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INTRODUCTION

Aerobic organisms have evolved various nonenzymatic and enzy-

matic systems to detoxify reactive oxygen species (ROS), thereby limit-

ing the adverse effects of these damaging compounds. Among the

enzymes involved in the cellular response to oxidative stress are several

glutathione-dependent enzymes, like glutaredoxins (Grx), glutathione

peroxidases (Gpx), thioredoxin reductases (TR), and glutathione reduc-

tases (GR).

Gpxs represent a family of enzymes with complex evolutionary rela-

tionships and characterized by various activities, reducing partners and

cellular localizations.1 Some Gpxs are selenoproteins2 using glutathione

(GSH) to catalyze the reduction of H2O2 and organic hydroperoxides,

but recently several nonselenium Gpx with cellular activities different

from their canonical antioxidant role have been identified.3

Selenium-containing Gpxs have a functionally relevant residue of

Selenium Cysteine (Sec), encoded by a TGA codon,4,5 in the active

site. Sec is required for full catalytic efficiency, as shown by point

mutation or in vivo Se depletion6; and the Sec to Cys mutant Gpxs

studied so far present a variable degree of functional impairment with

respect to their wild type counterparts.7 The presence of Sec has

aroused interest on Gpx, due to the in vivo relevance of selenopro-

teins8; however, the known difficulties in heterologous expression of

native selenoenzymes represent a practical problem.9

Although the classification of Gpxs is complex and has been repeat-

edly revised, it seems that seleno Gpxs may still be classified into four
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ABSTRACT

Oxidative stress is a widespread challenge for

living organisms, and especially so for para-

sitic ones, given the fact that their hosts can

produce reactive oxygen species (ROS) as a

mechanism of defense. Thus, long lived para-

sites, such as the flatworm Schistosomes, have

evolved refined enzymatic systems capable of

detoxifying ROS. Among these, glutathione

peroxidases (Gpx) are a family of sulfur or se-

lenium-dependent isozymes sharing the ability

to reduce peroxides using the reducing equiv-

alents provided by glutathione or possibly

small proteins such as thioredoxin. As for

other frontline antioxidant enzymatic systems,

Gpxs are localized in the tegument of the

Schistosomes, the outermost defense layer. In

this article, we present the first crystal struc-

ture at 1.0 and 1.7 Å resolution of two

recombinant SmGpxs, carrying the active site

mutations Sec43Cys and Sec43Ser, respectively.

The structures confirm that this enzyme

belongs to the monomeric class 4 (phospho-

lipid hydroperoxide) Gpx. In the case of the

Sec to Cys mutant, the catalytic Cys residue is

oxidized to sulfonic acid. By combining static

crystallography with molecular dynamics sim-

ulations, we obtained insight into the sub-

strate binding sites and the conformational

changes relevant to catalysis, proposing a role

for the unusual reactivity of the catalytic

residue.
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major groups: Gpx1 (cellular or cytosolic10), Gpx2 (gas-

trointestinal11), Gpx3 (plasmatic or extracellular, which

use Trx instead of GSH as reducing substrate12), Gpx4

(phospholipid hydroperoxide Gpx13). An additional iso-

zyme, closely related to class 3 Gpxs, has been detected

in the olfactory epithelium and assigned to class 6, whose

members are either selenium (in humans) or sulfur based

(in rodents).1 Only a few Gpxs have been structurally

characterized, including the enzymes from bovine eryth-

rocytes and from human plasma (both homotetramers,

M.W. 5 84 KDa, with one Sec and one GSH binding site

per subunit). Bovine and human enzymes, though classi-

fied as cytosolic (Gpx1) and extracellular (Gpx3), display

a very similar organization of residues in the catalytic

site, with two highly conserved amino acids: Gln and

Trp.10,12 These two residues seem to be crucial for enzy-

matic activity, being localized at hydrogen bonding dis-

tance from Sec; recent results suggest that also the con-

served Asn residue closer to Trp may play a role during

catalysis.14

The same pattern of catalytic residues is present also in

class 4 Gpxs. Gpx4 have been found in different organisms

from mammals to parasites,13 to plants15 and seem to be

involved in many cellular processes, from regulation of ap-

optosis to protection of biological membranes from oxida-

tive stress.16–19 Indeed the latter function discriminates

class 4 from all other family members. Few functional

studies of Gpx4 are available, and the structure of two Sec

mutants of human phospholipid-hydroperoxide Gpx

(HsGpx4) (i.e., Sec to Cys20 and Sec to Gly21 mutants)

has been solved, confirming the monomeric state and the

conserved catalytic residues.

We have focused our work on a Gpx4 from Schistosoma

mansoni, an important human parasite causative agent of a

neglected disease responsible for about 280,000 deaths per

year in tropical and subtropical areas.22 Since vaccines,

though actively studied, are of modest efficacy, the best

available defense against the disease is chemotherapy with

Praziquantel,23 because other drugs are poorly used given

that toxicity and/or lower efficacy. The search of new drugs

and new molecular targets is therefore imperative, and is

made possible by the extensive information available on

the parasite’s genome.

As Schistosomes are parasites living in the blood stream,

they need protection against ROS released by the human

host in response to invasion.24 The worms possess several

antioxidant enzymes,25 which cooperate in a complex re-

dox pathway to finally detoxify H2O2 and organic hydro-

peroxides, protecting the parasite and contributing to its

survival. Thus, a structural elucidation of the parasite anti-

oxidant enzymes may prove useful to identify new possible

pharmacological targets.26–28

A S. mansoni gene encoding for a 19.4 KDa Se-

containing Gpx, with a 53% amino acid sequence

identity to human HsGpx4, has been identified.29–31

Functional studies confirmed the existence of a specific

Gpx in the worms, sharing molecular weight, substrate

specificity and catalytic efficiency with mammalian

HsGpx4. These results were confirmed by measurements

of SmGpx activity toward H2O2 and cumene hydroperox-

ide in various fractions of worm extracts from different

developmental stages.32 Recently, Sayed et al.28 identified

one additional Gpx gene (SmGpx2) with 55 and 48%

identity with SmGpx and human HsGpx4, respectively,

but less than 36% identity to other classes of human

Gpxs. This confirmed that both SmGpx proteins belong

exclusively to the Gpx4 class.28

In this article, we present the structure of a Sec43Cys

mutant of S. mansoni glutathione peroxidase (U43C

SmGpx) at atomic resolution (1.0 Å), together with

molecular dynamic simulations describing the geometry

and motions of the functionally relevant protein clefts.

Superposition with the other structurally characterized

Gpx4 (human HsGpx4) helped exploring a peculiarity of

U43C SmGpx, whose active site Cys, at least under some

experimental conditions, undergoes spontaneous oxida-

tion to sulfonic acid, not reported for the same Sec/Cys

mutant of HsGpx4. By combining this comparison with

molecular dynamics simulation and factors affecting the

redox state of Cys residues,33 we concluded that the

in vitro reactivity of this residue may reflect special redox

properties of SmGpx in vivo, possibly responsible for its

peculiarities relative to other known Gpxs. To test

whether the oxidation of Cys43 to the bulkier sulfonic

acid altered the structure of SmGpx, we resorted to a

different mutant, U43S, whose structure is also reported

here, at 1.7 Å resolution. The Sec43Ser mutant of SmGpx

(U43S) maintains the same 3D structure of the U43C

mutant, thus strongly suggesting that the easier oxidation

of Cys43 does not perturb significantly the native

structure of the enzyme.

MATERIALS AND METHODS

Mutagenesis and protein expression

The U43C SmGpx gene, with codons optimized for E.

coli expression (GeneArt AG, Germany), was cloned

between BamHI and XhoI restriction sites of a pGex4T-1

expression vector (GE-Healthcare) to obtain a glutathi-

one-S-transferase (GST)-fusion protein. To obtain the

second recombinant mutated protein U43S, a mutagene-

sis experiment was carried out using the QuickChange

Site-Directed Mutagenesis Kit (Stratagene). The U43C

SmGpx expression vector was used as template and two

oligonucleotides containing the mutated serine codon

AGC (50-CGTGGCGTGCAAAAGCGGCGCGACCG-30;
30-CGGTCGCGCCGCTTTTGCACGCCACG-50) were

synthesized (Primm srl, MI-Italy) and used as primers.

Both U43C and U43S proteins were expressed in E.

coli BL21(DE3) cells (Novagen) upon induction with
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IPTG 0.5 mM overnight at a temperature of 258C. All

reagents were of analytical grade.

Protein purification

Two methods were used for the purification of

recombinant U43C SmGpx, so after centrifugation the

cells were divided into two stocks. Lysis buffer composed

of 20 mM Tris/HCl, 0.2M NaCl, 5 mM TCEP, 0.1%

TrytonX-100, DNase, 1 mM PMSF, 1 mM EDTA (2-[2-

(Bis(carboxymethyl)amino)ethyl-(carboxymethyl)amino]-

acetic acid), pH 7.4 was added to one of the two samples

before sonication. U43C SmGpx was purified from the

soluble fraction through affinity chromatography using a

GSH-Sepharose column (GE-Healthcare), and GST was

cleaved with bovine thrombin (Sigma). The second pro-

tein sample was purified by ionic exchange chromatogra-

phy. The purification was performed adding 10 mM GSH

to the lysis buffer to assure the maintenance of a reduced

environment both during cell lysis and protein purifica-

tion. To purify the protein, after sonication, the soluble

fraction was applied on a HiTrap SP FF column (GE-

Healthcare) equilibrated with the starting buffer 20 mM

Tris/HCl, 20 mM NaCl, 5 mM TCEP, 5 mM GSH, 1 mM

EDTA, pH 7.4. U43C protein was eluted by continuous

salt gradient using a second buffer with a higher ionic

strength (100 mM Tris/HCl, 0.5 M NaCl, 5 mM TCEP,

5 mM GSH, 1 mM EDTA, pH 7.4). The eluted protein

was then cleaved with bovine thrombin. Recombinant

U43S protein was purified through GST-affinity chroma-

tography, as described previously for U43C SmGpx.

For each purification the purity of the protein was

assessed through overloaded SDS-PAGE, showing a single

band corresponding to 19.4 KDa. The purified protein was

then dialyzed in 20 mM Tris/HCl, 0.1 M NaCl, 1 mM dithi-

othreitol (DTT), 0.5 mM EDTA, pH 7.4, concentrated by

ultrafiltration (Amicon) and stored at 2208C.

SmGpx enzymatic assay

The activity of U43C and U43S SmGpx was assayed in

a coupled reaction with Yeast glutathione reductase (GR;

Sigma), measuring the decrease of A340 as a consequence

of the reduction of the hydroperoxide by U43C protein.

The assay mixture, composed of 1 lM U43C SmGpx,

0.2 mM NADPH, 3 mM GSH, 1 unit of GR, in 20 mM

Tris/HCl, 0.1 M NaCl, pH 7.4, was incubated for 5 min

at 258C. The reaction started with the addition of

100 lMtert-butyl-hydroperoxide or hydrogen peroxide.

Size exclusion chromatography

U43C SmGpx assembly was assayed by gel filtration in

HPLC with a Superdex75TM column (GE Healthcare).

The protein was concentrated up to 5 mg/mL and a sam-

ple volume of 100 lL was applied to the column, which

was run at 0.4 mL/min flow. The following buffer was

used 20 mM Tris/HCl, 0.1 M NaCl, 1 mM DTT, 0.5 mM

EDTA, pH 7.4.

Crystallization

A solution of 15 mg/mL U43C or U43S SmGpx was

used to screen the crystallization conditions by mean of

an automated robotic system (Phenix, Art Robbins).

Refinement of the crystallization conditions was done by

hand in sitting drop vapor diffusion 24-well plates, with

symmetric drops of 1 lL each of protein solution and

reservoir.

After 4 days crystals of U43C mutant were obtained in

the drops with the following well solution: 0.2 M LiSO4,

0.2 M Na Acetate, 24% PEG 8000, pH 4.5. A longer time

of 7 days was required to obtain good crystals of U43S

SmGpx using a well solution of 0.2 M NaH2PO4, 0.1 M

MES, 32% PEG-MME 5000, pH 6.0.

Data collection, processing and refinement

X-ray data collection was performed at the synchrotron

beamline ID29 at ESRF (Grenoble, France) with an

ADSC Q315R detector for U43C SmGpx, while data col-

lections of U43S crystals were performed at the synchro-

tron beamline ID14.2 at BESSY (Berlin, Germany) with a

MARCCD detector. All data were indexed with Mosflm

and processed with programs of the CCP4 Suite.34 U43C

mutant crystallized in a P212121 space group with cell

dimension of a 5 41.40 Å, b 5 60.62 Å, c 5 62.54 Å,

a 5 b 5 g 5 908, and 1 molecule in the asymmetric

unit. The structure was solved by molecular replacement

using human HsGpx4 as model (PDB code: 2OBI, 13).

U43S mutant showed the same space group but slightly

different cell dimensions of a 5 39.91 Å, b 5 51.17 Å,

c 5 90.62 Å, a 5 b 5 g 5 908. In this case the struc-

ture of U43C SmGpx was used as model for the molecu-

lar replacement. Molrep and Refmac programs were used

respectively for the molecular replacement and the suc-

cessive refinements34; the structures were built using

COOT.35 Figures were produced with CCP4mg.36 The

quality of the models was assessed with MolProbity37

and ProCheck.38 Data collection and refinement statistics

are summarized in Table I. The structures were deposited

at RCSB Protein Data Bank (U43C SmGpx PDBcode:

2v1m; U43S SmGpx PDBcode: 2wgr).

Sequence alignment

The ClustalW239 server was used to obtain a multiple

alignment between SmGpx1-2, SjGpx, HsGpx1-4, and

BtGpx1 sequences, extracted from NCBI protein sequence

database.

Structure and MD of SmGpx Sec43Cys Mutant
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Surface analysis

To look for static cleft and/or cavities to detect GSH

and phospholipids binding sites the deposited coordi-

nates were analyzed with the online program CASTp

(http://sts-fw.bioengr.uic.edu/castp/index.php), using the

server default value of 1.4 Å as probe radius.

Molecular dynamic simulations

The starting coordinates employed for the simulations

were taken from the X-ray structure at 1.0 Å resolution

of the U43C mutant of S. mansoni Gpx, replacing the

sulfonic SO3
2 group with the Se2 or SeOH group. Thus,

the selenocysteine (Sec) in reduced wild type GPx was

modeled as deprotonated, while selenenic derivative

(SeOH) in oxidized Gpx was considered as protonated.

In order to determine the partial charges of Sec and its

selenenic derivative (SeOH) we performed the quantum

chemical calculations on the isolated ethyl selenolate

(CH3CH2Se2) and methyl selenenic acid (CH3SeOH),

respectively. Density functional calculations, Becke’s three

parameters exchange,40 and Lee, Yang, Parr correlation

(B3LYP)41 were performed using the Ahlrichs VTZ basis

set.42 All quantum chemical calculations were carried

out using the Gamess US package.43 Partial charges were

obtained from the CHELPG algorithm.44 The same cal-

culations were performed on analogs, as ethanol or

ethanthiol, to test the reliability of the procedure, obtain-

ing partial charges in agreement with the force field

used. The following set of partial charges were chosen:

for selenolate group of Sec, 20.85 e for the Se atom and

20.15 e for the Cb atom, while for selenenic group of

the Sec derivative, 0.2 e for the Se atom, 20.65 e for the

O atom and 0.45 e for the H atom. Nonbonded parame-

ters for selenium were set to r 5 0.458 nm and e 5

1.154 kJ/mol.45 The force constants of bonded interac-

tions for selenium were taken to be identical to those for

sulfur while the equilibrium values were changed. In

particular we set the C��Se bond to 1.95 Å, the Se��O

bond to 1.82 Å, the C��C��Se angle to 1088, the

C��Se��O angle to 978 and Se��O��H angle to 1168.
Each protein was solvated in a box with explicit SPC

water molecules.46 Three Cl2 for Gpx(Se2) and four

Cl2 for Gpx(SeOH) were added, to provide a neutral

simulation box. For all systems, the solvent was relaxed

by energy minimization followed by 50 ps of MD at 293

K, while restraining protein atomic positions. The sys-

tems were then minimized without restraints and their

temperature brought to 293 K in a step-wise manner,

before starting the production runs of 30 ns. MD simula-

tions were performed with the Gromacs software pack-

age47 using GROMOS96 force field.48 Simulations were

carried out at constant temperature of 293 K. The Lincs

algorithm49 to constrain bond lengths and the rototrans-

lational constraint algorithm50 were used. The tempera-

ture was held constant by the isothermal algorithm.51

The Particle Mesh Ewald (PME) method52 was used for

the calculation of the long-range interactions. A time

step of 2 fs was used. We used the essential dynamics

technique53 to characterize the dynamical behavior of

the protein. The package SURFNET54 was used for

detecting the clefts on the protein surfaces and estimating

their volumes. Cavity volumes were evaluated without

taking into account the presence of water molecules.

Docking method

Molecular docking was performed using the Patch-

Dock algorithm.55 Two files of coordinates, for SmGpx

(2v1m) and for the phosphatidylcholine (CPL), enriched

with hydrogen atoms, were used as input for the

program. After setting the RMSD to 9, PatchDock output

was a list of potential protein-ligand complexes, among

which we choose the solution with the highest geometric

shape complementarity score.

RESULTS

Sequence alignment

Sequence alignment of SmGpx with other isoenzymes

of all four groups shows higher similarities with the

enzymes classified as Group 4 (Fig. 1). Indeed SmGpx

presents some residues which are highly conserved in all

Gpxs, including the well-known catalytic residues Cys43,

Gln78, Trp132, and Asn133. On the other hand, it lacks

the conserved residues, apparently involved in GSH bind-

Table I
Crystallographic Data Collection and Refinement Statistics

Data collection U43C SmGpx U43S SmGpx

Space group P212121 P212121
Cell dimensions

a, b, c (�) 41.40, 60.62, 62.54 39.91, 51.17, 90.62
a, b, g (8) 90, 90, 90 90, 90, 90
Resolution (�) 41.38/1.00 (1.05/1.00)a 45.31/1.70 (1.79/1.70)a

Rsym or Rmerge 0.098 (0.313)a 0.077 (0.159)a

I/rI 17.8 (2.4)a 17.3 (9.3)a

Completeness (%) 100 (95.32)a 99.7 (100)a

Redundancy 6.3 (4.9)a 5.3 (5.4)a

Refinement
Resolution (�) 41.38–1.00 90.54–1.70
No. reflections 100,817 112,663
Rwork /Rfree 0.17/0.18 0.18/0.21

No. atoms 1616 1482
Protein 1387 1333
Ligand/ion 14 9
Water 215 140

B-wilson 4.13 12.7
B-overall 6.29 10.6
R.m.s deviations

Bond lengths (�) 0.022 0.015
Bond angles (8) 1.958 1.406

aHighest resolution shell is shown in parenthesis.
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ing (seemingly Arg57, Arg185, and Met147 in bovine

Gpx10) and two insertion sequences (i.e., residues 132–

154 and 101–104 in HsGpx1), peculiar of the tetrameric

Gpxs. These features of the primary structure clearly

assign SmGpx to the class of Gpx4. The classification is

further confirmed by the conservation of the fold.56

Indeed superposition of SmGpx with human HsGpx4

[Fig. 2(E)] shows that the main secondary structure

motifs are conserved and, consistently, gel-filtration and

analytical ultracentrifugation (data not shown) confirmed

the monomeric nature of U43C SmGpx. Yet local differ-

ences are present, the most obvious being the dislocation

of the loop containing residues from 122 to 130 (a22b3

loop) in U43C mutant and the pocket containing the

catalytic residues, together with a few mutations around

the active site, including residue 45, a highly conserved

Lys in all Gpx4 changed here into Ala, residue 41 (Ser to

Cys) and residue 48 (Val to Lys).

Overall structure of U43C and
U43S SmGpxs

The crystal structure of U43C SmGpx, solved by

molecular replacement using human’s HsGpx4 structure

as the model (2OBI),20 confirms that the protein is

monomeric. The diffraction data, collected up to 1.0 Å

resolution, were refined to the final Rfactor and Rfree

values of 17.5 and 18.4%, respectively. The validation

programs37,38 showed a very good final geometry and

density fit, with all residues lying in the preferred regions

of the Ramachandran plot (Table I). The flexibility of the

molecule is extremely limited; the high resolution

allowed us to place only nine side chains in alternative

conformations. Very weak electron density map at the

N-terminal region prevented us from placing the first six

residues. The average B-factor is 6.29 Å2, with slightly

higher values restricted to the ill defined side chains of a

few superficial Lys.

U43C SmGpx, like other Gpxs, shows some differences

with the typical Trx fold,57 characterized by 4 b strands

flanked by 3 a helices. U43C SmGpx presents a N-termi-

nal extension including two more b strands and an inser-

tion with one more b strand and one a helix. For the

sake of consistency, these secondary structure elements

are named b1a, b1b, b2a and a1a, as shown in Figure

2(A,B).

The central b sheet of U43C SmGpx contains four b

strands: two of them (b3, b4) are antiparallel and con-

nected to the C-term helix a3 to form the typical bba

Trx motif; the other two parallel strands (b1, b2) flank

helix a1 to form a bab structural motif. Helix a2,

perpendicular to a1 and a3, connects b2 and b3

strands through a linking region containing the addi-

tional a1a and b2a motifs. Far from the central core

and closer to the N-terminal region, the topological

diagram shows the last structural motif of U43C

SmGpx composed by two antiparallel b strands (b1a,

b1b) [Fig. 2(A)].

Figure 1
Sequence alignment of SmGpx with Gpx of all classes. Identical residues are highlighted in yellow, conserved residues are boxed. Sm, Schistosoma

mansoni; Sj, S. japonicum; Hs, Homo sapiens; Bt, Bos taurus.

Structure and MD of SmGpx Sec43Cys Mutant
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The tertiary structure of U43C mutant also contains a

few loops, one of which, connecting b1 to a1, hosts the cat-

alytic cysteine (Cys43), which we found oxidized to sulfonic

acid (Ocs43) [Fig. 2(B)]; in the structure of human U73C

Gpx4 (HsGpx4) this residue is reduced. Yet the geometry of

the active site is conserved: in particular the other two resi-

dues of the catalytic residues, Gln78 and Trp132, known to

be invariant in all Gpx isoforms, are at H-bond distance

with Ocs43 [Fig. 2(B)]. This is not surprising given their

supposed role in the stabilization of the reduced form of

the native enzyme (R��Se2) during catalysis.

To explore the onset of the oxidation of Cys43, we

found by MS that the molecular weight of the freshly

purified protein is compatible with a reduced Cys resi-

due. We conclude that oxidation of Cys43 should occur

during crystallization. In spite of being reduced, the

freshly prepared U43C SmGpx is inactive, at least with

the substrates tested (tert-butyl-hydroperoxide and

hydrogen peroxide).

A possible consequence of the oxidation of Cys43 may

be a local distortion of the active site structure, that

should accommodate the bulky sulfonic acid. This possi-

bility seems unlikely, given that the structure of U43C

SmGpx is similar to that of other class 4 Gpxs. However,

to demonstrate this point, we prepared and structurally

characterized the U43S mutant.

The crystal structure of U43S mutant was solved by

molecular replacement using the U43C SmGpx structure

Figure 2
Topological diagrams, overall 3D structure, charge distribution, and dynamic clefts detected on the surface of U43C SmGpx. Panel A. Topological

diagrams for Trx fold (left) and Gpx fold (right), redrawn from Martin.50 The blue lines indicate the loops preceding and following helix a2,

related to the fluctuations of the putative GSH binding site (see text); the orange box indicates the position of OCS43. Panel B. Ribbon

representation showing the overall structure of U43C SmGpx. Color blending from N-terminus (blue) to C-terminus (Red). The active site residues,

including sulfonated catalytic Cys (OCS43), Gln 78, Trp 132, are shown as ball and stick and contoured with 2Fo-Fc electron density map at 1r.

Panel C. Representation of the clefts detected by MD analysis in SmGpx. Yellow: active site cleft; magenta: secondary cleft (putative GSH binding

site); green: catalytic Sec residue placed between the two clefts. Panel D. Representation of the electrostatic surface potential of U43C SmGpx and

docking of phosphatidylcholine (PDB code CPL) on the active site cleft. The phosphorous atom is located in the negative pocket hosting a sulfate

anion in the crystal structure, and the two fatty acid chains lie on top of the hydrophobic surface just above OCS43 (same orientation as in Panel

C). Panel E. Superposition of U43C SmGpx (blue) and HsGpx (green). View of the two proteins from the top looking into the cleft surrounding

the catalytic triad; residues different among the two are shown as ball and stick.
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as the model (2v1m). Data were collected up to 1.7 Å

resolution and refined to the final Rfactor and Rfree values

of 18.2 and 21.2%, respectively. The validation

programs37,38 showed a very good final geometry and

density fit, with all residues lying in the preferred regions

of the Ramachandran plot. Data collection and refine-

ment statistics are shown in Table I.

Quantitative comparison of U43S with U43C SmGpx

did not show any significant structural difference neither

in the stereochemistry of the residues into the active site

nor in the 3D structure of the protein at large

(RMSDmain chain50.38 Å; RMSDside chain51.21 Å).

Surface analysis

In superposing U43C/U43S SmGpx with human

HsGpx4, some differences appear. The active site pocket

of U43C SmGpx is exposed to the solvent and has a

strong positive surface charge, which may favor the bind-

ing of negatively charged ligands near Sec43 [Fig. 2(D)].

On the other hand in HsGpx4 the pocket is less exposed

to the solvent, less positive and more hydrophobic,

shielding the mutated active site C73.

The electrostatic surface of the protein displays an

overall positive charge [Fig. 2(D)] which is significantly

more extended in U43C/U43S SmGpx than in HsGpx4.

In particular, many basic amino acids form a superficial

positive channel, a sort of rim around the residue at

position 43. Opposite to this channel we can identify one

of the few negatively charged regions of the protein

surface, due to the high local concentration of acidic

residues. The human enzyme, instead, displays a more

pronounced overall negative and hydrophobic surface,

the latter around the active site, in particular.

From the electrostatic surface representation, the

catalytic site of HsGpx4 seems partially hindered (as

indicated by CASTp analysis). We have identified two

topologically equivalent cavities in U43C SmGpx and

human HsGpx4, which however have different areas and

volumes (140Å2/94Å3 for U43C SmGpx and 93Å2/72Å3

for HsGpx4, respectively). Superposition of the two

structures with SSM methods shows a few point muta-

tions involving the residues surrounding the pocket: A45,

K48, T153, and A154 in SmGpx are respectively mutated

in Lys, Val, Glu, and Glu in the human enzyme. A con-

tribution to the greater extension of SmGpx pocket may

be attributed to the lack of the H-bond between Glu158

and Gln52, which in the human enzyme partially closes

the pocket, and shields the catalytic Cys73 from direct

access to the solvent [Fig. 2(E)].

Static and dynamic analyses of U43C SmGpx show the

existence of a solvent exposed cleft, containing the active

site residues. This cleft, as determined by CASTp analysis,

is divided in two halves by a ridge that hosts C43

(Ocs43), whose volume is increased because of oxidation,

and which seems to act as a flexible barrier in between.

Elimination of sulfonic acid by mutation of Cys43 to Ser

or by computational methods, does not change signifi-

cantly this condition, except that the physical barrier

between the two half-clefts is less prominent. On one

side of the ridge, we identified a putative active site cleft

with better access to C43 (yellow surface in Fig. 2C),

which has surface area and volume of about 140Å2 and

94Å3, respectively, and is delimited by hydrophobic, polar

and aromatic residues (Table II). On the opposite side of

C43, CASTp identifies a secondary crevice, with limited

access to C43, centered around Lys131 and having area

and volume of about 107Å2 and 57Å3, respectively.

Although the latter is smaller than the active site one, the

density of positive charges is greater.

Unfortunately we could not obtain a structure with

GSH/GSSG bound. Previous functional and structural

studies on other Gpx did not provide direct evidence

about the stereochemistry of GSH in the catalytic pocket.

However Epp et al.10 proposed a model based on differ-

ences in the electron density maps between the oxidized

and GSH reduced wild type bovine cellular enzyme

(1GP1). They concluded that three residues (Arg57,

Arg184, and Met147) are involved in GSH binding.

Sequence alignment and structural superposition allowed

Table II
The Amino Acid Residues Lining the Clefts Identified by the Static and

Dynamic Analysis of SmGpx

CASTp on U43C
crystal structure

MD simulation
on SmGpx

Residues in the active site cleft OCS43 Sec43
Ala45
Lys48 Lys48
Asn49 Asn49
Gln52 Gln52
Trp132 Trp132

Phe134
Lys 136 Lys136
Pro151
Thr152 Thr152
Thr153 Thr153
Ala154 Ala154
Pro155 Pro155

Tyr156
Glu159
Ile162

Residues in the secondary
cleft (putative GSH
binding site)

Gly124
Thr125
Asn129

Ile130 Ile130
Lys131 Lys131
Trp132 Trp132
Ser135 Ser135
Arg148 Arg148

Tyr149
Ser150
Pro151

The active site cleft is delimited by Hydrophobic, polar and aromatic Residues;

the secondary cleft (Smaller than the active site One) has a Greater density of

positive Charges. Residue detected in Both static and dynamic analysis are shown

in bold.
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us to trace the equivalent positions in U43C SmGpx.

This putative GSH binding site overlaps with our second-

ary cleft, even though the residues that should interact

with GSH are quite different. While the putative role of

Arg57 could be played in U43C SmGpx by Lys48, Arg184

is mutated to Pro150 and an equivalent of Met147 is

absent, being localized in a loop of residues involved in

the dimerization of oligomeric Gpxs. In view of these

differences, the hypothesis that the functional role of our

secondary cleft is to provide the actual GSH binding site

must be considered with caution; moreover, the dynamic

volume fluctuations of this cleft and the absence of inde-

pendent information prevented our attempts to model

the binding of GSH or GSSG.

Molecular dynamics simulations:

The experimentally determined 3D structure of U43C

SmGpx poses two questions pertinent to the catalytic

activity of the enzyme, namely: (i) whether the oxidation

of Cys43 to sulfonic acid perturbs the overall structure of

the protein; and (ii) what is the topology and geometry

of both the active site and the secondary, putative GSH

binding, cleft. These questions were addressed by MD

simulations.

1) No differences were detected in a comparison between

the crystallographic structure of U43C and that of

wild type SmGpx in both the reduced and oxidized

states, as obtained from MD simulations. Hence the

in silico replacement of the SO3
2 group with func-

tional Se2 or SeOH groups, not only did not signifi-

cantly perturb the structure, as shown by agreement

between the experimental and computational results,

but also permitted to study the structural and the dy-

namical behavior of the two oxidation states of

wtSmGpx, presumably populated during the catalytic

cycle.

2) During the simulations, transiently formed cavities

with volumes ranging from 10 to a few hundreds Å3 are

detected on the surface, close to residue 43, with an

occurrence of 15–20% of simulation time. These cav-

ities are coupled to the active site cleft as detected by

CASTp (Table II) and, when they are open, they

increase the volume of the active site. The volume dis-

tributions of such cavities, reported in Figure 3(A) for

reduced and oxidized SmGpx (volume >10 Å3), are by-

and-large independent of the oxidation state of Sec.

The reason for exploring both redox states is due to the

fact that the suggested mechanism for the reaction cata-

lyzed by Gpxs is a ping-pong one, with the Se atom of Sec

shuttling between two redox states: selenolate anion

(R��Se2) and selenenic acid (R��Se��OH). Upon reduc-

tion of hydroperoxides, the selenolate anion is oxidized to

selenenic acid, which in turn is reduced by GSH.57

During MD simulations a secondary positively charged

cleft close to Lys131 is detected for a fraction of time of

Figure 3
Active site and secondary half cleft identified by MD simulations. Panel A. Relative frequency of the volume distributions of the active site cleft

(upper panel) and of the secondary positively charged cleft (bottom panel), shown for the reduced (Se2, solid lines) and the oxidized (SeOH,

dashed lines) states of SmGpx. Panel B. Extreme configurations from the most different eigenvalues for each simulation of reduced (Se2) and

oxidized (SeOH) SmGpx. The directions of motion of the loops (b2a–a2, a2–b3) preceding and following helix a2 are shown. The approximate

position of the secondary half cleft limited by the two loops is highlighted by a sphere.
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80–85% for both reduced and oxidized SmGpx [Fig.

3(A)]. In reduced SmGpx the volume distribution is char-

acterized by a large single peak with a maximum at about

200 Å3, while in oxidized SmGpx it is significantly broader

and almost flat, with values ranging from 100 to 300 Å3.

The core of this cleft has been also detected by CASTp in

the static structure of U43C SmGpx with a volume of �57

Å3. Therefore, MD suggests that both clefts detected by

CASTp undergo transient expansion that may be function-

ally relevant, since their volume from the static crystal

structure appears too small to accommodate either sub-

strate (i.e., the organic hydroperoxides or GSH).

Although the loops preceding and following helix a2

only to a minimal extent participate to the secondary

cleft, their motions are specifically correlated to the fluc-

tuations of the putative GSH binding site, as detected by

essential dynamics (ED) analysis,53 performed on the

backbone of amino acids 104 to 140. The eigenvectors

with larger eigenvalues correspond to the principal direc-

tions of motion of these residues, which form the b3

strand, the helix a2 and two loops, i.e., the b2a–a2 loop

(residues 104–112), and the a2–b3 loop (residues 122–

134), which is closer to the positive cleft. In Figure 3(B)

we report the extreme configurations corresponding to

the opposite values of the projection on the first eigen-

vector as determined from the simulations of

SmGpx(Se2) and SmGpx(SeOH), respectively. The ap-

proximate position of the cavity is highlighted by a

sphere. It is interesting to note that the principal motions

of the two loops, b2a–a2 and a2–b3, are correlated in

both oxidation states. Clearly, in SmGpx(SeOH) the dis-

placement of the b2a–a2 loop toward the active site is

coupled with a displacement of the a2–b3 loop away

from the b4 strand and thereby an increase of the cleft

volume. On the other hand, in SmGpx(Se2) the coupling

between the two loops is anticorrelated, since, when the

b2a–a2 loop moves toward the active site, the distance

between the a2–b3 loop and the b4 strand decreases and

the cleft volume shrinks.

Finally the mean density distribution of chloride ions

around the protein surface confirms that native SmGpx,

both in the reduced (Se2) and oxidized (SeOH) states, is

characterized by a bipolar charge distribution. In particu-

lar the surface portion, rich in basic residues and delim-

ited by K105, K116, K119, and K131, is characterized by

a strong positive electrostatic potential, while on the side

of the protein corresponding to the N-terminal bab

motif negative potential is predominant.

DISCUSSION

The mutant SmGpxs U43C and U43S proved to be

inactive at every stage of purification, starting from the

cell lysate; this was expected in the case of U43S and

unexpected in that of U43C. We used different purifica-

tion protocols (see Methods) employing several reducing

agents, including TCEP, DTT, b-Mercaptoethanol, GSH;

unfortunately all attempts were unsuccessful. The crystal

structure revealed the oxidation of Cys43 to sulfonic acid

(OCS), but this is unlikely to be the (only) cause for the

absence of activity, given that oxidation occurs (mainly)

during crystallization, as demonstrated by mass spec-

trometry. We attempted to provide an interpretation by

comparing U43C SmGpx with U73C of HsGpx4, with

human Gpx1, and with bovine Gpx. Superposition of 3D

structures shows that two of the three oxygen atoms

bound to the oxidized Cys43 of SmGpx are located in

the same positions as the oxygen atoms of the selenenic

acid present in human Gpx1 or bovine Gpx. Although

the oxidized state of Cys43 to sulfonic acid is artificial,

one may speculate that it resembles the oxidized selenol

group populated during the catalytic cycle. This hypothe-

sis is supported by the observation that the mutation

Sec/Cys, Sec/Ser and the oxidation of Cys do not cause

any relevant structural rearrangement of the catalytic

pocket, as also confirmed by MD. The additional charac-

terization of U43S SmGpx, which did not show any real

deviation from the U43C structure, further supports this

fact making it reliable that the structures solved are con-

sistent with the native structure of SmGpx, especially

concerning the catalytic site of the enzyme.

An important question raised by the U43C structure is

why Cys43 is so prone to auto-oxidation, in view of the

fact that this reaction is not usually observed in other

Sec to Cys mutated Gpxs. We haven’t come to a conclu-

sion about the molecular basis for promotion of Cys oxi-

dation and its possible in vivo relevance. The active site

of SmGpx is indeed more reactive than that of other

Gpxs, as supported by the fact that analogous mutants

are not oxidized. In Table III, we have listed the contacts

of the active Cys in U43C SmGpx and HsGpx4. The

most obvious differences lie in the greater polarity of

U43C SmGpx active site, favoring access to water and

possibly metal ions that could exert a catalytic role. Aside

from this and from the different volume of the pocket

around OCS43, a specific role for surrounding residues is

not immediately apparent. Nevertheless the charge distri-

bution around the catalytic residue might be changed by

the following substitutions: Cys41 of U43C SmGpx to

Ser in HsGpx4 and Ala45 to Lys.

It is known from functional studies that class 4 Gpx

prefer phospholipid hydroperoxides as substrates over-

and-above H2O2 or other organic hydroperoxides.59

Moreover, it is known that schistosome, being unable to

synthesize de novo fatty acids, uploads them from the

host and adult worms usually use oleate (18:1) from the

host and elongate the chain to eicosenoate (20:1), which

is incorporated predominantly in the phosphatidylcholine

molecule together with palmitate (16:0).60 Thus, we have

attempted to identify in U43C SmGpx a possible binding

site for phosphatidylcholine (PC) in the proximity of

Structure and MD of SmGpx Sec43Cys Mutant

PROTEINS 9



C43, through docking55 (Fig. 2D). In spite of the high

flexibility of the substrate PC, under the assumption that

the phosphate (P) of PC occupies the same site of the

sulfate or pyrophosphate anion present in U43C SmGpx

and U43S SmGpx, respectively, we identified a plausible

binding site comprising: (i) the residues surrounding the

active site cysteine (43–45 and 74–77) (the Cys residue

should act on the peroxidatic double bond of the phos-

phatidylcholine hydroperoxide fatty acid chains) and (ii)

those surrounding the strongly positive pocket (57 Å3)

next to the catalytic Cys hosting a sulfate/pyrophosphate

anion (residues 123–133 and 148–151). In fact MD simu-

lations have shown that such a pocket undergoes relevant

expansions in solution, enabling it to accommodate

larger substrates; moreover, pocket volume fluctuations

seem to be regulated by the redox state of the protein,

making a sort of ping–pong mechanism plausible.61 The

program Patchdock optimized the position of the sub-

strate, with the following constraint: P to R148 distance

5 3.9 Å. Although this procedure is somewhat arbitrary,

it is useful to suggest a possible orientation of a highly

flexible substrate. It seems that when the phosphate

group of the phosphatidylcholine is located in the pocket

containing the sulfate or pyrophosphate anion, the two

fatty acid hydrophobic chains may lodge on top of a

large hydrophobic surface located above the catalytic cys-

teine, positioning C43 close to C9–C10 double bond of

the eicosenoic acid. This observation may have a func-

tional relevance as it is known that over-oxidation of un-

saturated fatty acids occurs usually on a double bond

located around C10 yielding similar oxidation products

for monoene-, diene-, and triene-fatty acids.62

The substrate specificity of class 4 Gpx for phospholi-

pids, besides being proven by functional assays, is also con-

sistent with data obtained by immunolocalization studies,

which showed that SmGpx is associated with the tegument

and gut epithelium of adult worms,63 the host-parasite

interface. This particular tissue distribution of SmGpx in

the worms has made it a candidate of choice for the design

of a vaccine against schistosomiasis,58 like other schisto-

some antioxidant enzymes (SmSOD and SmGST). Hence,

the availability of an atomic resolution structure of this

enzyme, though in an inactive state, is a useful first step to-

ward the localization of its epitopes.
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Identified Choosing a Bond Length Cut-Off of 3.10 Å64 and Allowing for an Experimental Error of 0.05 Å;
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L. Dual function of the selenoprotein PhGpx during sperm matura-

tion. Science 1999;285:1393–1396.

19. Schnurr K, Belkner J, Ursini F, Schewe T, Kühn H. The selenoen-
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