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  Abstract   Within the family of glutathione peroxidases (GPxs), GPx-4 is the sole 
monomeric enzyme that contains Sec at the active site. Phylogenetically, it is closer 
to the Cys-containing homologues (CysGPx) of invertebrata and vertebrata than to 
the tetrameric GPxs of vertebrata containing Sec. Nonetheless, the catalytic site is 
fully conserved in the whole family, suggesting a similar reactivity. As the tetrameric 
homologues, GPx-4 accepts GSH in the reductive steps of the catalytic cycle, while a 
redoxin is the preferred reducing substrate of the invertebrata CysGPxs. GPx-4 is also 
competent for oxidizing a quite heterogeneous series of thiol substrates. Reduction of 
complex membrane phospholipid and cholesterol hydroperoxides in cooperation 
with vitamin E accounts for the inhibition of lipid peroxidation by GPx-4. By no 
means, however, GPx-4 can be seen as just an antioxidant enzyme. Indeed reduction 
of lipid hydroperoxides accounts for the anti-apoptotic and anti-infl ammatory effect 
of GPx-4 activity, and oxidation of specifi c protein thiols is its peculiar function in the 
late phase of spermatogenesis. Whether this reaction is relevant in other biochemical 
pathways, where a redox switch drives a functional shift in specifi c proteins, remains 
as an open and challenging option. In this chapter, the enzymology of GPx-4 will be 
reviewed focusing on the two best-characterized aspects: (1) inhibition of lipid per-
oxidation, and (2) oxidation of specifi c protein motifs. We refer to other chapters in 
this book for insights contributed by inverse genetic studies and for the general aspects 
of selenium catalysis in peroxidases.      
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    14.1   Introduction: The Discovery and Purifi cation 
of a New Enzyme 

 Discovery, purifi cation, and characterization of enzymes were the landmarks of the 
evolution of biochemistry in the pre-genomic era of the twentieth century. Usually, 
enzyme discovery was the successful outcome of having identifi ed an enzymatic 
activity and purifi ed the protein that catalyzes it. GPx-4 was among the last enzymes 
identifi ed by following its activity – inhibition of lipid peroxidation – and purifi ed 
through chromatographic steps following an increase of the specifi c activity  [  1  ] . 

 The purifi ed protein inhibited microsomal lipid peroxidation in the presence of 
GSH, accounting for the effect of a “cytosolic factor” previously identifi ed by Paul 
McCay and coworkers  [  2  ] , whose enzymatic activity was unknown. Just on a theo-
retical basis, and primed by ongoing studies on the mechanism of lipid peroxidation 
in our laboratory  [  3,   4  ] , we resorted to search for the peroxidase activity on hydroper-
oxide derivatives of phospholipids of the “peroxidation inhibiting protein” (PIP) 
that we had purifi ed. The identifi cation of such an activity  [  5  ]  prompted us to rename 
PIP as a new enzyme, i.e., “phospholipid hydroperoxide glutathione peroxidase” 
(PHGPx)  [  6  ] . Although the peroxidatic reaction was similar to that of the already 
known tetrameric Glutathione Peroxidase (now GPx-1)  [  7  ] , the remarkable differ-
ence was the failure of the latter to reduce hydroperoxide derivatives of complex 
lipid substrates  [  8  ] , which was in agreement with its failure to inhibit microsomal 
lipid peroxidation induced by NADPH or ascorbate and an iron complex  [  2  ] . 

 The analogy of PHGPx with the tetrameric glutathione peroxidase prompted a 
search for a selenium moiety, which was indeed successful, and led to the fi nal evidence 
for the second mammalian selenoperoxidase (SecGPx)  [  6  ] . The possibility that 
PHGPx could be just a monomer of the tetrameric glutathione peroxidase was defi -
nitely ruled out when, in the laboratory of Leopold Flohé, the sequence analysis on 
a sample of purifi ed PHGPx disclosed a protein poorly related to the tetrameric 
glutathione peroxidase, which was indeed a product of a new gene  [  9,   10  ] . Eventually, 
although PHGPx was the second glutathione peroxidase purifi ed, it was systemati-
cally named as GPx-4, following the discovery of the tetrameric GPx-3 (also called 
plasma GPx)  [  11,   12  ]  and GPx-2 (also called gastrointestinal GPx, GIGPx)  [  13  ] .  

    14.2   Enzymology 

    14.2.1   Activity, Substrate Specifi city, and Kinetics 

 The usual substrate for measuring GPx-4 activity is phosphatidylcholine hydroper-
oxide (PC-OOH) dispersed in Triton X-100 micelles. Soybean phosphatidylcholine, 
which is a mixture of phosphatidylcholines containing different fatty acids, or a 
specifi c molecular species, is routinely used to prepare the hydroperoxy substrate 
either by auto-oxidation or enzymatic hydroperoxidation in the presence of Soybean 
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Lipoxygenase IV  [  14  ] . Apparently, the enzyme lacks specifi city toward the oxidizing 
substrate. GPx-4 indeed reduces, besides H 

2
 O 

2
 , all the species of lipid hydroperoxide 

(R-OOH) so far tested – i.e., the hydroperoxides of different free fatty acids (FFA-
OOH), phospholipids, and triglycerides as well as cholesterol and cholesterol ester 
hydroperoxides  [  6,   15  ] . Specifi city appears restricted only to the hydroperoxy group 
whatever it is bound to an H atom or to a large and complex lipid substrate. Notably, 
among the physiological oxidizing substrates, only H 

2
 O 

2
  and FFA-OOH are shared 

with tetrameric GPx-1. 
 The interfacial character of the GPx-4 reaction has never been analyzed in detail, 

and relevant questions about interactions with specifi c membranes, or specifi c lipid 
rafts, are still unaddressed, although it is expected physiologically quite relevant. 
We currently know that the possibility of accommodating large hydroperoxide sub-
strates results from the absence of the tetrameric interface-containing loop (see 
below)  [  16  ] . While considering that the acquisition of this loop is a late achievement 
in evolution of the family  [  17  ] , a challenging question emerges about the actual 
relevance of the quaternary structure of GPxs that, paradoxically, does not seem to 
have resulted in anything else so far, but a loss of function. 

 GPx-1 and -4 also diverge in respect of the specifi city for the reducing substrate, 
only GPx-1 being highly specifi c for GSH, while GPx-4 accepts several structurally 
unrelated small molecular weight thiols  [  18,   19  ] . Furthermore, GPx-4 oxidizes also 
specifi c protein thiols under the permissive condition of a low concentration of GSH, 
the competing substrate for the reductive step of the peroxidatic reaction (see also 
below)  [  20,   21  ] . 

 In spite of the above distinct substrate specifi city, the kinetic mechanism of 
GPx-1 and GPx-4 is apparently identical, as indeed expected, since the active site has 
been strictly conserved  [  22,   23  ] . The steady-state kinetic analysis fi ts a model of 
a ping-pong mechanism where the interaction of the enzyme with the substrate and 
the release of the products are much slower than the redox transitions. This prevents the 
accumulation of enzyme–substrate complexes, and thus the  V  

max
  and  K  

m
  are infi nite. 

For more details on GPxs kinetics see Chap.   13    .  

    14.2.2   Structure 

 The  GPx-4  gene produces three distinct mRNAs differing in their 5 ¢  ends, encoding 
for the mitochondrial, the cytosolic, and the nuclear proteins  [  24  ] . While the fi rst 
two mRNAs result from a longer or shorter transcript of the fi rst exon, respectively, 
either including or lacking an upstream ATG, the nuclear protein is built up by an 
alternate promoter on a distinct transcriptional initiation site in an alternate exon 
located within the fi rst intron of  GPx-4 . The N-terminal extension is cleaved off 
completely in the mitochondrial and partially in the nuclear product. Thus, in the 
rat, while the cytosolic and the mitochondrial products are identical and have an 
MW of 19,146 Da, the nuclear GPx-4 has a variable N-terminal extension and has a 
higher MW by 3,403 or 3,272 Da. All these forms coexist in nuclei  [  25  ] . 
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 Since the defi nition of the primary structure of cytosolic GPx-4, several hundreds 
of homologous sequences have been deposited in databanks. This information, inte-
grated by crystallographic data of the U46C GPx-4 mutant  [  26  ]  and homologous 
proteins, permitted the defi nition of the structural features of the whole family of 
GPxs  [  17  ] . GPxs are folded according to the pattern fi rst described for thioredoxin 
(Trx) (Trx fold)  [  27,   28  ]  and shared with several families of oxidoreductases. In the 
Trx fold, the typical secondary structure pattern gives rise to a conformation where 
the four  b  sheets are fl anked by three  a  helices yielding two layers  a / b / a  sandwich. 
The minimal common motif of the Trx fold is shown in Fig.  14.1 . The core pattern 
starting from the N-terminus is the following:  b 1- a 1- b 2- a 2- b 3- b 4- a 3. In the GPx 

  Fig. 14.1    Canonical topology and least common secondary structural elements, shown in cyan, 
shared by proteins belonging to the thioredoxin fold (see text). All GPxs possess an additional 
alpha helix ( green   a 2 shown in ( a ), ( b ), and ( d )) compared to the thioredoxin reference structure 
( c ). Tetrameric GPxs shown in ( b ) have an extra alpha helix ( a 4 in  red ) required for oligomeriza-
tion. Redox sensitive/catalytic Cys or Sec are reported as spheres. In ( a ), human monomeric GPx-4 
(pdb id: 2OBI); in ( b ), single subunit of human tetrameric GPx-1 (pdb id: 2F8A); in ( c ), human 
thioredoxin 2 (pdb id: 1UVZ); and in ( d ), model of monomeric  Drosophila melanogaster  GPx 
with the peroxidatic Cys indicated as Cp and the resolving Cys as Cr within the  a 2-helix       
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fold, an additional  a -helix and a small  b -sheet are inserted between  b 2 and  a 2 of 
the Trx fold consensus, whereas exclusively tetrameric GPxs, such as GPx-1, 
encompass another  a -helix between  a 2 and  b 3.  

 Multiple sequence alignments and fold recognition analysis of a large number of 
homologous proteins revealed that the monomeric pattern is much more diffused in 
nature than the tetrameric pattern, the latter being apparently restricted to vertebrata 
and descending from the insertion of the additional  a -helix generating the inter-
subunit interface  [  17  ] . Notably, the large majority of non-mammalian monomeric 
GPxs contain a Cys substituting for Sec at the active site  [  17  ]  that is associated, with 
few exceptions, with the presence of a second, functionally relevant, Cys residue in 
a variable position in the  a 2-helix (Fig.  14.1 ). This serves as resolving Cys in the 
peroxidatic cycle when, upon oxidation, it forms a disulfi de with the peroxidatic 
Cys  [  16,   22  ] . This disulfi de is eventually reduced by a redoxin. The formation of a 
disulfi de within the catalytic cycle, which is eventually reduced by a Trx redox center, 
mirrors the catalytic mechanism of “atypical” peroxiredoxins  [  22  ] .  

    14.2.3   Phylogeny and Homology Considerations 

 The GPx superfamily encompasses eight members, whose phylogeny could be 
reconstructed thanks to the vast amount of available sequence data in public data-
bases (Fig.  14.2 )  [  17  ] . Though a putative common ancestor may be recognized for 
vertebrate GPxs, the same cannot be unequivocally detected if the whole set of 
GPxs coming from all living organisms are taken into account. This means that 
complex relationships may have arisen and putative convergent evolution or lateral 
gene transfer, especially in bacteria, may have occurred. What unequivocally comes 
to light is the uneven distribution of selenium usage in GPxs during evolution. 
Selenium, indeed, seems a recent acquisition of the family, maybe dating back to the 
metazoan radiation when organisms substituted Sec for Cys as the redox-active 
moiety. Almost contemporary to the capacity to insert Sec, the acquisition of an 
 a -helix favored the aggregation in tetramers (Fig.  14.1 ). As in the classical view of 
paralogy, the eight members of GPxs found in most vertebrata, and defi nitely in 
mammalia, have diversifi ed their tissue/substrate specifi city and function. The phy-
logenetic relationship of the vertebrata monomeric forms of GPx-4, which contain 
a catalytic Sec, with the majority of GPxs from invertebrata, containing a Cys resi-
due at identical positions, is surprising: GPx-4 is indeed far closer to these Cys 
homologues than to the tetrameric paralogs, which carry the Sec residue at the active 
site. This might suggest that vertebrate GPx-4 forms have conserved the fold and 
scaffold features of the hypothetical monomeric Cys-based common ancestor and at 
the same time have undergone minimal but drastic change of acquiring the capabil-
ity of inserting Sec. To some extent, the evolutionary recent vertebrate GPx-4 forms 
may be considered “fossil” enzymes, given that they preserve at best the features of 
distantly related sequences that the other members do not, and for this reason GPx-4 
can be seen as a landmark peroxidase, representative of the GPx superfamily.   
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    14.2.4   Active Site 

 The structure of the catalytic site, originally proposed from the crystal structure of 
bovine GPx-1, was found strictly conserved in vertebrate GPx-4, encompassing, 
besides the catalytic Sec, a Trp and a Gln residue, located in distant regions in the 

  Fig. 14.2    Phylogeny of the GPx superfamily. Confi rmed evolutionary reconstructions are reported 
in  solid lines  whereas  dashed lines  are uncertain or nonvalidated relationships (see text). Tetrameric 
GPxs are grouped in box a and monomeric GPxs in box b, including some reported dimeric forms 
in plants. Present GPxs are shown as leaves of the tree, while circles indicate either Cys (C) or Sec 
(U) in the catalytic center; u indicates an extremely rare, so far unique event. Internal nodes report 
the putative reconstruction of the original ancestor species carrying either Cys or Sec. Boxed GPxs 
contain the resolving cysteine (Cr) within the  a 2-helix (see text)       
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primary structure. This catalytic triad, which was functionally validated by site-directed 
mutagenesis  [  29  ] , has been recently revisited as a tetrad when an Asn residue was 
seen fully conserved in multiple sequence alignments and homology modeling and 
functionally validated by mutagenesis  [  30  ]  (Fig.  14.3 ).  

 In GPx-4, the redox-active Se (or S in the mutant used for crystallization) lies in 
a fl at surface that Adaptive Poisson Boltzman Solver Equation tool indicates as 
cationic  [  23  ]  (Fig.  14.3 ). On the edge of this area, the oligomerization loop, found 
in GPx-1 but not in GPx-4, fulfi lls the evidence that large hydroperoxidic substrates 
cannot be accommodated in the tetrameric GPxs (Fig.  14.1a, b ). The calculated 
electrostatic fi eld also reveals that GPx-4 is highly polarized (Fig.  14.3 ). The cationic 
side overlapping the active site could be relevant for addressing the GPx-4 to 
specifi c locations in membranes where the enzyme might interact by specifi c elec-
trostatic interactions instead of unspecifi c lipophilicity, as usually suspected for an 
enzyme whose action is on membranes.  

  Fig. 14.3    The catalytic tetrad of GPx-4 and electric fi eld lines in GPx-4 (PDB id: 2OBI, human 
enzyme). The amino acids indicated represent the experimentally validated catalytic tetrad. 
Electrostatic potential has been calculated on human GPx-4 by Adaptive Poisson–Boltzmann 
Equation and positive ( blue dots ) and negative ( red dots ) isosurfaces are shown at ±2kT/e. Electric 
fi eld lines show the catalytic site surrounded by a strong cationic potential. In addition, a negative 
surface ( red lines  and  red dots ) is present, opposite to the positively charged catalytic pocket, creat-
ing a dipole moment as shown by the arcs connecting “ blue ” and “ red ” zones       
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    14.2.5   Catalytic Mechanism 

 In a minimalist view, the groups surrounding the redox-active residue of GPxs 
(Sec or Cys), which are involved in catalysis, are the indole of Trp, the two amides 
of Asn and Gln, and possibly the amide in the backbone of the Gly one residue 
downstream the catalytic Sec/Cys residue. These are conserved at identical posi-
tions in nearly all members of the GPx family, the most remote derivatives included. 
For an effi cient reduction of an R-OOH, the active site must fulfi ll the following 
minimal requirements: (1) ionization of the redox-active chalcogen; (2) “activation” 
of the O–O bond, reasonably through polarization or stretching of the bond; and (3) 
protonation of the leaving group R-O − . 

 Dissociation is essential for the nucleophilic displacement reaction. This notion 
supported the widely diffused concept that the lower p K  

a
  of selenol than thiol must 

account for the actual advantage of having Sec rather than Cys at the active site. 
Moreover, in  Dm GPx, a CysGPx, the mutation of the amino acids surrounding the 
peroxidatic Cys affects the rate constant of the reaction much more than the p K  

a
  of 

the chalcogen, clearly showing that the role of the active-site residues is broader 
than just lowering the p K  

a
  of the redox-active moiety  [  30  ] . In the nucleophilic dis-

placement reaction, where the enzyme reacts with the hydroperoxide, selenolate is 
expected to be a better nucleophile, but this accounts for an advantage of Se in the 
range of just one order of magnitude, as deduced from the comparison of kinetic 
analysis of a SecGPx (namely GPx-4) with a CysGPx (namely  Dm GPx) on the 
same peroxidatic substrate  [  23  ] . 

 An accurate quantum chemistry computational approach has been applied to study 
the steps of the catalytic mechanism in the active site of human GPx-4 or its Cys 
mutant. The computational protocol, rooted in advanced Density Functional Theory 
methodologies (DFT), has been optimized to minimize energetically the chosen set of 
amino acids surrounding the pocket  [  31  ] . Intriguingly, the proton of the selenol or the 
thiol has been observed dislocated in the catalytic cage and optimized in most of the 
tested locations, leading to the conclusion that it is displaced in the positively charged 
catalytic pocket rather than exclusively bound to the selenol or thiol  [  31  ] . In any case, 
the protonation of the amide of Trp seems to be somehow favored compared to the 
other sites, but good energies have been reported for the amides of Asn and Gln in 
terms of a low energy minimum and a conserved geometry of the catalytic site. In 
other words, the system is energetically relaxed and this “moving” proton is eventu-
ally bound to R-O −  formed by R-OOH reduction. This mechanism fi ts two constraints 
of the catalysis of the reaction: ionization of the chalcogen and protonation of the 
leaving group. For the R-OOH substrate in the active site, the quanto-mechanical 
approach also indicated stretching and distortion of the O–O bond that is expected 
to further contribute to the catalysis. From this computational analysis, the outcome 
of the reaction mechanism is the instantaneous oxidation of selenium or sulfur by 
the hydroperoxide, without the formation of any enzyme–substrate complex. This 
nicely fi ts the non-saturation kinetics observed under steady-state conditions  [  19  ] . 

 In GPx-4 and in the other SecGPx, the chemical form of the oxidized Se moiety 
has not been clarifi ed. While the formation of a sulfenic acid derivative of the 
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enzyme has been experimentally observed for  Dm GPx  [  16  ] , and computationally 
confi rmed by a well-defi ned energy minimum for the Cys mutant of human GPx-4 
(unpublished), no analytical evidence has been so far obtained for the formation of 
a selenenic acid derivative of GPx-4. Furthermore, the transition state from the 
reduced enzyme to the oxidized form containing a selenenic acid derivative was not 
computationally supported by DFT calculations. This suggests the existence of a 
different oxidized intermediate in Cys- and in SecGPxs. In addition, a high sensitiv-
ity mass spectrometry analysis of oxidized GPx-4 and GPx-1 clearly showed a 2 
a.m.u. decrease in respect to the reduced form (unpublished), thus suggesting the 
loss of two hydrogen atoms instead of the expected addition of one oxygen atom. 
This could indicate that either selenenic acid immediately extracts a hydrogen atom 
from suitable neighboring residue and releases water, or the oxidized form is ini-
tially different from selenenic acid. 

 In the reductive phase of the catalytic cycle, the oxidized intermediate is reduced 
by two thiol groups (e.g., 2GSH) in two steps. The formation of a mixed selenodis-
ulfi de as the fi rst catalytic intermediate has been demonstrated for GPx-4 by MS/
MS. In second step of the reductive phase, which is the last step of the peroxidatic 
cycle when the reduced enzyme is regenerated, the mixed disulfi de is reduced by the 
second thiol. Very little is known about the mechanism of the catalysis of this 
exchange reaction. However, a faster reaction is expected for Sec than CysGPx, 
since selenolate is a much better leaving group than thiolate. This conclusion is sup-
ported by the NMR evidence that the rate of selenium diselenide exchange is several 
orders of magnitude faster than that of thiol disulfi de  [  32  ] . Notably, in the last step 
of the peroxidatic cycle, the advantage of selenol vs. thiol is a more electrophilic 
character while just the opposite – more nucleophilic – is true for the fi rst reaction 
of the cycle when the chalcogen is oxidized by the hydroperoxide  [  33  ] .   

    14.3   Functions 

 GPx-4 is a vital enzyme. When its expression is abrogated in knockout models, the 
embryo dies at the gastrula stage  [  34  ] . This provides nonambiguous evidence that 
the maintenance of cellular homeostasis and survival strictly depends on GPx-4 
activity and that the functions of this enzyme are not rescued by alternative bio-
chemical pathways. The phenotypes obtained by deleting the different forms of 
GPx-4 are reviewed in Chap.   43    . Here we summarize the biochemical evidence for 
the impact of the redox transitions catalyzed by GPx-4 on biological events. 

    14.3.1   Reduction of Lipid Hydroperoxides: 
Inhibition of Lipid Peroxidation 

 The notion that inhibition of lipid peroxidation by GPx-4 and GSH is due to the 
enzymatic reduction of R-OOH in membranes has twofold relevance. Besides leading 
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to the discovery of a new enzyme, it contributed to focus the dual role of hydroperoxides 
that, besides being the major products of peroxidation, are also crucial initiators. 
Lipid peroxidation, fi rst described more than a century ago by De Saussure, who 
observed the weight increase of polyunsaturated lipids exposed to air  [  35  ] , is a pro-
cess of oxidative degradation of lipids  [  36  ]  producing, besides hydroperoxides, an 
array of secondary products including reactive and toxic electrophiles. 

 Consistently with a mechanism where, following a formation of an initiating 
species, lipid peroxyl radicals (R-OO • ) drive the oxidative chain reaction and new 
chain reactions branch from radicals deriving from hydroperoxides, the protective 
mechanisms operating at different levels are integrated with each other  [  37  ] . While 
chain breaking antioxidants, such as vitamin E, slow down the R-OO • -driven propa-
gation, the reduction of R-OOH to the corresponding alcohols (R-OH) prevents 
secondary initiations starting from hydroperoxide breakdown  [  38  ]  (Fig.  14.4 ).  

 Rapoport and Schewe et al. fi rst brought    into light the role of enzymatically pro-
duced R-OOH in vivo. They showed that the maturational breakdown of reticulocyte 
mitochondria depends on a lipid peroxidation process driven by a 12/15 lipoxyge-
nase (LOX) activity  [  39  ] , thus demonstrating a physiological outcome of enzymati-
cally produced R-OOH. The 12/15 LOX isoforms use as substrate intact membrane 
phospholipids and require at the same time R-OOH to become fully active  [  14,   40, 
  41  ]  (Fig.  14.4 ). Consistent with its ability to reduce R-OOH in microsomal lipid 
peroxidation, GPx-4, in the presence of GSH, modulates the activity of reticulocyte 
12/15-LOX and preserves the specifi city of the oxidative process by preventing the 
nonenzymatic extension of lipid peroxidation  [  41  ] . 

 The recent observation obtained by inverse genetic studies, that deletion of  GPx-4  
in cells leads to apoptosis by a caspase-independent mechanism requiring a func-
tional 12/15 LOX, and that vitamin E complements  GPx-4  defi ciency  [  42  ] , suggests 

  Fig. 14.4    Scheme of the synergism between GPx-4 and vitamin E in inhibiting lipid peroxidation 
and 12/15 lipoxygenases (LOXs). For sake of simplicity, individual specifi c reactions are not 
reported and lipid peroxidation is initiated from decomposition of preexisting phospholipid 
hydroperoxides (R-OOH)       
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a molecular mechanism that is remarkably in agreement with the model of interplay 
between GPx-4 and a chain braking antioxidant, as summarized previously  [  38  ] . 
The synergistic interplay between different redox transitions working in a concerted 
mechanism discloses a scenario where the presence of a minute, steady-state concen-
tration of R-OOH in membranes is physiological, and cell death descends from the 
unbalance of this steady state. Although further studies are required to elucidate this 
possibility, the control of apoptosis initiated by the activating effect of an R-OOH on 
LOXs seems at present suffi cient to account for GPx-4 being a vital enzyme.  

    14.3.2   Reduction of Lipid Hydroperoxides: Regulation 
of Lipoxygenases and Infl ammation 

 While the formation of oxidized phospholipids by LOXs is a relatively new emerging 
concept  [  43–  45  ] , evidence has been accumulated in the last decades about the phys-
iological functions of enzymatically produced specifi c oxidation products of polyun-
saturated fatty acids  [  46–  48  ] . Nonconfl icting evidence indicates that GPx-1 and 
GPx-4 are both competent for inactivating 5-LOX  [  49,   50  ] , implying that the physi-
ological activator is a common substrate for both peroxidases. In agreement with the 
concept of self-activation of LOXs by their reaction product, we could reasonably 
argue for a role of an FFA-OOH. Finally, overexpression studies show that GPx-4 
prevents the activation of NF- k B much more effi ciently than GPx-1  [  51  ] , thus sug-
gesting its role in the control of infl ammatory pathways where complex oxidized 
lipid mediators are apparently involved in regulatory redox transitions.  

    14.3.3   Oxidation of Protein Thiols: Spermatogenesis 

 In spermatids, GPx-4 is highly expressed as an active peroxidase that is transformed 
into an enzymatically inactive cross-linked structural protein during fi nal sperm 
maturation. As such, it makes up at least 50% of the keratin-like material surround-
ing the helix of mitochondria in the mid-piece of spermatozoa  [  21  ] . This “moon-
lighting” of GPx-4 is primed by a critical GSH depletion  [  52  ] , increasing its redox 
potential, a condition usually associated to cellular differentiation  [  21,   53  ] . Deprived 
of its most abundant reducing substrate, GPx-4 can react with protein thiols as alter-
nate substrates  [  20,   21  ] . Mass spectrometric analysis revealed that during this pro-
cess a selective, intermolecular reaction takes place between Sec-46 of GPx-4 and 
Cys-148 (porcine numbering of GPx-4 used), resulting in linear polymers repre-
senting dead-end intermediates of the peroxidatic cycle  [  54  ] . The formation of 
mitochondrial capsules also requires the participation of the “Sperm Mitochondrion-
associated Cysteine-rich Protein” (SMCP). The involvement of SMCP has been 
verifi ed by reproducing the oxidative polymerization of the capsule components 
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in vitro that is, seemingly, initiated by the oxidation of peculiar adjacent Cys motifs 
in SMCP  [  20  ] . Once formed, this unusual disulfi de is prone to reshuffl ing, eventu-
ally driving cross-linking of different Cys-containing proteins  [  20,   55,   56  ] . 
Remarkably, similar adjacent Cys motifs, which are quite rare in the genome, are 
also present in protamines  [  57  ] , which are the basic proteins that, by keeping com-
pact spermatozoa chromatin, stabilize the structure and prevent transcription. The 
interaction of protamines with DNA is implemented by the formation of disulfi des 
catalyzed by GPx-4  [  58  ] . Consistently, selenium defi ciency gives rise to spermato-
zoa with a chromatin prone to unwinding in the presence of denaturing agents  [  59, 
  60  ] . This role of GPx-4 in contributing to sperm chromatin stability has been vali-
dated in mice, by targeted deletion of the nuclear form of GPx-4  [  61  ] . 

 The ability of GPx-4 to oxidize specifi c peptide motifs containing adjacent Cys 
residues is not shared with GPx-1. This aspect has been investigated in silico using 
a computational approach based on molecular docking. From docking simulations, 
the access of large substrates to the active site in tetrameric GPx-1 is hampered by 
bulky amino acids, Arg and His, at position 179 and 180 (with reference to the 
human sequence) (Fig.  14.5 ). These residues, instead, are constantly replaced by 
Pro and light side-chain amino acids in all known GPx-4 homologues. This eases 
the access of bulky peptides to the catalytic pocket thanks to the fl at surface of the 
Pro residues and the external orientation of the amino acids at position 180. 
Furthermore, in tetrameric GPx-1, the oligomerization loop contributes to restrict 
the accessibility to the catalytic site (Fig.  14.5 ). Intriguingly, Arg 179 has been pro-
posed to contribute to the stabilization of GSH into the catalytic pocket of GPx-1, 
whereas its lack accounts for its low docking specifi city in GPx-4  [  22  ] .  

  Fig. 14.5    ( a ) Molecular docking and dynamic of the PPCCPP peptide in the surface of the catalytic 
pocket of GPx-4 ( green  apolar,  violet / blue  polar residues). The Pro residues at position 155 and 86 
contribute to keep fl at and open the catalytic pocket of GPx-4 favoring the pose of bulky substrates. 
( b ) Speculated pose of PPCCPP peptide on GPx-1. It is impossible to dock the peptide in silico due 
to steric clash given by Arg 179, Arg 180 (human GPx-1 numbering), and the oligomerization loop 
( red ribbon )       
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 The small and unstructured peptide, PPCCPP, a peculiar motif in SMCP 
experimentally validated as substrate of GPx-4  [  20  ] , has been chosen for monitor-
ing the docking simulation. This peptide, which does not react with GPx-1, shows 
instead a high binding affi nity with human GPx-4. The simulation suggests that the 
binding zone is placed in a confi ned surface area located close to the catalytic Sec 
46. The peptide interacts through a couple of Pro–Pro interactions (GPx-4 Pro 86 
and peptide Pro 1, GPx-4 Pro 155, and peptide Pro 6) which are further stabilized 
by the electrostatic interaction between the peptide C-terminal and Lys 135, on one 
side of GPx4, and the polar interaction between the peptide N-terminal and, on the 
other side, the backbone carbonyl group of Gln 45. In this arrangement, the Cys 
residue at position 3 of the peptide is located at about 2 Å from GPx-4 catalytic Sec 
46. The PPCCPP peptide, instead, cannot interact with the catalytic area of GPx-1, 
because    Pro 86, Pro 155, and Lys 135 of GPx-4 are replaced in GPx-1 by Asn 84, 
Arg 179–180, and Ala 159, respectively (human enzymes numbering system used) 
(unpublished). This suggests that: (1) the interaction of GPx-4 with peptides and 
proteins involves a small surface area responsible for the correct orientation of the 
substrate toward the catalytic site; and (2) only the GPx-4 homologues are endowed 
with the correct combination of water-exposed amino acids, allowing the interac-
tion of Sec with the substrate. In general terms, this observation is evocative of a 
role for GPx-4 as the catalyst of redox switches, reasonably primed by the increased 
redox potential of GSSG/GSH couple.   

    14.4   Concluding Remarks and Perspectives 
for Future Research 

 In conclusion, almost 30 years after the discovery of GPx-4 and a huge number of 
published studies, this enzyme is still largely uncharacterized regarding the rele-
vance of the biological issues connected to its activity, which must be judged as still 
largely unresolved. Since deletion of  GPx-4  is lethal, its capability of reducing 
membrane hydroperoxides is not compensated by any other enzyme, including 
Peroxiredoxin 6, for which an activity on phospholipids hydroperoxides in vitro has 
been described  [  62  ] . Nevertheless, this fact also pinpoints the relevance of mem-
brane hydroperoxides generated by specifi c 12/15 LOX isoforms and competent for 
priming a caspase independent cell death pathway  [  42  ] . This could be relevant in 
chronic degenerative diseases, when an imbalance between hydroperoxide produc-
tion and elimination is in favor of the fi rst. However, through the same mechanism, 
GPx-4 comes forth as a key player in cancer, when its activity could be relevant in 
controlling a physiologically useful apoptosis. 

 The specifi c capability of GPx-4 to oxidize specifi c protein thiols could be rele-
vant in specifi c physiological functions, besides the fi rst discovered stabilization of 
spermatozoa mitochondrial capsules and chromatin. This would expand the role 
and the functions of GPx-4 toward the area of functional redox switches  [  63  ] , an 
emerging fi eld in regulation of biological functions. 
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 The fi nal, unsolved question is about the substantial advantage of having selenium 
rather than sulfur at the active site. From basic chemistry, we know that selenium 
can be both more nucleophilic and more electrophilic than sulfur  [  33  ] , and reasonably 
this speeds up the peroxidatic cycle. But, can this be enough? As a matter of fact, the 
introduction of selenium substituting for sulfur is rather limited in nature and in the 
same mammalian cells GPx-4 coexists with some Cys homologues. Defi nitely, it is 
hard to believe that the only difference could be limited to a not dramatic difference 
in the reaction rate.      
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