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Abstract

Selenocysteine (Sec), the 21st amino acid, exists naturally in all kingdoms of life as the defining entity of selenoproteins. Sec is a cysteine
(Cys) residue analogue with a selenium-containing selenol group in place of the sulfur-containing thiol group in Cys. The selenium atom
gives Sec quite different properties from Cys. The most obvious difference is the lower pK, of Sec, and Sec is also a stronger nucleophile
than Cys. Proteins naturally containing Sec are often enzymes, employing the reactivity of the Sec residue during the catalytic cycle and
therefore Sec is normally essential for their catalytic efficiencies. Other unique features of Sec, not shared by any of the other 20 common
amino acids, derive from the atomic weight and chemical properties of selenium and the particular occurrence and properties of its stable and
radioactive isotopes. Sec is, moreover, incorporated into proteins by an expansion of the genetic code as the translation of selenoproteins
involves the decoding of a UGA codon, otherwise being a termination codon. In this review, we will describe the different unique properties
of Sec and we will discuss the prerequisites for selenoprotein production as well as the possible use of Sec introduction into proteins for
biotechnological applications. These include residue-specific radiolabeling with gamma or positron emitters, the use of Sec as a reactive
handle for electophilic probes introducing fluorescence or other peptide conjugates, as the basis for affinity purification of recombinant
proteins, the trapping of folding intermediates, improved phasing in X-ray crystallography, introduction of 7’Se for NMR spectroscopy, or,

finally, the analysis or tailoring of enzymatic reactions involving thiol or oxidoreductase (redox) selenolate chemistry.

© 2005 Elsevier B.V. All rights reserved.
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1. Selenium

The basic element selenium was discovered by the
Swedish chemist Berzelius in 1817. It belongs to group
VIA in the periodic table, which also includes oxygen,
sulfur, and tellurium; three elements with which selenium
thus shares many properties. Six stable isotopes and a
number of radionuclides with different characteristics exist
for selenium. Selenium indeed displays many similarities
with sulfur, i.e. they have rather similar electronegativities
and atom sizes and they have the same major oxidation
states. There are thus many sulfur compounds that have
selenium analogs, such as disulfide (diselenide), sulfite
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(selenite), sulfide (selenide), methylated sulfur compounds
(methylated selenium analogs), sulfenic acid (selenenic
acid), and so forth. Selenium and sulfur may also easily
react with each other, forming selenenylsulfide bonds.
However, in spite of these similarities, there are nonetheless
clearly differences between the two elements and sub-
stitution for one another results in compounds with quite
diverse chemical properties. Table 1 shows a comparison
between the basic properties of sulfur and selenium. The
fact that H,Se, with a pK, of 3.73, is a much stronger acid
than H,S, with a pK, of 6.96, is another illustrative
example for the different chemical properties of the two
elements. One recently reported application in protein
synthesis, although not involving selenoproteins but
employing the reactivity of selenium, is the selenium-
dependent activation of carbohydrates enabling a chemical
method for protein gluconylation [1]. In a biological
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Table 1

Properties of selenium and sulfur as basic elements

Chemical feature Selenium Sulfur
Atomic number 34 16

Atomic weight 78.96 32.07

Atomic radius (A) 1.17 1.04

Electron configuration 2-8-18-6 2-8-6
Electronegativity 2.4 2.5

Common oxidation states —2,0, +4, +6 —2,0, +4, +6

Stable isotopes and their
natural occurrence

"Se (0.87%)
76Se (9.02%)
""Se (7.58%)
78Se (23.52%)
80Se (49.82%)
828e (9.19%)

323 (95%)
38 (0.76%)
33 (4.22%)
368 (0.014%)

Radionuclides potentially utilized Isotope T Radiation Energy Isotope T Radiation Energy
for biomedical applications MeV) (MeV)
Se 8.4 days E.C 0.33 33 87.2 days B~ 0.167
Se 7.1h B (65%) 2.74
E.C. (35%)
Se 120 days E.C 0.86
Se 60,000 years B~ 0.149

context, selenium is a trace element essential for mammals
and the low molecular weight selenium compounds are
primarily present in the human body as selenocysteine (or
selenocystine) and selenomethionine, with much lower
content of their metabolic precursors [2].

Stable selenium isotope tracers are safe and relevant tools
for the investigation of mineral metabolism and bioavail-
ability in humans [3]. Isotope enriched elemental selenium
in the form of selenite or selenate can thus be used for
selenium tracking and is often employed in combination
with analysis by atomic absorbtion spectrometry [4]. Due to
the unusual natural distribution between two major stable
selenium isotopes ("*Se and *°Se; Table 1), the identification
of an endogenously derived selenium compound or peptide
can, in fact, be helped by the unique mass peak distribution
in mass spectrometric analyses, demonstrating two domi-
nant peaks differing by 2 Da, with the major peak
(containing *°Se) being about twice the size of the "*Se-
containing peak (cf. Fig. 3 in Ref. [5]).

Selenium is an essential trace element for mammals. Most
selenium in our diet derives from vegetables grown in
selenium-rich soil, because plants store the element in the
form of low molecular weight methylated selenium com-
pounds as a detoxifying mechanism (higher plants lack
endogenous selenoproteins) [6]. Thus, human selenium
deficiency diseases have preferentially arisen in parts of
the world where selenium levels in the soil are unusually low
and the food is mainly produced locally. The Keshan district
in China is one example, where insufficient levels of
selenium are linked with cardiomyopathy [7]. Low selenium
statues have been associated with numerous diseases, e.g.
viral infection, thyroid function, reproduction dysfunction,
mood disorders, and cardiovascular diseases [8]. The human
daily intake as recommended by the National Academy of

Sciences, USA, is currently 55 pg (Food and Nutrition
Board, USA, 2000), although studies with higher selenium
supplementation for improved health have been conducted.
One clinical trial with 200 pg selenium/day showed a
dramatic decrease in cancer [9], which is currently followed
up with the large SELECT (Selenium and Vitamin E cancer
prevention trial) study [10]. It is not yet known whether the
potentially anticarcinogenic effects of high selenium intake
are due to properties of low molecular weight selenium
compounds, interactions with selenoproteins, or a combina-
tion thereof. When used for therapeutic purposes, care must
be taken to avoid selenium toxicity. The therapeutic window
between doses necessary to avoid selenium deficiency
symptoms and the toxic dose of selenium is unusually
narrow and the tolerable upper intake level has been set to
400 pg/day (Food and Nutrition Board, USA, 2000).

2. Selenoproteins

The importance of selenium as a trace element, being
essential for mammals, is mainly due to vital functions of at
least some selenoproteins. Selenoproteins contain selenium
in the form of Sec, the 21st amino acid, being a Cys-
analogue with a selenium atom replacing the sulfur atom in
Cys. As discussed above, selenium and sulfur, while being
related elements, differ in chemical properties. Thus, Sec
residues exhibit different characteristics compared to a Cys
residue (Table 2) and give unique selenium-derived proper-
ties to selenoproteins. The pK, for Sec is much lower than
for Cys (5.2 vs. 8.3) [112]. Consequently, at physiological
pH, the selenol of Sec is mainly in its anionic selenolate
form, while the thiol of a Cys residue is typically
protonated, making Sec significantly more reactive than
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Table 2
Properties of the amino acids selenocysteine and cysteine
Characteristic feature Selenocysteine Cysteine References
Structure
H H
+H,N- (lj -Co0 “HN- (I: -C00"
i I
Se’ SH
52 8.3 [112]
K
lp%ec?ox otential —488 mV —233mv (2]
P (2 x Sec vs. selenocystine; pH 7.0) (2 x Cys vs. cystine; pH 7.0) [99]
=381 mV -180 mV

(selenenylsulfide-containing
peptide vs. DTT; pH 7.0)

Codon(s) UGA

(disulfide-containing
peptide vs. DTT; pH 7.0)

UGU, UGC

Cys. The majority of characterized selenoproteins are
enzymes, most of which are involved in redox reactions.
Their Sec residue is essential for the catalytic activity by
taking part in the catalysis. That at least some selenoproteins
are of major importance for mammalian life was unequiv-
ocally demonstrated by the mouse knockout of the
selenocysteinyl-tRNA gene (necessary for Sec incorporation
and thereby selenoprotein synthesis), which show early
embryonic lethality [11]. There are 25 human genes
identified thus far encoding for selenoproteins [12], with
several of these still having unknown function. Selenopro-
teins have been found in all kingdoms of life, but certain
organisms, like yeast or higher plants, lack selenoproteins.
Interestingly, individual selenoproteins are generally differ-

Table 3

ent between different domains of life, i.e. bacteria, archaea,
and eukaryotes, and also certain branches of organisms
within these kingdoms of life have developed (or kept?)
different selenoproteins (see discussion below about Cys-
homologs). Here, we will shortly describe the up-to-date
best characterized selenoenzymes and discuss the catalytic
role of the Sec residue in these enzymes, as also summarized
in Table 3. These diverse reactions should serve as
illustrative examples of the type of reactions in which Sec
can participate.

Glutathione peroxidase (GPx) was the first selenoprotein
identified in mammals [13]. It protects cells from oxidative
damage by catalyzing the reduction of H,O,, lipid hydro-
peroxides, and other organic peroxides, using glutathione as

Selected selenoproteins with known function and the catalytic role of the Sec residue or the effects of Sec-to-Cys mutation

Selenoprotein Catalytic reaction

Role of Sec

Effect of Sec-to-Cys mutation

1000-fold decrease in turnover for GPx1

Glutathione peroxidases

Todothyronine
deiodinases (D1-3)

Thioredoxin reductases
(TrxR1, TrxR2, TGR)

Selenophosphate
synthetase 2

Methionine-R-sulfoxide
reductase B

Formate dehydrogenase H

Glycine reductase

Reduction of hydroperoxides

Conversion of T4 to T3 (D1, D2),
degradation of T3 and T4 (D1, D3)

NADPH-dependent reduction of
Trx and other substrates

Conversion of selenide to
selenophosphate

Reduction of methionine sulfoxide
to methionine

Conversion of formate to carbon
dioxide

Conversion of glycine to acetyl
phosphate

An ionized selenolate reacts with H,O,
forming a selenenic acid [15]
Dl-iodine acceptor forming a
selenenyliodide intermediate [16]

D2, D3 no selenenyliodide
intermediate [16]

Part of a redox active selenenylsulfide-
selenolthiol motif [5,28-32]

Not known

Not known

Coordinated with a Mo atom [39,41]

Se-carboxymethyl selenoether
intermediate [47,48]

[113] or PHGPx [114]
D1: >100-fold decrease in turnover[18]

D2: 10-fold decrease in turnover [19]
D3: 2-to-6-fold decrease in turnover [20]
>100-fold decrease in turnover for rat
TrxR1 [29]

~10-to-20-fold decrease in turnover for
human TrxR1 [115,116]

~40-fold decrease in turnover [36]
>100-fold decrease in turnover [38]

>100-fold decrease in turnover [40]

Not known (probably inactive [117])
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the reducing substrate. There are several isoenzymes of
glutathione peroxidase having a catalytic active site Sec
residue presumed to be essential for activity [12,14]. The
catalytic reaction for GPX is considered to involve the
oxidation of the Sec residue by hydroperoxide, forming
selenenic acid, which is further converted to a selenenyl-
sulfide with a glutathione moiety. An additional glutathione
subsequently reacts with the glutathionylated enzyme and
thus regenerates a reduced selenol at the Sec residue and
liberates glutathione disulfide [15].

The mammalian iodothyronine deiodinases (D1-D3)
have a major role in the activation or inactivation of thyroid
hormones. They are oxidoreductases with a conserved core
catalytic center involving a Sec residue. The catalytic
reaction of DI is a two-substrate ping-pong mechanism
with a selenenyliodide intermediate, whereas the reactions
for D2 and D3 are two-substrate sequential mechanisms
without formation of the selenenyliodide intermediate [16].
The exact mechanisms are, however, not known and the in
vivo reducing co-substrate not identified, although in vitro,
DTT can play this role. However, it is possible that the
thioredoxin system involving the selenoprotein thioredoxin
reductase could act as a cofactor, at least for D1 [17]. With
different reaction mechanisms, the Sec residue has clearly
different roles in the reactions catalyzed by D1 as compared
to D2 or D3, as also demonstrated by the turnover of the
corresponding Cys-mutants, i.e. a 100-fold decrease in
turnover for D1 [18], a 10-fold decrease for D2 [19], and a
2- to 6-fold decrease for D3 [20]. The D2 isoenzyme has, in
addition, a second Sec residue close to the C-terminus that
seems not to be essential for its catalytic activity [21].

The mammalian thioredoxin reductases (TrxR isoen-
zymes) are NADPH-dependent homodimeric flavoproteins.
They constitute an essential part of the thioredoxin system,
which has a wide range of important antioxidant and redox
regulatory roles in cells (reviewed elsewhere [22,23]).
Mammals have three genes for TrxR isoenzymes (cytosolic
TrxR1, mitochondrial TrxR2, and TGR expressed in testis)
and several thioredoxin genes, of which the cytosolic Trx1
and mitochondrial Trx2 are the principal ones. The complete
thioredoxin system is essential for mammals, as shown by
the early embryonic lethality of mice lacking either Trx1
[24], Trx 2 [25], TrxR1 [26], or TrxR2 [27]. In all TrxR
isoforms, the Sec residue is located in the penultimate
position at the C-terminus and is essential for the catalytic
activity [28,29]. The mechanism of TrxR has been rather
well investigated [5,28 —32]; electrons are transferred from
NADPH, via an enzyme-bound FAD to a redox-active
disulfide in one subunit and subsequently further to a
selenenylsulfide at the C-terminus of the other subunit in the
dimeric enzyme. The so produced selenolthiol constitutes
the proper active site and subsequently reacts with and
reduces any of the many substrates of the enzyme.
Interestingly, the only identified selenoprotein in C. elegans
is TrxR [33,34] and seems to be the only selenoprotein
existing in that organism [12]. This implies that the entire

Sec-incorporation machinery is present in C. elegans only
for the synthesis of this single protein, clearly suggesting a
major importance of maintaining thioredoxin reductase as a
selenoprotein for that organism. Interestingly, however,
insects have developed a highly reactive thioredoxin
reductase, which is also essential [35] but which is not a
selenoprotein. Instead, activated Cys residues are sufficient
for activity in this insect TrxR, which will be further
discussed below.

Selenophosphate synthethase 2 (SPS2) is a selenoen-
zyme in mammals, which is believed to be involved in the
production of other selenoenzymes, thereby including
itself. SPS2 catalyzes the synthesis of selenophosphate
from ATP and selenite and the product selenophosphate is
needed for the synthesis of selenocysteinylated tRNAS.
The Sec residue in SPS2 is important for its catalytic
efficiency but the exact catalytic mechanism is not known
[36].

The mammalian methionine-R-sulfoxide reductase (Ms-
rB) reduces methionine-R-sulfoxides to methionine and is an
important thioredoxin-dependent enzyme involved in the
defense against oxidative stress. This selenoprotein was
originally called selenoprotein R, until its identity was
revealed [37]. Also, in this enzyme, the Sec residue is highly
important for its catalytic activity and postulated to be part of
the active site, but the catalytic mechanism has not yet been
fully characterized [38].

There are three E. coli selenoproteins, the formate
dehydrogenases H, N, and O. These enzymes are expressed
under different growth conditions and all catalyze the
oxidation of formate to CO, and H". The formate de-
hydrogenase H is the best characterized. Its crystal struc-
ture has been determined [39] and the catalytic activity is
dependent on an iron—sulfur (Fe,S,) cluster, a Mo atom,
two molybdopterin guanine dinucleotide cofactors, and a
Sec residue. The role of the Sec residue is not completely
characterized but the Sec residue has been shown to be
essential for the catalytic activity [40]. The Sec residue is,
however, coordinated directly with the Mo atom [39,41],
and in the proposed mechanism [39], the role of selenium is
to accept a proton and subsequently transfer it to a nearby
His residue, in close proximity with the Mo-atom. Formate
dehydrogenase seems to be the most common selenoprotein
in bacteria [42].

Another bacterial selenoprotein found in some Gram-
positive anaerobes is glycine reductase, which is a
complex of three proteins, protein A, B, and C. In 1973,
the same year as glutathione peroxidase was discovered as
the first mammalian selenoprotein [13], glycine reductase
from Clostridium sticklandii was discovered as the first
prokaryotic selenoprotein [43]. Glycine reductase catalyzes
the formation of acetyl phosphate from glycine (recently
reviewed in Ref. [44]). Proteins A and B both contain
selenocysteine [45,46] adjacent to at least one Cys residue.
The exact role of Sec has, however, only been determined
for protein A [47], where a covalent carboxymethylated
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selenocysteine intermediate has been isolated. The glycine
reductase reaction clearly involves several steps (for
proposed reaction mechanism, see Ref. [48]), where a
carboxylmethylselenoether is first formed at protein B,
transferred to protein A, and subsequently cleaved in the
presence of protein C. The Sec residues in both proteins A
and B are involved in forming both a transient selene-
nylsulfide and a carboxylmethylselenoether intermediate.

3. Sec-containing proteins versus the corresponding Cys
homologs

The highly increased reactivity of selenoproteins com-
pared to their Cys-dependent counterparts is generally
regarded as an evolutionary pressure for the development
of selenoproteins. The other point of view is that Sec would
be an ancient amino acid, to a major extent lost during
evolution due to its high reactivity. Whatever the true
reason is for selenoprotein existence, it is clear that the
insertion of a Sec residue in a protein constitutes a
metabolically costly synthesis machinery (see next section,
below). It is also clear that selenoenzymes generally have
higher catalytic efficiencies than their Cys-containing
counterparts. However, a lower catalytic efficiency could
easily be compensated with a higher number of enzyme
molecules in a cell and organisms have indeed solved this
issue in different ways for different enzymes. The yeasts, S.
cerivisae and S. pombe, like higher plants, do not contain
any selenoproteins, thus selenocysteine is not essential for
life per se.

The evolution of selenoproteins has indeed been debated
(see reviews [49-51]). When Gladyshev and coworkers
characterized the human selenoproteome [12], they found
that the selenoproteins belonged to essentially two different
groups, either the Sec residue was present together with a
Cys residue as part of a thioredoxin-like disulfide/dithiol
(selenenylsulfide/selenolthiol) motif, or Sec was situated in
a C-terminal extension to other known domains. This may
suggest that the Sec residue has either replaced a Cys
residue in a prior dithiol-containing protein (or the other
way around) or that proteins may receive extensions to their
open reading frames by conversion of a stop codon to a Sec-
encoding TGA, thereby giving the protein new Sec-related
functions. Out of the 25 identified human selenoproteins, 20
have known Cys-containing homologs [12]. Selenoproteins
seem to be more common in higher eukaryotes than in
bacteria or archaeca. Most mammalian selenoproteins are
also expressed in zebrafish, an organism that contains at
least 21 selenoproteins [52,53]. Interestingly, the selenoen-
zymes of higher eukaryotes are generally not found in
bacteria or vice versa [12,42].

It is important to note that Cys homologs have been
found for most bacterial and archaeal selenoproteins, in
other taxa of bacteria or archaca. One example is a Cys-
homolog of the selenoprotein formate dehydrogenase H in

E. coli found in Methanobaterium formicum [54]. The low
activity of this Cys-homolog is compensated by high levels
of the enzyme. Bioinformatic approaches built on the fact
that Sec/Cys pairs in homolog sequences exist have been
successfully utilized to identify new selenoproteins in
sequenced genomes [12,52,55]. It is likely that there are
still many selenoproteins to discover, probably also further
illustrating the diverse reactions in which a Sec residue can
partake. A recent finding was the identification of a Sec-
containing protein disulfide isomerase, EhSEP2, in the
haptophyte alga Emiliania huxleyi, suggesting that the
isomerisation of disulfide intermediates may also be
catalyzed by a mechanism involving Sec [56].

Can every possible reaction catalyzed by Sec be
supported by a Cys residue as well? If so, why are
selenoproteins expressed at all? An intriguing example is
the mammalian thioredoxin reductase, which, as discussed
above, is a selenoprotein with a catalytic important Sec
residue in the active site. Surprisingly, a Cys homologue
with almost the same catalytic activity, was found in
Drosophila melanogaster [57]. We subsequently showed
that two Ser residues, flanking the active site cysteines in
the insect enzyme, were responsible for activating one of
the Cys residues to work more like a Sec residue [58].
By analyzing Sec- and Cys-containing variants of the
same enzyme, we could directly probe the difference
between selenium and sulfur in this setting. Although the
catalytic efficiency was in the same range for the Sec-
containing mutant enzymes and the “activated” Cys
homologue, there were other obvious differences between
these forms of the enzyme. All Sec-containing mutants
had a broader pH optimum and broader substrate
specificity than the Cys counterparts [58]. These results
suggest that selenocysteine must not be essential for a
high catalytic efficiency per se but may certainly give
other properties than those seen in Cys-containing
homologs. Such selenium-based properties may be
employed for biotechnological applications, which shall
be discussed below. First, we will, however, discuss
techniques to produce synthetic selenoproteins.

4. Production of selenoproteins

Synthetic production of selenoproteins is far from trivial
because of the unique properties and high reactivity of Sec.
On the other hand, if succeeded, it may have major
biotechnological potential as a result of those properties.
One method involves the production of recombinant
selenoproteins in E. coli, as shall be discussed in further
detail below. An alternative approach is to synthetically
incorporate a Sec residue into a protein using different
chemical substitution reactions. The first artificial seleno-
protein produced by chemical means was reported by Wu
and Hilvert, producing selenosubtilisin by utilizing a
reactive Ser residue that was converted to a Sec residue.
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This approach could, however, not be used as a general
method, because an endogenously extraordinarly reactive
Ser residue was a necessity for success [59]. Other more
general methods for chemical synthesis of selenoproteins
have later been described, involving native chemical
ligation or expressed protein ligation [60—62]. Those
methods first utilize chemical synthesis of free Sec,
followed by chemical synthesis of peptides containing the
Sec residue, and finally ligation of the selenopeptide with a
target protein. The reactivity of free Sec makes these
methods chemically demanding and they subsequently
require many steps in synthesis of Sec-containing polypep-
tides. It is likely, however, that both recombinant seleno-
protein production in E. coli and protein ligation methods
will become useful techniques for the production of
selenoproteins. The different synthesis methods are sum-
marized in Table 4.

The chemical methods for the synthesis of selenopro-
teins were recently elsewhere reviewed in depth [63]. We
shall now describe recombinant selenoprotein production

Table 4
Methods for the production of selenoproteins
Method Principle References
Conversion of Ser residues Chemical conversion of a [59,103]
to Sec residues Ser residue to Sec involving
activation with PMSF and
incubation with hydrogen
selenide
Native chemical ligation Ligation of peptide fragments  [62,118]

via a C-terminal thioesther and

an N-terminal Cys/Sec-residue
Intein-based production of [61]
protein with a C-terminal

thioesther which can react

with a peptide containing an
N-terminal Cys or Sec-residue
Transfection of eukaryotic [75,76]
cells for selenoprotein

production is possible,

but results in very low yield

Expressed protein ligation

Transfection of
eukaryotic cells

Recombinant selenoprotein
production in E. coli
(a) General substitution
Sec incorporation Replacement of cysteine by [77]
selenocysteine by use of a
Cys auxotrophic strain in the
presence of selenocysteine
Replacement of methionine by [119]
selenomethionine by use of
an auxotrophic strain in the
presence of selenomethionine
(not producing genuine
selenoproteins, i.e.
containing Sec)
Introduction of an E. coli
SECIS element after the
UGA codon for targeted
co-translational
Sec-incorporation

SeMet incorporation

(b) Targeted Sec
insertion

[84,85,89]

in some further detail, after which we will discuss
different potential biotechnological use of selenoproteins.

5. Targeted selenocysteine incorporation at the
ribosome—expanding the genetic code

A Sec residue of a selenoprotein is in Nature co-transla-
tionally incorporated at a specific predefined UGA codon.
The UGA codon, which normally confers termination of
translation by binding of a release factor, is re-coded to Sec-
incorporation by species-specific mechanisms guided by a
secondary structure in the mRNA. For E. coli, this
mechanism has been thoroughly studied by Bock and
coworkers mainly using synthesis of the selenoprotein
formate dehydrogenase H as a model [64,65]. In short, they
showed that Sec-insertion in E. coli involves four gene
products, encoded by the sel4, selB, selC, and selD genes, as
well as a cis-acting structure in the mRNA, subsequently
named a Selenocysteine insertion sequence (SECIS) element.
The SECIS element is a stem-loop structure, located directly
after the UGA codon. It has a dual function, both coding for
the translation of amino acids at the C-terminal side of the Sec
residue and guiding a Sec-specific elongation factor, SelB, to
the ribosome that subsequently catalyzes Sec insertion at the
UGA codon. SelB is a homolog of elongation factor EF-Tu,
with an extra C-terminal domain binding the SECIS element.
SelB utilizes a selenocysteine-specific tRNA (tRNAS, the
selC gene product), when charged with a Sec residue.
Thereby, SelB can catalyze the insertion of Sec at the
predefined UGA codon, which occurs under GTP hydrolysis.
The tRNAS is initially aminoacylated with a seryl residue,
which is converted to a selenocysteinyl moiety by seleno-
cysteine synthase (SelA). The selenium donor used by SelA
is selenophosphate, provided by selenophosphate synthetase
(SelD) using selenide as substrate, which is formed from
selenite by a yet unknown reductive pathway. It is also likely
that NifS-like proteins may provide another selenium source
for selenoprotein synthesis [66,67]. NifS-like proteins are L-
selenocysteine-lyase enzymes, which catalyzes the decom-
position of selenocysteine to elemental selenium. Thus, if
preformed selenoproteins are catabolized, Sec may be
liberated as substrate for NifS-like proteins [66,67].

In summary, a functional targeted co-translational Sec
insertion in E. coli necessitates a selenium source (such as
selenite added to the bacterial medium), the formation of
selenocysteinylated tRNAS, SelB, and an in-frame UGA
codon in conjunction with a SECIS element compatible with
SelB. A main difference between species in selenoprotein
synthesis machineries is the structural difference between
the necessary SECIS elements. Mammalian SECIS ele-
ments, in the mRNA for mammalian selenoproteins, are
located in the 3’-untranslated region far from the Sec-
encoding UGA codon (for reviews, see Refs. [68,69]). Also
in archaea, SECIS elements are located to the untranslated
region and they are different from the mammalian SECIS
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elements [70,71]. Recently, evidence was published sug-
gesting the presence of yet another type of SECIS element
in a haptophyte alga [56]. The SelB elongation factor
orthologs in archaea [72] and mammals [73] also differ from
the E. coli SelB and require recruitment of factors such as
SBP2 [74] for function. The efficiency of selenoprotein
production in eukaryotic cells is very low [75,76], which
hitherto has made it difficult to employ transfection of
eukaryotic cells if the aim has been to produce synthetic
selenoproteins as a source for further studies. We shall
therefore now focus on the use of E. coli for the production
of recombinant selenoproteins.

6. Recombinant selenoprotein production in E. coli

The fact that mammalian selenoprotein genes are not
compatible with the bacterial Sec incorporation machinery
makes it impossible to directly heterologously express them
as recombinant selenoproteins in E. coli. One possibility, as
also listed in Table 4, is to use a cysteine auxotrophic E. coli
strain, which allows the substitution of Cys to Sec at growth
in the absence of sulfur and instead the presence of a
selenium source [77]. This method is, however, not suitable
if the protein of interest contains several Cys residues and
only one should be changed to a Sec.

In 1992, it was shown, by the overproduction of the
endogenous formate dehydrogenase H, that . coli indeed has
the capacity to overexpress recombinant selenoproteins [78].
In the same year, Bock and coworkers expressed a Sec-
containing mutant of the Cys-containing formate dehydro-
genase from Methanobacterium formicicum in E. coli by
direct overproduction [79]. Due to the similarity between that
gene and the E. coli formate dehydrogenase gene, the
introduction of an E. coli SECIS element after the UGA
codon was possible without introducing too many point
mutations [79]. In 1999, we succeeded to achieve a specific
Sec-incorporation combined with high expression yields in
the production of the mammalian selenoprotein TrxR using a
similar approach [80]. The open reading frame for rat TrxR
was, in that case, fused with an engineered variant of the
bacterial SECIS element from formate dehydrogenase H.
This was possible to achieve with a maintained TrxR amino
acid sequence due to the penultimate position of the Sec
residue in TrxR. This allows the presence of a functional SelB
binding motif of the SECIS element to be positioned outside
the open reading frame and thereby not interfering with the
coding region of the expressed gene. However, to achieve this
result, a termination codon (TAA, or UAA in the mRNA)
needed to be inserted in the stem-part of the SECIS element
between the Sec-encoding TGA and the motif binding the
SelB elongation factor [80]. This proved to be a functional
strategy and also showed that the complete bacterial SECIS
element does not need to be translated for maintained
function. That finding was crucial for our subsequent
development of the Sel-tag (see below). We also found that

the co-overexpression of the selA, selB, and selC genes gave
higher selenoprotein yield, and we initially achieved 20 mg
TrxR being produced per liter bacterial culture having
approximately 25% of the native enzyme activity [80]. We
have later shown that the specific activity of the recombi-
nantly produced TrxR is directly correlated to the extent of
UGA-truncated versus full-length Sec-containing enzyme
[81], and therefore our initial results suggested that about
25% efficiency was achieved for the Sec incorporation. The
efficiency of Sec insertion is known to depend upon several
factors. Because the SelB elongation factor must form a
quaternary complex with GTP, selenocysteinyl-tRNAS, and
the SECIS element, the stoichiometry between these factors is
of importance [82]. Furthermore, there is always a competi-
tion between the SelB elongation factor and the bacterial
release factor 2 (RF2, the prfB gene product) terminating
translation at UGA codons [83]. By assessing different
production conditions for the synthesis of mammalian TrxR
in E. coli, we later found that expression in the late
exponential phase gave an unexpectedly large upregulation
of the Sec incorporation efficiency, increasing yield to 40 mg
TrxR produced per liter bacterial culture having 50%
selenocysteine content [81]. This was probably explained
by better SelB function in comparison to RF2 activity in
stationary phase. With subsequent purification of the full-
length TrxR selenoprotein [84], this becomes a highly
efficient method for the production of mammalian TrxR or
proteins carrying a Sel-tag (see below).

The production of recombinant selenoproteins in E. coli
carrying an internal Sec residue requires engineering of a
bacterial-type SECIS element within the open reading frame
of the recombinant selenoprotein gene. Thus, point muta-
tions in the protein compatible with a functional SECIS
element are needed, in most cases. In essence, the sequence
of four to seven amino acid residues starting four positions
downstream of the Sec becomes somewhat restricted
[80,85]. In spite of these limitations, the strategy has
already been used for production of a GPx variant [86], a
methionine sulfoxide reductase B [38], and a Sec-containing
glutathione S-transferase [87]. The results from these studies
show, in spite of the limitations of the technique, that
recombinant production of selenoproteins with internal Sec-
residues in E. coli is technically possible and may indeed
become useful for certain applications. For further technical
details on the principle of expressing recombinant seleno-
proteins in E. coli, see an earlier review on the subject [85].

7. Biotechnological use of Sec insertion

The possibility to introduce a Sec residue into proteins
may be of substantial importance for a number of different
applications. In addition to facilitating studies of natural
selenoproteins, Sec insertion can also be used for different
biotechnological applications in a number of research fields
(see Table 5). We shall now briefly discuss these different
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Table 5
Biotechnological applications of Sec insertion

Use of Sec

Application

Specific radiolabeling Insertion of selenium radionuclides, e.g. a
high-energy gamma (EC) Se-75 isotope
(t12 :118.5 days, 0.86 MeV) into proteins
(see also Table 1)
Insertion of Se-73 (65% P+, 35% EC; t15: 7.2 h,
2.74 MeV) into proteins (see also Table 1,
and the Sel-tag labeling with
positron emitters, e.g. ''C)
X-ray crystallography Facilitation of phase determination by
introducing Sec [94] or Sec/SeMet [93]
into proteins
NMR Insertion of the stable Se-77 isotope which has
a nuclear spin of 1/2 and can be used for
high-resolution NMR spectrocscopy (reviewed
in Ref. [95])
Examination of intermediates in protein folding
and induction of correct oxidative folding of
multiple Cys-containing proteins [99,100,120]
Change of specificity or function of enzymes
by introducing Sec in the active site [59]
By chemoselective oxidation the Sec-residue
could be converted to a dehydroalanine.
Dehydroalanine is then used as a precursor to
peptide conjugates [60]
Application involving Introduction of a small Sec-containing motif (a
a Sel-tag Sel-tag) into non-selenoprotein, for protein
purification, residue specific fluorescent
labeling and radiolabeling with the
gamma-emitter >Se or the positron emitter ''C
(for PET studies).
See [84] and discussion in the text.

PET studies

Protein folding

Enzyme kinetics

Peptide conjugation

applications. All of the methods are based on either the
introduction of a selenium isotope, with specific character-
istics such as high-energy radioactivity (as for "°Se and "*Se)
or uncommon nuclear spin ("’Se), or on the high reactivity of
a Sec residue in comparison to Cys.

7.1. Residue-specific radiolabeling with the gamma emitter
75
Se

The gamma emitter "°Se (Table 1) is currently com-
mercially available in the form of ["°Se]-selenite, with high
specific radioactivity, from the Research Reactor Center,
University of Missouri-Columbia, USA. It can be incorpo-
rated into recombinant selenoproteins expressed in E. coli,
simply by adding the isotope to the bacterial growth
medium. Provided that excess cysteine is added to block
nonspecific incorporation into Cys or Met resisdues, this
results in a highly residue-specific biologically controlled
radiolabeling of the Sec residue [88]. The "*Se isotope thus
incorporated has high energy and a half-life of 120 days
and it can easily be utilized for analysis by autoradiog-
raphy, liquid scintillation, or detection with gamma
counters. Consequently, it can serve the basis for many
different applications in basic science involving the
detection of radioactive proteins, such as metabolic

tracking and turnover studies or as radiolabeled antigen
in Radioimmuno Assays. It also constitutes a useful
detection and validation method for the demonstration of
a successful expression of recombinant selenoproteins in E.
coli [38,87,89].

7.2. Residue specific radiolabeling with the positron emitter
73
Se

Positron emission tomography (PET) is a non-invasive
clinical method for the detection of trace amounts of
compounds labeled with positron emitters. PET can local-
ize and quantify positron decays over time and can thereby
be used for studying biochemical and physiological
processes in real time in humans. The clinically used
positron emitters have short half-times, and thus, it is
important to have fast labeling techniques. The positron
emitter "Se (7,,=7.1 h) can be produced in good yields
[90] and has been postulated for use in PET studies in
humans [91]. For the production of synthetic selenopro-
teins labeled with 7*Se, the recombinant production in E.
coli would likely be too slow. Possibly, the chemical
synthesis of "*Se-labeled selenoprotein ligands could be
developed. A different approach to produce positron
emitting protein ligands for PET is to use the reactivity
of a Sec residue for a specific Sec-targeted reaction with
electrophilic agents containing positron emitting radio-
nuclides. This approach has been demonstrated using the
Sel-tag (see below).

7.3. X-ray crystallography

Selenomethionine introduction into proteins for subse-
quent X-ray crystallography determinations by multiwave-
length anomalous diffraction (MAD) solving of the phasing
problem is today a well-established method [92]. The
development of methods for introducing Sec residues into
proteins has recently been used for double labeling
techniques introducing both SeMet and Sec [93], or Sec
alone [94], for facilitated phase determinations. The differ-
ent methods to produce synthetic selenoproteins as dis-
cussed herein should hence also be possible to use as an aid
for X-ray crystallography.

7.4. NMR

The stable ”’Se isotope (Table 1) has a nuclear spin of 1/
2, which makes it possible to be used for high-resolution
NMR spectroscopy (reviewed in Ref. [95]). "’Se has
therefore been introduced into SeMet residues and sub-
sequently used for NMR determinations of proteins
expressed in E. coli [96]. A 7"Se-GPX could also be
enriched from lamb having been fed a 5-month diet with
"7Se and the protein was then used for NMR studies [97].
Now, synthetic methods to produce L-[’’Se]-selenocysteine
have been developed, which could be used for NMR
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determinations [98]. Any method for the production of
selenoproteins as reviewed herein could, in principle, be
utilized for 7’Se-labeling in order to produce protein suitable
for NMR studies.

7.5. Analyses of protein folding, catalytic mechanisms or
transition states

By studying synthetic Cys- or Sec- containing peptides,
the redox potentials of the Sec—Sec, Sec—Cys and Cys—Cys
couples have been determined at pH 7 to —381 mV, —326
mV, and —180 mV, respectively [99] (Table 2). These redox
potentials result in the preferential diselenide formation in
the presence of additional cysteines, and it was therefore
postulated that a pair of Sec residues could be introduced in
place of two Cys residues in a protein, to allow for targeted
diselenide formation and thereby directed correct folding of
a protein [99]. This has indeed been demonstrated with the
synthetically produced endothelin-1 peptide, where the
introduction of two Sec-residues in place of Cys directed
the correct oxidative folding of the peptide, although it
contained two additional Cys residues [100]. Alternatively,
for studies of folding intermediates or transition states
during catalysis of redox reactions, the introduction of a
single Sec residue at specific sites in proteins or enzymes
could be utilized for the trapping of otherwise transient
disulfides or thiolate-targeted intermediates.

7.6. Tailoring of enzymatic reactions

By introducing a Sec residue into an enzyme, it may
perhaps be possible to change the specificity or function of
the enzyme and thus constituting a potential for a directed
evolution. This has indeed been demonstrated by the
production of the artificial selenoenzyme selenosubtilisin,
where the modification of an active site Ser residue to a
Sec residue in the serine protease subtilisin resulted in the
conversion of the enzyme to a glutathione peroxidase
mimic with peroxidase activity [59,101]. A similar ap-
proach has been reported changing a Ser to a Sec in a
monoclonal antibody resulting in GPX activity [102,103],
although in that case, it is not clear why the targeted Ser
residue should have been extraordinarly active. A Cys
residue in the active site of the phosphorylating glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) changed
to a Sec residue also revealed a novel peroxidase activity
[104]. It is however clear that not all cases of Sec
introduction into the active sites of enzymes must yield
peroxidase activity, e.g. as shown for a Sec-containing
variant of GST [87]. However, another GST isoform that
was substituted with Sec seemed to possess peroxidase
activity [105]. Considering the different types of reactions
catalyzed by native selenoproteins (see above and Table 3),
it is possible that the production of synthetic selenoproteins
may also be utilized for engineering other types of reaction
catalysts than those supporting peroxidase reactions.

7.7. Peptide conjugation

It has been reported that the selenium atom could be lost
from Sec during purification of natural selenoproteins, thus
forming a dehydroalanine in place of the original Sec residue
[106]. This reaction can also be catalyzed deliberately by a
chemoselective oxidation of Sec, thereby subsequently
forced to be converted to a dehydroalanine. The so formed
dehydroalanine can then be used as a precursor for peptide
conjugation reactions [60].

7.8. The multifunctional Sel-tag

Recently, we developed a new functional motif for
recombinant proteins expressed in E. coli involving the
insertion of Sec as part of a C-terminal —Gly—Cys—Sec—Gly
tetrapeptide [84]. This motif, here called a Sel-tag, corre-
sponds to the four last amino acids of the natural mammalian
selenoprotein TrxR [5,28,107]. The Sel-tag is redox active,
and as a mimic of the active site of TrxR, it is rather well
characterized (see above). When reduced, the Sec residue
becomes easily targeted by electrophilic compounds, but
when oxidized, it forms a selenenylsulfide with the
neighbouring Cys residue and becomes essentially inert to
alkylating agents [108]. By introducing this motif as a Sel-
tag for proteins, we reasoned that we could take advantage of
selenium biochemistry for several novel applications (as
generally discussed above), and, furthermore, by including
the neighbouring Cys residue, the normally reactive sele-
nium atom of Sec could be protected in the oxidized state due
to the selenenylsulfide bond formed between the Sec and
Cys residues within this motif. Proteins carrying a Sel-tag
can be produced in E. coli by fusion of their open reading
frame with an engineered SECIS-element, and the Sel-tag
has indeed already been utilized for a number of applica-
tions. The initial results with a Sel-tag have been published
[84] and will be summarized here.

7.8.1. Radiolabeling with 7 Se

The Sel-tag can easily be used for residue-specific
radiolabeling with the gamma-emitting isotope °Se (for
principle, see above). This application has recently been
utilized for an in vivo study, tracking the ">Se-labeled Der p
2 mite allergen in a mouse model for allergy'.

7.8.2. Fluorescence labeling

The nucleophilic properties of the Sec residue could be
utilized for selective selenolate-targeting using an electro-
philic fluorescent probe for fluorescence labeling preferen-
tially at the Sec residue. This could be accomplished by
incubating the reduced Sel-tag protein for a short duration
with the fluorescent compound at a low pH and in the
presence of excess DTT, thereby scavenging the labeling of

! Johansson, L. et al., in press [121].
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Cys residues while allowing the reactive selenolate to
become labeled.

7.8.3. Labeling with "'C

We reasoned that the same principle as for residue
specific fluorescent labeling could be used to label the Sec
residue with electrophilic compounds containing short-lived
positron emitters. This was indeed possible utilizing [''C]-
methyl iodide, which gave an efficient ''C-labeling of Sel-
tagged proteins [84]. To label proteins or peptides with
short-lived isotopes is generally a difficult task, and this Sel-
tag application could thereby become useful as a method for
generating radiolabeled protein ligands suitable for diverse
PET imaging studies.

7.8.4. Affinity purification

In order for applications using a Sel-tag to be truly useful,
an easy purification method for the Sel-tagged protein is
needed. This was solved by the use of a phenylarsine oxide
(PAO) sepharose, previously utilized for the purification of
proteins containing vicinal dithiols [109—111]. We found that
the affinity of a selenolthiol to PAO was stronger than that of a
dithiol, while it could still be eluted with dimercaptopropanol
sulfonic acid (DMPS), a highly specific arsine oxide chelator.
These properties could thereby be developed to a one-step
affinity purification method for Sel-tagged proteins [81,84].
In fact, for several Sel-tagged proteins, we have found the
PAO sepharose purification procedure to be essentially equi-
valent in both yield and specificity to the commonly used
Nickel-column based purification of His-tagged proteins.

8. Conclusions

Research regarding the 21st amino acid, selenocysteine,
has, during the last 30 years, progressed from an intriguing
finding of Sec as part of a few selected proteins, to the
recognition of Sec as an essential component of many living
organisms, coupled to human disorders, and being translated
by an expansion of the genetic code. The field of study on
proteins naturally containing selenocysteine is rapidly
growing, with new selenoproteins being found that await
to be characterized. The possibility of producing synthetic
selenoproteins should facilitate such studies and has also
opened new potentials for biotechnological methodologies
based upon unique properties of selenocysteine. We trust that
selenium-based protein biochemistry will constitute the basis
for several future technologies of both basic and medical
importance.

Acknowledgements

The research of the authors is supported by the
Karolinska Institute, the Swedish Cancer Society, the

Swedish Research Council for Medicine, and Lars Hiertas
Foundation.

References

[1] D.P. Gamblin, P. Garnier, S. van Kasteren, N.J. Oldham, A.J.
Fairbanks, B.G. Davis, Glyco-SeS: selenenylsulfide-mediated protein
glycoconjugation—A new strategy in post-translational modification,
Angew. Chem., Int. Ed. Engl. 43 (2004) 828—833.

[2] C. Jacob, G.I. Giles, N.M. Giles, H. Sies, Sulfur and selenium: the
role of oxidation state in protein structure and function, Angew.
Chem., Int. Ed. Engl. 42 (2003) 4742—-4758.

[3] S.J. Fairweather-Tait, J. Dainty, Use of stable isotopes to assess the
bioavailability of trace elements: a review, Food Addit. Contam. 19
(2002) 939-947.

[4] P. Van Dael, J. Lewis, D. Barclay, Stable isotope-enriched selenite
and selenate tracers for human metabolic studies: a fast and accurate
method for their preparation from elemental selenium and their
identification and quantification using hydride generation atomic
absorption spectrometry, J. Trace Elem. Med. Biol. 18 (2004) 75—80.

[S] L. Zhong, E.S.J. Arnér, A. Holmgren, Structure and mechanism of
mammalian thioredoxin reductase: the active site is a redox-active
selenolthiol/selenenylsulfide formed from the conserved cysteine—
selenocysteine sequence, Proc. Natl. Acad. Sci. U. S. A. 97 (2000)
5854-5859.

[6] D.L. LeDuc, A.S. Tarun, M. Montes-Bayon, J. Meija, M.F. Malit,
C.P. Wu, M. AbdelSamie, C.Y. Chiang, A. Tagmount, M. deSouza,
B. Neuhierl, A. Bock, J. Caruso, N. Terry, Overexpression of
selenocysteine methyltransferase in Arabidopsis and Indian mustard
increases selenium tolerance and accumulation, Plant Physiol. 135
(2004) 377-383.

[7] C.D. Thomson, Assessment of requirements for selenium and
adequacy of selenium status: a review, Eur. J. Clin. Nutr. 58 (2004)
391-402.

[8] M.P. Rayman, The importance of selenium to human health, Lancet
356 (2000) 233-241.

[9] L.C. Clark, G.F. Combs Jr., B.W. Turnbull, E.H. Slate, D.K. Chalker,
J. Chow, L.S. Davis, R.A. Glover, G.F. Graham, E.G. Gross, A.
Krongrad, J.L. Lesher Jr., HK. Park, B.B. Sanders Jr., C.L. Smith,
J.R. Taylor, Effects of selenium supplementation for cancer pre-
vention in patients with carcinoma of the skin. A randomized
controlled trial. Nutritional Prevention of Cancer Study Group,
JAMA 276 (1996) 1957—1963.

[10] E.A. Klein, Selenium and vitamin E cancer prevention trial, Ann.
N. Y. Acad. Sci. 1031 (2004) 234—-241.

[11] M.R. Bosl, K. Takaku, M. Oshima, S. Nishimura, M.M. Taketo,
Early embryonic lethality caused by targeted disruption of the mouse
selenocysteine tRNA gene (Trsp), Proc. Natl. Acad. Sci. U. S. A. 94
(1997) 5531-5534.

[12] G.V. Kryukov, S. Castellano, S.V. Novoselov, A.V. Lobanov, O.
Zehtab, R. Guigo, V.N. Gladyshev, Characterization of mammalian
selenoproteomes, Science 300 (2003) 1439—1443.

[13] L. Flohe, W.A. Gunzler, H.H. Schock, Glutathione peroxidase: a
selenoenzyme, FEBS Lett. 32 (1973) 132—134.

[14] J.R. Arthur, The glutathione peroxidases, Cell. Mol. Life Sci. 57
(2000) 1825-1835.

[15] F. Ursini, M. Maiorino, R. Brigelius-Flohe, K.D. Aumann, A.
Roveri, D. Schomburg, L. Flohe, Diversity of glutathione pero-
xidases, Methods Enzymol. 252 (1995) 38-53.

[16] J. Kohrle, The deiodinase family: selenoenzymes regulating thyroid
hormone availability and action, Cell. Mol. Life Sci. 57 (2000)
1853-1863.

[17] G. Mugesh, L.O. Klotz, W.W. du Mont, K. Becker, H. Sies,
Selenenyl iodide: a new substrate for mammalian thioredoxin
reductase, Org. Biomol. Chem. 1 (2003) 2848 —2852.



L. Johansson et al. / Biochimica et Biophysica Acta 1726 (2005) 1—-13 11

[18] M.J. Berry, J.D. Kieffer, J.W. Harney, P.R. Larsen, Selenocys-

teine confers the biochemical properties characteristic of the

type 1 iodothyronine deiodinase, J. Biol. Chem. 266 (1991)

14155-14158.

C. Buettner, J.W. Harney, P.R. Larsen, The role of selenocysteine 133

in catalysis by the human type 2 iodothyronine deiodinase,

Endocrinology 141 (2000) 4606—4612.

[20] G.G. Kuiper, W. Klootwijk, T.J. Visser, Substitution of cysteine for

selenocysteine in the catalytic center of type III iodothyronine

deiodinase reduces catalytic efficiency and alters substrate prefe-

rence, Endocrinology 144 (2003) 2505-2513.

D. Salvatore, J.W. Harney, P.R. Larsen, Mutation of the Secys residue

266 in human type 2 selenodeiodinase alters 75Se incorporation

without affecting its biochemical properties, Biochimie 81 (1999)

535-538.

[22] E.S.J. Amér, A. Holmgren, Physiological functions of thioredoxin
and thioredoxin reductase, Eur. J. Biochem. 267 (2000) 6102—6109.

[23] S. Gromer, S. Urig, K. Becker, The thioredoxin system—From
science to clinic, Med. Res. Rev. 24 (2004) 40—89.

[24] M. Matsui, M. Oshima, H. Oshima, K. Takaku, T. Maruyama, J.
Yodoi, M.M. Taketo, Early embryonic lethality caused by targeted
disruption of the mouse thioredoxin gene, Dev. Biol. 178 (1996)
179-185.

[25] L. Nonn, R.R. Williams, R.P. Erickson, G. Powis, The absence of

mitochondrial thioredoxin 2 causes massive apoptosis, exencephaly,

and early embryonic lethality in homozygous mice, Mol. Cell. Biol.

23 (2003) 916-922.

C. Jakupoglu, G.K. Przemeck, M. Schneider, S.G. Moreno, N. Mayr,

A K. Hatzopoulos, M.H. de Angelis, W. Wurst, G.W. Bornkamm, M.

Brielmeier, M. Conrad, Cytoplasmic thioredoxin reductase is

essential for embryogenesis but dispensable for cardiac development,

Mol. Cell. Biol. 25 (2005) 1980—1988.

[27] M. Conrad, C. Jakupoglu, S.G. Moreno, S. Lippl, A. Banjac, M.

Schneider, H. Beck, A.K. Hatzopoulos, U. Just, F. Sinowatz, W.

Schmahl, K.R. Chien, W. Wurst, G.W. Bornkamm, M. Brielmeier,

Essential role for mitochondrial thioredoxin reductase in hematopoie-

sis, heart development, and heart function, Mol. Cell. Biol. 24 (2004)

9414-9423.

L. Zhong, E.S.J. Amér, J. Ljung, F. Aslund, A. Holmgren, Rat and

calf thioredoxin reductase are homologous to glutathione reductase

with a carboxyl-terminal elongation containing a conserved catalyti-

cally active penultimate selenocysteine residue, J. Biol. Chem. 273

(1998) 8581—-8591.

L. Zhong, A. Holmgren, Essential role of selenium in the catalytic

activities of mammalian thioredoxin reductase revealed by character-

ization of recombinant enzymes with selenocysteine mutations,

J. Biol. Chem. 275 (2000) 18121-18128.

[30] L.D. Arscott, S. Gromer, R.H. Schirmer, K. Becker, C.H. Williams
Jr., The mechanism of thioredoxin reductase from human placenta is
similar to the mechanisms of lipoamide dehydrogenase and gluta-
thione reductase and is distinct from the mechanism of thioredoxin
reductase from Escherichia coli, Proc. Natl. Acad. Sci. U. S. A. 94
(1997) 3621-3626.

[31] S. Gromer, L.D. Arscott, C.H. Williams Jr., R.H. Schirmer, K.

Becker, Human placenta thioredoxin reductase. Isolation of the

selenoenzyme, steady state kinetics, and inhibition by therapeutic

gold compounds, J. Biol. Chem. 273 (1998) 20096—20101.

T. Sandalova, L. Zhong, Y. Lindqvist, A. Holmgren, G. Schneider,

Three-dimensional structure of a mammalian thioredoxin reductase:

implications for mechanism and evolution of a selenocysteine-

dependent enzyme, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)

9533-9538.

[33] C. Buettner, J.W. Harney, M.J. Berry, The Caenorhabditis elegans
homologue of thioredoxin reductase contains a selenocysteine
insertion sequence (SECIS) element that differs from mammalian
SECIS elements but directs selenocysteine incorporation, J. Biol.
Chem. 274 (1999) 21598-21602.

[19

[}

21

—

[26

[}

[28

[t

[29

[}

[32

—

[34] V.N. Gladyshev, M. Krause, X.M. Xu, K.V. Korotkov, G.V. Kryukov,
Q.A. Sun, B.J. Lee, J.C. Wootton, D.L. Hatfield, Selenocysteine-
containing thioredoxin reductase in C. elegans, Biochem. Biophys.
Res. Commun. 259 (1999) 244-249.

[35] F. Missirlis, J.K. Ulschmid, M. Hirosawa-Takamori, S. Gronke, U.
Schafer, K. Becker, J.P. Phillips, H. Jackle, Mitochondrial and
cytoplasmic thioredoxin reductase variants encoded by a single
Drosophila gene are both essential for viability, J. Biol. Chem. 277
(2002) 11521-11526.

[36] 1.Y. Kim, M.J. Guimaraes, A. Zlotnik, J.F. Bazan, T.C. Stadtman,
Fetal mouse selenophosphate synthetase 2 (SPS2): characterization
of the cysteine mutant form overproduced in a baculovirus-insect cell
system, Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 418—421.

[37] G.V. Kryukov, R.A. Kumar, A. Koc, Z. Sun, V.N. Gladyshev,
Selenoprotein R is a zinc-containing stereo-specific methionine
sulfoxide reductase, Proc. Natl. Acad. Sci. U. S. A. 99 (2002)
4245-4250.

[38] S. Bar-Noy, J. Moskovitz, Mouse methionine sulfoxide reductase B:
effect of selenocysteine incorporation on its activity and expression
of the seleno-containing enzyme in bacterial and mammalian cells,
Biochem. Biophys. Res. Commun. 297 (2002) 956—-961.

[39] J.C. Boyington, V.N. Gladyshev, S.V. Khangulov, T.C. Stadtman,
P.D. Sun, Crystal structure of formate dehydrogenase H: catalysis
involving Mo, molybdopterin, selenocysteine, and an Fe4S4 cluster,
Science 275 (1997) 1305—-1308.

[40] M.J. Axley, A. Bock, T.C. Stadtman, Catalytic properties of an
Escherichia coli formate dehydrogenase mutant in which sulfur
replaces selenium, Proc. Natl. Acad. Sci. U. S. A. 88 (1991)
8450—8454.

[41] VN. Gladyshev, S.V. Khangulov, M.J. Axley, T.C. Stadtman,
Coordination of selenium to molybdenum in formate dehydrogenase
H from Escherichia coli, Proc. Natl. Acad. Sci. U. S. A. 91 (1994)
7708-7711.

[42] Y. Zhang, V.N. Gladyshev, An algorithm for identification of
bacterial selenocysteine insertion sequence elements and selenopro-
tein genes, Bioinformatics (2005) 2580—2589.

[43] D.C. Turner, T.C. Stadtman, Purification of protein components of
the clostridial glycine reductase system and characterization of
protein A as a selenoprotein, Arch. Biochem. Biophys. 154 (1973)
366-381.

[44] J.R. Andreesen, Glycine reductase mechanism, Curr. Opin. Chem.
Biol. 8 (2004) 454—461.

[45] G.E. Garcia, T.C. Stadtman, Selenoprotein A component of the
glycine reductase complex from Clostridium purinolyticum: nucleo-
tide sequence of the gene shows that selenocysteine is encoded by
UGA, J. Bacteriol. 173 (1991) 2093—-2098.

[46] S. Kreimer, J.R. Andreesen, Glycine reductase of Clostridium
litorale. Cloning, sequencing, and molecular analysis of the grdAB
operon that contains two in-frame TGA codons for selenium
incorporation, Eur. J. Biochem. 234 (1995) 192—-199.

[47] R.A. Arkowitz, R.H. Abeles, Mechanism of action of clostridial
glycine reductase: isolation and characterization of a covalent acetyl
enzyme intermediate, Biochemistry 30 (1991) 4090—4097.

[48] M. Wagner, D. Sonntag, R. Grimm, A. Pich, C. Eckerskorn, B.
Sohling, J.R. Andreesen, Substrate-specific selenoprotein B of
glycine reductase from Eubacterium acidaminophilum. Biochemical
and molecular analysis, Eur. J. Biochem. 260 (1999) 38—49.

[49] A. Bock, K. Forchhammer, J. Heider, C. Baron, Selenoprotein
synthesis: an expansion of the genetic code, Trends Biochem. Sci. 16
(1991) 463 -467.

[50] V.N. Gladyshev, G.V. Kryukov, Evolution of selenocysteine-contain-
ing proteins: significance of identification and functional character-
ization of selenoproteins, BioFactors 14 (2001) 87-92.

[51] V.N. Gladyshev, G.V. Kryukov, D.E. Fomenko, D.L. Hatfield,
Identification of trace element-containing proteins in genomic data-
bases, Annu. Rev. Nutr. 24 (2004) 579—-596.

[52] G.V. Kryukov, V.N. Gladyshev, Selenium metabolism in zebrafish:



12 L. Johansson et al. / Biochimica et Biophysica Acta 1726 (2005) 1—-13

multiplicity of selenoprotein genes and expression of a protein containing
17 selenocysteine residues, Genes Cells 5 (2000) 1049—1060.

[53] C. Thisse, A. Degrave, G.V. Kryukov, V.N. Gladyshev, S. Obrecht-
Pflumio, A. Krol, B. Thisse, A. Lescure, Spatial and temporal
expression patterns of selenoprotein genes during embryogenesis in
zebrafish, Gene Expr. Patterns 3 (2003) 525-532.

[54] A.P. Shuber, E.C. Orr, M.A. Recny, P.F. Schendel, H.D. May, N.L.
Schauer, J.G. Ferry, Cloning, expression, and nucleotide sequence of
the formate dehydrogenase genes from Methanobacterium formici-
cum, J. Biol. Chem. 261 (1986) 12942—12947.

[55] G.V. Kryukov, V.N. Gladyshev, The prokaryotic selenoproteome,
EMBO Rep. 5 (2004) 538—543.

[56] T. Obata, Y. Shiraiwa, A novel eukaryotic selenoprotein in the
haptophyte alga Emiliania huxleyi, J. Biol. Chem. (2005)
18462—18468.

[57] S.M. Kanzok, A. Fechner, H. Bauer, J.K. Ulschmid, H.M. Muller, J.
Botella-Munoz, S. Schneuwly, R. Schirmer, K. Becker, Substitution
of the thioredoxin system for glutathione reductase in Drosophila
melanogaster, Science 291 (2001) 643 —646.

[58] S. Gromer, L. Johansson, H. Bauer, L.D. Arscott, S. Rauch, D.P.
Ballou, C.H. Williams Jr., R.H. Schirmer, E.S.J. Arnér, Active sites
of thioredoxin reductases: why selenoproteins? Proc. Natl. Acad. Sci.
U. S. A. 100 (2003) 12618—12623.

[59] Z.-P. Wu, D. Hilvert, Conversion of a protease into an acyl
transferase: selenosubtilisin, J. Am. Chem. Soc. 111 (1989) 4513.

[60] M.D. Gieselman, Y. Zhu, H. Zhou, D. Galonic, W.A. van der Donk,
Selenocysteine derivatives for chemoselective ligations, ChemBio-
Chem 3 (2002) 709-716.

[61] R.J. Hondal, R.T. Raines, Semisynthesis of proteins containing
selenocysteine, Methods Enzymol. 347 (2002) 70—83.

[62] R. Quaderer, A. Sewing, D. Hilvert, Selenocysteine-mediated native
chemical ligation, Helv. Chim. Acta 84 (2001) 1197—1206.

[63] L. Moroder, Isosteric replacement of sulfur with other chalcogens in
peptides and proteins, J. Pept. Sci. 11 (2005) 187-214.

[64] A. Bock, K. Forchhammer, J. Heider, W. Leinfelder, G. Sawers, B.
Veprek, F. Zinoni, Selenocysteine: the 21st amino acid, Mol.
Microbiol. 5 (1991) 515-520.

[65] T.C. Stadtman, Selenocysteine, Annu. Rev. Biochem. 65 (1996)
83-100.

[66] G.M. Lacourciere, H. Mihara, T. Kurihara, N. Esaki, T.C. Stadtman,
Escherichia coli NifS-like proteins provide selenium in the pathway
for the biosynthesis of selenophosphate, J. Biol. Chem. 275 (2000)
23769-23773.

[67] G.M. Lacourciere, T.C. Stadtman, Utilization of selenocysteine as a
source of selenium for selenophosphate biosynthesis, BioFactors 14
(2001) 69—74.

[68] P.R. Copeland, Regulation of gene expression by stop codon
recoding: selenocysteine, Gene 312 (2003) 17-25.

[69] S.C. Low, M.J. Berry, Knowing when not to stop: selenocysteine
incorporation in eukaryotes, Trends Biochem. Sci. 21 (1996)
203-208.

[70] A. Krol, Evolutionarily different RNA motifs and RNA—protein
complexes to achieve selenoprotein synthesis, Biochimie 84 (2002)
765-774.

[71] M. Rother, A. Resch, R. Wilting, A. Bock, Selenoprotein synthesis in
archaea, BioFactors 14 (2001) 75-83.

[72] M. Rother, R. Wilting, S. Commans, A. Bock, Identification and
characterisation of the selenocysteine-specific translation factor SelB
from the archaeon Methanococcus jannaschii, J. Mol. Biol. 299
(2000) 351-358.

[73] D. Fagegaltier, N. Hubert, K. Yamada, T. Mizutani, P. Carbon, A.
Krol, Characterization of mSelB, a novel mammalian elongation
factor for selenoprotein translation, EMBO J. 19 (2000) 4796—4805.

[74] PR. Copeland, J.E. Fletcher, B.A. Carlson, D.L. Hatfield, D.M.
Driscoll, A novel RNA binding protein, SBP2, is required for the
translation of mammalian selenoprotein mRNAs, EMBO J. 19
(2000) 306—-314.

[75] M.J. Berry, G.W. Martin III, R. Tujebajeva, E. Grundner-Culemann,
J.B. Mansell, N. Morozova, J.W. Harney, Selenocysteine insertion
sequence element characterization and selenoprotein expression,
Methods Enzymol. 347 (2002) 17-24.

[76] A. Mehta, C.M. Rebsch, S.A. Kinzy, J.E. Fletcher, P.R. Copeland,
Efficiency of mammalian selenocysteine incorporation, J. Biol.
Chem. 279 (2004) 37852—-37859.

[77] S. Muller, H. Senn, B. Gsell, W. Vetter, C. Baron, A. Bock, The
formation of diselenide bridges in proteins by incorporation of
selenocysteine residues: biosynthesis and characterization of (Se)2-
thioredoxin, Biochemistry 33 (1994) 3404—3412.

[78] G.T. Chen, M.J. Axley, J. Hacia, M. Inouye, Overproduction of a
selenocysteine-containing polypeptide in Escherichia coli: the fdhF
gene product, Mol. Microbiol. 6 (1992) 781—785.

[79] J. Heider, A. Bock, Targeted insertion of selenocysteine into the
alpha subunit of formate dehydrogenase from Methanobacterium
Sformicicum, J. Bacteriol. 174 (1992) 659—-663.

[80] E.S.J. Arnér, H. Sarioglu, F. Lottspeich, A. Holmgren, A. Bock,
High-level expression in Escherichia coli of selenocysteine-contain-
ing rat thioredoxin reductase utilizing gene fusions with engineered
bacterial-type SECIS elements and co-expression with the selA, selB
and selC genes, J. Mol. Biol. 292 (1999) 1003—-1016.

[81] O. Rengby, L. Johansson, L.A. Carlson, E. Serini, A. Vlamis-
Gardikas, P. Karsnds, E.S.J. Arnér, Assessment of production
conditions for efficient use of Escherichia coli in high-yield
heterologous recombinant selenoprotein synthesis, Appl. Environ.
Microbiol. 70 (2004) 5159-5167.

[82] P. Tormay, A. Sawers, A. Bock, Role of stoichiometry between
mRNA, translation factor SelB and selenocysteyl-tRNA in seleno-
protein synthesis, Mol. Microbiol. 21 (1996) 1253—1259.

[83] J.B. Mansell, D. Guevremont, E.S. Poole, W.P. Tate, A dynamic
competition between release factor 2 and the tRNA(Sec) decoding
UGA at the recoding site of Escherichia coli formate dehydrogenase
H, EMBO J. 20 (2001) 7284—7293.

[84] L. Johansson, C. Chen, J. Thorell, A. Fredriksson, S. Stone-Elander,
G. Gafvelin, E.S.J. Arnér, Exploiting the 21st amino acid-purifying
and labeling proteins by selenolate targeting, Nat. Methods 1 (2004)
61-66.

[85] E.S.J. Amér, Recombinant expression of mammalian selenocysteine-
containing thioredoxin reductase and other selenoproteins in Esche-
richia coli, Methods Enzymol. 347 (2002) 226—235.

[86] S. Hazebrouck, L. Camoin, Z. Faltin, A.D. Strosberg, Y. Eshdat,
Substituting selenocysteine for catalytic cysteine 41 enhances
enzymatic activity of plant phospholipid hydroperoxide glutathione
peroxidase expressed in Escherichia coli, J. Biol. Chem. 275 (2000)
28715-28721.

[87] Z. Jiang, E.S.J. Arnér, Y. Mu, L. Johansson, J. Shi, S. Zhao, S. Liu,
R. Wang, T. Zhang, G. Yan, J. Liu, J. Shen, G. Luo, Expression of
selenocysteine-containing glutathione S-transferase in Escherichia
coli, Biochem. Biophys. Res. Commun. 321 (2004) 94—101.

[88] S. Miiller, J. Heider, A. Bock, The path of unspecific incorporation of
selenium in Escherichia coli, Arch. Microbiol. 168 (1997) 421-427.

[89] E.S.J. Amér, H. Sarioglu, F. Lottspeich, A. Holmgren, A. Bock,
High-level expression in Escherichia coli of selenocysteine-contain-
ing rat thioredoxin reductase utilizing gene fusions with engineered
bacterial-type SECIS elements and co-expression with the selA, selB
and selC genes, J. Mol. Biol. 292 (1999) 1003—1016.

[90] M. Fassbender, D. de Villiers, M. Nortier, N. van der Walt, The
natBr(p,x) (73,75)Se nuclear processes: a convenient route for the
production of radioselenium tracers relevant to amino acid labelling,
Appl. Radiat. Isotopes 54 (2001) 905-913.

[91] R. Bergmann, P. Brust, G. Kampf, H.H. Coenen, G. Stocklin,
Evaluation of radioselenium labeled selenomethionine, a potential
tracer for brain protein synthesis by PET, Nucl. Med. Biol. 22 (1995)
475-481.

[92] W.A. Hendrickson, J.R. Horton, D.M. LeMaster, Selenomethionyl
proteins produced for analysis by multiwavelength anomalous



L. Johansson et al. / Biochimica et Biophysica Acta 1726 (2005) 1—-13 13

diffraction (MAD): a vehicle for direct determination of three-

dimensional structure, EMBO J. 9 (1990) 1665—1672.

M.P. Strub, F. Hoh, J.F. Sanchez, J.M. Strub, A. Bock, A. Aumelas,

C. Dumas, Selenomethionine and selenocysteine double labeling

strategy for crystallographic phasing, Structure (Camb.) 11 (2003)

1359-1367.

J.F. Sanchez, F. Hoh, M.P. Strub, A. Aumelas, C. Dumas, Structure

of the cathelicidin motif of protegrin-3 precursor: structural insights

into the activation mechanism of an antimicrobial protein, Structure

(Camb.) 10 (2002) 1363—1370.

[95] H. Duddeck, Selenium-77 nuclear magnetic resonance spectroscopy,
Prog. Nucl. Magn. Reson. Spectrosc. 27 (1995) 1-323.

[96] 1.0O. Boles, W.H. Tolleson, J.C. Schmidt, R.B. Dunlap, J.D. Odom,
Selenomethionyl dihydrofolate reductase from Escherichia coli.
Comparative biochemistry and 77Se nuclear magnetic resonance
spectroscopy, J. Biol. Chem. 267 (1992) 22217-22223.

[97] P. Gettins, B.C. Crews, 77Se NMR characterization of 77Se-labeled
ovine erythrocyte glutathione peroxidase, J. Biol. Chem. 266 (1991)
4804—-4809.

[98] E. Stocking, J. Schwarz, H. Senn, M. Salzmann, L. Silks, Synthesis
of L-selenocysteine, L-[77Se]selenocysteine and L-tellurocystine,
J. Chem. Soc., Perkin. Trans. 1 (1997) 2443—-2447.

[99] D. Besse, N. Budisa, W. Karnbrock, C. Minks, H.J. Musiol, S.
Pegoraro, F. Siedler, E. Weyher, L. Moroder, Chalcogen-analogs of
amino acids. Their use in X-ray crystallographic and folding studies
of peptides and proteins, Biol. Chem. 378 (1997) 211-218.

[100] S. Pegoraro, S. Fiori, S. Rudolph-Bohner, T.X. Watanabe, L.
Moroder, Isomorphous replacement of cystine with selenocystine in
endothelin: oxidative refolding, biological and conformational
properties of [Sec3,Secl1,Nle7]-endothelin-1, J. Mol. Biol. 284
(1998) 779-792.

[101] I.M. Bell, M.L. Fisher, Z.P. Wu, D. Hilvert, Kinetic studies on the
peroxidase activity of selenosubtilisin, Biochemistry 32 (1993)
3754-3762.

[102] L. Ding, Z. Liu, Z. Zhu, G. Luo, D. Zhao, J. Ni, Biochemical
characterization of selenium-containing catalytic antibody as a
cytosolic glutathione peroxidase mimic, Biochem. J. 332 (Pt. 1)
(1998) 251-255.

[103] G.M. Luo, Z.Q. Zhu, L. Ding, G. Gao, Q.A. Sun, Z. Liu, T.S. Yang,
J.C. Shen, Generation of selenium-containing abzyme by using
chemical mutation, Biochem. Biophys. Res. Commun. 198 (1994)
1240-1247.

[104] S. Boschi-Muller, S. Muller, A. Van Dorsselaer, A. Bock, G.
Branlant, Substituting selenocysteine for active site cysteine 149 of
phosphorylating glyceraldehyde 3-phosphate dehydrogenase reveals
a peroxidase activity, FEBS Lett. 439 (1998) 241—-245.

[105] H.J. Yu, J.Q. Liu, A. Bock, J. Li, G.M. Luo, J.C. Shen, Engineering
glutathione transferase to a novel glutathione peroxidase mimic with
high catalytic efficiency: incorporation of selenocysteine into
glutathione-binding scaffold using auxotrophic expression system,
J. Biol. Chem. (2005) 11930—-11935.

[106] S. Ma, R.M. Caprioli, K.E. Hill, R.F. Burk, Loss of selenium from
selenoproteins: conversion of selenocysteine to dehydroalanine in
vitro, J. Am. Soc. Mass Spectrom. 14 (2003) 593—600.

[107] V.N. Gladyshev, K.-T. Jeang, T.C. Stadtman, Selenocysteine,
identified as the penultimate C-terminal residue in human T-cell
thioredoxin reductase, corresponds to TGA in the human placental
gene, Proc. Natl. Acad. Sci. U. S. A. 93 (1996) 6146—6151.

[93

[t}

[94

=

[108] J. Nordberg, L. Zhong, A. Holmgren, E.S.J. Arnér, Mammalian
thioredoxin reductase is irreversibly inhibited by dinitrohaloben-
zenes by alkylation of both the redox active selenocysteine and
its neighboring cysteine residue, J. Biol. Chem. 273 (1998)
10835-10842.

[109] R.D. Hoffman, M.D. Lane, lodophenylarsine oxide and arsenical
affinity chromatography: new probes for dithiol proteins. Application
to tubulins and to components of the insulin receptor-glucose
transporter signal transduction pathway, J. Biol. Chem. 267 (1992)
14005—-14011.

[110] E. Kalef, P.G. Walfish, C. Gitler, Arsenical-based affinity chroma-
tography of vicinal dithiol-containing proteins: purification of L1210
leukemia cytoplasmic proteins and the recombinant rat c-erb A beta 1
T3 receptor, Anal. Biochem. 212 (1993) 325-334.

[111] G.Y. Zhou, M. Jauhiainen, K. Stevenson, P.J. Dolphin, Human
plasma lecithin:cholesterol acyltransferase. Preparation and use of
immobilized p-aminophenylarsenoxide as a catalytic site-directed
covalent ligand in enzyme purification, J. Chromatogr. 568 (1991)
69-83.

[112] R.E. Huber, R.S. Criddle, Comparison of the chemical properties of
selenocysteine and selenocystine with their sulfur analogs, Arch.
Biochem. Biophys. 122 (1967) 164—173.

[113] C. Rocher, J.L. Lalanne, J. Chaudiere, Purification and properties of a
recombinant sulfur analog of murine selenium—glutathione pero-
xidase, Eur. J. Biochem. 205 (1992) 955-960.

[114] M. Maiorino, K.D. Aumann, R. Brigelius-Flohe, D. Doria, J. van
den Heuvel, J. McCarthy, A. Roveri, F. Ursini, L. Flohe, Probing
the presumed catalytic triad of a selenium-containing peroxidase
by mutational analysis, Z. Erzieh.Wiss. 37 (Suppl. 1) (1998)
118—121.

[115] S. Bar-Noy, S.N. Gorlatov, T.C. Stadtman, Overexpression of wild
type and SeCys/Cys mutant of human thioredoxin reductase in E.
coli: the role of selenocysteine in the catalytic activity, Free Radic.
Biol. Med. 30 (2001) 51-61.

[116] S.R. Lee, S. Bar-Noy, J. Kwon, R.L. Levine, T.C. Stadtman, S.G.
Rhee, Mammalian thioredoxin reductase: oxidation of the C-terminal
cysteine/selenocysteine active site forms a thioselenide, and replace-
ment of selenium with sulfur markedly reduces catalytic activity,
Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 2521-2526.

[117] G.E. Garcia, T.C. Stadtman, Clostridium sticklandii glycine reduc-
tase selenoprotein A gene: cloning, sequencing, and expression in
Escherichia coli, J. Bacteriol. 174 (1992) 7080—7089.

[118] M.D. Gieselman, L. Xie, W.A. van Der Donk, Synthesis of a
selenocysteine-containing peptide by native chemical ligation, Org.
Lett. 3 (2001) 1331-1334.

[119] N. Budisa, B. Steipe, P. Demange, C. Eckerskorn, J. Kellermann, R.
Huber, High-level biosynthetic substitution of methionine in proteins
by its analogs 2-aminohexanoic acid, selenomethionine, tellurome-
thionine and ethionine in Escherichia coli, Eur. J. Biochem. 230
(1995) 788—796.

[120] S. Pegoraro, S. Fiori, J. Cramer, S. Rudolph-Bohner, L. Moroder,
The disulfide-coupled folding pathway of apamin as derived from
diselenide-quenched analogs and intermediates, Protein Sci. 8 (1999)
1605-1613.

[121] L. Johansson, U. Svensson, G. Jacobsson-Ekman, E.S.J. Arér, M.
van Hage, A. Bucht, G. Gafvelin. A mouse model for in vivo
tracking of the major dust mite allergen Der p 2 after inhalation,
FEBS J. (in press).



	Selenocysteine in proteins-properties and biotechnological use
	Selenium
	Selenoproteins
	Sec-containing proteins versus the corresponding Cys homologs
	Production of selenoproteins
	Targeted selenocysteine incorporation at the ribosome-expanding the genetic code
	Recombinant selenoprotein production in E. coli
	Biotechnological use of Sec insertion
	Residue-specific radiolabeling with the gamma emitter 75Se
	Residue specific radiolabeling with the positron emitter 73Se
	X-ray crystallography
	NMR
	Analyses of protein folding, catalytic mechanisms or transition states
	Tailoring of enzymatic reactions
	Peptide conjugation
	The multifunctional Sel-tag
	Radiolabeling with 75Se
	Fluorescence labeling
	Labeling with 11C
	Affinity purification


	Conclusions
	Acknowledgements
	References


