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Abstract

In GPxs, the redox-active Se or S, is at hydrogen bonding distance from GIn and Trp residues that contribute
to catalysis. From sequence homology of >400 sequences and modeling of the DmGPx as a paradigm, Asn136
emerged as a fourth essential component of the active site. Mutational substitution of Asn136 by His, Ala, or
Asp results in a dramatic decline of specific activity. Kinetic analysis indicates that k., the rate constant for
the oxidation of the enzyme, decreases by two to three orders of magnitude, whereas the reductive steps char-
acterized by k', are less affected. Accordingly, MS/MS analysis shows that in Asn136 mutants, the peroxi-
datic Cys45 stays largely reduced also in the presence of a hydroperoxide, whereas in the wild-type enzyme,
it is oxidized, forming a disulfide with the resolving Cys. Computational calculation of pK, values indicates
that the residues facing the catalytic thiol, Asn136, GIn80, and, to a lesser extent Trp135, contribute to the dis-
sociation of the thiol group, Asn136 being most relevant. These data disclose that the catalytic site of GPxs has
to be redrawn as a tetrad, including Asn136, and suggest a mechanism accounting for the extraordinary cat-

alytic efficiency of GPxs. Antioxid. Redox Signal. 10, 1515-1525.

Introduction

GLUTATHIONE PEROXIDASES (GPxs) catalyze the reduction
of hydroperoxides to alcohols and the concomitant ox-
idation of thiols to disulfides. The glutathione peroxidase
family is named after bovine tetrameric GPx-1, the first GPx
described (36) and the first mammalian protein in which se-
lenium was identified (19). The first monomeric selenocys-
teine-containing GPx (PHGPx or GPx-4) (50) was described
some years later, followed soon by the Sec-containing
tetrameric GPx-3 (43) and GPx-2 (9). Since then, a large num-
ber of homologous sequences from organisms of all living
kingdoms have been annotated in the data banks, most of
them containing a Cys residue corresponding to the Sec pres-
ent in most of the vertebrate enzymes. It thus became evi-
dent that the members of the GPxs family, with a Sec as re-
dox active moiety, are just a minor group, confined to
vertebrates, with some scattered presence in lower organ-
isms. Despite structural similarities, not all of the GPx ho-
mologues are preferentially reduced by GSH but by thiore-

doxin (Trx) or related proteins (26, 33, 41, 42). The majority
of nonvertebrate GPxs share structural features indicating a
preferential reactivity with Trx (33). These Trx peroxidases
of the GPx family are monomeric enzymes containing a sec-
ond, nonaligned, Cys within the a2 helix. On oxidation, the
peroxidatic cysteine forms a disulfide bridge with this sec-
ond cysteine, which, in analogy to the catalytic cycle of per-
oxiredoxins, acts as a “resolving cysteine” (Cg) in being in-
dispensable for regeneration of the ground-state enzyme via
reduction by Trx (26, 33, 41, 44).

The biologic role of GPxs had primarily been seen in the
detoxification of hydroperoxides. By removing hydroperox-
ides, the enzymes were thought to prevent homolytic or het-
erolytic decomposition of hydroperoxides, which would
produce reactive radicals, and, indeed, some of the GPxs, in
particular the mammalian GPx-1, play a pivotal role in cel-
lular antioxidant defense (17). Over the last two decades,
however, evidence accumulated that hydroperoxides are
also involved in cell signaling (53), and that reactions car-
ried out by GPxs could participate in signal transduction, ei-
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ther dampening the oxidative signal or targeting it to spe-
cific protein thiols. Thus, apart from counteracting oxidative
stress, the physiologic function of GPxs expands to physio-
logic processes in which lipoxygenase or cyclooxygenase ac-
tivity or protein thiol oxidation plays a crucial role (7, 51).
GPxs have been implicated in modulating inflammation (3,
4, 54), proliferation (55), apoptosis (24), maturation of sper-
matozoa (32, 48), activation of transcription factors (12), and
cytokine-induced gene activation (5).

Structural analyses of enzymes of the GPxs family (14, 26,
27,39, 44) revealed that they share the o fold of thioredoxin
(34). Redox catalysis takes place on a selenocysteine (Sec) or
Cys residue (15, 56), located on a flat surface of the protein,
N-terminally to the a1 helix. Interestingly, this peroxidatic
cysteine residue (Cp) corresponds to the N-terminal Cys
residue of the CysXXCys motif of Trx (21, 34). From the three-
dimensional structure of the bovine GPx-1, as was estab-
lished in 1983 (14), a catalytic triad composed of a Sec, a Trp,
and a GIn residue was deduced. It was found to be typical
of all GPxs and shown to be functionally relevant by muta-
tional analysis of porcine GPx-4 (30) and more recently also
in a nonselenium GPx-type tryparedoxin peroxidase from
Trypanosoma brucei (TbGPxIII) (41). In this triad, the amido
and imino groups of the GIn and Trp residues are in hy-
drogen-bonding distance from the selenium (or sulfur) of the
peroxidatic Sec or Cys and have been proposed to activate
the redox element (the selenol or the thiol) by hydrogen
bonding, which facilitates the nucleophilic attack on the hy-
droperoxide (30). On collision with a hydroperoxide, the ac-
tive-site selenium or sulfur is therefore readily oxidized to a
selenenic or sulfenic acid derivative, respectively, which
thereafter must be reduced to terminate the catalytic cycle.
In enzymologic terms, these deductions imply an enzyme-
substitution mechanism that, in kinetic terms, should be re-
flected in a ping-pong pattern, as is indeed observed (42, 49).

Despite the seemingly compelling evidence how GPxs ex-
ert their catalysis, the commonly accepted view must be
amended. Sequence alignment of GPxs, encompassing to
date >400 proteins, and improved structural knowledge
highlighted further elements that might contribute to catal-
ysis. From the present study, carried out on the Drosophila
melanogaster GPx (DmGPx) as a paradigm for the entire GPx
family, we provide evidence that it is not a triad, but a tetrad
that accounts for the extraordinary catalytic efficiencies of
glutathione peroxidases. An asparagine residue, Asn136 in
DmGPx, complements GIn80 and Trp135 and proved to be
even more important in Cp activation than any of the
residues so far implicated.

Materials and Methods
Multiple sequence alignment

The alignment of proteins containing an annotated glu-
tathione peroxidase domain and molecular modeling of
DmGPx (Swiss-Prot accession number Q9VZQ8) was col-
lected by running PSI-BLAST (1) for four iterations with de-
fault parameters. A multiple-sequence alignment of 422
unique sequences was generated with MUSCLE (13). From
these, a subset of seven sequences was manually selected to
represent the sequence variability among the different
species and was drawn by using Espript (22).
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Molecular modeling

The structure of DmGPx was modeled from the crystal
structure of the selenocysteine-to-glycine mutant of human
GPx-4 (PDB code: 2GS3). The alignment between both se-
quences is shown as part of Fig. 1. The model, covering the
DmGPx sequence (residues 10 to 165) corresponding to the
crystallized Homo sapiens GPx-4 structure shown in Fig. 1,
was constructed from the alignment by using the HOMER
server (URL: http://protein.cribi.unipd.it/). The server uses
the conserved parts of the structure to generate a raw model,
which is then completed by modeling the divergent regions
with a fast divide-and-conquer method (46). Side chains are
placed with SCWRLS3 (8), and the final energy evaluated with
FRST (45).

Evolutionary trace analysis

Evolutionary trace, expressed as sequence-conservation
patterns, is often used to derive functional constraints on
protein evolution (47). Consurf (28) was used to map the se-
quence conservation onto the model structure with standard
parameters, except for the number of PSI-BLAST iterations
(four instead of one) and maximum number of homologues
(500 instead of 50). Both parameters were increased to allow
a better sequence-space coverage. The results were visual-
ized with PyMol (URL: http://pymol.sourceforge.org/).

Preparation, expression and purification of recombinant
wild type DmGPx and mutants

The expression vector pQE30 (Qiagen, Hilden, Germany)
containing the full-length DmGPx cDNA was obtained as re-
ported (33), and was designed to yield a product containing
the N-terminal extension MRGHHHHHHGSAC upstream
of position 2 of the authentic sequence. This construct was
mutated at residues Asn136, Asn40, and Cys74 to yield the
variants N136A, N136H, N136D, N40A, and C74A, respec-
tively by means of the QuikChange site-directed mutagene-
sis kit (Stratagene, Cedar Creek, TX) by using the primers
(changed codons in italics):

fw: 5'-CAGCGGAATCAAGTGGGCCTTCACCAAGTTTC-
TGGTGAAC-3'

rev: 5'-GTTCACCAGAAACTTGGTGAAGGCCCACTTGA-
TTCCGCTG-3'

fw: 5'-CAGCGGAATCAAGTGGCACTTCACCAAGTTTC-
TGGTGAAC-3'

rev: 5'-GTTCACCAGAAACTTGGTGAAGTGCCACTTGA-
TTCCGCTG-3'

fw: 5'-CAGCGGAATCAAGTGGGACTTCACCAAGTTTC-
TGGTGAAC-3’

rev: 5'-GTTCACCAGAAACTTGGTGAAGTCCCACTTGA-
TTCCGCTG-3'

fw: 5'-GCAAGGTGGTCCTGGTGGTGGCCATCGCCTCCA-
AGTGCGG-3'

rev: 5'-CCGCACTTGGAGGCGATGGCCACCACCAGGA-
CCACCTTGC-3’

fw: 5'-GTGATCCTCAACTTCCCGGCCAATCAGTTTGGG-
TCCCAG-3’

rev: 5'-CTGGGACCCAAACTGATTGGCCGGGAAGTTGA-
GGATCAC-3’
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FIG.1. Multiple-sequence alignment of representative GPx sequences. The sequence of the crystal structure with PDB
code 2GS3 is shown in the first row, with the secondary structure above. Sequence numbering follows Drosophila GPx, and
all seven human GPx sequences are also shown. *Residues composing the established catalytic triad. A, The two strictly
conserved asparagine and the cysteine residues. Note that the catalytic cysteine is mutated to glycine in the crystal struc-

ture (first row).

Mutations were verified by double-strand DNA sequenc-
ing.

Protein expression induced in E. coli J]M 109 by 1 mM IPTG
for ~4 h. After lysis of the bacterial pellet by B-Per extrac-
tion reagent (Pierce, Rockford, IL) containing 5 mM mer-
captoethanol, 0.1 mg/ml phenylmethylsulfonyl fluoride, 0.7
mg/ml pepsatin, and 0.5 mg/ml leupeptin, protein purifi-
cation was obtained by two chromatographic steps on a Ni-
NTA (Qiagen, Hilden, Germany) and Superdex 75 resins, as
previously described (33). After concentration, protein con-
tent was quantified according to (6). The purified proteins
appeared 80% homogeneous on SDS-PAGE gels stained with
Coomassie blue. Before use, the enzymes were reduced by
30 mM 2-mercaptoethanol, as previously described (33).

Circular dicroism spectra of wild-type DmGPx and
N136A, N136H, N136D, N40A, and C74A mutants were
identical, suggesting that mutations did not produce any de-
tectable structural modification of the overall secondary
structure and conformation.

Preparation, expression, and purification of
recombinant human Trx and Plasmodium
falciparum thioredoxin reductase

Human Trx (hTrx) and Plasmodium falciparum thioredoxin
reductase (PfTrxR) were used for activity measurements and
kinetic analysis (see later). These were obtained as recombi-
nant proteins after heterologous expression in E. coli and pu-
rification. Both the pQE30 plasmids containing the full cDNA
sequence of h'Trx and PfTrxR were a kind gift of Katja Becker,
University of Giessen, Germany, and contained an MRGH-
HHHHHGS extension for protein purification. The hTrx se-
quence was mutated to obtain the substitution of Cys72 into
Ser, to prevent dimerization (40), yielding hTrx“Ys72/Ser by
means of the QuikChange site-directed mutagenesis kit
(Stratagene, Cedar Creek, TX) by using the primers (changed
codons in italics):

fw: 5'-GCTTCAGAGTGTGAAGTCAAATCCACGCCAAC-
ATTCCAG-3’

rev: 5'-CTGGAATGTTGGCGTGGATTTGACTTCCACTCT-
GAAGC-3'

The proteins were expressed, extracted and purified as re-
ported earlier for the DmGPx variants, except that only one
chromatographic step on the Ni-NTA resin was performed.
Protein content was quantified as before. hTrxCys72/5er wag
95% pure on an SDS gel (Coomassie stain) and was stored
at —80°C in small aliquots containing 10 mg/ml protein,
which were defrosted just before use. By similar criteria,
PfTrxR was 80% pure and stored at +4°C. One unit of PfTrxR
is defined as the amount of enzyme yielding NADPH-
dependent production of 2 umol of 2-nitro-5-thiobenzoate
(e412nm = 13.6 mM/cm) per minute at room temperature in
the dithionitrobenzoic acid-reduction assay (23, 37).

Activity measurements and kinetic analysis

The coupled assay with NADPH, Trx, and TrxR was used
for activity measurements and kinetic analysis (33, 50).
In brief, for activity measurement, absorbance at 340 nm
was measured with a Beckman DU7 spectrophotometer
equipped with magnetic stirrer at room temperature in a
2.5-ml assay containing 0.1 M Tris-HCI (pH 7.4), 5 mM
EDTA, 0.1% Triton X-100 (vol/vol), 0.15 mM NADPH, 5 uM
hTrxCys72/5er and 1 unit/ml of PfTrxR. The reaction started
with 30 uM phosphatidylcholine hydroperoxide (PCOOH)
(31).

Kinetic analysis was performed by single-curve progres-
sion analysis in which reactions run to completion. To this
end, the digitalized readouts obtained every second by the
spectrophotometer were integrated and divided in time in-
tervals of 5-10 s, where the rate was measured, while the ac-
tual substrate concentrations were extrapolated at the be-
ginning of each time interval. Data were fitted to the general
Dalziel equation for ping-pong mechanism involving two
substrates:

[Eol/v = o + ¢1/[ROOH] + ¢2/[Trx]

where [E] is the total enzyme molarity, v the rate, [ROOH]
and [Trx] the concentrations of the hydroperoxide and Trx,
respectively, and the ¢ values are the coefficient experi-
mentally obtained from slopes and intercepts of double-rec-
iprocal Dalziel plot (11). The coefficient ¢, proved to be zero
for the Trx peroxidase reaction of DmGPx (33), implying lack


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2055&iName=master.img-000.jpg&w=492&h=133

1518

of enzyme saturation, as is commonly observed for the GSH
peroxidase reaction of SecGPxs (15, 49). The coefficient ¢; is
defined as the reciprocal of the rate constant k" ;; for the net
forward reduction of reduced enzyme with hydroperoxide
(Eq. 1) and may be regarded as k,;, because the reaction
shown in Eq. 1 should be irreversible. ¢, is the reciprocal
K’ 4 for the stepwise regeneration of the reduced enzyme by
Trx [Egs. 2 and 3; for a more detailed description, see (33)].

GPxyeq + ROOH g GPxox + ROH + H,0 (Eq. 1)
ko

GPxox + Trx-(SH), kz*z [GPxox - Trx-(SH)2]  (Eq. 2)
k—>

[GPxox - Trx-(SH),] (k_LE GPxyed + Trx-(S),  (Eq. 3)
ks

Under the adopted conditions, spontaneous reduction of
PCOOH was close to zero and was ignored.

pK, calculations

The computation of pK, shifts was performed according
to the procedure described by Antosiewicz et al. (2), with mi-
nor modifications as described (20). Histidine neutral state
was assigned by using pdb2gmx, one of the utilities of the
software package GROMACS (52). First electrostatic ener-
gies described as background (i.e., interaction between sin-
gle ionization charges and the system with nonionized
residues), self (desolvation) and interaction (i.e., between ion-
ization charges) energies are computed for all titratable sites
in both folded protein and isolated amino acids, which are
assimilated, as far as pH-dependent behavior is concerned,
to the unfolded protein. Based on these computations, the
titration energy in the protein is compared with that in the
isolated residue. The energy difference results in a shift in
pK,. Because of the interaction of titrating residues in the sec-
ond stage, the computed energies are used in a Monte Carlo
procedure to generate a statistical ensemble of protonation
states at different pH values ranging, for the sake of fitting
titration curves, from —2.0 to 16.0 (20). Titration curves for
each titratable site are fitted to a single-site ionization curve,
and the apparent pKj,s are obtained.

Mass spectrometry analysis

Wild-type DmGPx and its Asnl36 variants (N136A,
N136H, N136D) were reduced by 10 mM mercaptoethanol.
After removal of the reductant by buffer exchange, the en-
zymes were treated with 50 uM H>O, for 2 min to obtain ox-
idation. The oxidized proteins were then characterized by
LC-ESI-MS/MS as described (35).

Results
Structural denominators common to the family of GPxs

The availability of both a large number of GPx sequences
and high-resolution crystallographic data of GPxs (14, 26,
39), in particular those of the human GPx-4 (PDB code 2GS3),
substantially expands the bioinformatics basis to deduce
functional characteristics that are common to the entire en-
zyme family (44). It is therefore deemed worth reconsidering
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the frequently reproduced catalytic triad of the glutathione
peroxidases, as it was deduced from the crystallographic
analysis of bovine GPx-1 (14), in view of recent data.

A representative subset of GPx sequences is shown in Fig. 1.
Apart from the established catalytic triad (marked with an as-
terisk), the alignment shows some clusters of amino acids that
are highly conserved throughout the entire family, e.g., the
NVA(S/T) motif two residues N terminal to the peroxidatic
residue (U/C) followed by a strictly conserved xxT, the FPC-
NQFGx motif preceding the GIn of the triad, a KxxVNG mo-
tif, and the WNFxKxLxxxxG comprising the active site Trp. The
residues specifically addressed here (i.e., Asn40, Cys74, and
Asn136) are marked with a triangle. The functional relevance
of the conserved clusters remains largely unknown, but be-
comes in part conceivable from Fig. 2, which shows the posi-
tion-specific conservation in a molecular model of DmGPx, cal-
culated with Consurf (28) from an alignment of 422 sequences.
The most conserved residues are clearly located inside a cone
extending from the active site toward the opposite protein sur-
face. They comprise not only the three previously documented
residues of the catalytic triad, but also a group of residues in
the core that are hydrophobic, with the notable exception of
Asn40, Asn136, and Cys74, the latter reaching the surface op-
posite to the catalytic center. Whereas Asn40 and Asn136 are
conserved in 100% of the sequences, Cys74 is substituted by Ser
or Ala in 5% or 4% of the sequences, respectively.

Figure 3 shows the DmGPx model with the amino acids
that are presumably involved in the oxidative step of the
catalysis represented as ball-and-sticks. The active-site
residues are locked into position by a complex network of

FIG. 2. DmGPx model with Consurf (28) conservation-
score coloring from cyan (unconserved) to magenta (strictly
conserved). The most-conserved positions are shown as lines,
and active-site residues in ball-and-sticks. The protein surface
is semitransparent. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article at www.liebertonline.com/ars).


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2055&iName=master.img-001.jpg&w=239&h=264

THE CATALYTIC SITE OF GLUTATHIONE PEROXIDASES

FIG. 3. DmGPx active-site close-up. The protein is shown
in the same orientation as in Fig. 2 and colored from N- (blue)
to C-terminus (red). Active-site residues discussed in the text
are shown as ball-and-sticks and labeled. (For interpretation
of the references to color in this figure legend, the reader is
referrred to the web version of this article at www .lieber-
tonline.com/ars).

hydrogen bonds with neighboring residues (Fig. 4A—C). The
Cys45 of DmGPx, which replaces the selenocysteine residue
of the mammalian GPxs and is known to be the Cp, forms
two strong hydrogen bonds with Thr48 (Fig. 4A), conserved
in 95% of the 422 sequences, and corresponds to the second
Cys of redox center in most (non-GPx) proteins belonging to
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the thioredoxin-like fold. Although evidently important for
structural stability of the active site, Thr48 appears to be func-
tionally irrelevant, because the exchange of the equivalent
Thr50 in ThGPxIII only marginally affected activity (41). The
GIn80 residue is held in place by backbone-to-backbone hy-
drogen bonds with a poorly conserved Lys44 and the highly
conserved Gly78, and a hydrogen bond links the amidic ni-
trogen of GIn80 to sulfur of Cp (Fig. 4B). The loop contain-
ing Trp135 and Asnl136 is hydrogen-bonded to the Asn40
side chain, and, most important, the imino and amido ni-
trogens of Trp135 and Asnl136 are hydrogen-bonded to the
sulfur of Cp (Fig. 4C). A small cavity is seen between Asn136,
Asn40, and Cys74 and the core of the protein. It appears too
small to harbor a water molecule and is also flanked by con-
served hydrophobic side chains. The cavity, however, allows
a flexible rearrangement of the three side chains. Asn136, de-
pending on side-chain rotation, can be either coordinated to
Cp, as shown in Fig. 4C, or hydrogen-bonded to Asn40 be-
longing to the conserved rigid core of the protein. This side-
chain rearrangement also leads to hydrogen-bond formation
between Asn136 and Cys74, suggesting a concerted motion
of all three residues. In this conformation, the hydrogen bond
between the amide nitrogen of Asn136 and the sulfur of Cp
is lost (Fig. 4D).

In short, the model suggests that Asn136 complements
GIn80 and Trp135 in activating the sulfur of Cp, whereas in
an alternative configuration, Asn136 has no direct contact to
Cp, and the catalytic sulfur is hydrogen-bonded only to the
nitrogens GIn80 and Trp135, as originally proposed.

Computational calculation of the pK, of the
peroxidatic cysteine

The computational calculation of the pK, of Cp in the ac-
tive site of the modelled DmGPx yields a value of 7.2 (Table
1); i.e., approximately one pH unit below the pK, of free cys-

FIG. 4. Hydrogen-bonding net-
work of the DmGPx active site.
The protein is shown in different
orientations in different panels,
colored from N- (blue) to C-termi-
nus (red), to highlight selected de-
tails of the active-site geometry. In-
teraction between (a) Cp, and T48.
(b) Q80, K44 and G78. (c) N40 and
W135. (d) N136, N40, and C74.
(b—d) The hydrogen bonding of
sulfur of C, with nitrogens of
W135, N136, and Q80 are also
demonstrated. Relevant residues
are shown as ball-and-sticks, and
hydrogen bonds as black dashes.
See text for explanation. (For in-
terpretation of the references
to color in this figure legend, the
reader is referred to the web
version of this article at www.
liebertonline.com/ars).
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teine in aqueous solutions, which is low anyway because of
proton shuttling between the thiol and the neighboring
amino group (16), and two units below the pK, commonly
observed with cysteinyl residues in peptides, e.g., in GSH
(25). This corroborates the expected role of the amino acids
in the catalytic center of GPx in activating the Cp by favor-
ing its dissociation/activation. To assess the individual roles
of Asn136 and the other two residues that are part of the es-
tablished triad in favoring the activation of Cp, we computed
the pK, values obtained by in silico mutation of Asn136,
GIn80, and Trp135 in DmGPx (Table 1). The pK, of Cp was
shifted toward more-alkaline values when Ala, Asp, or His
replaced the Asn136 residue of the wild-type enzyme. A pK,
shift was also obtained, when Ala, His, or Glu substituted
for GIn80. As expected, acidic substitutions produced the
largest effect. Surprisingly, a significant effect on pK, of Cp
was obtained only when an acidic residue substituted for
Trp135. Accordingly, Asn136 and GIn80 should be the key
players in reducing the pK, of Cp. Notably, the largest pK,
shifts were consistently produced by the exchanges of
Asn136, which corroborates a direct interaction of its amido
group with the sulfur of Cp, as shown in Fig. 4C.

Effect of mutations of N136 on catalytic activity

Specific activities of molecular mutants of DmGPx proved
the presumed role of Asn136 in catalysis. When neutral (Ala)
or basic (His) amino acids were substituted for Asn136, the
specific thioredoxin peroxidase activity decreased by a fac-
tor of 60 or 36, respectively, and the N136D substitution
yielded an inactive enzyme (Table 2). The effect on enzy-
matic activity was also tested on mutants in which the two
residues, Asn40 and Cys74, which alternatively could be hy-
drogen-bonded to Asn136, were mutated into Ala (DmGPx
variants N40A and C74A). Mutagenesis of both residues re-
sulted in one third of the specific activity of wild-type en-
zyme (Table 2).

To determine which step of the catalytic cycle is primar-
ily affected by the substitutions, steady-state kinetic analy-
ses were performed with the wild-type enzyme and the ac-
tive molecular mutants, and the apparent rate constants for
the overall oxidizing and reducing part of the catalytic cy-
cle, k' 1 and k"1, were determined according to Dalziel. As

TaBLE 1. PK, VALUES OF DMGPxs PEroxiDATIC CYS
DmGPx Protein pK.*
Wild type 7.2
N136A 7.8
N136D 10.2
N136H 7.8
Q80A 7.6
QS80E 9.6
Q80H 7.8
WI135A 7.2
W135E 7.6
W135H 7.1

*pK, values were computed for the wild-type protein or for the in-
dicated Asn136, GIn80, and Trpl35 mutants (numeration of
DmGPx). GIn80 and Trpl35 are part of the established catalytic
center of GPxs.
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TABLE 2. THIOREDOXIN PEROXIDASE ACTIVITY OF THE
WILD TYPE AND INDICATED DMGPX VARIANTS

Specific activity

DmGPx protein* (umoles/min - mg)

Wild type 14.38 + 0.65
N136A 0.24 = 0.08
N136H 0.40 = 0.03
N136D Undetectable
N40A 429 + 0.15
C74A 5.81 = 0.53

*In the variants, Asn136, Asn40, or Cys74 of the wild-type enzyme
was replaced as indicated. Activity was measured with Trx and
PCOOH as reducing and oxidizing substrate, respectively, as de-
scribed in Materials and Methods. Results are means = SEM of five
independent measurements.

reported (33), DmGPx displays ping-pong kinetics with infi-
nite Ky, and Vnax values. Accordingly, k" 1 approximates the
rate constant k1, which describes the oxidation of the en-
zyme by the hydroperoxide substrate, and k', , is the net for-
ward-rate constant for the formation of the complex of the
oxidized enzyme and the reductant (k;, — k), here thiore-
doxin. N136A and N136H substitutions produced a decrease
by approximately three orders of magnitude of the apparent
rate constant k1. An influence of the mutations on k', also
was observed, but was generally less pronounced (Table 3).
In agreement with data obtained by specific-activity mea-
surement, a significant, although much less marked, de-
crease was observed when Ala replaced Asn40 or Cys74.

Further to confirm the impact of Asn136 on the oxidation
of the Cp, the first reaction of the peroxidatic cycle, we ana-
lyzed the Cp redox status of wild-type and Asn136 DmGPx
variants by MS/MS, after 2-min exposure to 50 uM H,0O, in
the absence of reducing substrates. In this experiment, the
proteins were first reduced, exposed to the oxidant substrate,
fragmented, and peptides finally analyzed by MS/MS, as
was extensively described for the analysis of wild-type
DmGPx (33). A validated procedure was adopted (35), in
which peptides were produced by pepsin hydrolysis under
acidic conditions to prevent scrambling of disulfides and ar-
tifactual cysteine oxidation. The Cp-containing peptides were
identified in the three forms: reduced, linked through a disul-
fide to the fragment containing the Cg, and overoxidized (i.e.,
with Cp oxidized to a sulfinic acid). As expected, after oxi-
dation by H,O,, the wild-type enzyme contained the largest
part of the Cp as disulfide with Cg (81%), just traces in the
reduced form (2%), and a minor part overoxidized to the
sulfinic acid derivative (17%) (Table 4). In contrast, all mu-
tants contained a substantial amount of reduced Cp (36% to
66% for different substitutions), lower amounts of the disul-
fide, and just traces of the overoxidized form. In agreement
with the predictions of molecular modeling and the kinetic
data, these results reveal that substitutions at Asn136 yield
an enzyme that is more resistant to oxidation.

Discussion

The catalytic triad, in which a Gln and a Trp residue are
close to the Sec in the active site of GPx-1, was originally pro-
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TaBLE 3. KiINETIC COEFFICIENTS AND APPARENT RATE CONSTANTS
ofF WILD-TYPE DMGPX AND MOLECULAR MUTANTS

O kyq d, k' 42
DmGPx Protein (uM s) (M~1s71) (uM s) (M~1s71)
Wild type* 0.75 = 0.4 1.3 X 106 0.66 = 0.2 1.5 X 106
N136A 251 = 78 4.0 % 103 47 + 55 2.1 X 104
N136H 176 = 72 5.7 X 108 27 = 35 3.7 X 10*
N40A 37 04 2.7 X 105 23 +13 4.3 % 105
C74A 24 0.3 4.2 X 10° 21 +04 4.6 X 10°

Results are means + SEM of at least three independent measurements. *Values from 33.

posed from crystallographic data (PDB code 1gp1) (14), sup-
ported by sequence conservation, and later verified by mu-
tational analysis of GPx-4 (30) and TbGPxIII (41). Thereafter,
sequence homology and fold recognition, by using GPx-1 as
template, sustained the conclusion that this active site is con-
served in all GPxs, including those containing Cys at the ac-
tive site. In some plant GPx homologues, however, the GIn
is replaced by Glu (26), shedding doubt on the absolute re-
quirement of the Gln for catalysis. Conversely, these plant
GPxs may be expected to be poor peroxidases, based on data
on mutants of the homologous pig GPx4 (30).

In addition, recent higher-definition crystallographic data
suggested a reconsideration or amendment of the seemingly
convincing concept of the catalytic mechanism. The struc-
ture of human GPx-4 (HsGPx-4), which has recently been de-
posited in structure databases (PDB code 2gs3), confirmed
the overall structure of the active site. It differed, however,
from the GPx-1 structure (PDB code 1gpl) (14) in a subtle
but functionally relevant detail, the orientation of the car-
boxamide group of Asn136 in the active site. The 1gp1, which
is the structure of an over-oxidized enzyme (seleninic form),
places the oxygen atom of Asn136 close to the sulfur of Cp.
Instead, the structure 2gs3, which represents a mutant with
the catalytic Sec replaced by Ala, shows the amide nitrogen
of Asnl36 pointing toward a position corresponding to the
selenium in the wild-type enzyme. Because none of the struc-
tures represents the ground-state enzyme, the precise orien-
tation of the Asn remains ambiguous. However, the marked
functional consequences of an Asn136 mutation in DmGPx
that we observed strongly corroborate the orientation shown
in 2gs3, which assumes that in the ground-state enzyme, the
amide nitrogen of Asn136 also is hydrogen-bonded to the

TaBLE 4. REDOX STATUS OF THE PEROXIDATIC CYS OF THE
WiLD TyPE AND DMGPx N136 VARIANTS

DmGPx protein Thiol Disulfide Sulfinic
Wild type 2 + 04 81 * 16 17 +3
N136A 56 x 14 41 = 10 3x1
N136H 36 = 16 61 = 20 3*x1
N136D 66 = 17 28 =7 6+ 2

*Results are expressed as means = SEM of relative percentage of
the thiol, disulfide, or sulfinic acid derivatives of the Cp, as deter-
mined by MS/MS analysis in three independent experiments after
2 min incubation with 50 uM H,0O,.

catalytic sulfur. Only in this position can the Asn activate Cp,
because a carbonyl oxygen would hardly support the reac-
tivity of the sulfur. Analogous considerations suggest that
the amide nitrogen of GIn80 also is oriented toward the cat-
alytic sulfur. An activation of the Cp sulfur thus appears to
be facilitated by hydrogen bonding of the nitrogens of
Trp135, GIn80, and Asn136.

Accordingly, the pK, shifts between mutant and wild-type
GPxs shown in Table 1 were calculated for the configuration
in which both amide groups are oriented toward the catalytic
thiol. For the Asn configuration chosen, the computed pK,
value of the wild-type DmGPx Cp is 7.2 and thus meets the
main demand for the reaction of Cp with hydroperoxides.
This decreased pK, results primarily from a low-barrier hy-
drogen bond (LBHB) in which the proton is delocalized be-
tween the Cp thiol and the amide nitrogen of Asn136. Any
alternative orientation of either or both the amide groups
would be incompatible with the observed reactivity of Cp.
Thiol pK,s of 8.5 and 9.2 are calculated if one or both amide
groups are flipped.

However, one must consider that continuum pK, calcula-
tions are not expected to be accurate in absolute terms. Ac-
cordingly, the pK values here calculated differ from those re-
cently deduced from pH-dependent rates for cysteine
alkylation of the yeast GPx homologue Orp1 by Ma et al. (29).
Continuum pK, calculations will, however, reliably predict
pK shifts due to changes of the microenvironment of a dis-
sociable residue and, expectedly, Ma et al. (29) observed a
shift of the deduced pKa of Cp in Orpl when its active-site
Trp and Gln was mutated to Ala. Because the rate of S-alky-
lation within a protein may not only be modulated by the
pKa of the thiol under consideration, it is hard to predict
whether the approach chosen by Ma et al. (29) or the theo-
retic one chosen here yields the more revealing data.

Starting from the conformation with both amide groups
oriented toward Cp, the largest shifts of the Cp pK, values
are calculated for negatively charged residues substituting
for Asn136 and GIn80, whereas substitution by neutral or ba-
sic residues yield smaller effects. Qualitatively, the calculated
pK, values are negatively correlated with the activities of
molecular mutants of DmGPx, TbGPxIII (41), and the Cys
variant of pig GPx-4 (30). The correlation is even better be-
tween the pK, values and the rate constants for the oxida-
tive part of the catalytic cycle, k1, revealing that the activa-
tion of Cp is primarily relevant to the reaction with the
hydroperoxide substrate. The particular contribution of
Asnl136 to the activation/dissociation of Cp, which had so
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far been overlooked, is convincingly demonstrated by the
complete inactivity of DmGPx N136D and its almost com-
plete resistance to 50 uM H,O, over 2 min, a time frame far
beyond that required to oxidize the wild-type enzyme.

Quantitatively, however, the computed pK, shifts do not
fully explain the differing activities of the DmGPx mutants.
A pK, shift of three units, as is calculated for an Asn136/Asp
exchange, might well account for the undetectable activity
of the mutant and thus may be considered consistent with
the assumption that dissociation of Cp is the only pivotal fac-
tor for its reactivity, but the rather moderate pK, elevations
calculated for DmGPx N136A or N136H (7.8) do not explain
the decrease in k11 values by three orders of magnitude with-
out additional assumptions.

The Trp135 mutations, instead, seem to affect the pK, val-
ues of Cp only marginally, and, in general, corresponding
mutations of the pig GPx-4 (30) and the T. brucei GPx ho-
mologue (41) are apparently less detrimental to enzymatic
activity than are corresponding mutations on GIn80 or
Asn136. It therefore appears conceivable, as previously pro-
posed (41), that Trp135 is not directly involved in the catal-
ysis, and its primary role is to keep the active-site sulphur
or selenium in place by hydrogen bonding. The conserva-
tion of the residues Thr48 and Lys44 is likely attributed to a
similar strengthening of the active-site architecture (Fig. 4).

The dramatic decrease in activity observed on mutation of
Asn136 (Table 2) or GIn80 (30, 41) suggests functional roles
of carboxamide groups in GPx catalysis beyond merely en-
forcing dissociation of Cp. A carboxamide group may also
be implicated, in principle, in polarization of the hydroper-
oxide substrate to facilitate its heterolytic cleavage. For ster-
ical reasons, a direct interaction of Asn136 with substrate can
be excluded. Its carboxamide function reaches the redox-ac-
tive thiol (selenol) from the hydrophobic core of the protein
and thus is the ideal candidate to activate Cp. In contrast, the
surface-exposed carboxamide of GIn80 can readily interact
with both Cp and the substrate. With these considerations, a
tentative scheme for the first step of GPx catalysis may be
proposed that complies with the vast majority of known se-
quences, available structures, and mutagenesis data (Fig. 5).

Starting from the thiol form with Trp135, GIn80, and
Asn136 coordinated to the sulfur (Fig. 5A), Asn136, due to
the low dielectric constant of its hydrophobic environment,
most avidly attracts the proton from the Cp thiol to form an
LBHB. Because release of the proton from the thiol is further
facilitated by the proton-donating power of Trpl35 and
GIn80, the LBHB between Cys45 and Asn136 is practically
equivalent to a salt bridge between the thiolate and the pro-
tonated carboxamide group. Panel A in Fig. 5 thus repre-
sents the “thiolate” form of the enzyme that can react with
the oxidizing substrate. The latter has few structural re-
quirements besides bearing a hydroperoxy group that has
access to the surface-exposed sulfur and is likely “bound” in
a way that its O-O bond can be polarized by GIn80, as shown
in Fig. 5B. In this transition state, the relatively negative car-
bonyl of GIn80 attracts the proton of the terminal oxygen,
whereas its amide donates a proton to the proximal oxygen
of the hydroperoxide, thereby generating ROH (instead of
RO") as a strong leaving group. At the same time, the nu-
cleophilic sulphur can attack the electron-deprived terminal
oxygen. On release of the product ROH (or H,O, if the sub-
strate was HyO; Fig. 5C), we see the sulfenic acid form be-
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FIG.5. Proposed scheme for the first step of GPx catalysis.

ing generated, which is commonly postulated as the first cat-
alytic intermediate of the catalytic cycle and has recently
been verified as such for the GPx-3 protein of Saccaromyces
cerevisiae (29). In panel C, the sulfenic acid is shown in its
S(H)=O0 tautomeric form, still hydrogen bonded to Asn136.
However, the acidic hydrogen will readily dissociate [pK,
values of sulfenic acids are reported to range around 5 (10)],
and GIn80 may further reduce the pK, of the oxidized Cp, as
indicated in Fig. 5D. More important, on oxidation and dis-
sociation of the oxidized Cp, the original net of hydrogen
bridges at the active site is deeply altered, the carboxamides
will shuttle their protons back to conventional tautomeric
forms, and the oxidized Cp is largely freed from structural
constrains and can reach out to interact with Cg (in case of
the thioredoxin-type peroxidases) or the reducing substrate.
Asn136 may now adopt its alternative position and become
hydrogen-bonded to Asn40 and Cys74, whereby the obliga-
tory movements of Cp for cosubstrate interactions might be
further facilitated. This alternate movement of the loop con-
taining Asn136 could account for the minor but significant
effect on activity brought about by neutral mutations of
Asn40 and Cys74.

Figure 5 offers a plausible explanation for reactivity of
the Cp of glutathione peroxidases. Extremely high k, val-
ues, which describe the oxidation of the enzymes by hy-
droperoxide substrates, were not surprising when Cp was
Sec, because of the intrinsic higher reactivity of Se vs. S. The
subsequent discovery of natural, highly reactive Cys-con-
taining GPx homologues was therefore rather unexpected.
For instance, the natural cysteine homologue DmGPx, with
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a kyq of 1.3 X 10® M/s for the reduction of phosphatidyl-
choline hydroperoxide, almost reaches the efficiency of the
selenoperoxidases. As demonstrated here, this unusual cys-
teine reactivity is achieved within a catalytic tetrad pri-
marily by two coordinated carboxamide groups, the one of
Asn136 being most relevant for Cp activation, whereas that
of GIn80, for polarization of the hydroperoxy bond. Figure
5 also reveals how the enzyme is prepared for the next step
of the catalytic cycle, the formation of an internal disulfide
bridge between Cp and Cg, which is particularly important
for the thioredoxin peroxidases of the GPx family. As shown
for DmGPx (33) and TbGPxIII (41), this step is obligatory
for the consecutive reduction by thioredoxin. As was pos-
tulated from molecular modeling (33) and is now evident
from the first x-ray structure of a GPx-type thioredoxin per-
oxidase (26), the formation of this internal disulfide bond
requires substantial structural changes, including unwind-
ing of the a2 helix, where Cg (Cys91) is located, plus a ma-
jor move of Cp, which depends on the disruption of the hy-
drogen bonds that fix Cp in the catalytic tetrad of the
ground-state enzyme. Interestingly, this complicated phe-
nomenon appears not to be the rate-limiting step of the
catalysis, because DmGPx kinetics, like those of most GPxs
(17), are characterized by a lack of limiting Vi and Kp,
values. This implies that only substrate-involving reactions
of the cycle can be rate limiting. In consequence, we cannot
conclude how this structural rearrangement is affected by
the components of the tetrad, because the step cannot be ki-
netically analyzed. In contrast, we may argue that the re-
duction of the disulfide form with thioredoxin is influenced
by Asn136, because its substitution also affects k', (Table
3). k' 4> is best interpreted as the net forward rate constant
for the association of the oxidized enzyme, more precisely
its disulfide form, with the reducing substrate, here thiore-
doxin. It is conceivable that Asn-dependent proton shut-
tling, as is pivotal for the first catalytic step, is also involved
in the reductive part of the cycle.

In conclusion, the peroxidatic reaction center of GPx is
not a triad, but a tetrad, in which a redox-active cysteine
or selenocysteine is hydrogen-bonded to the nitrogens of
conserved Asn, Gln, and Trp residues. Within this archi-
tecture, the thiol or selenol of Cp is activated, in particular
because of the coordination of two carboxamide functions.
Beyond the dissociation state of Cp, carboxamide-mediated
proton shuttling to polarize further the redox-active chalco-
gen and the peroxo bond of the substrate must be taken
into consideration. In broader perspective, the data pre-
sented here disclose a novel structural feature to activate
protein thiols (selenols) for the oxidation by hydroperox-
ides, a phenomenon that merits increasing attention in the
context of redox regulation of metabolic processes. Com-
monly, surface exposure and a nearby positive charge are
considered to account for a fast and selective oxidation of
particular cysteine residues, and cysteine activation by the
positive charge of a coordinated arginine residue is a valid
principle, as amply established in peroxiredoxin catalysis
(18, 38). It is here demonstrated that rather extreme reac-
tion rates of cysteine residues can also be induced by car-
boxamide functions of neutral amino acids, if appropriately
coordinated, and it might be revealing to search for analo-
gous structural features in proteins with so-far unexplained
cysteine reactivities.

1523

Acknowledgments

S.C.E.T. is funded by a “Rientro dei cervelli” grant from
the Italian Ministry for Education, University and Research
(MIUR). We are indebted to Dr. Louise Benazzi, CNR
Milano, for tandem MS analysis.

Abbreviations

Cp, peroxidatic cysteine; Cg, resolving cysteine; DmGPx
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E.C. 1.11.1.12); Sec, selenocysteine; TbGPxIII, Trypanosoma
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