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ABSTRACT: Phospholipid hydroperoxide glutathione peroxidase (GPx4) is a moonlighting selenoprotein,
which has been implicated in anti-oxidative defense, sperm development, and cerebral embryogenesis.
Among GPx-isoforms, GPx4 is unique because of its capability to reduce complex lipid hydroperoxides
and its tendency toward polymerization, but the structural basis for these properties remained unclear. To
address this, we solved the crystal structure of the catalytically active U46C mutant of human GPx4 to
1.55 Å resolution. X-ray data indicated a monomeric protein consisting of fourR-helices and seven
â-strands. GPx4 lacks a surface exposed loop domain, which appears to limit the accessibility of the
active site of other GPx-isoforms, and these data may explain the broad substrate specificity of GPx4.
The catalytic triad (C46, Q81, and W136) is localized at a flat impression of the protein surface extending
into a surface exposed patch of basic amino acids (K48, K135, and R152) that also contains polar T139.
Multiple mutations of the catalytic triad indicated its functional importance. Like the wild-type enzyme,
the U46C mutant exhibits a strong tendency toward protein polymerization, which was prevented by
reductants. Site-directed mutagenesis suggested involvement of the catalytic C46 and surface exposed
C10 and C66 in polymer formation. In GPx4 crystals, these residues contact adjacent protein monomers.

Glutathione peroxidases (GPx1) are part of the cellular anti-
oxidative defense system (1) and catalyze the reduction of
hydroperoxides at the expense of reduced glutathione and/
or other reductants. There are selenium-containing and
selenium-free glutathione peroxidases. Mammalian selenium
GPx-isoforms (2) have been classified in several subfamilies,
which are numbered consecutively (GPx1 to GPx7). Among
the GPx-isoforms, phospholipid hydroperoxide glutathione
peroxidase (GPx4) is somewhat unique because of its
capability to accept complex hydroperoxy lipids as substrate,
its strong tendency toward protein polymerization, and its
multiple biological functionality (3). As an enzymatic
antioxidant (2, 3), it is capable of reducing a large array of
hydroperoxy lipids including peroxidized phospholipids and
cholesterol esters (4). In addition, the enzyme has been
implicated as structural protein in sperm maturation (5) and
appears to be involved in the regulation of apoptosis (6).
More recent data suggested its importance for cerebral
embryogenesis (7). The human GPx4 gene is located on

chromosome 19, and three different GPx4 variants (cytosolic
isoform (c-GPx4), mitochondrial isoform (m-GPx4), and
nuclear isoform (n-GPx4)) originate from this gene (2, 3).
These enzyme variants are expressed at low levels in most
mammalian cells, but large amounts have been detected in
the testis (2). Low testicular levels of GPx4 have been related
to male infertility (8), but these alterations could not be linked
to naturally occurring mutations in the GPx4 gene (9).

Cytosolic GPx4 (c-GPx4) is a single polypeptide chain
protein with a molecular mass of 19.5 kDa, which does not
undergo major post-translational modification (10). Amino
acid 46 is a selenocysteine (U46) that is encoded by the TGA
opal codon. Premature translational termination is prevented
by the selenocysteine insertion sequence localized in the 3′-
untranslated region of the corresponding mRNA. Kinetic
analysis of the GPx reaction suggested a tert-uni ping-pong
mechanism, which involves peroxide mediated oxidation of
the selenocysteine (11). Although the enzyme accepts
reduced glutathione as hydrogen donor, protein thiols may
also be used as reductants (2, 3). A further peculiar property
of GPx4, which distinguishes this enzyme from other GPx-
isoforms, is its strong tendency toward protein polymerization
(2, 3, 5). Unfortunately, the structural basis of the unique
enzyme properties of GPx4 is not well understood, and this
lack of knowledge is related to the absence of direct structural
data on this enzyme. There are structural models for GPx4
(12, 13), which are based on X-ray coordinates of other GPx-
isoforms (14, 15). Although the degree of amino acid
conservation among GPx-isoforms is rather low, these
models served as suitable tools to identify target amino acids
for site-directed mutagenesis impacting catalytic activity (11,
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16). Sequence alignments of GPx-isoforms indicated the
conservation of three catalytically important amino acids
(U46, Q81, and W136 in GPx4), and mutagenesis of this
triad impaired enzymatic activity (11, 16).

The major reason for the lack of direct structural informa-
tion on GPx4 has been the absence of a highly effective
natural enzyme source. Because large-scale expression of
selenocysteine-containing proteins in recombinant systems
is problematic (inefficient selenocysteine-incorporating ma-
chinery), we overexpressed the U46C mutant of human
cytosolic GPx4 (c-GPx4) inE. coli (17). The recombinant
enzyme was purified to electrophoretic homogeneity, crystal-
lized, and used for X-ray diffraction studies. During the
course of this work, X-ray coordinates for catalytically
inactive U-to-G mutants of human GPx1 (pdb entry 2F8A)
and GPx4 (pdb entry 2GS3) were deposited in the Protein
Data Bank database. In addition, datasets for the U-to-C
mutant of GPx2 (pdb entry 2HE3) and for selenium-free
GPx5 (pdb entry 2I3Y) were also deposited, but the
functional relevance of these structural data have not been
explored.

Here, we report the crystal structure of the catalytically
active U46C mutant of human GPx4 and test the functional
importance of selected amino acids for catalysis and protein
polymerization by multiple site-directed mutagenesis. Our
data comprehensively describe the 3D structure of the
enzyme to 1.55 Å and indicate the catalytic importance of
C46, Q81, and W136. Moreover, we identified three surface
exposed cysteine residues, which appear to be essential for
protein polymerization.

MATERIALS AND METHODS

Chemicals.The chemicals used were from the following
sources: EDTA, dithiiothreitol, NADPH, glutathione, glu-
tathione reductase, and isopropyl-D-thiogalactopyranoside,
Sigma (Deisenhofen, Germany); lysozyme, Fluka (Deisen-
hofen, Germany); sodium dodecylsulfate, imidazole, and
Hybond-N nitrocellulose blotting membrane NC45, Serva
(Heidelberg, Germany); PWO DNA Polymerase, agarose,
ampicilline, and kanamycine, Boehringer Mannheim (Man-
nheim, Germany); restriction endonucleases, New England
Biolabs GmbH (Schwalbach, Germany); bacto yeast extract,
bacto agar, and bacto tryptone, Difco (Detroit, Michigan);
and rainbow molecular mass markers, Amersham Life
Science (Braunschweig, Germany).

Bacterial Expression and Purification of the U46C Mutant
of Human Cytosolic GPx4.The cDNA encoding the human
cytosolic GPx4 (c-GPx4) was amplified by RT-PCR, and
the resulting fragment was ligated into the pQE-30 bacterial
expression plasmid. The expression strategy was designed
in such a way that the complete primary structure of the
c-GPx4 (except the starting Met) was retained. An additional
tail of 13 amino acids, which included a hexa-histidine-tag
was introduced to allow effective purification. The final
N-terminal sequence of the recombinant protein reads M-R-
G-S-H-H-H-H-H-H-G-S-A-C. The last C corresponds to the
initial M of the native enzyme. U46 was mutated to C
employing the Quick-change mutagenesis kit (Invitrogen,
Hilden, Germany), and the complete expression construct
was sequenced. The recombinant mutant protein was then
expressed inE. coli and purified from the bacterial lysis

supernatant by consecutive steps of affinity chromatography
on a Ni-agarose column and FPLC anion exchange chro-
matography. Details of the expression and purification
procedures are given in Supporting Information (Figure S1).

Crystallization. The sparse matrix crystallization method
(18) was applied to screen for optimal crystallization
conditions. For the production of crystals, a solution of
purified GPx4 (5.7 mg/mL) in 10 mM Tris/Cl buffer (pH
8.0) containing 1% glycerol and 5 mM TCEP was used. The
enzyme was crystallized in hanging drops by the vapor
diffusion method at 22°C. The hanging drops were prepared
by mixing 3 µL of the protein solution with 1µL of the
reservoir fluid containing the precipitating agents. Crystals
of GPx4 were obtained when the reservoir solution contained
15% PEG 8000 in 0.1 M MES buffer (pH 6.5). Within 3-5
days, crystals grew to a maximum size of 0.1× 0.1 × 0.4
mm3. An image of typically shaped crystals is given in
Supporting Information (Figure S2).

X-Ray Data Collection, Structure Determination, and
Refinement.X-ray data collection was performed at 100 K
using a cryoprotectant consisting of 85% (v/v) reservoir
solution and 15% glycerol. Diffraction data were collected
at the synchrotron beamline BL14.1 of the Protein Structure
Factory and Freie Universita¨t Berlin at BESSY (Berlin,
Germany) with a MAR225-MOSAIC detector. The crystal
to detector distance was fixed at 150 mm. The rotation
increment for each frame was 0.5° with an exposure time of
6 s. All data were indexed and processed using HKL2000
(19). The space group wasP3121 with unit cell dimensions
of a ) b ) 61.36 Å, c ) 113.89 Å,R ) â ) 90°, and
γ)120°. The CCP4 program PHASER (20) was used to
locate the molecular replacement solution using the model
obtained from the structure of GPx1 (pdb entry 1GP1).
Crystallographic refinements were performed using CNS (21)
and the CCP4 program REFMAC (22). To create a test set
that was used to calculateRfree, 5% of the reflections were
randomly selected. Manual rebuilding of the GPx4 model
and electron density interpretation was performed using O
(23) and COOT (24). Positions of water molecules were
identified with CNS and were also checked manually. With
the final model, refinement converged atRcryst ) 16.4% and
Rfree ) 18.6%. The structure was validated with the programs
PROCHECK (25) and WHAT_CHECK (26). All figures
were created using PyMOL (27). Electrostatic calculations
were performed with APBS (28).

Miscellaneous Methods.GPx4 activity was assayed spec-
trophotometrically, and the assay mixture consisted of 1 mL
0.1 M Tris/Cl buffer at pH 7.4, containing 5 mM EDTA,
0.1% Triton X-100, 0.2 mM NADPH, 3 mM glutathione,
and 1 unit of glutathione reductase. Purified GPx4 mutants
were added, and the mixture was preincubated at 37°C for
5 min. Then the reaction was started by the addition of 25
µM tert-butyl hydroperoxide, and the decrease in absorbance
at 340 nm was measured. (A molar extinction coefficient
for NADPH of 6.22× 103 (M × cm)-1 was used. Typical
kinetic progress curves for selected GPx4 mutants are shown
in Supporting Information (Figure S3). Protein concentration
was determined using the BIO-RAD (Bio-Rad Laboratories
GmbH, Munich, Germany) protein assay. SDS-PAGE was
performed on pre-cast PAGE gradient gels (4-15%, Phar-
macia FAST system). Site-directed mutagenesis was carried
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out using the Quick-change mutagenesis kit (Invitrogen,
Hilden, Germany), and all mutants were properly sequenced.

RESULTS

Crystal Structure of Cytosolic Human GPx4. The crystal
structure of the human cytosolic GPx4, was refined to a
resolution of 1.55 Å. A summary of important crystal-
lographic parameters and refinement statistics are given in
Supporting Information (Table S1). The established structural
model characterizes GPx4 as a monomeric protein consisting
of 170 amino acids. The affinity tag and the five most
N-terminal amino acids of the natural enzyme could not be
located because of weak electron density, suggesting a high
degree of structural flexibility of this part of the molecule.
The protein structure shows the typical thioredoxin motif
(29) consisting of fourR-helices that are localized at the
protein surface and sevenâ-strands, five of which are
clustered to form a centralâ-sheet (Figure 1A). The catalytic
triad (11, 16) consisting of C462, Q81, and W136 is localized
at a flat impression of the protein surface. It extends into a
positively charged surface exposed patch of basic amino
acids (K48, K135, and R152), which also contains the polar
T139 (Figure 1B). This structural motif is lined by apolar
residues (M156, P155, G154, I129, L130, A133, I134, F78,
and G79), and these amino acids may be involved in
positioning hydrophobic lipid hydroperoxides at the active
site. R152 is conserved in all GPx-isoforms, whereas K48,
K135, and T139 are unique for GPx4. Interestingly, T139 is
mutated to E in all other GPx-isoforms, and thus, this residue
may be related to peculiar GPx4 properties. Q81 and W136
are in hydrogen-bond distance to C46 (Figure 1C), and this
arrangement might be important for catalytic activity. In the
native selenocysteine-containing GPx4, U46 has been sug-
gested to be present as anion in the catalytically active form,
and Q81 and W136 might sustain hydrogen bridges to the
selenium to stabilize its deprotonated form. Our structural
data support this hypothesis.

In addition to the catalytic triad, a similar structural motif
consisting of C148, Q123, and W119 was detected on the
protein surface opposite the catalytic center. The structural
geometry of this pseudo-catalytic cluster resembles that of
the active site, but the distances between the sulfur atom of
C148 and its potential binding partners (Q123 and W119)
are far too long to sustain effective hydrogen bridges (Figure
2). These data suggested the catalytic silence of the pseudo-
catalytic cluster. In fact, site-directed mutagenesis (data not
shown) does not provide any evidence for the catalytic
importance of these amino acids.

Structural Comparison of GPx4 with Other GPx-Isoforms.
As indicated above, GPx4 is unique among GPx-isoforms
with respect to its broad substrate specificity and its strong
tendency for protein polymerization. To explore the structural
basis for these remarkable enzyme properties, we first
compared the structures of various GPx isozymes (Figure
3). Multiple sequence alignments (Figure 3 A) indicated that
GPx4 lacks an internal stretch of about 20 amino acids, which
is present in other GPx-isoforms. In the 3D structure of other
GPx isozymes, this sequence forms a surface exposed loop

(loop 1) that does not exist in GPx4 (Figure 3B). Interest-
ingly, this loop structure lines the active site of other GPx-
isoforms and partially shields W136, a constituent of the
catalytic triad (Figure 3C). It may be concluded that the
existence of this loop structure limits the accessibility of
complex lipid substrates to the active site of most GPx-

2 C46 in our recombinant enzyme preparation corresponds to U46
in the native enzyme.

FIGURE 1: X-ray structural analysis of the U46C mutant of human
cytosolic GPx4. Panel A: Scheme of the overall structure of GPx4
as a ribbon diagram. TheR-helices andâ-strands are numbered.
Panel B: Electrostatic potential surface representation of the GPx4
molecule showing surface exposure of the catalytic triad C46, Q81,
and W136 (circled region). Electrostatic surface potentials were
calculated with the nonlinear Poisson-Boltzmann equation and are
shown as a gradient from+3kT/e (blue) to-3kT/e (red). Panel C:
2 Fo - Fc electron density map of the catalytic triad contoured at
1.0σ above the mean density and colored in blue. C46, Q81, and
W136 are shown as red sticks.
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isoforms. In contrast, the lack of this structural element in
GPx4 may allow the efficient binding of complex lipid
molecules at the active site. Further comparison of selected
GPx crystal structures revealed a second peculiarity of GPx4.
In addition to loop 1, another surface feature, which is shared
by GPx1, GPx2, and GPx5, is modified in GPx4. Amino
acid alignments (Figure 3A) indicated the lack of six residues
in GPx4, which are conserved in the other isoforms (loop
2). In the 3D structure, this amino acid deletion dislocates
helix 2 (Figures 1A and 3B). In oligomeric GPx isoforms
helix 2 and loop 1, which is lacking in GPx4, are constituents
of the inter-monomer interface (30). Thus, modification of
these surface structural elements may be regarded a structural
reason for the monomeric character of GPx4. Because of
the surface exposure of the active site, the oligomerization
of the GPx isoform might impact the catalytic properties of
the isoenzymes, in particular the substrate specificity.

Mutagenesis of Cysteine Residues with Potential Impor-
tance for Enzyme Polymerization. In oxidizing environments,
GPx4 forms high molecular mass polymers, and this po-
lymerization process has been implicated in sperm develop-
ment (5). Other GPx-isoforms do not exhibit this tendency,
but the structural basis for this differential behavior has not
been explored in detail. Because surface exposed cysteines
have been suggested to play a role, we first looked for the
conservation of cysteines among GPx-isoforms. Our multiple
sequence alignments (Figure 3A) indicated that among the
cysteine residues present in GPx4 only C75 is conserved in
other GPx-isoforms. This amino acid is localized in a region
that is very similar in all GPx-isoforms but is not surface
exposed. Neither of the other cysteine residues found in GPx4
is conserved in any other GPx isoform regardless of whether
they are surface exposed (C10, C66, C107, and C148) or
not (C37). It should be mentioned at this point that in addition
to the above mentioned cysteines our expression construct
contains two other cysteine residues in the N-terminal region.
The starting methionine of the native enzyme was mutated
to C (C1) to allow convenient cloning. The second amino
acid in the native enzyme is also a cysteine (C2), and this
residue was conserved during the cloning procedure. Un-
fortunately, the spatial localization C1 and C2 could not be
defined because of weak electron density in this region of
the protein molecule. These data suggest that the N-terminus
of the protein is flexible, and thus, C1 and C2 are most
probably surface exposed.

Mass spectral analysis of tryptic digest fragments of native
GPx4 polymers suggested that U46 and C148 might play a

major role in the polymerization process (13). To investigate
the mechanism of GPx4 polymerization in more detail, we
first tested the tendency of the U46C mutant to form protein
polymersin Vitro. For this purpose, we followed oligomer
formation by turbidity assays and SDS-PAGE under non-
reducing conditions. From Figure 4A, it can be seen that a
clear solution of the U46C mutant turned turbid during
aerobic incubation as indicated by the increase in absorbance
at 600 nm. This increase in turbidity was paralleled by the
formation of high molecular mass polymers (Figure 4C).
Under reducing conditions (in the presence of 10 mM
dithiothreitol), turbidity and polymer formation was pre-
vented, and subsequent addition of a reductant to turbid GPx4
suspensions partly resolved the polymers (data not shown).
These data confirmed the involvement of disulfide bridge
formation in protein polymerization.

To test the relevance of the various surface exposed
cysteines, we employed a complex mutagenesis strategy
exchanging these residues separately and jointly with alanines
(Figure 4A and B). The recombinant U46C mutant, which
served as a starting target for this strategy, exhibited a strong
tendency for polymerization, and a similar behavior was
observed for the U46C+C107A and the U46C+C148A
mutants. These results, which were confirmed by SDS-
PAGE (Figure 4C), suggested that C107 and C148 might
not be of major importance for protein polymerization. In
contrast, the catalytically inactive U46A mutant was char-
acterized by a strongly reduced polymerization tendency, and
C10A+U46C and U46C+C66A hardly polymerized at all
(Figure 4A). These results suggested that C10 and C66 are
important for polymer formation. In previous studies onin
ViVo polymerization of native GPx4, U46 and C148 have
been implicated as key players (13). However, the strong
degree of enzyme polymerization of the U46C+C148A
mutant (Figure 4A) was not consistent with this hypothesis.
To further explore the role of C148, we created the
U46A+C148A double mutant. If C148 could be important
for protein polymerization, one would expect that polymer-
ization of the U46A mutant would further be impaired when
C148 is converted to A. However, we found that the
U46A+C148A mutant exhibited polymerization behavior
similar to that of the U46A single mutant (Figure 4B). For
additional evidence of the role of C10, C46, and C66 in
GPx4 polymerization, we next created quadruple (C10A+
U46C+C66A+C148A) and quintuple (C10A+U46C+
C66A+C107A+C148A) mutants, and as expected, we did
not detect protein polymerization (Figure 4B and C). Taken
together, these mutagenesis data suggest that C10, C66, and
the catalytic C46 may be important forin Vitro protein
polymerization of the U46C GPx4 mutant. In contrast, C107
and C146 might not be of major relevance.

To understand the structural basis for the variable impact
of various surface exposed cysteine residues on GPx4
polymerization, we searched our crystallographic data for
areas of inter-monomer contacts within GPx4 crystals.
Interestingly, we found that C10, C46, and C66 are located
at monomer-monomer interfaces. In fact, the catalytically
active C46 was localized in proximity (7-8 Å) to both C10
and C66 of adjacent monomers (Figure 5A). In contrast,
C107 and C148 are truly solvent exposed and do not
contact any part of the neighboring monomers (Figure 5B).
If such monomer-monomer interaction also takes place in

FIGURE 2: Comparison of the geometry of the catalytic triad with
a similar structural motif (pseudo-catalytic center) located opposite
the active site. Panel A: Active site structure of the U46C mutant
of human GPx4. Panel B: Structure of the pseudo-catalytic center.
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aqueous solutions, a structural explanation for our polym-
erization results may be provided. It should, however, be

stressed that a distance of 7-8 Å is rather large for the
effective formation of inter-monomer disulfide bridges.

FIGURE 3: Structural comparison of GPx-isoforms. Panel A: Structure-based multiple amino acid alignment of various GPx-isoforms. The
catalytic selenocysteine, which is mutated to either G or A in most crystal structures, is indicated in magenta. The conserved cysteine (C75
in GPx4) that is not surface exposed is shown in red. C37 of GPx4, which is neither conserved nor surface exposed, is indicated in green.
The other cysteine residues of GPx4 (marked in yellow) are all surface exposed. Among them, only C10 and C66 appear to be involved
in protein polymerization. The most N-terminal amino acids that show up in the crystal structure of GPx4 are indicated in turquoise (D6
for our structure (pdb entry 2OBI), K9 for pdb entry 2GS3). Panel B: Superposition of the protein backbone of various GPx-isoforms. The
protein backbone of GPx1, GPx2, and GPx5 are shown in gray, and the backbone of GPx4 is indicated in red. The loop regions (loops 1
and 2), which are absent in GPx4, are indicated by circles. Panels C and D: Comparison of the surface structures of GPX4 (C) and GPx1
(D). The circle in panel D indicates loop 1, which partially shields the putative substrate-binding region of the enzyme. This loop is absent
in GPx4, which may explain the broad substrate specificity of the enzyme.

GPx4 Structure and Function Biochemistry, Vol. 46, No. 31, 20079045



However, minor site chain rearrangements may shorten this
distance, and such dynamic alterations appear possible in
aqueous solution.

Mutagenesis of the Catalytic Triad. To test the catalytic
relevance of the suggested catalytic triad (11, 16), we
performed multiple site directed mutagenesis. Previous results
indicated that the U46C GPx4 mutant only exhibits about
1% of residual activity when compared with that of the native

enzyme (16). This result was not surprising because sele-
nocysteine is more acidic than cysteine, and thus, the
catalytically active ionized form is more abundantly available
at neutral pH. We found that under our experimental
conditions the U46C mutant exhibits a molecular turnover

FIGURE 4: Protein polymerization of GPx4 mutants. The mutant
GPx4 species were expressed, purified, and subjected to turbidity
assays and SDS-PAGE. Panels A and B: Oligomer formation
(increase in absorbance at 600 nm) of GPx4 mutants, testing the
importance of surface exposed cysteine residues. The overlapping
traces at the bottom of panel A indicate the low polymerization
tendency of the C10A+U46C and U46C+C66A mutants. Similarly,
the quadruple and quintuple mutants (bottom of panel B) hardly
polymerize. Panel C: SDS-PAGE under non-reducing conditions
(silver staining). The high molecular mass smears indicate the
formation of enzyme polymers. Enzyme dimers show up at a
molecular mass of about 35 kDa.

FIGURE 5: Monomer-monomer interfaces for the potential forma-
tion of the intermolecular disulfide-bridge as seen in the crystal
lattice. Panel A: Spatial proximity of the three surface exposed
cysteines C10, C46, and C66 (spheres) in neighboring GPx4
monomers. These residues are exposed at the surface of the
monomers but are shielded in the crystals owing to inter-monomer
contacts. For clarity reasons, a selected monomer (red) is shown
with only four surrounding monomeric partners (A-D, shown in
blue). These partners were selected out of a total of five symmetry
mates, which are in crystal contact with the central (red) monomer.
Panel B: Crystal environment of the two surface accessible cysteine
residues C107 and C148 (spheres). In this image, one selected
monomer (red) is surrounded by four selected symmetry mates
(blue). It can be seen that C107 and C148 have no potential partner
for the formation of inter-monomer disulfide-bridges within the
crystal lattice.

9046 Biochemistry, Vol. 46, No. 31, 2007 Scheerer et al.



rate of 0.025( 0.002 s-1. When we tested the C46A mutant,
no catalytic activity was measured (Table 1), which is
consistent with the hypothesis that a redox-inactive residue
such as alanine at this critical position leads to a complete
loss in catalytic activity. Next, we mutated Q81 to E, N,
and L and found strongly reduced catalytic activity for all
mutants (Table 1). Finally, we replaced W136 with H and
F. Here again, the resulting mutants exhibited only minor
residual catalytic activity. Taken together, these data indicate
that C46, Q81, and W136 are important for the residual
catalytic activity of our U46C mutant.

DISCUSSION

Among selenium-containing glutathione peroxidases, GPx4
is peculiar because of its ability to reduce complex lipid
hydroperoxides (4), its tendency toward polymerization (5),
and its multiple functionality (2, 3). As an anti-oxidative
enzyme, it has been implicated in oxidation defense, apop-
tosis regulation, and modulation of eicosanoid biosynthesis
(2, 3). As a structural protein, it appears to be involved in
the formation of the mitochondrial capsule during sperm
development (5), and for this function, the formation of high
molecular mass polymers appears to be important. The
structural biology of GPx-isoforms in general and of GPx4
in particular has not been well investigated in the past. The
structural models for GPx4 (12, 13), which were constructed
on the basis of the X-ray coordinates of other GPx-isoforms
(14, 15), adequately describe the secondary structural ele-
ments of the enzyme and the approximate localization of
the catalytic triade. However, crystal structures now allow
more detailed conclusions on the structural basis for the
monomeric character of GPx4 and its broad substrate
specificity.

The major reasons for the low abundance of direct
structural data were the problems associated with recombi-
nant expression of mammalian selenocysteine-containing
proteins in prokaryotic and eukaryotic expression systems.
Selenocysteine is encoded by a UGA opal codon, which
signals the stop of protein synthesis in most recombinant
expression systems. However, in mammalian cells, transla-
tional termination is prevented by the selenocysteine insertion
sequence localized in the 3′-untranslated region of the
corresponding mRNA. The molecular mechanism of the
suppression of translational termination has not been com-
pletely clarified, but the binding of regulatory proteins to
the 3′-UTR appears to be involved. To circumvent the

problems associated with the recombinant expression of
selenoproteins, two selenium-containing GPx-isoforms (GPx1
and GPx3) have been purified in sufficient amounts from
natural sources, and their crystal structures have been
published some years ago (14, 15). More recently, four high-
resolution structures for various selenium-free recombinant
GPx mutants (GPx1, pdb entry 2F8A, 1.5 Å; GPx2, pdb entry
2HE3, 2.1 Å; GPx4, pdb entry 2GS3, 1.9 Å; GPx5, pdb entry
2I3Y, 2.0 Å) have been deposited in the Protein Data Bank,
but the functional relevance of these structural data has not
been investigated. Here, we report for the first time the crystal
structure of the catalytically active U46C mutant of human
cytosolic GPx4. In addition, we tested by site-directed
mutagenesis the functional importance of selected amino
acids for enzyme activity and protein polymerization. To
identify target amino acids, we first performed structure-
based alignments of various GPx-isoforms. When we com-
pared the recently submitted pdb data for the U46G mutant
of human GPx4 (pdb entry 2GS3) with our results, we found
that the overall structures were similar, but the following
differences should be mentioned: (i) The 2GS3 coordinates
describe the structure of a catalytically inactive enzyme
species (U46G), whereas our data characterize an active
enzyme (U46C). (ii) Our data allowed a molecular resolution
of 1.55 Å in comparison to 1.9 Å for 2GS3. (iii) In both
structures, the N-terminal amino acids could not be detected.
The most N-terminal residue visible in our dataset is D6. In
contrast, the 2GS3 structure starts with R9.

During sperm development, native GPx4 undergoes protein
polymerization, and the formation of disulfide bonds between
surface exposed cysteine residues has recently been impli-
cated (19). For other GPx-isoforms, such protein polymer-
ization has not been described. To explore the structural basis
for the differential polymerization behavior, we first per-
formed multiple sequence alignments of various GPx-
isoforms and found that neither of the surface exposed
cysteines of GPx4 is conserved in any of the other GPx-
isoforms (Figure 3). These data may explain the lack in
tendency toward protein polymerization of other GPx-
isoforms. However, our mutagenesis studies (Figure 4)
indicated that the catalytically inactive U46A mutant exhib-
ited a reduced polymerization tendency, suggesting that this
amino acid may be important for polymerization (13). An
even more pronounced reduction of enzyme polymerization
was observed for the C10A+U46C and the U46C+C66A
mutants, suggesting a key role for C10 and C66 in protein
polymerization. However, we did not obtain any evidence
for the involvement of surface exposed C107 and C148. If
one translates thesein Vitro data to thein ViVo situation,
one can conclude that for polymerization of the native GPx4
that contains a more redox-reactive selenocysteine U46 might
be an important player in the polymerization process.
However, for the formation of mixed selenocysteine-cysteine
bonds, binding partners are required, and their spatial
arrangements must allow efficient covalent cross-linkage. In
this context, it might be of particular importance that in our
crystal structure U46 of one enzyme monomer comes close
to C10 or C66 of adjacent monomers (Figure 5) and this
arrangement is consistent with the our hypothesis that
enzyme monomers are covalently linked together via the
direct interactions of C46 with C10 or C66.

Table 1: Catalytic Activity of GPx4 Active Site Mutants

enzyme
variant

molecular
turnover (s-1)

rel. catalytic
activity

U46C 0.025( 0.002 100%
U36A 0 0%
U46C+Q81E 0.004( 0.002 16%
U46C+Q81N 0.005( 0.005 20%
U46C+Q81L 0.004( 0.005 16%
U46C+W136H 0.002( 0.002 8%
U46C+W136F 0.003( 0.005 12%

a The recombinant mutant GPx4 species were expressed in
E. coli and purified to homogeneity by affinity chromatography on Ni-
agarose and subsequent mono-Q FPLC. Pure enzyme preparations were
then subjected to activity assays (n ) 3). The mean( SD values are
given.
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Previous mass spectral analysis of tryptic digest fragments
obtained from GPx4 polymers and structural modeling of
the polymerization process suggested the importance of the
catalytic U46 and of C148 for polymer formation. It should
be stressed at this point that involvement of two reactants
(U46 and C148) only allows the formation of linear GPx4
polymers (13). However, the physicochemical properties of
the mitochondrial capsule material do rather suggest a 3D
network, and more recent investigations on the mechanism
of mitochondrial capsule formation suggested the involve-
ment of other structural proteins such as the sperm mito-
chondrion-associated cysteine-rich protein and keratin iso-
forms (31). We found that in addition to U46 (C46 in our
mutant protein), two surface exposed cysteine residues (C10
and C66) are involved in the polymerization process, and
this situation will allow the formation of a 3D network for
GPx4 polymers. More detailed information on the mecha-
nism of the polymerization process may be provided by direct
structural investigation of GPx4 polymers. Polymer avail-
ability is not a limiting factor because large amounts of these
aggregates can be prepared just by aerobic incubation of the
purified monomers in the absence of reductive protection.
However, the critical problem for such studies is that
polymerization does not proceed in a synchronized manner,
which leads to a complex mixture of GPx4 polymers with
variable molecular masses. Moreover, there may even be a
mixture of linear and 3D polymers, and such heterogeneous
mixtures are difficult to evaluate.
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