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Extracellular superoxide dismutase (SOD3) is a homotetrameric copper-
and zinc-containing glycoprotein with affinity for heparin. The level of
SOD3 is particularly high in blood vessel walls and in the lungs. The
enzyme has multiple roles including protection of the lungs against
hyperoxia and preservation of nitric oxide. The common mutation R213G,
which reduces the heparin affinity of SOD3, is associated with increased risk
of myocardial infarctions and stroke. We report the first crystal structure of
human SOD3 at 1.7 Å resolution. The overall subunit fold and the subunit–
subunit interface of the SOD3 dimer are similar to the corresponding
structures in Cu–Zn SOD (SOD1). The metal-binding sites are similar to
those found in SOD1, but with Asn180 replacing Thr137 at the Cu-binding
site and a much shorter loop at the zinc-binding site. The dimers form a
functional homotetramer that is fashioned through contacts between two
extended loops on each subunit. The N- and C-terminal end regions
required for tetramerisation and heparin binding, respectively, are highly
flexible. Two grooves fashioned by the tetramer interface are suggestive as
the probable sites for heparin and collagen binding.
© 2009 Elsevier Ltd. All rights reserved.
Keywords: extracellular superoxide dismutase; heparin; collagen; hyperoxia;
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†A comment on ‘heparan’ and ‘heparin’: Outside of
cells in the body there are only heparan sulfate
proteoglycans, which are the physiological ligands of
Introduction

The superoxide radical is the oxygen radical formed
in the greatest amount in themetabolismofmolecular
oxygen. It is degraded by superoxide dismutases
(SODs),1 of which there are three isoenzymes in
mammals. Copper–zinc SOD (SOD1) occurs in the
cytosol,1 the intermembrane space of mitochondria,2

and the nucleus,3 while manganese SOD (SOD2) is
localized to the mitochondrial matrix.2 Extracellular
superoxide dismutase (SOD3) is secreted to the
extracellular space where it performs the same
enzymatic reaction as that of SOD1, namely, the
dismutation of superoxide to hydrogen peroxide and
oxygen,4,5 and at a similar rate (∼109 M−1 s−1 per Cu
atom). Because the superoxide radical penetrates
ess:
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membranes poorly, the three SOD isoenzymes are
generally assumed to have distinct roles in the body.6

SOD3 is a homotetrameric Cu- and Zn-containing
glycoprotein, which shows affinity for heparin and
other sulfated glycosaminoglycans.4,7 The major
proportion in the body exists anchored to heparan
sulfate proteoglycans† in the tissue interstitium and
on cell surfaces.8 SOD3 also shows affinity for
collagen type 19 and for fibulin-5.10 SOD3 occurs
in extracellular fluids such as plasma, lymph,
cerebrospinal fluid, and seminal plasma.4,11 While
SOD3. Heparin exists within mast cells and has tradi-
tionally been extracted from the gut to be used as an
anticoagulant. It is also a convenient reagent and the one
used in, for example, heparin-Sepharose columns and
when one wants to release SOD3 to the blood plasma
from binding to heparan sulfate on the blood vessel walls.
For this reason, heparan sulfate binding sites in proteins
are often referred to as heparin binding sites.
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Table 1. Summary of data collection and refinement
statistics

Space group P21

Resolution (Å) 28.2–1.70
(1.76–1.70)

Completeness (%) 97.3 (80.0)
Rmerge 6.1 (31.0)
I/σ(I), last shell 3.0
Redundancy 3.7 (2.8)
Total no. of reflections measured 916,454
Unique reflections 81,056
Wilson B-factor (Å2) 20.8
a, b, c (Å) 56.7, 93.5, 75.6
β (°) 106.2
Solvent (%) 36.2
No. of subunits 4
Final Rcryst (%) 15.1
Rfree (%) 18.5
ESU (Å) based on R value 0.088
No. of all atoms 5996
No. of water molecules 889
No. of thiocyanate ions 2
Average B-factor (Å2) 29.0

ESU, estimated standard uncertainty.
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SOD1 and SOD2 are ubiquitously expressed in the
body, SOD3 is synthesized by a more limited
number of cell types.12 The levels of SOD3 are
particularly high in blood vessel walls and in the
lungs. Studies in mice lacking SOD3 suggest that the
enzyme plays multiple roles, including protection of
the lung against hyperoxia,13 preservation of nitric
oxide by limiting the superoxide available for
formation of peroxynitrite,14 reduction of angioten-
sin-2-induced hypertension15, promotion of neovas-
cularization,16 and retention of memory.17 The
importance of the tissue anchoring is demonstrated
by the increased risk of myocardial infarctions and
stroke in individuals that carry a common poly-
morphism, R213G, which reduces the heparin
affinity of SOD3.18 Unlike wild-type human SOD3,
this mutant also fails to reduce the blood pressure
when expressed in spontaneously hypertensive
rats.19 SOD3 is synthesized with an 18-amino-acid-
long signal peptide, which after cleavage leaves a
222-amino-acid-long mature subunit.20 The central
part of the sequence (residues 91–194) was predicted
to have relatively strong similarities with human
SOD1. The N-terminal end appears to harbour parts
important for the tetramer interface21 and contains
the glycosylation site, Asn89.22,23 SOD3 is the only
glycosylated SOD isoenzyme. While a specific
biological function for the carbohydrate has not
been identified, the nonglycosylated protein is
significantly less soluble.22 A cluster of positively
charged residues in the C-terminal end confers the
heparin affinity.24 Despite extensive efforts, the
structure determination of SOD3 has remained a
challenge. We report here the first structure of
human SOD3 at 1.7 Å resolution. The shape of the
homotetramer allows us to propose the likely
heparin- and collagen-binding sites, located between
the two ‘SOD1-like’ dimers.

Results and Discussion

Quality of the model

The structure of recombinant human SOD3 has
been determined to a resolution of 1.7 Å. The final
R-factor and Rfree are 15.1% and 18.5%, respectively
(Table 1). The crystal is in the P21 space group with
one tetramer in the asymmetric unit. The average B-
factor for the model was 29 Å2. The N-terminal
(residues 1–37) and C-terminal (residues 206–222)
portions of the protein were not modelled due to
lack of clear density within the 2Fo−Fc and Fo−Fc
maps. The final model contains 5108 protein atoms,
2 thiocyanate anions, 4 Cu and 4 Zn atoms, and 889
water molecules. The estimated standard uncer-
tainty as implemented in REFMAC525 was 0.088 Å
and the rms deviations of bond lengths and angles
from ideal values were 0.018 Å and 1.71°, respec-
tively. The rms positional difference between the
main-chain atoms of the two dimers was 0.16 Å.
The quality of the final model was assessed by
examination of the detailed stereochemistry using
PROCHECK.26 For the four subunits in the asym-
metric unit (labelled as dimers A+B, C+D), 132–134
amino acid residues, corresponding to 90.2–92.5% of
the non-glycine and non-proline residues, were in
the most favoured regions, while 7.5–9.8% were
inside the additionally allowed regions and only
Gln203 of subunit C was within the generously
allowed regions. Pro88 (adjacent to the glycosyla-
tion site) and Pro122 (adjacent to Zn ligand His121)
are in the cis conformation in each subunit. Over the
entire ordered structure, 38.1% of the residues are in
β-sheets, 6.1% form α-helices, and 3% are in 3,10
helices. Residues Arg72, Glu82, Ser137, Arg142, and
Arg171 in subunit A; Asp54, Lys74, Gln105, and
Glu201 in subunit B; Thr52, Glu82, Ser137, and
Arg185 in subunit C; and Gln48, Arg59, Thr61,
Arg72, and Arg185 in subunit D were all modelled
with two side-chain conformations, as these were
clearly evident even at this modest resolution.
Both the N- and the C-terminal ends are incom-

plete in the structural model reported here, as there
is weak electron density corresponding to these
regions (modelling at 0.7σ contour level was not
reliable), signifying either a greater flexibility for
these parts of the molecule or the possibility that the
protein has partially degraded during crystallisa-
tion. The C-terminal amino acid sequence is trun-
cated at residue Arg205. The ‘missing’ residues
include the richly populated sequence of positive
charges (Arg210-Lys-Lys-Arg-Arg-Arg215) that are
essential for the heparin-binding affinity of SOD3.
Among the missing residues at the N-terminus is
Val24, which is known to be involved in oligomer-
isation of SOD3; in particular, the mutation Val to
Asp in tetrameric mouse SOD3 causes it to become
dimeric, while the reverse mutation in natively
dimeric rat SOD3 converts it to a tetramer.21 The
probable locations and orientations of these incom-
plete parts of the structure are discussed below.



Fig. 1. (a) A topological scheme for the SOD3 subunit. The eight antiparallel β-strands are numbered according to their
three-dimensional order of appearance around the β-barrel, beginning at theN-terminus.28 The loops are numbered from I
to VII according to protein sequence. The numbers for final residues of the strands and helices are displayed alongwith the
locations of the disulfide bridges. The undefined regions at the N- and C-termini, containing 54 residues in total, are also
indicated; (b) cartoon representations of the SOD3 subunit (green) compared with a subunit of human SOD1 (red). Two
views are shown to illustrate the key structural elements, including the extended loops I and III that are part of the
scaffolding of the tetramer and the active-site electrostatic and zinc-binding loops, VII and IV. The cysteine residues and the
intrasubunit disulfide bridges are shown in yellow (SOD3) and purple (SOD1), respectively. The overall rms difference
between the two subunits is 1.0 Å. The SOD3 dimer interface is formed by β-strand 1 (Ala44–Gln46), loop IV (Phe100–
Ser104), loopVI (Val156–Arg158), the end ofβ-strand 8 (Val191–Gly196), and the C-terminal helix (Leu199) of each subunit.
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The structure confirms earlier modelling studies23

that the N-glycosylation site Asn89 is distant from
the active site (∼22 Å) and does not interfere with
catalytic function. The side chains of the four Asn89
groups in the tetramer are solvent-exposed (see Fig.
5b) and accessible to glycosylation and have been
modelled in the electron density at each of the four
sites with relatively high B-factors. However, the
electron density in the surrounding solvent regions
is too weak to allow modelling of carbohydrate
groups close to Asn89.

Protein fold and comparison with SOD1

Each SOD3 subunit is composed of three distinct
regions: an unstructured N-terminus, the C-terminal
helical tail, and the central part. The latter comprises
residues 38 to 195, binds one Cu and one Zn atom,
and folds like SOD1 in an eight-stranded Greek key
β-barrel.27 The strands of the main part are
numbered 1 to 828 (Fig. 1) as they appear in the β-
barrel, startingwith Asp38, the first residue visible in
electron density. There are two intrasubunit di-
sulfide bonds present in each subunit. One of these,
Cys107–Cys189, connects loop IV with β-strand 8
and is geometrically similar to the Cys57–Cys146
bond in SOD1; the second one, Cys45–Cys190, is
unique to SOD3 (the equivalent residues in SOD1
are Cys6 and Gly147) and connects β-strand 1 with
β-strand 8. As discussed below, the additional
disulfide bridge contributes to the structural frame-
work involved in forming the tetramer. Two loop
Fig. 2. Sequence comparison between SOD3 and SOD1
alignment was obtained using the protein structure compariso
Four protein sequences are aligned, numbered according to
copper chaperone for SOD1 domain II (1DO5), and the silk mo
1.13 Å, and 1.35 Å, respectively. Conserved residues are sho
observed identity. Entries marked by ⁎ and # signify the locatio
are residues missing in the SOD3 structure at the C-terminus. T
end: WTGEDSAEPNSDSAEWIRDMYAKVTEIWQEVMQRRD
elements are stretched away from the β-barrel to
form the walls of the active site and are involved in
metal binding. The first, named the ‘zinc-binding
loop’ (loop IV, residues 99–127) by analogy with
SOD1,28 includes most of the Zn-binding residues
and the short helix containing Cys107. The second
‘electrostatic loop’ (loop VII, residues 165–184)
contains charged amino acid residues that help to
guide negatively charged substrates such as super-
oxide to the active-site entrance.29 Loop IV is much
shorter than the equivalent loop in SOD1, with
only two residues separating the Zn-binding
histidine ligands, His121 and His124, compared
to a gap of eight residues between His71 and
His80 in SOD1. Loops I and III (residues 51–60 and
82–88, respectively) linking β-strands 1 and 2 and
β-strands 3 and 4, respectively, are much longer
than analogical SOD1 loops and are key partici-
pants in the formation of the functional tetramer.
Structural comparisons with other SOD1-like
sequences, including human (Fig. 2), show that
these loop extensions as well as the C-terminal helix
are unique to SOD3. Bovine28 and yeast31 SOD1
also lack this structural element, one that we
suggest is required for tetramerisation. The highly
conserved residues among these structures are
predominantly localized on the loops around the
catalytic sites, while the β-strands are more variable
in composition.
The most striking feature of the SOD3 tetramer is

the presence of two grooves (‘major’ and ‘minor’)
located on opposite sides of the molecule and which,
-like folds. Three-dimensional structure-based sequence
n service SSM at the European Bioinformatics Institute.30

the SOD3 sequence: SOD3, human SOD1 (1HL5), human
th ‘clock’ protein EA4 (2E47), with rms differences of 1 Å,
wn in green, blue, or red according to the frequency of
ns of the Cu and Zn ligands, respectively. Shown in italics
he alignment shown omits residues 1–37 at the N-terminal
D.



Table 2. Anomalous Cu–Zn signals (σ level) in the active sites of human SOD3

Sites

A Cu A Zn B Cu B Zn C Cu C Zn D Cu D Zn

Zn edge, 1.22 Å 19.8 25.7 20.1 27.7 21.5 23.4 15.3 24.0
Cu edge, 1.33 Å 29.4 31.9 34.2 29.3
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as discussed below,may be significant for interaction
of the enzyme with heparin and collagen molecules.

The catalytic sites

Single-crystal anomalous scattering data (Table 2)
show that only Cu atoms occupy the Cu-binding
sites and only Zn atoms are present at the Zn-
binding sites. Overall, the metal-binding sites are
similar to those found in SOD1, with His96, His98,
His113, and His163 providing ligands to the Cu
atom and His113, His121, His124, and Asp127
forming the Zn site. A channel 8 Å wide leading to
the Cu site from the protein surface is bounded on
one side by Arg186 and on the other by Asn180
(Arg143 and Thr137 are the equivalent residues in
SOD1). In one subunit of each SOD3 dimer, a
thiocyanate anion is coordinated at the Cu site; in
the second subunit, a water molecule is present. The
imidazole ring of His113 is a ‘bridging ligand’ able
to form bonds to both Cu and Zn at the same time.
The structural data presented here are consistent
with a catalytic mechanism similar to that proposed
for SOD1,32,33 where reduced copper adopts a three-
coordinate geometry. The mechanistic similarity of
the two enzymes would also explain the similar
turnover rates of SOD1 and SOD3.4 In particular, the
Cu–His113–Zn bridge in SOD3 is intact for the Cu
(II) state, while the Cu–His113 bond is broken upon
reduction to Cu(I). In each subunit, the 2Fo−Fc
electron density for the Cu ion is considerably
elongated in the direction of His113, suggesting that
two positions for the copper atom are present
(Fig. 3). The following interpretation of the electron
density maps shows that the two positions for the
copper atom arise from either the existence of both
Cu(II) and Cu(I) oxidation states or, in the ligand-
bound sites, the movement of Cu(I) when thiocya-
nate binds. The existence of Cu(I) in the protein
crystal may signify X-ray-induced photoreduction
of copper during data collection; alternatively, it
may arise during the crystallisation or cryoprotec-
tion processes.35 We have previously shown for
human SOD1 measured to atomic resolution that
the presence of the reduced copper oxidation state in
the crystals was not the result of photoreduction by
the X-ray beam.34 We do not have experimental
confirmation that this is true for SOD3; however, the
total X-ray exposure in this case was much less
compared to those used in our human SOD1 studies
and it is thus possible that the reduced state is
naturally occurring in the crystals.
In subunits A and D (belonging to separate

dimers), the Cu(II) ion component is five-coordinate,
including a water molecule, with a distorted tetra-
gonal geometry. The Cu(II)–His113–Zn imidazolate
bridge is intact and there is continuous electron
density between the Cu and Zn atoms. The Cu(I) ion
component in monomers A and D is three-coordi-
nate and the Cu(I)–His113 bond is broken. In
subunits B and C, a fraction (∼40%) of molecules
contain thiocyanate ions directly bound to the
copper (at ∼2.3 Å) via sulfur atoms, while the
remaining fraction of copper atoms are in a reduced,
three-coordinate state. In the thiocyanate-bound
structure, the Cu–His113 distance is N3.1 Å and the
separation between the Cu and Zn atoms is N6.8 Å.
Previous structural studies on Cu–Zn SOD1s from a
range of sources have indicated that a Cu–Zn
separation N6.6 Å and Cu–His bridging distance
N3.0 Å is evidence of Cu(I) SOD.33,36,37 This strongly
suggests that the copper atom coordinated by
thiocyanate is in the Cu(I) state. The ‘elongated’
electron density at the copper sites in these subunits
is therefore due to Cu(I) atoms adopting two distinct
positions depending on whether thiocyanate is
bound or not.
A superposition of the Cu and Zn sites of SOD3

with atomic resolution data for human SOD1
confirms that the copper sites are predominantly in
the reduced state and nearly identical (Fig. 3d).
While the Zn atoms in SOD3 have the same ligand
types as in SOD1—Asp127 at 1.8–2.0 Å, His113,
His121, and His 124 at 1.9–2.1 Å—the geometry at
the Zn-binding sites is different as a result of the
much shorter Zn-binding loop in SOD3. A sharp
turn in the Zn-binding loop is introduced by the
presence of two proline residues, Pro120 and cis-
Pro122 (Lys70 and Gly72 in human SOD1). The Zn-
binding His121 ligand is flanked by these two Pro
residues, which may form a more rigid and less
labile Zn-binding environment relative to SOD1,
where the Zn site has long been regarded as
providing a structural framework for enabling
catalysis at the copper site. The greater rigidity
relative to the identical loops in SOD1 will
strengthen their role in covering and protecting the
β-barrel.38 The longer Zn-binding loops of SOD1
(along with the electrostatic loops) have been shown
to become highly disordered in the metal-depleted
human enzyme,39,40 leading to protein self-aggrega-
tion, a process linked to the neurodegenerative
disease amyotrophic lateral sclerosis.41

Subunit interfaces and assembly of tetramer

There are several intermolecular interfaces. A total
of 17 mostly hydrophobic residues from β-strands 1,
7, and 8 and loop VI are involved in forming the
subunit–subunit interface of the SOD3 dimer. Four
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hydrogen bonds are present and involve symmetric
interactions between the O and N atoms of Val194
and the N and O atoms of Gly101 (2.9 Å) and Gly157
(2.8 Å) of each subunit. The interface buries nearly
650 Å2 (∼7%) of the solvent-accessible surface area
per subunit. This is comparable to the surface area
buried at the dimeric interface of human SOD1
(∼660 Å2), where a similar backbone hydrogen-
bonding arrangement is found, with Ile157 in place
of the Val. Superposition of the α-carbon backbone
atoms of SOD3 with a dimer of the 1.8 Å resolution
data for fully metallated human SOD139 gives an
rms difference of only 1 Å for 137 aligned SOD3
residues when the extended loops I and II are
omitted from the calculation.
A tetramer is formed by two interacting SOD3

dimers. The active sites are separated by 35 Å across
the tetramer interface, which is comparable to the
separation of the active sites in the dimer (32 Å) and
to the distance between the Mn atoms (41 Å) across
the tetramer interface in mitochondrial MnSOD1.42

The overall arrangement of the SOD3 tetramer is
shown in Fig. 4a. Three interfaces (BC, AC, and BD)
Fig. 3 (legend o
are formed mainly through van der Waals and
hydrogen bonding/salt bridge interactions between
the residues on loop I of each subunit. These
interfaces are largely solvent-exposed, with approxi-
mately 3% (∼230 Å2) of the solvent-accessible area
of each subunit buried at each of the AC and BD
interfaces and 1.5% (∼120 Å2) buried at the BC
interface. The BC interface at the centre of the
tetramer is formed solely by contacts between loop I
residues, while the other two interfaces also involve
the end of β-strand 7 and the electrostatic loop VII.
The arrangement of the molecules at the BC interface
is especially noteworthy in that the loop I of each
subunit is placed in parallel and in an adjacent
configuration at the centre of the tetramer. At the
core of this grouping there is a proline–arginine
‘stack’ or cluster traversing the interface, comprising
Pro49 (the start of loop I) and the positively charged
guanidinium group of Arg59 from each subunit. The
average separation of the Pro49C-Arg59C-Arg59D-
Pro49D groups in the stack is ∼ 3.5 Å. The spatial
arrangement of the extended loops means that
Arg59 is effectively ‘sandwiched’ between two
n page 318)



Fig. 3 (legend on page 318)
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proline rings, the neighbouring residue Pro58, and
the stacking residue Pro49. Other residues packed
closely around the arginine on loop I are Ala51,
Thr52, and Leu53 (Fig. 4b). Further stabilisation of
the Arg59 side chain in this position is provided by
direct hydrogen bonding between the guanidinium
nitrogen atoms and solvent molecules and through
indirect contact via solvent of these N atoms with
the backbone oxygen atoms of Asp54 and Gln57,
which also belong to loop I.
The organisation of the two dimers results in the

creation of a large (∼20 Å deep, 7–20 Å wide, and
65 Å long) cavity or major groove on one face of the
tetramer and a smaller cavity or minor groove
(∼10 Å deep, 5–10 Å wide, and 30 Å long) on the
opposite face, with a total solvent-accessible volume
of 9400 Å2. The two grooves are shown as surface
representations in stereo in Fig. 5. The sides of the
major groove are defined by the orientations of
subunits A and D (one from each dimer), while the
base is formed by subunits B andC (Fig. 4a). The total
molecular surface area of the groove is 5860 Å2, of
which 4920 Å2 is solvent-accessible. The length of the
base is approximately 65 Å and extends from Val178
on the electrostatic loop of subunit C, across the
central proline–arginine cluster at the BC interface, to



Fig. 3 (legend on next page)
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the identical residue on the electrostatic loop of
subunit B. The residues lining the surface of the
groove along the BC axis are therefore supplied by
loop I, the Zn-binding loop IV, and the electrostatic
loop VII. Both of the disulfide bridges in the B and C
subunits are involved in enabling the relative
orientations of these three structural elements. The
Cys45–Cys190 bridge provides a structural influence
on the conformations ofβ-strand 1 (adjacent to loop I)
and β-strand 8 (adjacent to the electrostatic loop),
while the SOD1-like Cys107–Cys189 bridge has an
effect on the orientation of the Zn-binding loop. The
surfaces formed along the sides of the groove consist
of identical residues from β-strands 1–3 and 6, loop
III, and the C-terminal helix of subunits A and D.
Loops I and III, which are extended by comparison
with the equivalent loops in SOD1 (Fig. 1), are
therefore both involved in the architecture of the
dimer–dimer interface: loop I of subunits B and C
make the majority of the stabilising intermolecular
contacts, while loop III from subunits A and D forms
the inner surface at the ends of the sides of the groove
(Fig. 4a; also see Fig. 5a, top). Theminor groove on the
reverse side of the dimer–dimer interface is bounded



Fig. 3. The 2Fo−Fc electron density maps contoured at 3σ at the Cu–Zn site of SOD3. The copper site contains two
metal components corresponding to either oxidized or reduced fractions. (a) In subunits A and D, the oxidized Cu atom
fraction (30%) possesses four histidine ligands and a water ligand, while the other component (70%) is due to reduced
copper. The electron density map shows that the Cu(II)–His133–Zn bridge is intact, with a Cu(II)–His113 separation of
2.3–2.5 Å, while the distance from Cu and the nearest water molecule is 2.4–2.6 Å. The Cu(I) atom has only three histidine
ligands and the Cu(I)–His113 separation is 3.1 and 3.2 Å, with no continuous electron density to the copper atom; (b) the
water network at the active site of subunit A. Water molecule W1 is coordinated at 2.4 Å to the Cu(II) atom and at 3.7 Å
distance from the Cu(I) atom component; (c) in subunits B and C the Cu–Zn site contains a fraction of copper sites with Cu
coordinated to thiocyanate and a fraction without this ligand. The electron density maps show that the Cu–His133–Zn
bridge is broken and that the Cu atom has only three histidine ligands, both indicative of the Cu(I) state. The change in the
water network on thiocyanate binding is also shown; (d) a superposition of the active sites of SOD3 subunit A (green) and
human SOD1 (red).34 The metal ligands are numbered according to the SOD3 sequence. The copper-binding sites of the
two proteins are in good spatial agreement, including the positions of the oxidized and reduced Cu atoms. The zinc-
binding site protein residues shows larger positional differences that can be attributed to the truncated Zn-binding loop IV
in the SOD3 structure relative to SOD1.
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by the loops I of subunits A and D and loops III of
subunits B and C (also see Fig. 5a, bottom).
Surface cavities and grooves are common ligand-

binding areas in proteins.43 The overall shape and
size of each groove in the SOD3 tetramer suggest
that these regions are possible binding sites for
heparan sulfate or collagen. The positively charged
residues (4 Arg and 3 Lys residues out of the last 17)
in the missing part of the C-terminal sequence (206–
222) that are known to interact with heparin24 are
most probably located in the solvent region above
the major groove. In this sequence, Cys219 is
believed to form a disulfide bridge linking the
heparin-binding domains of two subunits,44 al-
though this link may not be required for heparin
binding.24 The packing of the SOD3 tetramers in the
unit cell of the crystal structure shows that space is
available for the missing C-terminal residues of
subunits A and D along the top of the major groove,
while the structured parts of the C-termini of
subunits B and C are oriented toward each other
across the minor groove and into the solvent
channels. Extrapolating the orientations of the C-
termini in this way from the existing structure
shows how disulfide bridges could be formed above
each groove between Cys219 residues of subunits A
and D and between Cys219 residues of subunits B
and C. Placing the missing helices in the solvent
channels is also consistent with the propensity of
these structural elements to be exposed to proteoly-
tic cleavage.45 It is likely that the arrangement of the
C-terminal helices in subunits B and C also faci-
litates binding of heparin or collagen to the region of
the minor groove.
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Fig. 4. (a) The SOD3 tetramer, oriented parallel to the molecular z (left) and x axes (right), showing subunits A (red), B (yellow), C (blue), and D (green) and the main
interactions between the two dimers, with Cu and Zn atoms shown as cyan and orange spheres. The tetramer interface is built mainly from contacts involving loop I and loop III
from each subunit, which are extended compared to other proteins sharing the SOD1-like fold. A long (∼65 Å) major groove extends from the ends of the electrostatic and Zn-
binding loops (VII and IV) of subunit C to the same structural elements on subunit B (left), while the depth of the groove reaches from the centre of the tetramer to the C-terminal
helices at the surface (right). These helices are truncated at residue Arg205 because the last 17 residues were not modelled in the weak electron density in this region. The surface at
the base of the groove is made up of a total of 64 residues, consisting of 32 symmetry-related pairs supplied by subunits B and C. Residues with side chains oriented into the groove
are Glu175, Ala176, Glu179, Asn180, Asn182, and Arg185, all on loop VII; Ser104, Gln105, and Glu108, all on loop IV; and Ala51 and Thr52 on loop I. The sides of the groove are
made up of 27 residues each from subunits A and D, including the C-terminal helices. These helices are oriented toward each other across the mouth of the groove, suggesting that
the positively charged C-terminal residues that are absent from the electron density are located here. The sides of the groove are terminated at each end by loop I residues from
subunits A and D. A smaller minor groove is located on the opposite face of the tetramer to the major groove, as shown in Fig. 5; (b) the intermolecular interfaces BC and AD (or
AC) are shown from left to right, with solvent omitted for clarity. The intermolecular contacts on loop I are symmetric at the BC interface, with Gln48, Pro49, Ala55, and Arg59
residues being provided by both subunits. Also shown are residues Leu52 and Thr53 on loop I that pack above the Arg59 side chain on subunit B (yellow). The BD interface (right;
AC is symmetrically equivalent) is formed by loop I residues on subunit D (green) and loop I and loop VII residues on subunit B. There are five hydrogen bonds or salt bridges,
four of which involve arginines, with bond lengths of 2.8 Å.
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There is no evidence reported for an interaction
between the N- and C-terminal ends of the enzyme.
On the other hand, heparin-binding SOD1 tetramers
genetically engineered with a covalent or short 19-
residue IgA1 hinge linking adjacent subunit N-
terminal and C-terminal ends were reported several
years ago.46 In SOD3, the terminal ends are both
longer (by a total of 35–50 residues) than in the
engineered SOD1 and they both project further
away from the dimer interface. While many of the
residues are missing, the relative orientations of the
existing N- and C-terminal ends in SOD3 suggest
that adjacent subunits are unlikely to interact as
described for the engineered SOD1 tetramer.
The unobserved N-terminal end of the amino acid

sequence prior to Asp38 is more difficult to place by
extrapolating from the existing structure and its
involvement in forming the tetramer21 is unclear.
The subunit fold and the dimer interface place β-
strands 1 and 8 of each subunit physically adjacent,
so that the N- and C-termini are initially in close
proximity. The N-termini of subunits B and C are



Fig. 5. Simulated docking models of heparin and collagen binding to SOD3. (a) Stereo views of the SOD3 molecular
surfaces for subunits A (red), B (yellow), C (blue), and D (green) are shown looking toward the base of the major groove
(top) and toward the base of the minor groove (bottom). These views illustrate the locations of the two grooves on the
opposite faces of the tetramer, while the middle panel shows an intermediate molecular orientation. In the top panel, the
top 5 docking solutions for a dodecasaccharide heparin molecule are shown using different coloured spheres, while the
preferred docking location of a synthetic collagen triple helix (pale blue spheres) is shown in the bottom panel; (b) surface
representation highlighting the heparin-binding contact regions (b4 Å) predicted by the docking calculations. The main
contact areas for subunits A and D (pink) are on the extended loop III (Glu82, Phe84, Pro85, Thr86, and Glu87), β-strand 6
(Asp135 and Gly136), and the C-terminal helix (Arg202). Themain contact areas for subunits B and C (magenta) are on the
main tetrameric interface loop I (Ala51 and Thr52), the Zn-binding loop IV (Gln105, Glu108, Ser109, Thr110, Gly111, and
Pro112) and electrostatic loop VII (Gln175, Ala176, Glu179, Arg185, and Arg186). The sites of N-glycosylation at Asn89 are
located at the protein surface close to the major and minor grooves (cyan), with side chains exposed to solvent and
accessible to glycosylation. The main surfaces of the protein that are in contact with the collagen molecule belong to loop I
of each subunit and loop III of subunits B and C. The truncated C-terminal helices of these subunits are oriented toward
each other across the minor groove and are suitably positioned to interact with the collagen molecule (not shown).
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most likely oriented away from the tetramer inter-
face, while the N-termini of subunits A and D are
oriented toward the interface.

Docking of heparin and collagen

Preliminary manual modelling showed that the
major groove is capable of accommodating a long
heparin fragment, and molecular simulations offer
strong support to this proposition. In Fig. 5a (top),
we show the top five results of docking calculations
performed using the HEX program47 in which a
hexasaccharide fragment and a linear (50 Å long)
dodecasaccharide fragment of heparin48 were
docked in separate runs to the SOD3 tetramer. The
top 70% of docking scores for the hexasaccharide
molecule placed it within the central portion of the
groove adjacent to the loop I residues at the BC
interface. For the dodecasaccharide fragment, 84% of
the docking scores, including the top 25 calculated
models, were located in the groove. The secondary
binding site was located at the minor groove.
The complex buries ∼1100 Å2 of the solvent-

accessible surface area, two-thirds of which is on the
B–C base. The main contact regions in the model
involve Ala51 and Thr52 on loop I, Gln105 to Pro112
on Zn-binding loop IV, and Gln175 to Arg186 on
electrostatic loop VII, all on subunits B and C, and
Glu82 to Glu87 on loop III, Asp135 and Gly136 on β-
strand 6, and Arg202 on the C-terminal helix, all on
subunits A and D (Fig. 5b). Some perturbation of the
catalytically active sites of subunits B and C would
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be likely because the binding region is formed from
the external surfaces of their electrostatic and Zn-
binding loops, with the heparin molecule located
approximately 10 Å from the active sites at its closest
approach. The active sites in subunits A and D are
more than 25 Å distant from the binding site and are
unlikely to be significantly disturbed by the pre-
sence of heparin. The binding model is therefore
consistent with the complex retaining the majority of
its enzymatic activity when heparin is bound, as
previously reported.49 Early attempts to model
heparin-binding made use of a SOD1 dimer with a
short heparin helix (GlyProGly–helixA) oriented
across loops II, IV, and VI of each subunit,50 thus
placing the SOD1 heparin-binding site on the
opposite side of the β-barrel from the loops (I and
III) forming the tetramer interface and the proposed
heparin-binding site in SOD3.
The docking calculations do not take into account

the influence of the missing C-termini helices that
would be involved in the binding mechanism.
Nevertheless, a probable structural scenario sug-
gests itself in which the positively charged C-termini
from subunits A and D, initially in an ‘open’
conformation, are able to interact strongly with the
negative heparin fragment and ‘lock’ it down in a
‘closed’ conformation in the major groove. This
scenario could provide a structural explanation for
the loss of susceptibility to proteolysis of the C-
terminus in the presence of heparin.45 Although
speculative, the outline offered here is evocative of
the recently proposed ‘collagen hug’ model for
multidomain collagen-binding proteins, where
extended collagen ligands are engaged by two
subdomains that cooperate to wrap around and
‘hug’ the collagen filaments.51

The collagen-binding site in SOD3 is known to
share some common features with heparin; in
particular, the charged C-terminal residues are
involved.9 Docking calculations have been per-
formed with HEX4.5 using a collagen model peptide
triple helix, (Pro-Pro-Gly)4-Pro-Hyp-Gly-(Pro-Pro-
Gly)4

52 [Protein Data Bank (PDB) ID 2DF3]. The
preferred docking region is along the minor groove,
where 9 of the top 10 solutions were found. Overall,
50% of the top docking scores were located here and
25% of the additional solutions were found for
collagen in the major groove. These models show
that, positioned in the minor groove (Fig. 5a,
bottom), the collagen molecule would interact with
loop I of each of the four subunits and loop III of
subunits B and C. These loops are longer than the
corresponding loops in other proteins with the
SOD1-like fold (Figs. 1b and 2a) and they form the
centre of the tetramer interface (Fig. 4a). A collagen
molecule oriented along the minor groove would
also be in a position to interact with the C-terminal
helices of subunits B and C. The collagen hug model
discussed above for heparin binding would also be
applicable here.
Both sets of docking calculations have been

carried out using a structure for SOD3 that lacks
the important positively charged C-terminal helices,
and the calculations are therefore dominated by
surface shape complementarities between the
docked molecules. Nevertheless, these docking
models possess structural features that are entirely
consistent with known biochemical and ligand-
binding results. In both docking models, the ligands
bind to grooves on the surface of the protein that are
adjacent to the solvent-exposed C-terminal helices;
furthermore, the truncated parts of these helices are
oriented toward the binding pockets, consistent
with their reported involvement in ligand binding.
Heparin binding requires the cooperative involve-
ment of all four C-termini,24 and docking models
with binding to both major and minor grooves are
consistent with this view. The Asn89 N-glycosyla-
tion sites are located on the surface of the tetramer at
the ends of each groove (Fig. 5b), consistent with the
reported lowering of the binding affinity of glyco-
sylated SOD3 due to repulsion between the nega-
tively charged heparin and the biantennary sialic
acid carbohydrate23. In addition, both of the
proposed binding sites are located in regions of the
protein distant from the catalytic centres, which
would allow the protein to retain a major fraction of
normal activity, in agreement with observed data.49

These putative binding models require experimental
confirmation through structure determination with
the C-terminus intact.

Concluding remarks

We have reported the first structural data for
human SOD3 to high resolution, which has
remained elusive for some 30 years. The SOD3
subunit has a fold identical to that of the β-barrel
structure of SOD1, while the dimeric structure is
formed through an interface similar to that of the
SOD1 dimer. Structurally, the functional form of
the protein is seen to be a unique homotetramer
with contacts formed through interactions between
loops that are spatially extended compared to
equivalent loops in SOD1. The functionally impor-
tant C- and N-terminal end regions are found to be
highly flexible and are not fully visible in the
electron density. The structure provides explana-
tions for many important distinguishing properties
of SOD3 and has allowed us to propose the
probable sites of anchoring of heparan sulfate and
collagen to the tetramer. The core structural
element containing the Cu and Zn sites is very
similar to SOD1 providing a structural explanation
of almost identical turnover rates of SOD1 and
SOD3 for superoxide dismutation.
Materials and Methods

Protein production and crystallisation

Recombinant SOD3 was expressed in Chinese hamster
ovary cells and isolated as previously described,51 with a
heparin–Sepharose chromatography included, which
ensures that the C-terminus is present. Crystals were
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obtained using the hanging-drop vapour-diffusion tech-
nique. Droplets containing protein (20 mg/ml) with 0.1 M
potassium thiocyanate, 0.05 M Bis–Tris propane (pH 7.5),
and 10% (w/v) PEG (polyethylene glycol) 3350 were
equilibrated over wells containing 0.2 M potassium
thiocyanate, 0.1 M Bis–Tris propane (pH 7.5), and 20%
(w/v) PEG 3350. Crystals grew in 2 months up to
0.1 mm×0.05 mm×0.05 mm.

Data collection, refinement, and model building

Data were collected at 100 K with a MAR225 detector
using beam line 10.1 at the Daresbury Laboratory UK and
processed with program HKL2000.53 Anomalous data
(Table 2) were collected to 2.5 Å resolution at wavelengths
1.33 and 1.22 Å. Structures were solved by molecular
replacement using MOLREP.54 A dimer of the 1.07 Å
resolution P21 wild-type Cu–Zn human SOD1 structure
2c9v34 was used as a starting model. The rotation function
gave four peaks around 11.0σ (next highest 4.6σ) with
two dimers in the asymmetric unit and after positioning
by the translation function, a correlation coefficient of 37.0
and R-factor of 49.6%. The model was refined without
non-crystallographic symmetry restraints by the max-
imum likelihood method as implemented in REFMAC5.25

The metal sites were not restrained during refinement and
copper metal atom occupancies for different oxidation
states were estimated according to the B-factor distribu-
tions of the metal and ligand atoms and examination of
difference density. Overall anisotropic scaling was used
and the individual atomic displacements were modelled
by isotropic temperature factors, which over the four
chains (ABCD) for the model ranged from 12.0 to 48.0,
12.6 to 51, 11.6 to 60.6, and 13 to 54.0 Å2 with average
values of 22.1, 25.4, 26.2, and 26.4 Å2, respectively. TLS
refinement55 was applied for the model. At the beginning,
all B-factors of individual atoms were fixed to 20 Å2 and
then were set free. Each subunit was treated as a TLS
group, excluding water molecules. This resulted in a drop
in R and Rfree factors of 2%. Model building was done
with COOT56 with solvent added to the model using
ARP.57 Data collection statistics and cell parameters are
summarised in Table 1. Calculations of molecular and
solvent-accessible surfaces were made using the CASTp
server.58

Docking calculations

Docking of molecules to the SOD3 tetramer was
performed using the program HEX4.5.47 The program
determines a set of candidate minimum energy complexes
between the molecules using spherical polar Fourier
correlations, with rigid-body interaction energies deter-
mined by macromolecular electrostatic complementarities
and an excluded volume hydrophobic model.59 After
removal of solvent molecules, surface shape and classical
electrostatic charge distributions were calculated for
SOD3 and heparin, the latter being either a hexasacchar-
ide or a dodecasaccharide fragment structure derived
from NMR.48 A post-processing bump filter was used to
highlight clashes between the molecules and clustering of
docking scores was applied, with the top 100 scores
saved. Local-energy minimisation of the top five models
was then performed. Validation of the procedure for
docking heparin molecules to proteins using HEX4.5 was
made using the crystal structure of heparin complexed
with basic fibroblast growth factor.60 The top 500 runs
were, in this case, grouped into six clusters (solutions),
each satisfying an rms deviation of b2 Å. Compared to the
experimental heparin–basic fibroblast growth factor com-
plex, each of the six simulated structures provided a
favourable solution, placing the heparin molecule in the
proximity of the known binding region.

Protein Data Bank accession numbers

Coordinates and structure factors have been deposited
in the Brookhaven PDB with accession number 2JLP.
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