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ABSTRACT: Superoxide reductase (SOR) is a blue non-heme iron protein that functions in anaerobic microbes
as a defense mechanism against reactive oxygen species by catalyzing the reduction of superoxide to
hydrogen peroxide [Jenney, F. E., Jr., Verhagen, M. F. J. M., Cui, X., and Adams, M. W. W. (1999)
Science 286, 306-309]. Crystal structures of SOR from the hyperthermophilic archaeonPyrococcus furiosus
have been determined in the oxidized and reduced forms to resolutions of 1.7 and 2.0 Å, respectively.
SOR forms a homotetramer, with each subunit adopting an immunoglobulin-likeâ-barrel fold that
coordinates a mononuclear, non-heme iron center. The protein fold and metal center are similar to those
observed previously for the homologous protein desulfoferrodoxin fromDesulfoVibrio desulfuricans
[Coelho, A. V., Matias, P., Fu¨löp, V., Thompson, A., Gonzalez, A., and Carrondo, M. A. (1997)J. Bioinorg.
Chem. 2, 680-689]. Each iron is coordinated to imidazole nitrogens of four histidines in a planar
arrangement, with a cysteine ligand occupying an axial position normal to this plane. In two of the subunits
of the oxidized structure, a glutamate carboxylate serves as the sixth ligand to form an overall six-coordinate,
octahedral coordinate environment. In the remaining two subunits, the sixth coordination site is either
vacant or occupied by solvent molecules. The iron centers in all four subunits of the reduced structure
exhibit pentacoordination. The structures of the oxidized and reduced forms of SOR suggest a mechanism
by which superoxide accessibility may be controlled and define a possible binding site for rubredoxin,
the likely physiological electron donor to SOR.

Superoxide reductases (SORs)1 are mononuclear, non-
heme iron proteins that catalyze the one-electron reduction
of superoxide to peroxide (1):

The electron donor for reduction reaction 1b is likely a

second non-heme iron protein, rubredoxin, which is reduced
by an oxidoreductase using NAD(P)H (1). SORs are distinct
from superoxide dismutases (SODs) since SORs do not
couple the reduction of one superoxide molecule to the
oxidation of a second superoxide to yield dioxygen. It has
recently been proposed (1) that SORs participate in a novel
oxygen detoxification system that is utilized by all anaerobic
microorganisms that cannot tolerate the production of di-
oxygen generated from superoxide by the action of SOD.

The SOR from the hyperthermophilic archaeonPyrococcus
furiosusis the most extensively characterized member of this
family (1); it is organized as a homotetramer composed of
14.3 kDa subunits each containing a single mononuclear non-
heme iron. The oxidized enzyme exhibits a characteristic blue
color that prompted the name neelaredoxin (derived from
neela, the Sanskrit word for blue) originally assigned to a
homologous protein (50% identical to theP. furiosusprotein)
of undetermined function isolated fromDesulfoVibrio gigas
(2). SOR also shares extensive sequence similarity (40%
identity) with the 93-residue C-terminal domain ofDe-
sulfoVibrio desulfuricansdesulfoferrodoxin (DFX), which is
an electron-transfer protein of unassigned function (3). A
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recent crystal structure analysis of DFX (4) demonstrated
that this domain binds Fe in a square planar coordination
geometry generated by four histidine rings in a plane, with
a fifth ligand, cysteine, occupying an axial position.

In view of the biochemical and spectroscopic characteriza-
tion of the SOR which established the SOR activity of this
center, and the available structural analyses of the likely
physiological electron donor to this center,P. furiosus
rubredoxin (5, 6), we have determined the crystal structures
of the P. furiosusSOR in the oxidized state (room temper-
ature and low temperature to resolutions of 2.0 and 1.7 Å,
respectively) and in the reduced state at low temperature to
2.0 Å resolution, to provide a structural framework for the
interpretation of the spectroscopic properties and mechanistic
features of this protein.

MATERIALS AND METHODS

Crystallization and Data Collection.SOR was overex-
pressed and purified as described in ref7. Crystals of SOR
for data collection were prepared by the sitting drop vapor
diffusion method, following a PEG screen, using 2µL of
∼100 mg/mL SOR in 50 mM Tris-HCl buffer at pH 8.0
and 2µL of reservoir solution equilibrated against a reservoir
solution containing 22% PEG 4000, 100 mM Tris-HCl at
pH 8.0, 10% (v/v) glycerol, 200 mM NaCl, and 2% (v/v)
ethanol. Crystals appeared within 4-5 days after setup and
belong to orthorhombic space groupP21212 (a ) 50.31 Å,
b ) 94.02 Å, andc ) 52.90 Å), with two SOR subunits in
the asymmetric unit (solvent content of∼44%).

Three native data sets were collected from SOR crystals.
(a) For SOR-OxRT, diffraction data to 2.0 Å resolution were
collected from a capillary-mounted, oxidized crystal at room
temperature on a Siemens multiwire area detector using
monochromatized CuKR radiation produced by a Siemens
rotating anode generator operated at 50 kV and 90 mA. The
data set was processed and scaled using the XDS package

(8). (b) For SOR-OxLT, after soaking in a mother liquor
solution containing 20% (v/v) PEG 400, SOR crystals could
be flash-cooled. This development permitted collection of a
second oxidized native data set at∼90 K to 1.7 Å resolution
on beamline 9-1 at the Stanford Synchrotron Radiation
Laboratory (λ ) 0.98 Å) on a 34.5 cm MAR Research
imaging plate system. The data set was processed and scaled
using DENZO and SCALEPACK (9). Upon flash-cooling
the crystal, the unit cell dimension along thec axis nearly
doubled in length, increasing from 52.90 to 99.33 Å, and
the space group changed fromP21212 to P212121 (Table 1).
This change in the space group resulted from a slight shift
in the crystal packing upon flash-cooling, causing the
crystallographic 2-fold axis to become noncrystallographic.
(c) For SOR-RedLT, SOR crystals were reduced by placing
a few grains of sodium dithionite in the crystal-containing
drop and were deemed fully reduced when the crystals
became colorless. A 2.0 Å resolution data set of SOR in its
reduced form was collected under cryogenic temperatures
on an R-Axis IV imaging plate area detector using mono-
chromatized CuKR radiation produced by a Rigaku RU 200
rotating anode generator operated at 50 kV and 100 mA.
The data set was processed and scaled using DENZO and
SCALEPACK (9).

HeaVy Atom DeriVatiVes and Phasing.Heavy atom
derivatives for the SOR-OxRT crystal form were prepared
by soaking SOR crystal(s) in mother liquor solutions
containing either 10 mM trimethyllead acetate (TMLA), 2
mM Pt(NH3)2Cl2, or 2 mM HgCl2. In addition to those three
heavy atom compounds, xenon gas was used for heavy atom
derivatization. Derivatization with xenon gas was carried out
by mounting an SOR crystal in a quartz capillary and
applying ∼15 atm of xenon gas to the capillary ap-
proximately 30 min before and throughout data collection
(10). All heavy atom derivative data sets were collected at
room temperature on an R-Axis IIC imaging plate area

Table 1: Data Sets and Heavy Atom Phasing Statisticsa

SOR-OxRTb SOR-OxLT SOR-RedLT TMLA Pt(NH3)2Cl2 HgCl2 Xe

source CuKR SSRL BL9-1 CuKR CuKR CuKR CuKR CuKR
wavelength 1.54 0.98 1.54 1.54 1.54 1.54 1.54
temperature room temp 90 K 90 K room temp room temp room temp room temp
space group P21212 P212121 P212121 P21212 P21212 P21212 P21212
unit cell dimensions (Å)

a 50.31 49.54 49.84 50.25 50.58 50.10 49.94
b 94.02 93.01 93.21 93.78 93.85 93.93 93.46
c 52.90 99.32 99.97 52.49 52.63 52.68 52.66

maximum resolution (Å) 2.0 1.7 2.0 2.5 3.0 2.8 3.0
no. of measurements 65376 222107 92775 24656 21012 23723 17184
no. of unique reflections 16334 51080 31825 8285 5358 6483 5243
completeness (%)c 92.9 (84.2) 99.5 (99.8) 98.7 (95.7) 91.5 (79.9) 99.8 (98.4) 99.6 (97.0) 98.7 (96.8)
I/σ(I) 23.8 (4.4) 21.7 (5.5) 19.2 (4.7) 15.0 (6.8) 15.1 (8.3) 13.4 (4.8) 17.8 (8.3)
Rsym (%)d 6.2 (17.8) 6.3 (25.1) 6.0 (24.2) 7.9 (11.7) 8.7 (13.8) 10.1 (19.2) 6.5 (14.0)
concentration of heavy-atom

compound (mM)
- - - 10 2 2 ∼15 atm.

no. of sites 2 - - 2 3 3 1
phasing powere - - - 1.04 0.72 0.96 0.86
Rcullis

f 0.85 - - 0.83 0.89 0.85 0.88
overall FOM 0.515 (to 3.0 Å

resolution)
a The native anomalous signal and TMLA and Pt(NH3)2Cl2 derivatives were phased to 3.0 Å; the HgCl2 derivative was phased to 3.5 Å, while

the xenon derivative was phased to 4.0 Å.b The room-temperature oxidized SOR data set was used for the initial MIR phasing.c Numbers in
parentheses correspond to values in the highest-resolution shell.d Rsym ) [ΣhklΣi|Ii(hkl) - 〈I(hkl)〉|]/[ΣhklΣiI(hkl)]. e Phasing power) 〈FH〉/Σ||FPH -
FP| - FH|, where〈FH〉 is the rms calculated heavy atom structure factor.f Rcullis ) Σ||FPH - FP| - FH|/Σ|FPH - FP|, whereFH is the calculated
heavy atom structure factor amplitude andFP andFPH are the native and derivative structure factor amplitudes, respectively.
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detector using monochromatized CuKR radiation produced
by a Rigaku RU 200 rotating anode generator operating at
50 kV and 100 mA and processed using the programs
DENZO and SCALEPACK (9). Heavy atom sites, including
the native Fe sites, were identified by a combination of
anomalous Patterson, difference Patterson, and cross-differ-
ence Fourier maps generated with the CCP4 suite of
programs (11). A total of nine heavy atom sites [two TMLA
sites, three Pt(NH3)2Cl2 sites, three HgCl2 sites, and one
xenon site] were found. These sites, in combination with the
two native iron sites, were used to calculate phases to 3.0 Å
resolution using MLPHARE (12). A summary of the statistics
for all data sets and phasing is listed in Table 1.

Model Building and Refinement.The initial MIR electron
density map for the SOR-OxRT structure was improved
through the use of 2-fold noncrystallographic symmetry
(NCS) averaging and solvent flattening using the program
DM (13). An approximate CR trace of the model was built
using the program XDLMAPMAN (14) and was used as a
starting point for model building. Initial refinement employed
strict NCS constraints in the simulated annealing protocol
of the program X-PLOR (15), using a bulk solvent correction
and all data between∼30 and 2.0 Å resolution. Refinement
cycles were alternated with model rebuilding against 2|Fo|
- |Fc| σA-weighted and|Fo| - |Fc| σA-weighted maps (16)
using the molecular graphics program O (17). After several
rounds of refinement and model rebuilding, theR-factor and
R-free converged to 16.0 and 18.9%, respectively. The final
SOR-OxRT model contains two subunits (2× 124 amino
acid residues), two iron atoms, and 128 water molecules.
The overall structures of the two NCS-related subunits are
very similar, with the exception of the regions spanning Gly
9-Lys 15 and Gly 36-Pro 40. Of the 128 water molecules,
56 are NCS-related while 72 are not. A representative
segment of the finalσA-weighted 2|Fo| - |Fc| electron density
map calculated at 2.0 Å resolution is shown in Figure 1.

The final model displays good stereochemistry, with an rms
deviations in bond lengths and bond angles of 0.010 Å and
1.49°, respectively. The average temperature factors of
subunits A and B are 25.0 and 27.9 Å2, respectively, while
the average temperature factor for the 128 water molecules
is 34.3 Å2. In the Ramachandran plot, as calculated with
PROCHECK (18), 92.9% of the residues are in the most
favored regions while 7.1% of the residues are in additionally
allowed regions. There are no residues in disallowed regions.

Since the space group of the crystals changed fromP21212
to P212121 upon flash-cooling, the SOR-OxLT structure was
determined by molecular replacement using the molecular
replacement package AMoRe (19). Successive rounds of
refinement and model rebuilding resulted in the convergence
of the R-factor andR-free to 20.3 and 21.7%, respectively.
The final SOR-OxLT model contains four subunits (4× 124
amino acid residues), four iron atoms, and 416 water
molecules. As was the case for the SOR-OxRT model, the
overall structures of the four subunits in the low-temperature
oxidized SOR model are very similar, except for the regions
spanning Gly 9-Lys 15 and Lys 37-Pro 40. The average
B-factors for subunits A-D are 17.1, 18.7, 16.6, and 18.9
Å2, respectively. The rms deviations in bond lengths and
bond angles of SOR-OxLT are 0.004 Å and 1.24°, respec-
tively. Further analysis with PROCHECK (18) showed that
94.9% of the residues reside in the most favored regions
while 5.1% of the residues reside in the additionally allowed
regions of the Ramachandran plot.

The SOR-OxLT structure, excluding the iron atoms and
water molecules, was used as the starting model for the
refinement of the SOR-RedLT structure. Successive rounds
of simulated annealing, positional, and individualB-factor
refinement in X-PLOR (15) using all data between 30 and
2.0 Å resolution were alternated with model rebuilding. The
occupancies of Lys 12, Gly 13, Glu 14, and Lys 15 were set
to 0.10 due to the absence of electron density for those

FIGURE 1: Stereoview of the finalσA-weighted 2|Fo| - |Fc| electron density map around residues 48-53 of the SOR-OxRT structure. The
map was calculated to 2.0 Å resolution and contoured at 1.0σ. This and all subsequent figures, unless indicated otherwise, were produced
using the programs BOBSCRIPT (28) and RASTER3D (29).
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residues. The iron atoms, which were initially left out of the
model, were placed back into all four subunits upon
observing 2|Fo| - |Fc|, |Fo| - |Fc|, and anomalous difference
electron density at the iron sites in all four subunits. However,
the electron densities at the iron sites in subunits A and C
were considerably stronger than those in subunits B and D,
suggesting that the iron atoms in subunits B and D were
either at lower occupancy or more disordered. To distinguish
between the two situations, two different refinements were
performed and the resulting maps were compared. In one
case, the occupancies of the iron atoms in subunits B and D
were held constant at 1.0 while theirB-factors were refined,
whereas in the other case, theB-factors of the two irons
were fixed at their values in the SOR-OxLT model (∼27
Å2) while their occupancies were refined. Comparison of the
positive and negative difference density around the iron sites
under each scenario suggested that the iron atoms in sub-
units B and D are present and ordered, but at low occupancy.
The occupancies of the iron atoms in subunits B and D were
ultimately refined to 0.22 and 0.24, respectively. Alternating
rounds of refinement and rebuilding resulted in a final
R-factor and a finalR-free of 22.2 and 24.7%, respectively.

The final model of SOR in the reduced form at low
temperature consists of four subunits (4× 124 amino acid
residues), four iron atoms, and 330 water molecules. The
rms deviations from ideal bond lengths and bond angles are
0.006 Å and 1.58°, respectively, while in the Ramachandran
plot, 92.2% of the residues are in the most favored regions
and 7.8% of the residues are in additionally allowed regions.
The averageB-factors for each of the subunits (A-D) are
26.6, 27.6, 26.2, and 28.4 Å2, respectively, and that for the
water molecules is 40.7 Å2. Refinement statistics for all
structures are summarized in Table 2.

RESULTS AND DISCUSSION

Structural Organization of SOR.SOR exists as a homotet-
ramer with 222 point group symmetry in the crystal structure
(Figure 2). The overall dimensions of the tetramer are
approximately 45 Å× 49 Å × 53 Å. The SOR subunit is
organized as a seven-strandedâ-barrel that adopts an
immunoglobulin-like fold, with one turn of 310-helix (residues
1-4) connected to the barrel by a 15-residue loop at the
N-terminus (Figure 3A). As expected, this structure is similar
to the fold observed for the C-terminal domain of desulfo-
ferrodoxin (DFX), with an rmsd of 1.3 Å between 72 CR
atoms of SOR-OxLT and DFX (Figure 4). The topology of
the sevenâ-strands corresponds to that of a C2-type Ig-like
fold, which is characterized by the strand order A, B, E, D,
C, F, and G (20) (Figure 3B). The three-stranded antiparallel
â-sheet containsâ-strands A (residues 19-25), B (residues
28-34), and E (residues 92-98), while the four-stranded
â-sheet consists ofâ-strands C (residues 49-58), D (residues
65-71), F (residues 103-111), and G (residues 115-123).
The main difference between SOR and the C-terminal
domain of DFX is that the loop regions in SOR are longer.
In SOR, loops A-B, C-D, D-E, and E-F are longer than
they are in DFX by 4, 6, 13, and 3 residues, respectively
(Figure 4).

In the SOR-OxRT model, subunits A and C are crystal-
lographically equivalent, as are subunits B and D. Subunits
A and B, related by noncrystallographic symmetry (as are
subunits C and D), are nearly identical to each other, with
two regions of notable exception (Figure 5A). One region
spans Gly 9-Lys 15, while the other includes Gly 36-Pro
40. The difference between the two subunits in the Gly
9-Lys 15 region adjacent to the iron site is quite substantial
(Figure 5B), with a rmsd of 6.4 Å between corresponding
CR atoms. The differences between the region spanning Gly
36-Pro 40 are less drastic, with a rmsd between correspond-
ing CR atoms of 1.2 Å. Excluding these two regions, the
CR rms fit between the remaining 113 residues in the two
subunits is 0.1 Å. Similar relationships between these regions
are observed in the SOR-OxLT structure.

Table 2: Final Refinement Statistics for the SOR Models in the
Oxidized (SOR-OxRT and SOR-OxLT) and Reduced (SOR-RedLT)
Forms

SOR-
OxRT

SOR-
OxLT

SOR-
RedLT

resolution limits (Å) 28.8-2.0 29.6-1.7 22.7-2.0
R-factora 0.160 0.203 0.222
R-free 0.189 0.217 0.247
no. of monomers/asymmetric

unit (au)
2 4 4

no. of non-hydrogen atoms/au
no. of protein atoms 2028 4056 4056
no of iron atoms 2 4 4
no. of water atoms 128 416 330

rms deviations from ideal values
bond lengths (Å) 0.010 0.004 0.006
bond angles (deg) 1.49 1.24 1.58
dihedral angles (deg) 29.9 29.6 29.3
improper torsion angles (deg) 0.73 0.55 0.68

average temperature factor (Å2)
main chain atoms 23.9 16.5 26.2
side chain atoms 28.9 19.1 28.1
water molecules 34.3 31.3 40.7

Ramachandran plot (%)
residues in most favored

regions
92.9 94.9 92.2

residues in additional
allowed regions

7.1 5.1 7.8

residues in generously
allowed regions

0.0 0.0 0.0

residues in disallowed
regions

0.0 0.0 0.0

a R-factor ) Σ(|Fobs| - |Fcalc|)/Σ|Fobs|.

FIGURE 2: Ribbon diagram of the homotetrameric arrangement of
SOR. Subunits A-D are depicted in yellow, green, blue, and red,
respectively, while iron atoms are depicted as gold spheres.
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Such drastic differences between the subunits in these two
regions were not observed, however, in the SOR-RedLT
structure. The average rmsds between the CR atoms in the
different subunits of the regions spanning Gly 9-Lys 15 and
Gly 36-Pro 40 in this structure are only 0.3 and 0.5 Å,
respectively, making all four subunits in the asymmetric unit
nearly identical to one another.

Intersubunit Interactions.Each subunit forms extensive
contacts with the other three subunits, resulting in the burial
at subunit-subunit interfaces of∼40% of the surface area
of each isolated subunit, as calculated with GRASP (21).
Two of the NCS-related subunits in SOR-OxRT, A and B
(which are equivalent to C and D, respectively), form a tight
dimer that is held together by many hydrogen bonds and
electrostatic interactions. The interface area between these
two subunits, calculated using GRASP, was found to be
∼1340 Å2 per subunit. The numerous interactions that are

formed involve residues from the 310-helix, the loop region
connectingâ-strands C and D, andâ-strands C, D, F, and
G. The two crystallographically related subunits (A and C)
also interact extensively, with the surface area buried at this
interface calculated to be∼1360 Å2 per subunit. A notable
feature of subunits A and C pair is that the four-stranded
antiparallelâ-sheets of the two subunits are juxtaposed such
that â-strands D of subunits A and C pair up to form an
extended eight-stranded antiparallelâ-sheet (Figure 6A). A
similar dimerization interaction between the four-stranded
â-sheets is observed in desulfoferrodoxin (4). In addition,
in SOR, residues 88-98 fromâ-strand E of subunit A form
water-mediated as well as direct hydrogen bonds to the
corresponding residues onâ-strand E from subunit C (Figure
6B). The other NCS-related subunits, A and D (equivalent
to C and B, respectively), also interact with each other, but
to a much lesser extent than the first pair of NCS-related

FIGURE 3: (A) Stereoview of the structure of a SOR monomer.â-Strands in the three-stranded and four-strandedâ-sheets are shown in
light and dark blue, respectively. The iron atom is depicted as a green sphere. (B) Topology diagram of a SOR monomer. Secondary
structures are depicted using the same color scheme as in panel A.â-Strands are lettered A-G, with the order of the strands being such
that the topology is that of a C2 Ig-like fold.â-Strands A, B, and E form the three-strandedâ-sheet, whileâ-strands C, D, F, and G form
the four-strandedâ-sheet. The iron center is shown as a green sphere and is connected by dotted lines to the general locations of its five,
potentially six, ligands.
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subunits. The calculated dimer interface for subunits A and
D (∼590 Å2 per subunit) is less than half that of either of
the other two NCS-related subunit pairs. Finally, it is
interesting to note that at the core of the homotetramer, near
where the three molecular 2-fold axes intersect, are located
a number of buried charged residues. Arginine 69 and
glutamates 53 and 71 from each of the subunits are positioned
near the 2-fold axes such that they form direct and water-
mediated hydrogen bonds as well as electrostatic interactions
with one another.

Iron Center. Each SOR subunit in the homotetramer
contains one mononuclear, non-heme iron center that resides
on the periphery of the subunit between three loop regions:
the loop region between the 310-helix andâ-strand A, the
loop region betweenâ-strands B and C, and the loop region
betweenâ-strands F and G (Figure 3A). The coordination
geometry in subunits A and C of the oxidized structures may
be described as octahedral, with four histidine ligands (His
16, His 41, His 47, and His 114) arranged in an equatorial
plane, and a cysteine ligand (Cys 111) and a glutamate ligand
(Glu 14) positioned axially (Figure 7A). Three of the four
histidines (His 16, His 41, and His 47) coordinate the iron
via their Nε2 atoms, while the fourth histidine, His 114,
coordinates the iron via its Nδ2 atom.

Differences are observed in the sixth coordination position
in subunits B and D of oxidized SOR. In SOR-OxRT, where
Glu 14 is the sixth ligand in subunits A and C (which are
identical due to crystallographic symmetry), no ligand is
present at this position in subunits B and D (which are also
crystallographically related). This pentacoordination geom-
etry, as shown in Figure 7B, is similar to that observed for
the iron center seen in domain II of DFX (4).

The iron centers seen in SOR-OxLT are indistinguishable
from those seen in SOR-OxRT in most respects except for
one. Where a sixth iron ligand was not observed in subunits
B and D in the SOR-OxRT model, electron density for a
solvent molecule in that position is now observed∼2.6 Å
from the iron. The distances between the iron center and its
ligands for all three SOR structures are listed in Table 3.

The differences in metal coordination observed between
the iron centers of subunits A and C, and B and D, in both
oxidized SOR structures reflect the substantial differences,
as discussed earlier, in the polypeptide conformation for
residues Gly 9-Lys 15 (Figure 5B). In subunits B and D,
this region is positioned such that Glu 14 is displaced from
the iron center. The weak electron density, as well as the
considerably higher temperature factors observed in this
region of subunits B and D, indicates that it is probably
somewhat disordered. As further evidence for the greater
disorder of this region in subunits B and D than in subunits
A and C, the refined temperature factor for the iron atoms
in subunits B and D (26 Å2) of the SOR-OxRT model is
higher than that of the iron atoms in subunits A and C (17
Å2). Whether the flexibility observed in this Gly 9-Lys 15
loop region is mechanistically relevant is unclear. It is
interesting to note that the other loop region that differs
between the subunits, Gly 36-Pro 40, is in close contact
with the Gly 9-Lys 15 loop region. It seems plausible,
therefore, that the interactions between these two regions of
the subunit are correlated and could play a role in the
catalytic mechanism of the enzyme.

The origin of the differences in the polypeptide conforma-
tions and the resulting differences in iron coordination
between the different subunits of oxidized SOR is unclear.
One possibility is that oxidized SOR may exist in an
equilibrium between two different conformations and that
the observed structures represent a trapped mixture of the
two different oxidized conformations (with subunits A and
C displaying one conformation and subunits B and D
displaying the other). Yet another possibility is that the
conformational differences observed in the oxidized struc-
tures arise from crystal packing. The molecules are packed
in such a way that Trp 11 and Lys 12 of subunits A and C
form lattice contacts with residues from an adjacent crys-
tallographically related molecule, while the same residues
in subunits B and D are not in contact with any residues
from another molecule. It might be argued then that the
crystal packing interactions present in subunits A and C could
be the cause for the greater stability observed in the Gly
9-Lys 15 loop region of these subunits. However, analysis
of the reduced structure indicates otherwise. As will be
discussed subsequently, all four subunits in the reduced SOR
structure adopt the same conformation in the flexible regions.
The homogeneity of the subunits in the reduced structure
suggests that crystal packing is unlikely to be the sole
determinant of the conformation of the flexible regions.
While crystal packing may still play a role, the reduced
structure shows that the conformational differences observed
in the oxidized structures are not necessarily enforced by
crystal packing. A third possibility is that the iron sites of
two of the subunits were photoreduced by X-rays during data
collection, as has been previously observed for Cu,Zn SOD
(22, 23), and the resulting structures represent a mixture of
oxidized and reduced states. Such a scenario appears to be

FIGURE 4: Superposition of SOR (yellow) and DFX domain II
(darker purple) showing the similarity between the folds (rmsd
among 72 CR atoms of SOR-OxLT and the DFX domain II of 1.3
Å). Domain I of DFX, which contains a rubredoxin-like FeCys4
center, is shown in light purple.
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more likely than either of the first two possibilities. The
conformations of the flexible regions in subunits B and D
of the oxidized structures are the same as that of the
corresponding regions in all four subunits of the reduced
structure, suggesting that subunits B and D in the oxidized
structures might actually be in the reduced state while
subunits A and C are in the oxidized state.

Low-Temperature Reduced Form.The structure of dithio-
nite-reduced SOR was determined to ascertain whether
changes to the overall structure and/or iron coordination
occur upon iron reduction. As discussed above, in contrast
to the different polypeptide conformations observed in the
oxidized structures, the structure of SOR in the reduced form
shows that the conformations of the Gly 9-Lys 15 and Gly
36-Pro 40 loop regions are the same in all four subunits.
These regions in the SOR-RedLT structure share conforma-
tions very similar to the corresponding regions in subunits
B and D of the SOR-OxRT structure, with the CR rmsds
between these regions of the two structures being 0.4 and
0.6 Å, respectively.

The iron centers of reduced SOR display the same
pentacoordinate configuration in all four subunits. In subunits
A and C, Glu 14 is no longer coordinated to the iron, as it
was in the oxidized structure; in addition, the solvent
molecule that was observed as a sixth ligand to the iron in
subunits B and D of the SOR-OxLT model is no longer
observed. While the iron center coordination is the same
among the four subunits of SOR-RedLT, there are some
notable differences between the sites in the apparent oc-
cupancies of the iron atom at each site. In both subunits B
and D, the electron densities of the iron and two of the
histidines to which it is coordinated (histidines 16 and 114)
are considerably weaker than those in subunits A and C.
Assuming that this reflects partial loss of iron, rather than
high mobility, the occupancies of Fe in the B and D subunits
were determined to be∼0.2 through crystallographic refine-
ment. Because of this low occupancy, the metal-ligand
distances at these sites cannot be reliably determined, which
likely contributes to the apparent changes in the values
reported for SOR-RedLT subunits B and D in Table 3.

FIGURE 5: (A) Superposition of subunits A (yellow) and B (green) of SOR in the oxidized form. The two regions (Gly 9-Lys 15 and Gly
36-Pro 40) that differ between the subunits are shown in a darker shade of their respective colors. (B) Stereoview of the superposition of
the iron centers of subunits A and B in oxidized SOR using the same color scheme as in panel A. Glu 14 is located on one of the flexible
loop regions (shown in a darker shade) which differ in conformation between subunits A and B. One result of this conformational difference
is that in subunit A, Glu 14 can act as a sixth ligand to the iron whereas in subunit B, Glu 14 has moved∼5 Å away and, as a result, no
longer can act as a sixth ligand.
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Mechanistic Implications.The fact that the sixth iron
ligand is variable between the subunits of the oxidized
structure as well as between the oxidized and reduced
structures suggests that this variability could play a role in
the catalytic mechanism of SOR. One possible role of having
a variable sixth ligand may be to regulate the accessibility
of superoxide to the iron site in the reduced and oxidized
forms of SOR. According to eq 1a, superoxide should bind
to SOR in the Fe(II) form. In the SOR-RedLT structure, the
iron site is pentacoordinate, leaving the iron at the sixth
ligand position exposed. One could speculate that superoxide
may bind to the iron at this vacant sixth ligand position,
forming a six-coordinate iron center; the superoxide would
subsequently be reduced and released. In contrast, the iron

centers in at least two of the subunits in the oxidized form
of SOR are six-coordinate, with Glu 14 serving as the sixth
ligand. In these subunits, the binding of superoxide to the
iron would most likely be hindered, if not altogether
prevented, by Glu 14. Such a gating mechanism could
explain the binding of superoxide to the reduced, and not
the oxidized, iron center.

It is not apparent from the structure, however, how binding
of superoxide to the iron center is facilitated. In the case of
both Cu,Zn SODs and also Mn and Fe SODs, it has been
proposed that electrostatically positive residues around and
along the substrate channel leading to the active site center
serve to guide anions such as superoxide to the active site
(24-27). This does not appear to be the case, however, for
SOR. One difference between SOD and SOR is the apparent
ease of accessibility of superoxide to the respective metal
centers. In SOD, the active site is located at the bottom of a
channel, whereas the iron center of SOR lies near the surface
of the subunit. The seemingly more accessible active site of
SOR may obviate the need for an electrostatic focusing effect
such as that proposed for SOD. Lys 15, the positively charged
residue closest to the iron center, could perhaps play some
role in directing superoxide to the active site, but aside from
this residue, the environment around the active site is mostly
hydrophobic, as reflected by the surface electrostatic potential
map calculated with GRASP (21) (Figure 8).

Upon substrate reduction, the Fe(III) center of SOR must
be re-reduced to the Fe(II) form. As discussed in ref1, the
likely electron donor for this electron-transfer reaction is the
non-heme iron-containing protein rubredoxin (Rd). Since
domain I of DFX contains an FeCys4 rubredoxin-like center,
the possibility that Rd is bound to SOR in a similar fashion
as DFX domain I is attached to DFX domain II was explored.
To test this possibility, one of the subunits of SOR was
superimposed onto domain II of DFX while the structure of
P. furiosusRd (5) was superimposed onto domain I of DFX
(rmsd of 1.3 Å among 21 CR atoms). The superpositions
revealed thatP. furiosusRd cannot bind to SOR in the same
position and orientation in which domain I is attached to
domain II of DFX, since this would result inP. furiosusRd
directly overlapping with another subunit of SOR.

Inspection of the SOR structure points instead to a
potential Rd binding site involving the immediate solvent-
exposed residues surrounding the iron center. Such residues

FIGURE 6: Dimerization interactions between subunits A (yellow)
and C (blue) (the same interactions are observed for subunits B
and D). As in Figure 3, lighter-coloredâ-strands correspond to the
three-strandedâ-sheet whereas darker-coloredâ-strands correspond
to the four-strandedâ-sheet. (A) View of subunits A and C showing
hydrogen bonds formed between the Dâ-strands of the two
subunits, resulting in the formation of an extended eight-stranded
antiparallelâ-sheet. (B) View upon rotation of the molecule by
180° about the vertical axis in the plane of the paper, showing the
direct and water-mediated hydrogen bonds that are formed between
the Eâ-strands of the two subunits.

Table 3: Bond Distances between the Iron Atom and Its Ligands
(X) in the Different Subunits of the Oxidized (SOR-OxRT and
SOR-OxLT) and Reduced (SOR-RedLT) Forms of SORa

SOR-OxRT SOR-OxLT SOR-RedLT

X A B A B C D A B C D

His 16 Nε2 2.14 2.14 2.10 2.13 2.09 2.09 1.97 2.7 2.08 2.4
His 41 Nε2 2.15 2.21 2.17 2.21 2.20 2.24 2.29 2.7 2.26 3.1
His 47 Nε2 2.19 2.20 2.15 1.99 2.16 2.02 2.13 1.9 2.08 2.1
His 114 Nδ2 2.09 2.06 2.18 2.16 2.20 2.12 2.08 2.2 2.10 2.0
Cys 111 Sγ 2.42 2.33 2.46 2.68 2.46 2.67 2.44 2.6 2.40 2.7
Glu 14 Oε2 2.02 - 2.15 - 2.15 - - - - -
solvent - - - 2.57 - 2.59 - - - -

a The bond distances in subunits C and D of the SOR-OxRT model
are not listed, as they are the same as those for subunits A and B, due
to crystallographic symmetry. The bond distances reported for subunits
B and D of the SOR-RedLT structure are less accurate due to the lower
Fe occupancies at these sites and are therefore reported with lower
precision values.

2506 Biochemistry, Vol. 39, No. 10, 2000 Yeh et al.



include three of the iron ligands, Glu 14, His 47, and His
114, as well as adjacent residues Trp 11, Ile 39, Pro 40, Pro
42, Thr 44, and Ile 113. One factor which suggests that Rd
may bind at this site is the close proximity that can be
achieved between the SOR and Rd iron centers if Rd were
indeed to dock at this site. Compared to that at other potential
binding sites, the binding of Rd at this position would result

in the shortest iron-to-iron distance (∼8 Å), which perhaps
would facilitate electron transfer between the two iron sites.
In addition to the proximity between the iron centers, the
hydrophobicity of the residues in this area provides another
indication that Rd may bind at this location, since the
structure ofP. furiosusRd (5, 6) reveals that the majority
of the solvent-exposed residues surrounding the FeCys4

center in Rd are also hydrophobic. Finally, many of the
above-mentioned residues surrounding the iron center in SOR
are either a part of, or adjacent to, the flexible loop regions
of Gly 9-Lys 15 and Gly 36-Pro 40. If these residues were
indeed involved in binding Rd, the different conformations
observed for the Gly 9-Lys 15 and Gly 36-Pro 40 regions
between the oxidized and reduced structures could provide
a mechanism by which Rd binding to SOR is regulated.
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