogs of VIP may be
more stable and possibly the Sel-tag could improve the stability, an issue that should be

assessed.

Inspired by Paper I, we want to study the differences between the Sec and Cys in detail
and determine if the Sec residue indeed is absolutely necessary for the Sel-tag
technique or if certain functions could be performed with two Cys residues instead.
Thus we have cloned a recombinant protein with the “Sel-tag variants” Gly-Cys-Sec-
Gly, Ser-Cys-Cys-Ser or Gly-Cys-Cys-Gly, respectively. A comparison between these
different motifs regarding binding to the PAO sepharose and targeting of thiol-specific
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probes will reveal if the Sec-containing Sel-tag is truly irreplaceable. These studies are

now performed by Qing Cheng in our group.

The development of the PAO sepharose for purification of Sel-tagged proteins, have
been of tremendously use for our work with both the Sel-tag an with recombinant
mammalian TrxR. When we started to develop this purification method, TrxR proved
to be an excellent tool for evaluating yield and efficiency by using enzyme activity
measurements. In this way we could also conclude that the specific activity of TrxR
was directly indicative of the ratio of full-length Sec-containing TrxR versus UGA-
truncated protein (Rengby et al., 2004). When expressing recombinant TrxR in E. coli
there is always a mixture of full-length and truncated protein; by using improved
production conditions (i.e. expression in late stationary phase) we typically get 50%
specific activity of TrxR (Rengby et al., 2004). Thus approximately half of the protein
preparation consists of truncated protein and due to the small size difference to full-
length Sec-containing enzyme (2 amino acids) there have been difficulties in separating
these two species. By utilizing the PAO-sepharose these two forms can easily be
separated resulting in almost 100% full-length enzyme, with the same specific activity
as native TrxR purified from mammalian tissue. Consequently, by combining TrxR
expression in E. coli with PAO-sepharose purification, high-yields of fully active
protein can be produced with little effort compared to the laborious, time-consuming
low-yield purification from mammalian tissue. However, one issue we need to solve is
the poor stability of the recombinant full-length enzyme. When stored for longer times
or thawed and refrozen the specific activity of full-length recombinant TrxR decreases
to almost half of the original activity. The same phenomena have been seen for purified
native mammalian TrxR (Gorlatov and Stadtman, 1999). It is known that the selenium
atom in the Sec residue can be lost during oxidative conditions forming dehydroalanine
at the Sec position (Ma et al., 2003) and this could be one explanation for the loss of

activity in TrxR. However, this needs to be studied further.

The results in Paper I, demonstrating the capability of two flanking Ser residues to
activate the Cys residues in the catalytic cycle of DmTrxR, led to the question if the
serines could perform the same task in the mammalian TrxR. That is, could flanking
Serines activate the Sec-to-Cys mutant of mammalian TrxR so that it becomes as active
as the insect enzyme? In order to assess this question, we have recently constructed a
mammalian TrxR mutant, carrying the Ser-Cys-Cys-Ser-COOH motif, which was
subsequently expressed in E. coli and purified by 2’5’ ADP-sepharose. Surprisingly we
found this mutant to be even less active than the Sec-to-Cys mutant. Further
characterization, by anaerobic titrations and stopped-flow experiments, has revealed the
SCCS mutant to be partially functional. Thus, reduction of the flavin by NADPH and
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the transfer of reducing equivalents to the adjacent disulfide are normal. However, the
oxidative half reaction using thioredoxin as substrate is extremely slow. These results
show that the flanking serine residues can not be the sole reason for the high catalytic
efficiency of DmTrxR, although they eliminated the need for selenium. Additional
features in the local active site environment of the insect enzyme must contribute to its

high activity, and those features seem not to be present in the mammalian enzyme.

The results presented in this thesis collectively acknowledge the fact that the Sec
residue has great potential for biotechnological applications. This includes Sec residues
both as a part of natural selenoproteins, which today can be successfully produced as
recombinant proteins, and as inserted into non-selenoproteins for selenium-based
protein biochemistry. This exciting field of research is rapidly expanding and more
properties and biotechnological applications of Sec in proteins will probably soon be

reported.
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