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  Abstract   Structural analysis of proteins is a highly informative approach to assess 
protein function and regulation. It can help establish catalytic mechanisms of 
enzymes and visualize the structural basis for their interactions with substrates and 
partner proteins. To date, the following mammalian selenoproteins have been struc-
turally characterized either by X-ray crystallography or nuclear magnetic resonance 
spectroscopy: the 15 kDa selenoprotein, glutathione peroxidases 1, 2, 3 and 4, sele-
nophosphate synthetase 2, selenoproteins M and W, methionine sulfoxide reductase 
B1, and thioredoxin reductases 1 and 3. For structural analysis of most of these 
proteins, the catalytic selenocysteine was mutated to cysteine or glycine, allowing 
high protein expression. These structures and dynamic properties of selenoproteins 
verifi ed the dominance of thioredoxin fold in mammalian selenoproteins and yielded 
critical insights into their functions and catalytic mechanisms.      

    10.1   Structure-Function Characterization of Proteins 

 Numerous genome sequencing projects yielded tens of millions of protein 
sequences. Some of these proteins are well known and characterized; however, the 
majority correspond to unknown proteins (both structurally and functionally). One 
of the major challenges scientists face (and will continue to face in the future) is to 
assign functions to each protein and protein family identifi ed through genome 
sequencing projects. Analysis of protein function is considerably more complicated 
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than gene and genome sequencing, as it requires integration of many different, yet 
synergistic, technologies. 

 Structural biology emerged as one of the core areas of the life sciences because 
three-dimensional structures of proteins provide many functional insights  [  1,   2  ] . 
Functional assignments through their structural comparison with proteins of known 
structure and function prove particularly valuable, since many functional similarities 
escape detection by sequence-based approaches  [  3  ] . The concept of determining 
protein structure on a genome-wide scale is called structural proteomics. Its meth-
ods include X-ray crystallography and nuclear magnetic resonance (NMR) spec-
troscopy on the experimental side, and molecular modeling (e.g., homology 
modeling, docking to identify substrates for proteins of unknown function) and 
functional inferences (e.g., functional associations, such as using the STRING data-
base) on the computational side.  

    10.2   Structural Characterization of Selenoproteins 

 Mammalian genomes contain 24 or 25 selenoprotein genes. Their selenium (Se)-
containing amino acid, selenocysteine (Sec), is co-translationally inserted into 
nascent proteins in response to the UGA codon, which is also the signal designating 
translation termination. UGA codes for Sec only if the mRNA contains a character-
istic stem-loop structure, the SECIS element, in its 3 ¢ -untranslated region, and this 
process also requires several components of the Sec insertion machinery, including 
tRNA [Ser]Sec , elongation factor, EFsec, and SECIS-binding protein 2. In bacteria, 
SECIS elements are located immediately downstream of UGA (i.e., within coding 
regions of selenoprotein genes). Thus, the majority of eukaryotic selenoproteins can-
not be expressed in bacteria without changes in the coding sequences creating SECIS 
elements. Exceptions are selenoproteins with Sec in the C-terminal regions, such as 
thioredoxin reductase, which can be expressed in bacterial cells (its Sec is a C-terminal 
penultimate amino acid, allowing introduction of the SECIS element downstream of 
the stop codon). Undoubtedly, this limitation considerably affected structure analy-
ses of selenoproteins: both X-ray crystallography and NMR spectroscopy require 
large amounts of proteins (at least 10–20 mg of a protein are typically needed for full 
structural analysis). The inability to use bacterial hosts for production of suffi cient 
amounts of selenoproteins led to the use of their cysteine (Cys)-containing forms (or 
glycine-containing forms). The only exceptions include thioredoxin reductase 1 
(TR1) and glutathione peroxidase 1 (GPx1), whose structures include the actual Sec. 

 To date, the following mammalian selenoproteins have been structurally character-
ized: the 15 kDa selenoprotein (Sep15), glutathione peroxidases 1 (GPx1), 2 (GPx2), 3 
(GPx3), and 4 (GPx4), selenophosphate synthetase 2 (SPS2), selenoproteins M (SelM) 
and W (SelW), methionine sulfoxide reductase B1 (MsrB1), and thioredoxin reductases 
1 (TR1, also called TrxR1 or TxnRd1) and 3 (TR3, also called TrxR2 or TxnRd2). 
A graphical overview of all mammalian selenoprotein structures is shown in Fig.  10.1 . 
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The most represented structural fold among selenoproteins is the thioredoxin fold 
(SelW, SelM, Sep15 and all four GPxs), followed by pyridine nucleotide disulfi de 
oxidoreductases (all TRs). Below, we review each mammalian selenoprotein with a 
known 3D structure.  

    10.2.1   Thioredoxin Reductases 

 TRs maintain their thioredoxin substrates in the reduced state and also reduce a 
variety of small compounds with NADPH as the electron donor. The thioredoxin 
system, along with the glutathione system, are the major systems of cellular redox 
homeostasis  [  4,   5  ] . All mammalian TRs are selenoproteins, so the entire mammalian 
thioredoxin system is dependent on Se. 

    10.2.1.1   Cytosolic TR1 

 Initially, an X-ray structure of rat cytosolic TR1 (truncated enzyme lacking Sec) 
was described  [  6  ] . More recently, a recombinant TR1 expressed in bacteria was 
structurally analyzed that had Sec inserted with the help of an engineered SECIS 
element  [  7  ] . TRs are homodimers with two subunits arranged in a “head-to-tail” 
manner. Their overall topology is similar to that of other pyridine nucleotide disul-
fi de oxidoreductases, particularly glutathione reductases  [  6–  8  ] . The structural features 
revealed by crystallographic analyses of both truncated (pdb code 1h6v)  [  6  ]  and 
Sec-containing (pdb codes for reduced and oxidized forms are 3ean and 3eao, 
respectively)  [  7  ]  forms are very similar: root mean square deviation (RMSD) value 
from backbone atom comparison is 0.4–0.5 Å. These studies showed, besides the 
obligatory “head-to-tail” arrangement, that the redox-active C-terminal tail of one 
subunit interacts with the N-terminal active site of the other subunit (Fig.  10.1 ). 
Each subunit of TR1 consists of three domains: FAD-binding (residues 1–163 and 
297–367, rat TR1 numbering), NADPH-binding (residues 164–296), and the inter-
face (residues 368–499) domains. The FAD- and NADPH-binding domains have 
similar structural organizations: each contains a central fi ve-stranded parallel 
 b -sheet and a three-stranded  b -meander that is packed against the larger  b -sheet. 
The other side of the parallel sheet is covered by several  a -helices. These domains 
bind FAD and NADPH in a manner which is characteristic of this fold. The active 
disulfi de is formed between Cys59 and Cys64: it is located in helix  a 2, within the 
FAD domain, a feature in common with other pyridine nucleotide disulfi de oxi-
doreductases  [  8  ] . Interestingly, structural analyses confi rmed that mammalian TR1 
is more closely related to glutathione reductases than to prokaryotic TRs, in which 
the redox-active disulfi de is located within the NADPH-binding domain. This 
observation is in excellent agreement with previous fi ndings, derived from amino 
acid sequence analyses and evolutionary comparison of pyridine nucleotide disulfi de 
oxidoreductases  [  9  ] . 
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 The third domain of mammalian TR1, the interface domain, contains an antiparallel 
fi ve-stranded  b -sheet fl anked on both sides by four helices. This domain participates 
in subunit–subunit interaction and forms a large part of the dimer interface. 

 The C-terminal extension with the characteristic Gly-Cys-Sec-Gly motif carry-
ing the essential Sec residue is a signature feature of mammalian TRs. The struc-
tural peculiarities of this C-terminal motif can be elucidated by the analysis of 
structures corresponding to the native protein in its reduced and oxidized forms 
(pdb codes 3ean and 3eao, respectively). As it appears from this analysis, the last six 
residues are highly fl exible (Fig.  10.2 ) with an ensemble of possible conformations, 
particularly in the reduced form of the enzyme. It was suggested that the mobile 
C-terminal region not only serves as a third redox-active group, but it also blocks 
access of oxidized glutathione to the N-terminal redox Cys couple  [  10  ] . However, 
only weak electron density was observed for the C-terminal motif, and thus its posi-
tioning is not well determined, which is refl ected by very high B-factor values of its 
atoms. Besides the intrinsic mobility of this region, an additional important feature 
is the  cis  to  trans  movement of Sec, in respect to the fl anking Cys residue. In the 
reduced state, the functional group of Sec498 points away from the thiol of Cys497 
(Fig.  10.2 ), whereas in the oxidized form, Sec fl ips on the side of Cys497 so that 
different redox states of TR1 (reduced or oxidized) are coupled with a signifi cant 
relocation of Sec498 relative to Cys497. This movement has been proposed as a sort 
of shuttling from the N-terminal redox center to the exterior part of the protein. 
In this way, the enzyme can interact with its substrate, thioredoxin  [  11  ] . A closely 
located Tyr116 assists in this interaction. Based on the analysis of available X-ray 
structures of native rat TR1, a catalytic mechanism was proposed for this important 
oxidoreductase  [  7  ] .   

  Fig. 10.2    The active site of TRs and the mobility of the C-terminal region. ( a ) Simplifi ed view 
(only amino acids within 20 Å from the catalytic Sec are shown) of the “head-to-tail” arrangement 
of rat TR1. The two monomers are shown in cartoon representation. The N-terminal part of one 
monomer is shown in  green ribbons  (the N-terminal redox center is shown in  sticks ). The C-terminal 
part of the second monomer is shown in  cyan colored ribbons . The C-terminal redox center 
(GCUG) is shown in  sticks , colored in  cyan  (C and U in  cis -conformation, oxidized protein, pdb 
code 3eao) or in  blue  (C and U in  trans -conformation, reduced protein, pdb code 3ean). ( b ) The 
same arrangement as in ( a ), but colored according to B-factors. The color scheme ranges from  red  
(high mobility, refl ected by high B-factor values), to  blue  (low mobility, low B-factor), passing 
through  yellow  and  green        

 



130 S.M. Marino et al.

    10.2.1.2   Mitochondrial TR3 

 Crystallographic structures of the Sec to Cys variant of mouse mitochondrial TR3 
in its reduced and oxidized forms (pdb codes are 1zdl and 1zkq, respectively) were 
determined by molecular replacement  [  12  ]  using rat cytosolic TR1 as a probe  [  6  ] . 
This fact by itself indicates that the structures of TR1 and TR3 are rather similar. 
Indeed, the RMSD value for comparison of protein backbones is 0.79 Å, indicating 
that the main structural features are well maintained in both enzymes (Fig.  10.1 ), 
particularly in relation to the overall architecture of the active sites. The Gly-Cys-
Sec-Gly motif in the TR3 structure was modeled into the active site of the enzyme 
 [  12  ] . As expected, this model showed that the C-terminal region is positioned in the 
active site of the opposing subunit, as is in the case of TR1  [  6,   7  ] . According to this 
model, the Se atom of selenocysteine is nearly equidistant from the sulfur of Cys86 
(numbering based on mouse TR3 sequence) and the epsilon nitrogen of His497* 
(asterisk denotes that this residue belongs to the other subunit of TR3). Similarly, 
the sulfur of Cys522* is adjacent to the epsilon nitrogen of His143. The model of 
the C-terminal tail of TR3 is consistent with Sec523* interacting with the active site 
dithiol/disulfi de via Cys86. After reduction of the selenenylsulfi de, the resulting 
selenolate attacks the disulfi de of the oxidized thioredoxin. Overall, the catalytic 
mechanism of TR3 is very similar to that proposed for TR1  [  7,   12  ] .   

    10.2.2   SPS2 

 Incorporation of Sec into proteins requires the generation of an intermediate reactive 
Se donor compound, selenophosphate  [  13,   14  ] . Selenophosphate synthetases (SPSs) 
are enzymes responsible for the synthesis of selenophosphate by activating selenide 
with ATP. These proteins are strictly conserved in organisms that utilize Se, i.e., 
organisms that use Sec or selenouridine. Animals possess two SPSs (SPS1 and 
SPS2); however, only the latter is capable of synthesizing selenophosphate  [  15,   16  ] . 
Interestingly, in most animals, SPS2 is itself a selenoprotein. It exhibits a di-kinase 
activity wherein selenide and ATP are converted to selenophosphate, orthophos-
phate, and AMP. Mutational analyses revealed that Cys17 (or Sec13, numbering of 
 Escherichia coli  and  Aquifex aeolicus  sequences, respectively) and Lys20 (Lys16) 
are essential for SPS activity. In the case of SPS2, structural analysis was only pos-
sible with the Cys mutant  [  17  ] . Nevertheless, these studies provided important 
insights into the structure and function of this protein. SPS2 exhibits a mixed  a / b  
fold, which is typical of PurM superfamily members. It consists of two halves 
represented by N-terminal and C-terminal domains (residues 1–156 and 157–336, 
respectively) (pdb code 2yye)  [  17  ] . The N-domain is composed of a six-stranded 
mixed  b -sheet fl anked by three  a -helices and two 3 10 -helices. The C-terminal 
domain has a seven-stranded mixed  b -sheet, eight  a -helices, and three 3 10 -helices. 
A steep 30 Å-long channel is formed between the two domains, which seems to 
serve as the binding/catalytic site for the substrates. The channel is covered by the 
N-terminal turn-rich segment (residues 1–45), which shows high intrinsic fl exibility, 
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with large portions of this segment being disordered. The catalytically crucial residues 
Sec/Cys13 and Lys16 reside on this mobile segment. During the movement, these 
residues can approach ATP accommodated in the channel (Fig.  10.3 ). Interaction of 
the charged nitrogen of Lys16 provides a crucial binding for one of the negatively 
charged phosphate groups of ATP. According to the proposed reaction mechanism, 
the ability of Sec/Cys to move would be an essential feature of catalysis, as Sec 
could attack hydrogen selenide from the outside and then, after the Sec(Se)-Se bond 
is formed, bring in the newly bound Se, which subsequently nucleophilically attacks 
one of the phosphodiester bonds of ATP. As in the case of TRs, the structural analy-
sis of SPS2 provided very valuable information on the reaction mechanism of this 
selenoprotein.   

    10.2.3   MsrB1 

 Methionine sulfoxide reductases (Msr) are thiol-based oxidoreductases in which 
either Cys or Sec function as catalytic residues. These enzymes are classifi ed into 
two families, MsrA and MsrB, according to their substrate specifi city. MsrA cata-
lyzes the reduction of the  s -form of methionine sulfoxide (Met- s -SO), whereas 
MsrB can only reduce the  r -form (Met- r -SO). These two enzyme families reduce 
methionine sulfoxides in proteins, but MsrA can also reduce free Met- s -SO. Msrs 

  Fig. 10.3    Mobility of the N-terminal region of SPS2. ( a ) The structure of SPS2 is shown in  cartoon , 
with the catalytic Sec shown in space fi lls. ( b ) Detailed view of the active site ( blue  colored loop, 
with Sec in space fi lls) and of the ATP (AMP-PP, represented in  sticks ) binding site. The catalytic 
N-terminal loop can shuttle between two “extreme” positions: (1) inward, going towards the ATP 
binding site, and (2) outward, reaching the solvent and going further away from the ATP, as shown 
by the  cyan colored loop  in ( a ) and ( b ). A fundamental feature of the shuttling trajectory is that it 
moves Sec13 and Lys16 (numbering of  Aquifex aeolicus  SPS2, pdb code 2yye) in and out of the 
phosphate donor pocket. These residues are essential for catalysis: Lys16 stabilizes the interaction 
with ATP, and Sec is the catalytic nucleophile  [  15  ]        
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are important repair proteins that protect cells against oxidative stress and have 
been implicated in delaying the aging process and protecting against neurodegen-
eration  [  18,   19  ] . One of four mammalian MsrBs, MsrB1 (also called SelR or SelX), 
is a selenoprotein. 

 Recently, a family of NMR solution structures of mouse selenoprotein MsrB1, in 
which Sec95 was replaced with Cys, was reported (pdb code 2kv1)  [  20  ] . The structure 
is characterized by an overall  b -fold consisting of eight all antiparallel  b -strands. 
The structure is of ellipsoidal shape and consists of two antiparallel  b -sheets. The 
fi rst  b -sheet is three-stranded, forming the backside of the structure, while the sec-
ond sheet has fi ve strands forming the front side. The active site is situated in the 
second  b -sheet. The N-terminal region contains two hinge sections defi ned by Gly8-
Gly9 and Pro18-Gly19 pairs followed by the backside  b -sheet consisting of strand 
 b  

1
  (residues 19–23),  b  

8
  (residues 100–104), and  b  

2
  (residues 28–30) in the listed 

order. The C-terminal fl exible region comes out of the middle of the backside 
 b -sheet. The front side  b -sheet is connected in the following order:  b  

3
  (45–48),  b  

7
  

(93–96),  b  
6
  (77–82),  b  

5
  (66–72), and  b  

4
  (55–60). This sheet forms the hydrophobic 

core through residues Leu67, Val69, Phe94, and Ile96, linking to the backside 
 b -sheet hydrophobic Tyr21, Phe31, and Phe103 at the bottom of the structure. The 
top part of MsrB1 is held together through tetrahedral structural zinc, in which the 
metal ion is bound to the protein matrix by Cys23, Cys26, Cys71, and Cys74. A 
disordered region consisting of 13 residues (amino acids 31–44) between  b  

2
  and  b  

3
  

strands connects their front side and backside  b -sheets of the protein. 
 MsrB1 mobility data indicate that its N- and C-terminal regions are largely 

unstructured (since they are intrinsically fl exible), with the N-terminus being par-
ticularly mobile (Fig.  10.4 ). It was suggested that the increased mobility of these 

  Fig. 10.4    Mobility of the N-terminal region of MsrB1. ( a ) The average RMSD, calculated for 
carbon  a  atoms, in the pairwise comparison of all structures present in the NMR ensemble of 
mouse MsrB1 (18). The N-terminal region, including Cys4 (the resolving Cys, “res Cys” in the 
fi gure), is considerably more mobile than the rest of the protein. ( b ) Visual representation of the 
values calculated in ( a ), as plotted on the structure of mouse MsrB1 (shown in  cartoon ; color code: 
 red  higher mobility,  blue  lower mobility,  green  intermediate). The N-terminal resolving Cys is 
shown in space fi ll       
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regions is needed during catalysis to form an intermediate selenenylsulfi de  [  20  ] . 
It is also possible that fl exibility of these regions promotes interactions between 
MsrB1 and its substrates.  

 On the basis of the MsrB1 structure, mobility studies and analysis of interactions 
of the enzyme with its substrate and inhibitor, the N-terminus was proposed to play 
a crucial role in MsrB1 structure and function: its unstructured nature and hydro-
phobic compatibility with the active site  [  20  ]  allow it to move toward the reaction 
center in response to substrate binding. Therefore, MsrB1 can regulate the comple-
tion of its catalytic cycle by modulating access of the resolving Cys4 to the active 
site. Thus, even though the high mobility is not related to Sec (as in TR and SPS2, 
i.e., it relates to the N-terminal resolving Cys), high fl exibility seems to be a common 
structural feature associated with Se-based enzymatic catalysis.  

    10.2.4   GPxs 

 GPxs are critical components of the mammalian system that controls hydroperoxide 
levels  [  21  ] . These enzymes reduce peroxides at the expense of reduced glutathione 
and/or other reductants. Mammalian GPxs are classifi ed into several subfamilies, 
which are numbered consecutively from 1 to 8  [  22 ,  23  ] . GPx1, GPx2, GPx3, and 
GPx4 are invariantly Se-containing enzymes (i.e., they possess the active site Sec 
nucleophile). GPx6 is a selenoprotein in most mammals, but in many rodents it is a 
Cys-containing protein. GPx5, GPx7, and GPx8 are Cys-containing proteins in all 
mammals. X-ray structures were determined for native bovine GPx1 (pdb code 
1gp1), Sec to Gly mutants of human GPx1 (2f8a), GPx3 (2r37) and GPx4 (2gs3), 
and Sec to Cys mutants of human GPx2 (2he3) and GPx4 (2obi). All GPxs have a 
rather similar structure; therefore, in the following paragraphs, we focus on just one 
of them, human GPx4, which is one of the best characterized GPxs. 

 The structural model characterizes GPx4 (Fig.  10.1 ) as a monomeric protein com-
posed of 170 amino acids. In contrast, GPx1, GPx2, and GPx3 are tetramers (Fig.  10.1 , 
note that the structure of only one the fully assembled tetramer is available, i.e., the 
structure of GPx1). Structures of all GPxs show a typical thioredoxin fold  [  24,   25  ]  
consisting of four  a -helices on the protein surface and seven  b -strands, fi ve of which 
are clustered to form a central  b -sheet (Fig.  10.1 ). The catalytic triad consisting of 
Sec46, Gln81, and Trp136 is positioned on the protein surface  [  25,   26  ] . 

 Sequence alignments of GPxs indicated strict conservation of the catalytic triad: 
mutations of any of these residues impaired enzymatic activity  [  26,   27  ] . Additionally, 
a fourth residue (Asn137, numbering based on human GPx4) is also strictly conserved 
in GPxs and was proposed to assist in catalysis, forming the catalytic tetrad  [  22  ] . This 
amino acid is found in close proximity to the catalytic thiol/selenol of GPxs. 

 Structural analysis confi rmed the importance of the tetrad residues in the modu-
lation of GPx activity by establishing direct interactions (e.g., H-bonds) with the 
catalytic Cys (or Sec)  [  22  ] . Indeed, it was proposed that this H-bond network is 
responsible not only for structure stabilization, but also for lowering the p K  

a
  of 
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the catalytic residue  [  22  ] . However, this hypothesis does not appear to justify the 
observation that Sec-containing GPxs, in spite of the intrinsic acidity of Sec (i.e., Sec 
p K  

a
 , estimated in the range 5–6, is considered to be ~3 pH units lower than that of 

Cys), show complete conservation of all residues belonging to the catalytic tetrad. 
Thus, it is still not completely clear why the tetrad residues are strictly conserved in 
GPxs, regardless of whether they do or do not contain the very reactive Sec (i.e., 
Sec does not need the H-bond network with tetrad residues to lower its p K  

a
 ). 

 Irrespective of the overall structural similarity, some important differences 
between various Sec-containing GPxs were found. In particular, comparison of their 
structures revealed differences between GPx4 and other GPxs. GPx4 lacks an internal 
stretch of about 20 amino acids, which is present in all other GPxs  [  24  ] . This 
sequence forms a surface exposed loop (loop 1) that does not exist in GPx4. 
Interestingly, this loop structure lines the active site of other GPxs and partially 
shields Trp136, a constituent of the catalytic tetrad. It may be concluded that the 
occurrence of this loop structure limits the accessibility of complex lipid substrates 
to the active site of GPxs. Instead, the lack of this structural element in GPx4 may 
allow effi cient binding of these molecules in the active site.  

    10.2.5   SelW 

 Rdx is a recently identifi ed family of selenoproteins and Cys homologs  [  28  ] . 
Mammalian members of this family include selenoproteins SelW, SelT, SelH, SelV, 
and a Cys-containing Rdx12 protein. Functions are not known for any of these pro-
teins. Through sequence analysis and structural modeling, it was predicted that 
these proteins possess a thioredoxin-like fold, suggesting a possible catalytic and 
redox-related function for their Sec (Cys) residues. 

 Among Rdx proteins, the best characterized is SelW. It is a 9 kDa selenoprotein, 
abundant in muscle and brain  [  29–  32  ] . The structure of the Sec13Cys variant of 
mouse SelW was determined by high resolution NMR spectroscopy (pdb code 
2npb, Fig.  10.1 )  [  33  ] . It consists of a four-stranded  b -sheet with two extended  a  
helices and a short 3 10  helix, all located on one side of the  b -sheet. Besides these 
secondary structures, the protein contains two external loops and a type II turn. The 
molecule is characterized by a  b  

1
 (3–9)- a  

1
 (15–28)- b  

2
 (34–40)- b  

3
 (48–52)- b  

4
 (54–60)-

3 10 (61–63)- a  
2
 (70–88) secondary structure pattern, wherein  b  

1
  and  b  

2
  are parallel 

strands forming a classical  b  
1
 - a  

1
 - b  

2
  motif, typical of thioredoxin fold proteins. The axis 

of the  a  
2
 -helix is at an approximately 45° angle with respect to the axis of the  a  

1
 -

helix as a consequence of the  b -sheet topology. The CxxU motif is located in the loop 
(residues 10–14) between  b  

1
  and  a  

1
 . The second loop (residues 40–47) separates  b  

2
  

and  b  
3
  strands.  b  

3
  and  b  

4
  strands form a  b -hairpin with a type II turn (residues 

52–54) in between. The decreased structural resolution observed for the two loops 
may be a consequence of increased mobility of these regions with respect to the rest 
of the protein. Considering the already described role of high fl exibility for other 
selenoproteins (TRs, SPS2, MsrB1), the latter observation suggests that, also in 
SelW, structural mobility has a functional role. Currently, however, the function of 
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SelW is unclear, with no experimental evidence supporting a model for its catalytic 
mechanism. Nevertheless, structural and computational analyses suggested a func-
tional association with 14-3-3, wherein SelW might control the redox state of this 
protein  [  28,   33,   34  ] .  

    10.2.6   Sep15 and SelM 

 The structures of Cys versions of two thioredoxin-like selenoproteins, Sep15 and 
SelM (Fig.  10.1 ), were determined using NMR spectroscopy  [  35  ]  (pdb codes 2a4h 
and 2a2p, respectively). These proteins have Sec-containing CxxC-like motifs, sug-
gesting that they may function as redox proteins within the endoplasmic reticulum. 
Both Sep15 and SelM contain a central  a / b  domain composed of three  a -helices 
( a 1–3) and a mixed parallel/antiparallel four-stranded  b -sheet ( b 1–4). Structure-
based multiple sequence alignments illustrate that SelM has a short N-terminal 
extension that precedes strand  b 1 and a fl exible C-terminal extension after helix  a 3. 
In contrast, Sep15 has an elongated Cys-rich N-terminal extension before strand  b 1 
and a shorter C-terminal extension after helix  a 3 that does not adopt a regular sec-
ondary structure. The highly fl exible C-terminal regions of SelM (residues 121–145) 
and Sep15 (residues 150–178) may participate in binding protein substrates or other 
redox proteins and may assume a defi ned conformation after such interactions. 

 Sep15 and SelM are structurally related to the Rdx family members in having an 
overall thioredoxin-like fold and lacking the thioredoxin helix following the  b  

1
 -

 a  
1
 - b  

2
  structural motif and two functionally relevant external loops. The second loop 

appears to be shorter in Sep15 and SelM, similarly to that in SelW. One difference 
between Rdx proteins on the one side and Sep15 and SelM on the other is that the 
 a  

1
 -helix in the latter proteins is divided into two smaller  a -helices with a kink in 

between. 
 Sep15, SelM, and SelW lack charged and hydrophobic residues within the two 

external loops, which appears to be a characteristic feature of these proteins. On the 
other hand, thioredoxin, Sep15 and SelM, in contrast to SelW, do not have the aromatic 
cluster. Since the fold of all these proteins is roughly the same, it is possible to 
exclude the role of aromatic residues in maintaining their topology. Although the 
structures of SelM and Sep15 are available, their functions remain unknown.   

    10.3   Conclusions 

 The structures reviewed in this chapter clearly show the many signifi cant contribu-
tions that structural biology brought to the Se fi eld. In some cases, advancements in 
selenoprotein function would not have been possible in the absence of structural 
data. By employing a variety of tools, both experimental (X-ray crystallography, 
NMR spectroscopy) and computational (modeling, docking), structural biologists 
provided important insights into selenoprotein functions, physico-chemical proper-
ties and catalytic mechanisms. As an example, only through structural approaches it 
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was possible to detect (and characterize) the crucial role of protein mobility in the 
modulation of catalytic properties, as well as in the control of substrate specifi city 
within selenoproteins. Altogether, structural biology provided substantial contribu-
tions to the current understanding of this very important class of proteins. Structural 
characterization of the remaining mammalian selenoproteins is the major objective 
for structural biologists involved in the Se fi eld and, more broadly, redox biology.      
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