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ABSTRACT

Giant viruses able to replicate in Acanthamoeba castellanii penetrate their host through phagocytosis. After capsid opening, a
fusion between the internal membranes of the virion and the phagocytic vacuole triggers the transfer in the cytoplasm of the vi-
ral DNA together with the DNA repair enzymes and the transcription machinery present in the particles. In addition, the pro-
teome analysis of purified mimivirus virions revealed the presence of many enzymes meant to resist oxidative stress and con-
served in the Mimiviridae. Megavirus chilensis encodes a predicted copper, zinc superoxide dismutase (Cu,Zn-SOD), an enzyme
known to detoxify reactive oxygen species released in the course of host defense reactions. While it was thought that the metal
ions are required for the formation of the active-site lid and dimer stabilization, megavirus chilensis SOD forms a very stable
metal-free dimer. We used electron paramagnetic resonance (EPR) analysis and activity measurements to show that the supple-
mentation of the bacterial culture with copper and zinc during the recombinant expression of Mg277 is sufficient to restore a
fully active holoenzyme. These results demonstrate that the viral enzyme’s activation is independent of a chaperone both for di-
sulfide bridge formation and for copper incorporation and suggest that its assembly may not be as regulated as that of its cellular
counterparts. A SOD protein is encoded by a variety of DNA viruses but is absent from mimivirus. As in poxviruses, the enzyme
might be dispensable when the virus infects Acanthamoeba cells but may allow megavirus chilensis to infect a broad range of
eukaryotic hosts.

IMPORTANCE

Mimiviridae are giant viruses encoding more than 1,000 proteins. The virion particles are loaded with proteins used by the virus
to resist the vacuole’s oxidative stress. The megavirus chilensis virion contains a predicted copper, zinc superoxide dismutase
(Cu,Zn-SOD). The corresponding gene is present in some megavirus chilensis relatives but is absent from mimivirus. This first
crystallographic structure of a viral Cu,Zn-SOD highlights the features that it has in common with and its differences from cellu-
lar SODs. It corresponds to a very stable dimer of the apo form of the enzyme. We demonstrate that upon supplementation of
the growth medium with Cu and Zn, the recombinant protein is fully active, suggesting that the virus’s SOD activation is inde-
pendent of a copper chaperone for SOD generally used by eukaryotic SODs.

The nucleocytoplasmic large DNA viruses (NCLDV) are a
monophyletic group of viruses that infect eukaryotes (1, 2).

Mimiviridae are among its largest members, with particle sizes
that make them visible by light microscopy and genome complex-
ities overlapping those of the cellular world. They encode proteins
thought to be the trademarks of cells, such as elements of the
translation machinery as well as original metabolic pathways (3–
7). Megavirus chilensis was isolated from an environmental sam-
ple from the coast of central Chile by cocultivation with Acan-
thamoeba castellanii (8). Like mimivirus (9), megavirus chilensis is
a giant virus from the Mimiviridae family, with a 1.259-Mb dou-
ble-stranded DNA genome encoding 1,120 genes. The virion con-
sists of an icosahedral capsid of 400 nm in diameter enclosed in a
layer of fibrils. It shares �600 genes with the single species of the
genus Mimivirus, with an average of 50% of residues being iden-
tical at the protein sequence level (8, 10). Mimivirus penetrates A.
castellanii cells by phagocytosis. After the capsid opens (11), the
virion’s internal membrane fuses with the vacuole membrane, al-
lowing the nucleocore containing the viral DNA and associated

proteins to be unloaded into the host cytoplasm. The replication
cycle takes place in a transitory organelle common to all cytoplas-
mic viruses, the virion factory (12–14). A proteomic study of pu-
rified mimivirus particles revealed the presence of a virally en-
coded transcription machinery, several DNA repair enzymes, and
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many proteins meant to resist oxidative stress (12, 15). The corre-
sponding genes are well conserved among the Mimiviridae (16–
19). Megavirus chilensis encodes a predicted superoxide dismu-
tase (SOD) which is found in some members of the Mimiviridae
but is absent from mimivirus (20). The enzyme is present in the
purified virion particles.

SODs catalyze the conversion of superoxide radicals to hydro-
gen peroxide and dioxygen. There are four families of SODs, de-
fined by their metal ion binding partners: Fe, Mn, Ni, or both Cu
and Zn. The megavirus chilensis Mg277 gene product is homolo-
gous to the eukaryotic homodimeric copper, zinc-SOD enzymes
(20). In Cu,Zn-SODs, an intramolecular disulfide bridge and the
zinc atoms are essential to maintain the structural integrity of the
dimeric enzyme (21), while the copper is a catalytic cofactor (22).
Many other DNA viruses, including chloroviruses (23, 24), bacu-
loviruses (25), poxviruses (26–31), and some Mimiviridae, encode
a predicted Cu,Zn-SOD. In-depth studies of the poxvirus SOD
protein demonstrated that it is packaged in the mature virions
(30). In contrast, the enzyme was not detected in baculovirus vi-
rions (25). Surprisingly, the Amsacta moorei entomopoxvirus
AMV255 (32) and the chlorovirus PBCV-1 (24) encode the only
viral SODs reported to be active so far. In other poxviruses, the
SOD proteins lack key residues involved in metal ion binding,
required for catalytic activity. The vaccinia virus SOD-like protein
(A45R) did not exhibit any enzymatic or inhibitory activity on the
cellular SOD, and the disruption of the corresponding gene did
not affect the virus’s replication, virulence, or pathogenicity (30).
Most of the enzymes lack both the zinc and the copper binding
residues, except for the leporipoxvirus SOD proteins (SFV-s131R,
MYX-m131R) that retained the zinc binding property (33). Thus,
typical poxvirus SOD homologues might be nonfunctional. Inter-
estingly, the restoration of the copper binding capability did not
restore the activity of the Shope fibroma virus (SFV) SOD homo-
logue (33). Many eukaryotic SODs need to be activated by a cel-
lular copper chaperone for SOD (CCS). The C-terminal chaper-
one domain is homologous to the SOD and can bind to SOD
monomers. It activates by inducing the critical disulfide bridge
formation and inserting the copper ion into the enzyme active site.
The Shope fibroma virus SOD homologue inhibits cellular SOD
activity in vivo by sequestering the cellular CCS (31).

The aim of the present study was to assay and characterize the
megavirus chilensis Mg277 protein’s activity to validate its pre-
dicted SOD function. We determined this first viral SOD structure
by X-ray crystallography and compared it to those of reference
eukaryotic SODs. The metal-free enzyme forms a very stable
dimer where the conserved disulfide bridge is properly formed.
Combining electron paramagnetic resonance (EPR) and metal
content analysis with enzymatic assay measurements, we demon-
strated that the viral Cu,Zn-SOD was fully active when overex-
pressed in bacteria supplemented with copper and zinc.

These findings strongly suggest that the viral SOD does not
need to be activated by a CCS; for the CCS-independent Cu,Zn-
SOD, the viral enzyme depends only on the addition of copper and
zinc ions for its activation.

MATERIALS AND METHODS
Protein production and crystallization. The megavirus chilensis Mg277
(YP_004894328.1) recombinant protein was produced in Escherichia coli,
purified, and crystallized as previously described (20). Different batches of
protein were produced under different conditions to perform EPR and

metal dosage studies in parallel with enzymatic activity measurements.
The original Mg277 protein was expressed in E. coli Rosetta (DE3)-trans-
formed cells grown in 2� yeast extract and tryptone (2YT) (Difco) with-
out zinc or copper supplementation. This protein batch was concentrated
to 19 g/liter in 20 mM Tris buffer (pH 8) and is referred to as Mg277b1.
Another batch corresponded to the selenomethionine substitution pro-
tein produced in minimal medium as previously described (20), desalted
in 20 mM Tris buffer (pH 8), and concentrated to 6.9 g/liter. This is the
batch that provided the Mg277 structure and is referred to as Mg277b2.
Finally, like other Cu,Zn-SOD proteins (34), the Mg277 protein was pro-
duced in E. coli Rosetta-transformed cells grown in 2YT medium, which
was supplemented with copper (CuSO4, 1.2 mM) and zinc (ZnSO4, 0.4
mM) when the culture temperature was switched from 37°C to 17°C, 30
min prior to induction. Since the supplemented protein precipitated after
it was desalted in the 20 mM Tris buffer (pH 8), we produced another
batch of Mg277, which was desalted in 10 mM N-cyclohexyl-3-aminopro-
panesulfonic acid (CAPS) buffer at pH 10.5 after purification and concen-
trated to 6 g/liter using a Amicon Ultracel 10,000-molecular-weight-cut-
off centrifugal filter device (Millipore). This batch is referred to as
Mg277b3.

Structure determination. The phase determination was performed
with the Phenix AutoSol Wizard (35–39). Phases were calculated in the
35.3- to 2.2-Å-resolution range, and a single solution was found for the
P43212 space group with 2 selenium atoms (for 4 methionines). The mean
figure of merit for this solution was 0.323.

The model was refined using Phenix.Refine (39, 40) and included
simulated annealing, determination of coordinates, and B-factor refine-
ment. After a series of manual rebuilding followed by several rounds of
refinement, we obtained a final Rwork of 18.6% and an Rfree of 22.6%
(Table 1).

The structure consists of residues 6 to 158 and 4 to 158 for monomers
A and B, respectively. Residues 74 to 85 and 131 to 145 of monomer A and
73 to 88 and 130 to 146 of monomer B were disordered in the crystal
structure and are absent from the final model.

The quality of the model was validated using MolProbity (41). Most
(96.2%) of the residues are in the most-favored regions of the Ramachan-
dran plot, and 3.8% are in the additionally allowed regions. Refinement
statistics are listed in Table 1.

Structure and sequence analysis of the predicted SOD of megavirus
chilensis. To compare megavirus chilensis Mg277 with the other viral
SOD sequences and the active eukaryotic Cu,Zn-SODs, we used the
Mg277 sequence and the BLASTP program (42, 43) to search against
sequences in the NCBI nr database, excluding all organisms except viruses

TABLE 1 Refinement statistics

Refinement parametera Value(s)b

Resolution (Å) 38.04–2.2 (2.279–2.2)
Wavelength (nm) 0.9792
No. of unique reflections 15,732 (1,551)
Rwork 0.1857 (0.2076)
Rfree 0.2264 (0.2805)

No. of atoms 2,040
Protein 1,933
Water 107

Avg B factor (Å2) 38.6
Protein 38.5
Water 40.5

RMSD bond length (Å) 0.009
RMSD bond angle (°) 1.14
a RMSD, root mean square difference.
b Statistics for the highest-resolution shell are shown in parentheses.
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(44). We then performed a structural alignment using the 3DCoffee
server (45) and included the Saccharomyces cerevisiae SOD sequence
(Protein Data Bank [PDB] accession number 1SDY), human SOD se-
quence (GenBank accession number NP_000445.1), and viral SOD se-
quences (GenBank accession numbers YP_004894328.1 [megavirus chil-
ensis], YP_007418160 [megavirus lba], AEX63072 [moumouvirus
Monve], YP_007354188.1 [moumouvirus], AGF85544.1 [moumouvirus
goulette], ADX05811.1 [Organic Lake phycodnavirus 1 {OLPV1}],
YP_004061898.1 [micromonas virus], AGE58970.1 [Paramecium bur-
saria chlorella virus 1 {PBCV1}], AGE49091.1 [Acanthocystis turfacea
chlorella virus 1 {ATCV1}], YP_874302.1 [Ectropis obliqua nuclear poly-
hedrosis virus {NPV}], AGX01251.1 [Bombyx NPV], YP_004376256.1
[Clostera granulovirus], YP_006908566.1 [Epinotia granulovirus],
YP_008378623.1 [Choristoneura alphabaculovirus], YP_008004053.1
[Adoxophyes entomopoxvirus], NP_065037.1 [Amsacta entomopoxvi-
rus], YP_227518.1 [deerpox virus], NP_659703.1 [sheeppox virus],
NP_570289.1 [Shope fibroma virus {SFV} S131R, swinepox virus],
AF349016_1 [cowpox virus], A45R [vaccinia virus], and NP_042201.1
[variola virus]). Both the Mg277 and Cu,Zn-SOD spinach structures
(PDB accession number 1SRD) (46) were used as references for the struc-
tural alignment.

Metal content analysis. Fluorescence scans were obtained with a mul-
tichannel fluorescence detector (MCA Rontec) implemented on the
BM30 beamline at the European Synchrotron Radiation Facility (ESRF),
exposing the crystal that provided the structure to an X-ray beam at a
wavelength of 1.040 Å.

The metal contents of the megavirus chilensis SOD proteins obtained
under various conditions were measured by using inductively coupled
plasma mass spectrometry (ICP-MS) analysis (HP 4500 spectrometer,
calibrated using an external standard).

EPR experiments. The EPR spectra were recorded on a Bruker Elexsys
E500 spectrometer fitted with an Oxford Instruments ESR 900 helium
flow cryostat. Quantifications were made by using an external standard
solution of freshly prepared 1 mM Cu-EDTA in 100 mM Tris, 10 mM
EDTA at pH 8, which was transferred into a calibrated EPR tube.

Thermal-stability assays. The thermal denaturation of the different
protein batches was performed at 1 mg/ml in the buffers described above
and mixed with Sypro orange (Life Technologies) solution at the concen-
tration recommended by the manufacturer in a final volume of 25 �l.

The thermal stability was assayed in 96-well, thin-wall PCR plates
(Bio-Rad) sealed with optical-quality sealing tape (Bio-Rad) and heated
with an iCycler iQ real-time detection system (Bio-Rad) from 20 to 92°C
in increments of 0.2°C (according to the work of Coutard et al. [47]).
Thermal denaturation was monitored using Sypro orange as the external
fluorescent probe, and fluorescence intensity was measured at 490/
530-nm excitation/emission wavelengths, respectively. Protein denatur-
ation was monitored by following the increase of the fluorescence emitted
by the probe progressively binding to exposed hydrophobic regions. The
melting temperature (Tm) was calculated as the midpoint of the phase
transition from the native to the denatured protein using a Boltzmann
model (Origin software).

Enzymatic activity measurements. SOD activities of the various
forms of the Mg277 protein were measured in an indirect assay using the
SOD assay kit WST (Sigma catalog number 19160), made up of xanthine,
xanthine oxidase, and WST [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt], which produces
formazan dye upon reduction with a superoxide anion. Because the rate of
WST reduction is inhibited by SOD activity, the 50% inhibitory concen-
tration (IC50) of WST reduction was determined by a colorimetric
method by measuring the absorbance changes at 560 nm, as previously
described (48).

The SOD activity of the nonsupplemented Mg277b1 enzyme in 20
mM Tris (pH 8) was determined using serial dilutions of the enzyme and
was reproduced three times in independent experiments. Another batch
of nonsupplemented selenomethionylated Mg277 was produced and was

desalted in 20 mM Tris (pH 8) (Mg277b2). Mg277b2 activity was mea-
sured with a serial dilution of the enzyme in the two buffers to confirm
that the enzyme was equally active with the nonselenomethionylated
Mg277 protein. The Cu/Zn-supplemented Mg277 enzyme activity in 10
mM CAPS (pH 10.5) (Mg277b3) was measured on serial dilutions of the
enzyme, and results were reproduced three times in independent ex-
periments. The resulting activities were compared to that of the com-
mercially available bovine superoxide dismutase (Sigma-Aldrich cat-
alog number S9697). The IC50s were calculated from three
independent experiments for Mg277b1, Mg277b3, and the commer-
cial bovine superoxide dismutase.

Protein structure accession number. The megavirus chilensis struc-
ture has been deposited in the PDB under the accession number 4U4I.

RESULTS
Sequence and structural analysis of the viral SOD protein. The
Mg277 gene encodes a 158-amino-acid-long protein predicted to
be a Cu,Zn-SOD. Homologues of this are found in several mega-
virus chilensis relatives (megaviruses and moumouviruses), with
70 to 99% of residues being identical at the protein sequence level,
but are absent from other Mimiviridae, including mimivirus. Ho-
mologues of Mg277 are also present in some baculoviruses, chlo-
roviruses, and poxviruses.

We chose the spinach SOD structure (PDB accession number
1SRD [45]) (47% of residues are identical over 135 amino acids) as
a reference for structural comparison of Mg277 with its viral and
eukaryotic homologues (Fig. 1 and 2).

As with other Cu,Zn-SODs, Mg277’s structure is dimeric and
the crystal contains one dimer per asymmetric unit. Each Cu,Zn-
SOD monomer folds as an eight-stranded, Greek key �-barrel
with seven connecting loops, of which loops IV and VII, termed
the “zinc” and “electrostatic” loops, respectively, are functionally
important. The C-� root mean square deviation (C-�RMSD) is 0.54
Å between the two Mg277 monomers. Two salt bridges and 19
hydrogen bonds stabilize the dimer and result in a 1,851.6-Å2

buried surface area and a 926-Å2 interface area (Pisa server) (49).
The two salt bridges involve the N158-terminal residue carboxylate
of one monomer and the Nz-K54 and NH1-R120 residues of the
second monomer, providing a very stable dimer. Interestingly, the
dimer interface area is smaller in 1SRD (interface, �700 Å2; 8 H
bonds) and involves different amino acids. The structural super-
imposition of Mg277 on the 1SRD dimer produced an overall
C-�RMSD of 1.6 Å over 240 amino acids and a C-�RMSD of �1.4 Å
for the monomers over 122 amino acids.

The structural alignment highlights some common features, as
well as differences, between the viral SODs and the eukaryotic
enzyme. First, the residues involved in metal coordination and
enzymatic activity of all Cu,Zn-SODs are conserved in the mimi-
viridae, the baculoviruses, the chloroviruses, and the entomopox-
viruses but are absent or mutated in the other poxvirus SOD se-
quences. In eukaryotic cells, the activation of the SOD enzyme
involves several posttranslational modifications, including the
formation of an intramolecular disulfide bond that contributes to
its dimerization. The cysteine residues forming this disulfide
bridge, critical for eukaryotic SOD activation (C57-C146 in 1SRD),
are conserved in all the viral enzymes (Fig. 1), and the bridge is
clearly visible in our Mg277 crystal structure (C62-C151). The two
entomopoxvirus enzymes and the ones encoded by the other vi-
ruses, excluding the other poxviruses, might thus correspond to
active Cu,Zn-SOD enzymes.

The second step of SOD activation corresponds to the insertion
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                                          TT
       1       10          20        30           40

SOD_M chilensis                                G                  AIC L          A F           I   L  L  G H.......MSRYDFFNVVT   Q DKP..HDY Y I TQL...PDCTE QFH KN PP K 
SOD_M lba                                G                  AIC L          A F           I   L  L  G H.......MSRYDFFNVVT   Q DKP..HDY Y I TQL...PDCTE QFH KN PP K 
SOD_M Monve                                G                  AIC I          V F           I   L  L  G H.......MTKYEFFNVTQ   Q DQP..KDY Y I TQF...PEFTE QFY KN PP L 
SOD_Moumouvirus                                G                  AI  I          V F           I   L  L  G H.......MTKYEFFNVTQ  SQ DQP..KDH Y I TQF...PEFTE QFY KN PP L 
SOD_M goulette                                G                  AIC I          I F           I   L  L  G H......MTRYEFFNVTR.   Q DQP..KDC F I TQL...PEFTE EFY KN PP L 
SOD_OLPV1                                G                  I  IA          V F                       H.................M KA  VF...DTY I K TEE..NNEVKIELFLSGLDKNAL 
SOD_Micromonas.virus                                G                             I   V F                       H...............IVATSLFDHP...N K V E SEK.GNKVVIKGMLKSSKFKNST 
SOD_PBCV1                                G                  AI VL          V F                       H........MNKNVAKPIS  A  TG...PTK T R VEE..GSRVKISLDISGLKPNKK 
SOD_ATCV1                                G                  AI VL      V   V F                       H...........MNTKPIQ  A  PG...D S T R VEE..GKRVRVDLDIKGLKPNFE 
SOD_Acanthocystis Chlorellavirus                                G                  AI VL      V   V F                       H...........MKRLSIQ  A  SG...D S T R VEE..GKKVRIDLDIKGLKPNFE 
SOD_Ectropis obliquaNPV                                G                  ALCVI      V   V             I   I  L  G.............MVAVS     RG...D T Q TLYQH.TPNHPTQ EGY LN PR KY
SOD_Bombyx NPV                                G                  AICII      V   I F           I   L  L  G H................MK     SG...D H K Y QQE.SANRPLK SGY LN PR L 
SOD_Clostera granulovirus                                G                  AVCVI      V   V             V   L  L  G H................MR     GG...D T R ELLQI.TNEAPVH YGE HN PR D 
SOD_Epinotia granulovirus                                G                   LC I      V   I F           I   L  L  G H................MKG  D KG...D Y E T .AQERPSDMTF TGH LN PR N 
SOD_Choristoneura alphabaculovirus                                G                  AICVI      V   V F           L   L  L  G H................MK     TG...D H Q Y KQD.GPDQPVK TGY LN PR L 
SOD_Adoxophyes entomopoxvirus                                G                  AICIL      V   I F           I   I  L  G H................MK     SG...S T T Y DQS.SQSDAVH SGS KG PK L 
SOD_Amsacta entomopoxvirus                                G                  AICVM      V   I F           V   I  L  G H................MK     TG...K N I Y IQN.IKGGSVH KGK VG SK L 
SOD_Deerpox virus                                G                  AVCLL      I   I F           I   I  L  G H..MNRYYRYYEFNKVIRR     KG..TN Q V N EQL..ENGINI FGV LG RE Y 
SOD_Sheeppox virus                                G                  AVCVL      L   I F           I   V  L  G H....MIRKYYEFNKTISK     KG..YK H V N DQL..QNGIVI SGV LG PE N 
SOD_Shope fibroma virus                                G                  AVCML      I   I F           V   I  L  G HMNNRACPRYYEFNKVNYK     RG..ND K V H EQL..QNDIVV FGV LG TE F 
SOD_Swinepox virus                                G                  AVCVI      I   I             I   I  L  G H.....MDKYYTFNLVKYK     KGRRND H I NINQL..QNDIVI SGV IG CE Y 
SOD_Cowpox virus                                G                  AVCII      I   I F           V   V  L  G.................M     DH..DN R V Y EPV...HGKDK LGS IG KS TY
SOD_Vaccinia virus                                G                  AVCII      I   I F           V   V  L  G.................M     DH..DN R V Y EPV...HGKDK LGS IG KS TY
SOD_Variola virus                                G                  AVCII      I   I F           V   V  L  G.................M     DH..DN R V Y EPV...HGKDK LGS IG KS TY
SOD_Yeast                                G                  AV VL      V   V F               A       R................VQ  A  KGDAG. S V K EQASESEPTTVSYEI GNSPNAE 
SOD_Human                                G                  AVCVL      V   I F           V   I  L  G H...............ATK     KGDGP. Q I N EQK.ESNGPVK WGS KG TE L 
SOD_1SRD                                G                  AV VL      V   V             V   I  L  G H..............ATKK  A  KGTS.N E V TLTQE..DDGPTT NVR SG AP K 

              1       10         20          30        40
                                         TT

                      TT                        TT
50        60        70        80         90        100

SOD_M chilensis     H  GD                                 GNG HI        GCTSMG HFNP    H         HLGDL  I     G      I C   KS  RRN      P    FNGV KDINI.QHN        VVNNN .ECNEI CV
SOD_M lba     H  GD                                 GNG HI        GCTSMG HFNP    H         HLGDL  I     G      I C   KS  RRN      P    FNGV KDINI.QHN        VVNNN .ECNEV CV
SOD_M Monve     H  GD                                 GNG HI        GCSSMG HFNP    H         HLGDL  I     G      L C   KS  RRK      P    FNGT KDVNE.QGN        FVDMH .QCNNK YV
SOD_Moumouvirus     H  GD                                 GNG HI        GCSSMG HFNP    H         HLGDL  I     G      L C   KS  RRK      P    FNGT KDVNE.QGN        FVDMN .QCNDK YV
SOD_M goulette     H  GD                                 GNG HI        GCTSMG HFNP    H         HLGDL  I     G      M C   KT  RRN      P    LNGT KDVNE.VGN        LVDKN .QCNTK YV
SOD_OLPV1     H  GD                                 GNG HV      T  C SM  HFNP    HG       RHVGDL  I     G F   EA  L DT D  CA    YHNH  GPHS.KI         KTNAK .EAKYTFYD
SOD_Micromonas virus     H  GD                                 GNG HI      S GC  A  HFNP    HG       RHVGDL  I     G      M I   EA  L D  MG CG    YGKK  GPGS.KE         RFDSK .IAKFS ED
SOD_PBCV1     H  GD                                 GNG HV      T GCSSA  HFNP    HG       RHVGDL  I     G F   EA  L D     CA    FNTT  GPDS.KI         QADGK .KAKYSFYD
SOD_ATCV1     H  GD                                 GNG HV      T GCTSA  HFNP    HG       RHVGDL  I     G F   SA  L D     CA    FGTV  GPDS.KV         KTDKN .RAKYSFYD
SOD_Acanthocystis Chlorellavirus     H  GD                                 GNG HI      T GCTSA  HFNP    HG       RHVGDL  I     G F   SA  L D     CA    FGTV  GPES.KE         KTDKN .RAKYSFYD
SOD_Ectropis  obliqua NPV     H  GD                                 GNG HI      S GCTSAG HYNP    HG       RHVGDL  I            I F   EY  M N      E    YNKN  GPNN.LD         ESVSSTASTHFK IS
SOD_Bombyx NPV     H  GD                                 GNG HV      S GCTSAG HFNP    HG       RHVGDL  I            M F   EY  T N      E    TNED  APDA.EI         KSVGYNSLTEIN MD
SOD_Clostera granulovirus     H  GD                                 GNG HV      S GCTSAG H NP    HG       RHLGDL  I            I F   EY  V N      D L  HGMP  GPHS.NV         YSHGETHAVRVD VD
SOD_Epinotia granulovirus     H  GD                                 GNG HI      S GCTSAG HFNP    HG       RHLGDL  V I   EF  T N      E    FDLD  GPES.EI         YSRGDRYVTVISKRD
SOD_Choristoneura alphabaculovirus     H  GD                                 GNG HV      S GCTSAG HFNP    HG       RHVGDL  V            I F   EF  T N      E    TRQN  APDA.AE         RSAGCSALTPID SD
SOD_Adoxophyes entomopoxvirus     H  GD                                 GNG HI      S GCTSAG HFNP    HG       RHLGDL  I            I F   EY  L N      E    YNRN  GIDD.LD         NATTDKGNTNVN KD
SOD_Amsacta entomopoxvirus     H  GD                                 GNG HV      S GCTSAG HFNP    HG       RHVGD   V     G F   EY  V N      E    YNRQ  DISDKIH     F   YADEN .VANIDFHD
SOD_Deerpox virus     H  GD                                 GNG HI      T G SS G HFNP    HG       RHIGDL  I     G      I I   EL  E D A  C S    NNRH  SPND.EE         YANKH ISYVYM .D
SOD_Sheeppox virus     H  GD                                 GNG HI      T G  SMG HYNP    HG       RHIGDL  I     G      I L   EF  E N FL   N    ENKK  SPFN.NE         YSNKY .ISYIY LD
SOD_Shope fibroma virus     H  GD                                 GNG  V             G HYNP    HG       RHVGDL  I     G      I IN  EF  ACGNEL.. E    EKSS  SPSD.VH         HASKY .VSYVH ID
SOD_Swinepox virus     H  GD                                 GNG HI      T   NSLG HFNP    HG       RHVGDL  I     G L   EF  E DDV    K    DNKN  SQYD.TD         TANKY .VSYVYKID
SOD_Cowpox virus     H  GD                                 GN   I      S GC SIG                       I  I     G      LSLI  RY  I R  D   SPE..................IF    FVNRY .VAYVY NT
SOD_Vaccinia virus     H  GD                                 GN   I      S GC SIG                       I  I     G      LSLI  RY  I Q  D   SPE..................IF    FVNRY .VAYVY DT
SOD_Variola virus     H  GD                                 GN   I      S GCNSIG                       I  I     G      LNLI  RY  I R      SPE..................IF    FVNRY .VAYVY DT
SOD_Yeast     H  GD                                 GNG HI      T GC SAG HFNP    HG       RHVGDM  V     G F   EF  A N  V   P    FKKT  APTD.EV         KTDEN .VAKGSFKD
SOD_Human     H  GD                                 GNG HV      T GCTSAG HFNP    HG       RHVGDL  V     G      I F   EF  N A      P    LSRK  GPKD.EE         TADKD .VADVS ED
SOD_1SRD     H  GD                                 GNG HL      T GC S G HFNP    HG       RHAGDL  I     G      I F   EF  T N  M T P    DKKT  APED.EV         VANTD .VAEAT VD
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SOD_M chilensis              G  L L G   QII R LVIH   DDLG      S  T GN G RIACGIIKY P T .SN     G    EKE    MTNHPD KT .  S D       AYLN......
SOD_M lba              G  L L G   QII R LVIH   DDLG      S  T GN G RIACGIIKY P T .SN     G    EKE    MTNHPD KT .  S D       AYLN......
SOD_M Monve              G  L L G   QII R LIIH   DDLG      S  T GN G RIACGIIDY P T .PH     G    ERQ    RTNHPD .K M  S E       AYLN......
SOD_Moumouvirus              G  L L G   QII R LIIH   DDLG      S  T GN G RIACGIIGY P T .PH     G    ERQ    RTNHPD .K M  S D       AYLN......
SOD_M goulette              G  L L G   QII R LIIH   DDLG      S  T GN G RIACGIIQY P T .PH     G    ERQ    RTNHPD KT .  S G       AFLD......
SOD_OLPV1              G  I L G   NIL R LIIH   DD G      S  T GN G RI C IIGSH K R TKS     G    ADP  C QGNNKE LK .  A K  G A   YSKENF...
SOD_Micromonas virus              G  V L G   NVI R LVIH   DDLG      S  T G  G RI C VIGDL K R TKA     S    EDP    MGGHSD LT . HA K  T A   YSKKMCK..
SOD_PBCV1              G  I L G   NII R IVIH   DDLG      S  T GN G RIAC VIGSM S R .KC     A    ANE    LGGDAE LK .  A K    A   YAKENFAC.
SOD_ATCV1              G  I L G    I  R IVIH   DDLG      S  T GN G RIAC VIGSM K R .KCD T  M    DKT    KGGDAE LK .  A K    A   YAKEN....
SOD_Acanthocystis Chlorellavirus              G  I L G    II R IVIH   DDIG      S  T GN G RIAC VIGSM K K .KCD    M    DKT    KGGDAE KV .  A K    A   YAKENFK..
SOD_Ectropis obliqua NPV              G  I L G   NVV R MVVH   DDLG      S  T GN G RIACGIIGNM M Q .PY     S    AQQ    QTDNPL KT .  S G        YNNKNVVPS
SOD_Bombyx NPV              G  M L G   NII R LVVH   DDLG      S  T GN G RL CGIINV S Y .PH     S    TDK    LTDHPL KT .  S G  G    AICK......
SOD_Clostera granulovirus              G  I L G   SVL R LVVH   DD G      S  T GN G RL CGVIGHL S H .EH     S    AMR  Y LGDGEL RT .  S S  G     LMRD.....
SOD_Epinotia granulovirus              G  I L G   SVL R VVVH   DDLG      S  S GN G RL CGVIGGL S Y .PY     S    AME    RGDNKE KI .  S G  G     VKCEKIVPI
SOD_Choristoneura alphabaculovirus              G  I L G   SIL R LVVH   DDLG      S  T GN G RL CGIIGNL S F .PL     S    THR    LTDHPL KI .  A G  G     MCAN.....
SOD_Adoxophyes entomopoxvirus              G  I L G   SIL R LVVH   DDLG      S  T GN G RL CGIIGDI S Y .FN     S    DSP    KTDHPL KT .  S G  G     VCK......
SOD_Amsacta entomopoxvirus              G  I L G   NII R LVVH   DDLG      S  S GN G RL CGIIGDI S C .TN     T    DSP    KTDHPL KT .  S G  G     IAKD.....
SOD_Deerpox virus              G  I L     SII R LIIK   DD G      S    GN G  IA GIIGGQ S DN.EN     A    ENE  F RGNAEK HID.  S KG  W    ISN......
SOD_Sheeppox virus              G  I L G   SII R LVI    DDLG      S    GN G  VA GIIGGK S V .DY     S   SEKN    KGHNFK LID.  S NG  Y    IA.......
SOD_Shope fibroma virus              G  I L G   SII R LAVH   DDLG      S    GN G  IA GIIGGK T T .DR     S    ERE    RGPNVD SIH.  S NV  W    VA.......
SOD_Swinepox virus              G  I L G   SII R LVI    DDLG      S    GN G  IA GIIGGR Q R .NN     S   SQYV    KGENKT LID.  S ES  W    IIQ......
SOD_Cowpox virus              G          TII K L I                        RLACGVIGDVN.....IS     A S SKN...................DQ        ISYINEKII
SOD_Vaccinia virus              G          TII K L I                        RLACGVIGDVN.....IF     A S SKN...................DQ        ISYINEKII
SOD_Variola virus              G          TII K L I                        RLACGVIGDVN.....IS     A S SKN...................DQ        ISYINEKII
SOD_Yeast              G  I L G   SVV R VVIH   DDLG      S  T GN G R ACGVIGSL K I .PT     S    AGQ    KGDTEE LK .  A P P      LTN......
SOD_Human              G  I L G    II R LVVH   DDLG      S  T GN G RLACGVIGSV S S .DHC    T    EKA    KGGNEE TK .  A S        IAQ......
SOD_1SRD              G  I L G   SVV R LVVH   DDLG      S  T GN G RLACGVVGNQ P T .PN     A    ELE    KGGHEL PT .  A G        LTPV.....
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FIG 1 Structural alignment of the viral Mg277 structure with the 1SRD spinach Cu,Zn-SOD eukaryotic structure. A selection of Mimiviridae (red), poxvirus (black),
baculovirus (pink), and chlorovirus (green) SOD sequences has been included, as has the eukaryotic (blue) human and Saccharomyces cerevisiae sequences. Copper
binding residues are indicated by a red asterisk, Zn binding residues are indicated by a green asterisk, and residues coordinating the two metal ions are marked in blue.
The green triangles correspond to the residues involved in dimer formation. Special residues involved in the dimer stabilization of Mg277 are marked by red triangles. The
crucial disulfide bond conserved in all SOD sequences is marked by a cyan asterisk, and the disulfide bridge unique to megavirus is marked by an orange asterisk. The
structural alignment was produced using the 3DCoffee server (45), and the figure was produced using the ESPript 3.0 server (58).
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of the zinc and copper ions. In the metal-bound form of eukary-
otic Cu,Zn-SOD, the zinc atom is known to stabilize the zinc bind-
ing loop (loop IV, residues 50 to 82 in 1SRD, 55 to 87 in Mg277)
and the electrostatic loop (loop VII, residues 121 to 142 in 1SRD,
126 to 145 in Mg277). These loops form the active-site lid, limiting
the solvent’s access to the metal binding sites. They are also in-
volved in the first step of Cu,Zn-SOD activation through the cru-
cial intrachain disulfide bridge formation, which stabilizes the
dimer. In the Mg277 structure, the histidine residues involved in
zinc atom coordination (H76, H85, and D88 in Mg277) are disor-
dered. However, the fluorescence spectrum acquired on the crys-
tal that provided the three-dimensional (3D) structure showed
peaks at wavelengths specific for Zn and Cu. We thus suspected
that the residual density visible in monomer A, at the exact loca-
tion of the zinc atom in the reference 1SRD structure, might cor-

respond to a partially occupied zinc site. This was confirmed by
the metal dosage on the Mg277 proteins, which returned one zinc
and two copper atoms for 10 molecules of Mg277b2 (Table 2).

On the other hand, the residues involved in copper coordina-
tion are conserved in Mg277 (H51, H53, H68, H125, and R148) (Fig. 1
and 2) and are superimposable on the equivalent residues in the
1SRD structure, but the copper ion is conspicuously absent from
the Mg277 structure, and the type II Cu2� signal was not identified
by EPR on the selenomethionyl substitution protein (Fig. 3a). Our
structure thus corresponds to a metal-free form of a Cu,Zn-SOD
enzyme. In eukaryotic SODs, the enzyme activation can be per-
formed through CCS-dependent (50, 51) or CCS-independent
(Caenorhabditis elegans) (52) pathways. The fact that we obtained
the apo form of the enzyme with the proper disulfide bridge in the
Mg277 structure suggests that the viral enzyme, as with the C.

FIG 2 Ribbon representation of the Mg277 dimer. The residues involved in metal coordination and enzymatic activity are indicated on the figure (cyan-red) as
well as the disulfide bridges (green). The partially occupied Zn site is marked as a gray sphere. Specific residues involved in dimer stabilization are indicated in
purple. This includes the 2 salt bridges and the Q116 residues connecting the two monomers through H bonds at the exact location of the heptasulfane in the
human structure. The rendering was made using VMD (59).

TABLE 2 Metal content of the M. chilensis Mg277 protein determined by ICP-MS

SOD, desalting buffer, pH Protein concn Growth culture

Concn
(�M) of:

[Cu]/[Mg277]
(�M)

[Zn]/[Mg277]
(�M) EPRaCu Zn

Mg277b1, 20 mM Tris, pH 8 1.1 mM 2YT 20 60 1/65 1/19 No signalCu2�

Mg277b2, 20 mM Tris, pH 8 400 �M M9-SeMet (20) 80 40 1/5 1/10 No signalCu2�

Mg277b3, 10 mM CAPS, pH 10.5 350 �M 2YT with 1.2 mM CuSO4,
0.4 mM ZnSO4

360 395 1/1 1/1 Type II Cu2� ion,
165 �M

a EPR, electron paramagnetic resonance.
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elegans SOD and to a lesser extent the human enzyme, may not
need a specific chaperone for its activation.

The comparison of the Mg277 structure with those of its cel-
lular counterparts highlighted specific features of the viral en-
zyme, such as an additional intrachain disulfide bridge (C33-C105).
The corresponding cysteine residues are conserved only in the
99%-identical SOD sequence of megavirus lba, the closest relative
of megavirus chilensis. The dimer interfaces are also different be-
tween Mg277 and the eukaryotic structures. The human Cu,Zn-
SOD dimer was reported as being extraordinarily stable (53), and
the megavirus chilensis metal-bound SOD is also hyperstable,
with a melting temperature of 76°C measured. The metal-free
enzyme has a lower melting temperature of 56°C, comparable to
that of the human apo form. In each monomer of the Mg277
crystal structure, a glutamine residue strongly contributes to the
dimer interface through 2 H bonds linking the two Q116 residues
together. Interestingly, the Q116 residue in Mg277 is replaced by a
cysteine residue (C111 in Fig. 1) in the human enzyme, which was
reported as being involved in the formation of a covalent polysul-
fane bridge between the two monomers after the intrachain disul-
fide bridge was formed (PDB accession number 3K91) (54). In-
triguingly, the reactive cysteine residues covalently bound to the
heptasulfane of the human enzyme are superimposable on the 2
linked Q116 residues in the megavirus chilensis structure. Alto-
gether, the presence of the additional disulfide bridge in the mega-
virus chilensis enzyme, the extended interface between the mono-
mers, and the bonds contributing to the dimer interface, especially
the two salt bridges (K54 and R120 with the carboxyl-terminal N158)
(Fig. 2), may explain the extreme stability of the metal-free form of
the megavirus chilensis SOD enzyme. This stability might help the
enzyme to remain folded both in the virion and in infected cells.
To become active, the viral enzyme requires only zinc and copper
ions from the host immediately after protein synthesis, prior to its

loading into the viral particles or, conversely, when the virion
protein penetrates the cytoplasm at the early stage of the infection.

Metal content and EPR analysis. The metal content of the
Mg277 protein expressed under different conditions was deter-
mined by inductively coupled plasma-mass spectroscopy (ICP-
MS). As expected from the 3D structure, the Mg277b1 protein
produced in 2YT growth medium (Table 2) and the selenome-
thionylated Mg277b2 protein used to solve the structure (Table 2)
contained only substoichiometric quantities of Cu and Zn. The
differences observed between the two proteins may originate from
the fact that the selenomethionylated Mg277 protein was pro-
duced in minimal medium at a much lower bacterial growth rate,
yielding less Mg277 protein. Thus, more copper and zinc were
available than in the amount of selenomethionylated recombinant
protein produced. The metal content analysis of Mg277b3 ex-
pressed in bacteria grown with the supplemented medium re-
vealed the presence of Cu and Zn at a ratio of 1:1. Consistently,
with the Mg277 protein produced without supplementation of the
growth medium with Cu and Zn, no copper signal could be de-
tected by EPR spectroscopy (trace a in Fig. 3). The EPR spectrum
of the metal-bound form of the Mg277 protein recorded at 9 GHz
displays an axial signal, with g values at a g� of 2.262 and a g// of
2.067 and a hyperfine-coupling (ICu � 3/2) A// of 135 G, charac-
teristic of a Cu2� (S � 1/2) ion with a type II environment, as
found in SODs with a dinuclear Zn,Cu active site (g is a constant of
proportionality, whose value is the property of the electron in a
certain environment, g// is g parallel, and g� is g perpendicular)
(Fig. 3) (55, 56). The shape of the EPR spectrum was found to be
insensitive to pH variations in the [8 to 10.5] range, suggesting
that there are no measurable differences in the enzyme structures
either. Using an external standard, the EPR signal was found to
correspond to 0.5 Cu2� ion per protein.

Despite protein stabilization, we were unfortunately unable to
make the metal-bound form crystallize either under the condi-
tions of the metal-free form or under conditions that we routinely
use to crystallize new proteins (57). The crystals produced with the
nonsupplemented enzyme cracked when soaked with Zn and Cu.

Enzymatic activities of the various forms of Mg277. As ex-
pected from the fluorescence scan, the metal dosage, and the
EPR data, the nonsupplemented Mg277 proteins (Mg277b1
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FIG 4 Superoxide dismutase activity measurements at increasing concentra-
tions of Mg277b1 produced in minimum medium (triangles), of Mg277b3
produced in 2YT supplemented with Cu and Zn (circles), and of bovine
Cu,Zn-SOD (squares) after inhibition of WST reduction, as indicated in Ma-
terials and Methods.

FIG 3 EPR spectra of megavirus chilensis SOD purified from cultures supple-
mented (trace b) or not (trace a) with Cu and Zn. Recording conditions were
as follows: a T of 50,000, a microwave frequency of 9.476 GHz, microwave
power of 1 mW, a modulation amplitude of 1 mT, and numbers of accumu-
lations of 36 (a) and 10 (b), where T is temperature in Kelvin. The protein
concentrations were 350 �M in 20 mM Tris buffer, pH 8 (a), and 400 �M Tris
buffer in 10 mM CAPS buffer, pH 10.5 (b). B, magnetic field in millitesla (mT).
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and Mg277b2) were not active in the range of concentrations
used for the bovine SOD control. However, we were able to
observe some activity when increasing concentrations of the
Mg277b1 protein were used (Fig. 4), and the analysis of the
data provided an IC50 of 180 �g/ml. The supplemented
Mg277b2 enzyme produced an IC50 of 5 �g/ml, thus demon-
strating that the protein was fully active when the metal-bound
form was restored. For comparison, the measured IC50 of the
bovine SOD control was 3 �g/ml.

DISCUSSION

Unsurprisingly, given the high level of sequence similarity, this
first structure of a viral SOD is strikingly similar to those of its
eukaryotic counterparts. However, an in-depth analysis of the
structure highlighted some specific characteristics of the viral en-
zyme. The dimer interfaces are different between the viral and the
eukaryotic SODs, and the Mg277 interface area is larger despite
the disordered lid in the apo form of the enzyme. Moreover, there
is an extra disulfide bridge in the viral enzyme, suggesting that it is
more constrained than in the other Cu,Zn-SODs. The reported
phylogenetic distance between the mimiviruses and the other vi-
ruses (24) might be due to these specific structural features of the
mimivirus SOD protein. The viral SODs might thus have different
evolutionary histories. Finally, as for other CCS-independent
SODs, the supplementation of the bacterial growth medium with
copper and zinc was sufficient to recover the Mg277 metal-bound
form and to restore its activity, which suggests that megavirus
chilensis Mg277 belongs to this group of SODs. As Mg277 protein
is part of the virion proteome, megavirus chilensis thus possesses
an additional enzyme to resist oxidative stress, either intracyto-
plasmic or in the host phagocytic vacuole, compared to mimivi-
rus. As it was evidenced for the chloroviruses (24), possessing a
viral CCS-independent Cu,Zn-SOD which can be activated by
the sole presence of copper and zinc may be an advantage in a
host where SOD activation depends on the CCS. Interestingly,
A. castellanii seems to possess at least three SOD genes and a CCS
protein (XP_004352554, 28% identity over 232 amino acids); un-
fortunately, no experimental data are available on the dependence
of the A. castellanii SOD proteins on CCS activation. On the
other hand, other giant viruses infecting the same Acantham-
oeba host do not encode a SOD and, yet, replicate as efficiently
as megavirus chilensis. One explanation as to this discrepancy
may be that mimivirus SOD is dispensable when it infects A.
castellanii but is required in another host. Megavirus chilensis
was isolated from the environment, and we do not know its
natural host in the Pacific Ocean. Interestingly, except for some
predicted SOD sequences of poxviruses, viral sequences pos-
sess all the key residues involved in metal binding and activity.
As for the megavirus chilensis enzyme, they must thus corre-
spond to active Cu,Zn-SODs, suggesting that resistance to ox-
idative stress is a significant constraint in the evolution of large
eukaryotic DNA viruses. As reported for the chloroviruses’
SOD, the enzyme packaged inside the virions may lower the
concentration of reactive oxygen induced early during virus
infection (24).
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