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of Superoxide Dismutase
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Abstract

Copper-zinc superoxide dismutase (SOD) is of fundamental importance to our understanding of oxidative damage. Its
primary function is catalysing the dismutation of superoxide to O, and H,0,. SOD also reacts with H,0,, leading to the
formation of a strong copper-bound oxidant species that can either inactivate the enzyme or oxidise other substrates. In the
presence of bicarbonate (or CO,) and H,0,, this peroxidase activity is enhanced and produces the carbonate radical. This
freely diffusible reactive oxygen species is proposed as the agent for oxidation of large substrates that are too bulky to enter
the active site. Here, we provide direct structural evidence, from a 2.15 A resolution crystal structure, of (bi)carbonate
captured at the active site of reduced SOD, consistent with the view that a bound carbonate intermediate could be formed,
producing a diffusible carbonate radical upon reoxidation of copper. The bound carbonate blocks direct access of
substrates to Cu(l), suggesting that an adjunct to the accepted mechanism of SOD catalysed dismutation of superoxide
operates, with Cu(l) oxidation by superoxide being driven via a proton-coupled electron transfer mechanism involving the
bound carbonate rather than the solvent. Carbonate is captured in a different site when SOD is oxidised, being located in
the active site channel adjacent to the catalytically important Arg143. This is the probable route of diffusion from the active
site following reoxidation of the copper. In this position, the carbonate is poised for re-entry into the active site and binding
to the reduced copper.
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Introduction a highly reactive pro-oxidant species that either inactivates the

enzyme [11] through the oxidation of active site histidines and
Cytosolic copper-zinc superoxide dismutase (SOD) catalyses the

dismutation of the superoxide radical to oxygen and hydrogen
peroxide via redox cycling of the copper atom, playing a vital role
in the cellular defenses against oxidative stress [1]. The enzyme is a
32 kD homodimer with each subunit forming an eight-stranded
Greek key PB-barrel containing a disulphide bond, a solvent
exposed catalytic copper atom and a buried zinc atom that is
important for structural integrity [2]. Copper and zinc atoms are
linked by a bridging histidine residue, which is detached from the

subsequent loss of copper [12-15], or through random or active
site. peptide fragmentation [16,17]; or peroxidises exogenous
substrates [18-20] while affording some protection against
oxidative damage to the active site at physiological pH in the
presence of bicarbonate [21-23]. In the presence of the
bicarbonate-carbon dioxide pair, the oxidant has been shown to
react with Trp32 on the surface of the protein [24], strong
evidence of its diffusible nature. The exact structure of the bound
oxidant species is unknown but is usually written as SOD-
copper during catalysis and reduction to Cu(I). A positively Cu(IOH, SOD-Cu(T)O, SOD-Cu(l)-HyOs, or SOD-Cu(III) [25].
charged channel and ‘electrostatic loop’ guide superoxide and

R = Reactivity with hydrogen peroxide is significantly enhanced in the
other small anionic substrates to the active site copper atom. A

- o ! ) . ] presence of bicarbonate [17,26-29], which undergoes oxidation to
Posmvely c.h.arged arginine res@ue (Arglf}?)) in this channel. is CO;5 "~ [30,31], and it has been a matter of intense debate whether
ideally positioned for electrostatic anchoring of the superoxide HCO5~ [28,29], or a HCO, ™ enzyme-bound intermediate

during catalysis [3] and has also been identified as a binding site [26,32-35], or CO, [25,36] is the substrate that generates the
for other anions [4], including phosphate [5], formate [6] and,

when the copper atom is reduced, azide [7]. Oxidised SOD has a
high affinity for small anions and cyanide, azide and thiocyanate
all bind directly to Cu(Il) [8-10] and are competitive inhibitors of
the enzyme. In addition to its reaction with superoxide, SOD
reacts with hydrogen peroxide (or peroxide) at the Cu site, forming

enhanced HyOo-SOD peroxidase activity.

Carbonate or bicarbonate anions are also of general physiolog-
ical interest in view of their high levels in biological fluids [37].
They are sometimes required as essential cofactors, binding in a
noncovalent fashion and acting as Lewis acids or bases in
enzymatic mechanisms [38] or as a structural element in the
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Figure 1. The active sites of reduced (A) and oxidised (B) SOD in the presence of carbonate. The copper and zinc ions are shown as cyan
and orange spheres, respectively. In the oxidised enzyme, the carbonate anion is located ~5 A from the Cu(ll) atom, forming H-bonds with the NE
and NH2 atoms of Arg143. A well-ordered network of water molecules occupies the active site channel (also see figure 3), with WO coordinated to the
copper atom of the oxidised enzyme. In the reduced enzyme, the carbonate anion is directly coordinated to the Cu(l) atom, displacing W0. Water
molecules W1 and W2 are conserved in both structures and play a significant role during superoxide binding and catalysis (see main text). The 2Fo-Fc

electron density maps are shown contoured at 1.2c.
doi:10.1371/journal.pone.0044811.g001

construction of metal binding sites in metalloproteins, like
transferrin [39]. Carbon dioxide has several important functions
in biological systems and in addition to its essential role in
regulating pH it is increasingly implicated in mechanisms of i vivo
oxidative stress, for example in the rapid non-enzymatic trapping
of peroxynitrite (ONOO™) by COgy to form the adduct
ONOOCO;y . Decomposition of this adduct generates the
carbonate radical anion (COs ), a diffusible reactive oxygen
species [34]. Carbonate radicals are also produced by oxidation of
bicarbonate by hydroxyl ions [37].

The suggestion that the carbonate radical is the oxidant
produced by SOD peroxidase activity prompted us to investi-
gate the nature of the interaction of (bi)carbonate with SOD
using X-ray crystallography. We report here that bicarbonate
binds directly at the active Cu(]) site of wild type human SOD
and is also observed as a free substrate in the active site pocket
when the Cu atom is oxidised. This is the first direct structural
evidence for the existence of a Cu(I)HCOj3; complex at the
active site of SOD, consistent with a role for a (bi)carbonate
intermediate in SOD peroxidase mechanism. Additionally, the
results lead us to suggest a role for bound carbonate in the
reduction of superoxide to hydrogen peroxide during the
dismutase activity of SOD.

Results and Discussion

Structural Characterisation of Carbonate Binding Sites

To obtain the carbonate adduct crystals of copper-reconstituted
wild-type human SOD were soaked in potassium bicarbonate
solution. The structure of an identical crystal measured prior to
soaking showed the normal three coordinate Cu(l) and five
coordinate Cu(II) sites typical for SOD1 (data not shown). In the
bicarbonate-soaked structure, a carbonate ion was found to be
present in each of the ten different copper sites in the asymmetric
unit. A novel and unexpected finding was the influence of the
oxidation state of the Cu centre on the mode of carbonate binding.
The asymmetric unit of the 2.15 A resolution structure contained
five SOD dimers (labeled A-F, B-G, C-H, D-1, E-]) that showed
differences in the structure and oxidation state of their active sites.
In four of these dimers, one subunit contained Cu(ll) while the
other contained Cu(I), characterised in the latter by the absence of
bound water, the discontinuous electron density indicating
breakage of the Cu-His63 bond, and the elongation of the Cu-
Zn distance [10]. In the fifth dimer (C—H), in contrast to the other
four, both active sites were oxidised.

In subunits containing Cu(Il), the carbonate anion occupied a
position ~5 A from the metal, lying between the side chains of
Argl43 and Thr137, and it is held in place by interactions with the
Argl43 side chain and water molecules (figure 1). The bridging
His63 residue is coordinated to the Cu(Il) and a water molecule
provides a fifth ligand. The observation of an Argl43-bound
carbonate species without direct binding to oxidised copper is
consistent with earlier EPR studies at physiological pH [22,29].
Carbonate is likely to interact with the nearby Argl43 sidechain
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facilitating the redox cleavage of hydrogen peroxide by anchoring
it at the active copper site [29].

The entry of carbonate into the copper site in subunits
containing Cu(I) (figure 1) is accommodated by a conformational
rearrangement of the electrostatic loop residues 132-140,
resulting in an opening up of the channel entrance by ~1 A
(figure 2). The coordination geometry of the copper has changed
from trigonal planar to tetrahedral, with an oxygen atom of
carbonate acting as the fourth ligand, coordinating directly to the
Cu atom at ~2.0-2.6 A, with a Cu — Ocarponate — Cearbonate angle
between 130° and 150°. The protonated His63NE2 atom is
pointed towards an oxygen atom of carbonate (the separation
between them is 2.5-2.9 A for the four reduced dimers),
suggesting that His63 plays a significant role in enhancing the
affinity of the trigonal planar Cu(l) for this axial ligand. The
carbonate ion is further anchored to the polypeptide through two
hydrogen bonds between the nitrogen atoms of the side chain of
the catalytically important Argl43 and second oxygen of the
oxyanion. The third oxygen of carbonate is ~2.8 A from the
CG2 atom of Thr137. The positions of hydrogen atoms cannot
be determined at this resolution but it is very likely that this third
oxygen of carbonate is in fact protonated, as would be expected
from the pH (7.5) of the crystallisation conditions and from the
absence of water or other hydrogen bond donors near to this
third oxygen atom of the bicarbonate ligand.

Significance of Two Distinct Carbonate Binding Sites in
the SOD Active Site Channel

Carbonate and phosphate undoubtedly compete for the same
binding sites on the enzyme [26] and peroxidative reactions of
SOD carried out at physiological levels of carbonate are almost
entirely suppressed in the presence of 100 mM phosphate buffer,
whereas lower concentrations of phosphate show a much smaller
effect [29]. Carbonate binding should predominate at the
estimated physiological concentrations of intracellular carbonate,
which is normally present in relatively high levels @ vivo, typically
10-15 mM inside cells [40] and 20-30 mM in plasma in
equilibrium with around 1.3 mM COy [34], versus 2.5 mM for
phosphate ions [41].

A mechanism to explain the increased peroxidase activity of SOD
by HyOy in the presence of bicarbonate was originally suggested by
Elam et al [26]. This proposed the formation of an enzyme-bound
peroxymonocarbonate (HCO, ) oxidant that is subsequently
reduced to a Cu(II)-bound carbonate radical plus an oxygen radical
that oxidises endogenous or exogenous substrates. The first step in
this mechanism requires the binding of HCO;  to the reduced
copper atom. The existence of this bicarbonate Cu(I)-bound species
is supported by the current crystal structure (figure 1A). The
positioning of bicarbonate at the Arg143 binding site in the oxidised
enzyme (figure 1B) is also relevant to the mechanism of peroxidase
function, as it suggests that the anion is either primed for entry into
the active site upon reduction of the copper atom, or has been
captured on its exit from the active site following oxidation of the
copper atom. The weight of evidence is now in favour of a diffusible
rather than enzyme-bound carbonate radical [35,42] and the
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Figure 2. The entry and location of carbonate anions at the active site. Upper panel: Superposition of the metal binding regions of the
crystal structure subunit A (red), which contains Cu(l), with subunit C (blue), which contains Cu(ll). Upon reduction of the copper, the carbonate anion
moves into the cavity, the copper atom moves toward carbonate and the His63 is rotated away from the copper towards carbonate. These changes
are facilitated by the opening up (by ~1 A) of the active site cavity by a reorientation of the Thr137 main chain and neighbouring residues making up
the short 3/10-helix region of the electrostatic loop. The side of the cavity formed by Arg143 and adjacent residues of the electrostatic loop are
relatively unperturbed. Lower panel: The electrostatic potential of SOD plotted on the solvent-accessible surface, from +10kT/e (blue) to —10kT/e
(red). The positive potential at the active site channel leading towards the copper atom is shown with both positions for the carbonate anion
superimposed. The surface is displayed transparently to reveal the Arg143 and Thr137 electrostatic loop residues at the mouth of the channel, the

copper atom at the base of the channel and the zinc atom.
doi:10.1371/journal.pone.0044811.g002

observation that bicarbonate binds at Argl43 rather than to Cu(II)
in the crystal structure supports this view.

The SOD-Cu()HCO3  binding in the crystal structure is likely
to represent an i vivo state of the enzyme that could result when
the copper site is reduced in the presence of available intracellular
bicarbonate. However, Liochev and Fridovich have shown i vitro
that COy rather than HCO; is the likely precursor of the
carbonate radical in SOD [36]. The oxidation of COj by the pro-
oxidant species formed by HyO at the reduced copper site may in
this case still result in a carbonate-bound [25] or peroxymono-
carbonate-bound [33] intermediate, which is then rapidly released
following electron transfer by the copper. The current structure
provides direct evidence that a (bi)carbonate Cu(I)-bound inter-
mediate could be formed at the SOD active site. In the absence of
kinetic data for bicarbonate binding to the reduced copper, the
crystal structure is consistent with formation by either route (i.e. by
physiological bicarbonate or by COy). Whether this bicarbonate
reacts in the presence of HyO, to yield a copper-bound
peroxymonocarbonate and the exact role of HCO, as an
intermediate in the peroxidase reaction of SOD remain a matter

of debate [23,25,32,33,35].

Implications for the Dismutase Activity of SOD

The observation that carbonate is coordinated directly to
Cu(I) in reduced SOD suggests a new pathway for the step in
which superoxide is reduced to give hydrogen peroxide. It is well
documented that superoxide, Oy, cannot be reduced directly
to peroxide, O, unless it can accept a proton at the same
time to form HOO = or is coordinated to a metal ion that
stabilises the peroxide dianion prior to its protonation
[10,43,44]. It has previously been proposed that superoxide
reacting with the reduced form of the enzyme does not
coordinate directly to the Cu(I) ion but instead docks by
hydrogen bonding to nearby conserved water molecules that act
as the proton donors as the superoxide is reduced [10]. The
current structure supports such a mechanism for this step of the
catalytic cycle, whereby the bound carbonate acts as the proton
donor to superoxide.

‘Inner-sphere’ reduction of Cu(II) by superoxide. The
water molecule WO coordinated to Cu(Il) is part of a well-ordered
solvent network in the active site channel (figure 1). We label the
two water molecules closest to W0 as W1 and W2. In the reduced
subunits, the carbonate anion has displaced WO and coordinates
directly to Cu(I). Water molecules W1 and W2 remain present in
both oxidised and reduced subunits and are conserved in many
high-resolution crystal structures of SOD from different organ-
isms (figure 3). When azide or thiocyanate are bound at the active
site, WO and W1 are displaced by the terminal atoms of these
anions [9,10], while W2, which is linked to the protein by
hydrogen bonding to the His63 N and Lys136 O atoms, remains
anchored in place. The location of WO has been proposed to
represent the binding site for superoxide in the oxidised enzyme,
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prior to inner sphere electron transfer [9,10]. A superoxide
molecule has been modeled in the oxidised crystal structure in
this position (figure 4A) using the experimental data provided by
the structures of bound anions (figure 3) as a guide. The
carbonate observed in the oxidised subunit occupies a position
that does not block access to inner sphere reduction of Cu(II) by
superoxide.

‘Outer-sphere’ reduction to hydrogen peroxide. In the
next step, we propose that the Cu(I)-bound carbonate ion plays a
role analogous to that of the water molecule in the standard outer-
sphere mechanism, whereby the second superoxide molecule of
the catalytic cycle is reduced to hydrogen peroxide. In this
carbonate-based adjunct to the standard mechanism (shown
schematically in figure S1), superoxide travels down the active
site channel stabilized by hydrogen bonds to a chain of water
molecules, oriented parallel to the Argl43 sidechain, leading from
the surface of the molecule toward the carbonate ion bound to
Cu(I) (figure 3). In this outer sphere scheme, the bound carbonate
would block direct access of superoxide to the Cu(l) site during
catalysis. Again guided by the existing structural data as
summarised in figure 3, we suggest that superoxide then drops
into position between the Argl43 and the carbonate ion,
displacing W1 in the process. In this position (figure 4B), the
superoxide would be ~5A from the reduced copper atom,
~2.7 A from the carbonate O2 atom, ~2.6 A from the Argl43
and ~2.9 A from W2. The His63NE2 atom is ~3.8 A from
superoxide and 2.7 A from the Ol atom of carbonate.
Simultaneously with the outer-sphere electron transfer from the
Cu(I) atom, the superoxide anion receives a proton, from the O2
atom of carbonate. W2 is then able to provide a second proton to
the newly formed HO, ', via the solvent chain. Meanwhile, the
O1 atom of carbonate receives a proton from the NE2 atom of
His63. Hydrogen peroxide is thus formed and released from the
active site, the Cu(II)-His63 bond is re-formed and WO (or
another superoxide anion) replaces carbonate as a fifth Cu(II)
ligand.

The carbonate anion liberated from the copper following
reoxidation during dismutase activity would be able to migrate out
of the active site cavity. It is interesting to speculate whether it may
shuttle back and forth along the Argl43 side chain as the copper
atom is sequentially reduced and oxidised during superoxide
catalysis.

Conclusion

We have demonstrated that (bi)carbonate binds in two positions,
dependent on Cu oxidation state, in the active site channel of wild
type human SOD, giving credence to the view that SOD may bind
this anion under normal physiological conditions i vive. Our data
provide direct structural evidence for a suggested role for a copper-
bound carbonate intermediate in the peroxidase mechanism of
SOD. We speculate that carbonate may also play a role in the
dismutase activity of SOD, where an addition to the accepted
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Figure 3. Conserved and ordered solvent molecules from the surface of the enzyme to the active site. Twenty structures of human,
bovine and yeast SOD1 are superimposed. The positions of WO (site of the first Cu(ll)-bound superoxide), W1 (which we propose here is the binding
site of the second ‘outer sphere’ superoxide molecule in the Cu(l) enzyme, see main text) and W2 (part of the proton channel) are indicated. The
locations of azide (PDB ids: 1sxz, cyan and 1yaz, pale orange), thiocyanate (PDB id: 1sxs, orange) and carbonate anions (shown in red and blue) are
also shown in close up in the lower panel: the azide and thiocyanate anions are oriented so that their terminal atoms occupy positions normally taken
up by water molecules WO and W1, while carbonate is found at position WO in the Cu(l) enzyme (red). The superimposed structures are taken from
the RSCB Protein Databank. Human SOD1:11zv, 1n18, 1n19, 1ptz, 1pu0, Tuxm, 1hl5, 1sos. Bovine SOD1:1sxs, 1sxz, 1€90, 1q0e, 1cb4, 1cbj. Yeast

SOD1:1yaz, 2jcw, 1yso, 1jcv, 1sdy.
doi:10.1371/journal.pone.0044811.9003

model is proposed for the step in which superoxide is protonated
and reduced to give hydrogen peroxide.

Materials and Methods

Crystallisation, Data Collection, Structure Solution and
Refinement

Recombinant human SOD was expressed and purified as
described elsewhere [45]. Prior to crystallisation the SOD
samples were Cu-reconstituted as previously described [46].
Crystals were obtained using the hanging drop vapour diffusion
technique at 20°C. Droplets containing 6 mg/ml protein with
1 M ammonium sulphate, 50 mM Tris pH 8.0 and 50 mM NaCl
were equilibrated over wells containing 2.0 M ammonium
sulphate, 100 mM Tris pH 8.0 and 100 mM NaCl. Crystals
grew in 2 weeks up to 0.2 mm in length. To obtain the
bicarbonate complex crystals were soaked in 50 mM sodium
bicarbonate, 2.0 M ammonium sulphate, 100 mM NaCl and
100 mM Tris pH 7.5 for up to 30 min. Immediately before data
collection the SOD crystals were transferred for 10 s into a
solution containing 25% glycerol.

All data were collected at the Synchrotron Radiation Source,
Daresbury Laboratory, UK. Wild-type and bicarbonate-soaked
Cu-reconstituted SOD datasets were initially collected using an
ADSC Quantum 4 CCD detector with 0.87 A wavelength x-rays
on station 9.6. Further data were obtained on station 10.1 using a
MAR225 detector. Anomalous data were collected to 2.5 A
resolution at wavelengths 1.33 A (Cusignal) and 1.2 A (Cuand Zn
signals), from a crystal prepared in the same way, to confirm
correct metallation at the Cu binding sites (figure S2). Processing
of diffraction data was carried out using HKL2000 [47]. Data
collection and processing statistics are shown in e I.

The structures were solved by molecular replacement using the
program MOLREP [48] using the five dimers from PDB_id 1SOS
as the search model. Restrained refinement and model building
were carried out in REFMAC [49] and COOT [50] respectively.
Multiple conformations of side-chain residues were accounted for
in the last stages of refinement. Water molecules were gradually
added to the models, being positioned only when well-defined
positive peaks were present in both 2Fo - Fc and Fo - Fc electron
density maps and when they could form hydrogen bonds with
either protein atoms or other water molecules. To describe the
translation, libration and screw-rotation displacement of each
subunit, modeled as a pseudo-rigid body, TLS refinement was
used, with each subunit treated as a single TLS group. This
improved the quality of the electron density maps and the final R
and Rg.-factors by 2% (table I).

The bicarbonate SOD model was refined to an R-factor of 17.5%
for all data in the resolution range 20-2.15 A, with an R-free of
21.5%. The asymmetric unit contains ten subunits (five functional
dimers) labeled A+F, B+G, C+H, D+I, E+]. The five dimers had
average main chain B-factors ranging from 16.8 to 33.3 A%
indicating their individual levels of disorder, related to their position
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in the crystal lattice. The electron density allowed the positioning of
all 153 residues in each subunit with both Cu and Zn present. The
final refined model contained 10042 protein atoms, 10 carbonate
1ons and 5 sulphate ions. There were 1612 full and partial occupancy
water molecules with an average B-factor of 37.9 A%, Structure
validation using the MOLPROBITY server [51] gave 98.9% of
protein residues in the ‘favoured’ regions of the Ramachandran plot.
In subunit D, residue Ser68 was placed in the ‘generously allowed
region’. The overall dihedral angle G-factor was —0.05. The
estimated standard uncertainty (ESU) from maximum likelihood as
implemented in REFMACS5 was 0.096 A. Identification of carbon-
ate ligands was confirmed using Fo-Fc omit maps for subunits A and
C (figure S3) calculated after several cycles of refinement with
carbonate removed from the model.

Electrostatic Surface Calculations

Surface electrostatic calculations were performed using the
using the Adaptive Poisson-Boltzmann Solver (APBS) [52] and
visualised using PyMol. PDB2PQR [53] was used to prepare the
SOD coordinates for input to APBS.

Supporting Information

Figure S1 A schematic of the proposed dismutase
catalytic activity of SOD involving the bound bicarbon-
ate anion. The active site channel formed by the Thr137 and
Argl43 residues is shown along with the relevant Cu?*-His63-
Zn** bridge and water molecules. Other residues are omitted for
clarity. Panel A: The oxidised enzyme in the resting state, with
water bound to the Cu”" atom and with bicarbonate H-bonded
(dashed line) to the Argl43 sidechain. This corresponds to the
crystal structure shown in figure 1B. Panel B: superoxide enters the
active site and replaces the bound water molecule. This copper-
bound superoxide has been modelled in figure 4A from the crystal
structure. An electron is transferred to superoxide from the Cu**
atom, which becomes Cu'*, and the Cu-His63 bond breaks. His63
receives a proton from the solvent. Oxygen is released from the
active site. These steps constitute the ‘inner-sphere’ part of the
catalytic cycle, as previously described (10). Panel C: bicarbonate
enters the active site and binds directly to the reduced copper
atom. The His63 is oriented towards the bicarbonate ion within
H-bonding distance. This state is captured in the crystal structure
shown in figure 1A. Panel D: a second superoxide molecule enters
the active site, displacing a water molecule. This situation is depicted
in figure 4B by a model based on the crystal structure. Superoxide
accepts protons from a water molecule and the bound bicarbonate
(indicated by dotted lines) and an electron is transferred to
superoxide from the reduced copper atom. Hydrogen peroxide is
formed and exits the active site. Bicarbonate detaches from the Cu**
atom and accepts a proton from His63. The Cu**-His63-Zn**
bridge is re-established and a water molecule binds to the copper
atom, returning to the state shown in panel A.

(TIF)
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Figure 4. Stereo view of superoxide modeled in the SOD active site with carbonate. A 10 A sphere about the copper atom (cyan sphere) is
shown that captures the zinc (orange sphere) binding site and conserved water molecules (red spheres). The H-bonding networks around the
carbonate anion (black stick) and the proposed location of the superoxide (purple stick) are indicated by dashed red lines. In the oxidised enzyme (A),
the superoxide molecule is shown in position for inner-sphere electron transfer, where it is coordinated directly to Cu(ll), displacing water WO (see
figure 1 for labeling scheme) and H-bonding with W1. In the reduced enzyme structure (B) carbonate is bound in place of W0 and blocks direct access
of superoxide to the Cu(l) atom. The superoxide molecule is shown superimposed at the location normally occupied by conserved water W1, where it
is in position to participate in outer-sphere electron transfer from the Cu(l) and simultaneous proton transfer from carbonate.
doi:10.1371/journal.pone.0044811.g004
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Table 1. Data Collection and Refinement Statistics.
Resolution limits (A) 20-2.15

(last shell) (2.23-2.15)
No. recorded reflections 1881480

No. unique reflections 124983
Completeness (%) 94.7 (96.3)
Multiplicity 5.5 (5.4)

1/o(l) 8.1 (2.2)
Rmerge (%) 12.5 (68.6)
Wilson B-factor (A2) 28.0

No. protein atoms 10042

No. solvent atoms 1612

No. carbonate ions 10

No. sulphate ions 5

Reryst (%) 175

Reree (%) 21.5

ML based ESU (A) 0.096

Baverage Main-chain (A2 243

r.m.s. deviations:

bond length (A) 0.010

bond angle (°) 1.334

Remerge = Zllhii=<lha> |/ Zlha.

Reryst = Z|FobsFalcl/ZFobs.

Rfree : R-factor using a subset of 5% of random reflections excluded from
refinement.

ML ESU: Maximum likelihood estimated standard uncertainty in REFMAC [49].
Values in parentheses refer to the outermost resolution shell.
doi:10.1371/journal.pone.0044811.t001

Figure S2 Anomalous scattering difference maps for
Cu-reconstituted bicarbonate-soaked human SOD1. The

References

1. McCord J, Fridovich I (1969) Superoxide dismutase. An enzymic function for

erythrocuprein (hemocuprein). J Biol Chem 224: 6049-6055.
2. Tainer JA, Getzoff ED, Beem KM, Richardson JS, Richardson DC (1982)
Determination and analysis of the 2 A structure of copper, zinc superoxide
dismutase. J Mol Biol 160: 181-217.
3. Getzoff ED, Tainer JA, Weiner PK, Kollman PA, Richardson JS, et al. (1983)
Electrostatic recognition between superoxide and copper, zinc superoxide
dismutase. Nature 306: 287-290.
4. Desideri A, Paci M, Rotilio G (1988) 1H and 31P NMR studies of the binding of
low-affinity anions to Cu,Zn superoxide dismutase. J Inorg Biochem 33: 91-97.
5. Mota de Freitas D, Luchinat C, Banci L, Bertini I, Valentine JS (1987)
Phosphorus-31 NMR study of the interaction of inorganic phosphate with
bovine copper-zinc superoxide dismutase. Inorg Chem 26: 2788-2791.
6. Sette M, Paci M, Desideri A, Rotilio G (1992) Formate as an NMR probe of
anion binding to Cu,Zn and Cu,Co bovine erythrocyte superoxide dismutases.
Biochemistry 31: 12410-12415.
7. Leone M, Cupane A, Militello V, Stroppolo ME, Desideri A (1998) Fourier
transform infrared analysis of the interaction of azide with the active site of
oxidized and reduced bovine Cu,Zn superoxide dismutase. Biochemistry 37:
4459-4464.
8. Djinovic-Carugo K, Battistoni A, Carri MT, Polticelli F, Desideri A, et al. (1994)
Crystal structure of the cyanide-inhibited Xenopus laevis Cu,Zn superoxide
dismutase at 98 K. FEBS Lett 349: 93-98.
9. Ferraroni M, Rypniewski WR, Bruni B, Orioli P, Mangani S (1998)
Crystallographic determination of reduced bovine superoxide dismutase at
pH 5.0 and of anion binding to its active site. J Biol Inorg Chem 3: 411-422.
10. Hart PJ, Balbirnie MM, Ogihara NL, Nersissian AM, Weiss MS, et al. (1999) A
structure-based mechanism for copper-zinc superoxide dismutase. Biochemistry
38: 2167-2178.

. Hodgson EK, Fridovich I (1975) The interaction of bovine erythrocyte
superoxide dismutase with hydrogen peroxide: inactivation of the enzyme.
Biochemistry 14: 5294-5299.

PLOS ONE | www.plosone.org

Carbonate Intermediate in Superoxide Dismutase

maps are calculated at the 100 level for diffraction data measured
at wavelengths of 1.33 A (blue density) and 1.2 A (red density). Cu
and Zn atoms are shown as blue and orange spheres respectively.
The decrease in difference density at the position of the Cu atom is
consistent with the fall-off of the anomalous signal expected from

Cu in changing the x-ray wavelength and shows that only Cu
atoms occupy the Cu binding site in the reconstituted enzyme.

(TIF)

Figure S3 Fo-Fc difference maps contoured at 36 with
the carbonate anions omitted from the model. Two
orientations (flat’ and ‘end-on’) of the carbonate are shown
positioned in the difference density of (A) monomer A, reduced

copper and (B) monomer C, oxidised copper.
(TIF)

Acknowledgments

We thank our colleagues at the International Consortium on SOD and
ALS (ICOSA) for valuable discussions and STFC for provision of facilities
at Daresbury Laboratory.

Figures were prepared using PyMol (The PyMOL Molecular Graphics

System, Version 1.5.0.1 Schrédinger, LLC). The co-ordinates and
structure factors have been deposited in the Protein Data Bank, www.
rsch.org (PDB ID code: 4b3e).

Author Contributions

Conceived and designed the experiments: RWS MAH SVA SSH.
Performed the experiments: RWS MAH SVA. Analyzed the data: RWS
SVA. Contributed reagents/materials/analysis tools: MAH SVA. Wrote
the paper: RWS. Edited the manuscript: SH, MAH, SVA.

. Bray RC, Cockle SA, Fielden EM, Roberts PB, Riotilio G, et al. (1974)

Reduction and Inactivation of Superoxide Dismutase by Hydrogen Peroxide.
Biochem J 139: 43—48.

. Sato K, Akaike T, Kohno M, Ando M, Maeda H (1992) Hydroxyl radical

production by H202 plus Cu,Zn-superoxide dismutase reflects the activity of
free copper released from the oxidatively damaged enzyme. J Biol Chem 267:
25371-25377.

. Kurahashi T, Miyazaki A, Suwan S, Isobe M (2001) Extensive investigations on

oxidized amino acid residues in H(2)O(2)-treated Cu,Zn-SOD protein with LC-
ESI-Q-TOF-MS, MS/MS for the determination of the copper-binding site.
J Am Chem Soc 123: 9268-9278.

. Uchida K, Kawakishi S (1994) Identification of oxidized histidine generated at

the active site of Cu,Zn-superoxide dismutase exposed to H202. Selective
generation of 2-oxo-histidine at the histidine 118. J Biol Chem 269: 2405-2410.

. Jewett SL, Rocklin AM, Ghanevati M, Abel JM, Marach JA (1999) A new look

at a time worn system: oxidation of Cu,Zn SOD by HyO,. Free Rad Biol Med
26: 905-918.

. Ramirez DC, Mejiba SEG, Mason RP (2005) Mechanism of hydrogen peroxide-

induced Cu,Zn-superoxide dismutase-centered radical formation as explored by
immuno-spin trapping: the role of copper- and carbonate radical anion-
mediated oxidations. Free Rad Biol Med 38: 201-214.

. Hodgson EK, Fridovich I (1975) The interaction of bovine erythrocyte

superoxide dismutase with hydrogen peroxide: chemiluminescence and
peroxidation. Biochemistry 14: 5299-5303.

. Cabelli DE, Allen D, Bielski BH, Holcman J (1989) The interaction between

Cu(I) superoxide dismutase and hydrogen peroxide. ] Biol Chem 264: 9967
9971.

. Yim MB, Chock PB, Stadtman ER (1990) Copper, zinc superoxide dismutase

catalyzes hydroxyl radical production from hydrogen peroxide. Proc Natl Acad
Sci USA 87: 5006-5010.

. Jewett SL, Olmsted HK, Marach JA, Rojas F, Silva K (2000) Anion protection

of CuZnSOD during peroxidative activity with H(2)O(2). Biochem Biophys Res
Commun 274: 57-60.

September 2012 | Volume 7 | Issue 9 | e44811



22.

23.

24.

28.

29.

30.

31.

32.

36.

Karunakaran C, Zhang H, Crow JP, Antholine WE, Kalyanaraman B (2004)
Direct probing of copper active site and free radical formed during bicarbonate
dependent peroxidase activity of bovine and human copper, zinc-superoxide
dismutases. Low-temperature electron paramagnetic resonance and electron
nuclear double resonance studies. J Biol Chem 279: 32534-32540.

Chandran K, McCracken J, Peterson FC, Antholine WE, Volkman BF, et al.
(2010) Oxidation of Histidine Residues in Copper-Zinc Superoxide Dismutase
by Bicarbonate-Stimulated Peroxidase and Thiol Oxidase Activities: Pulse EPR
and NMR Studies. Biochemistry 49: 10616-10622.

Zhang H, Andrekopoulos C, Joseph J, Chandran K, Karoui H, et al. (2003)
Bicarbonate dependent peroxidase activity of human Cu,Zn superoxide
dismutase induces covalent aggregation of protein: intermediacy of trypto-

phan-derived oxidation products. J Biol Chem 278: 24078-24089.

. Liochev S, Fridovich I (2010) Mechanism of the peroxidase activity of CuZn

superoxide dismutase. Free Rad Biol Med 48: 1565-1569.

. Elam JS, Malek K, Rodriguez JA, Doucette PA, Taylor AB, et al. (2003) An

alternative mechanism of bicarbonate-mediated peroxidation by copper-zinc
superoxide dismutase: rates enhanced via proposed enzyme-associated perox-
ycarbonate intermediate. J Biol Chem 278: 21032-21039.

Goss SPA, Sing RJ, Kalyanaraman B (1999) Bicarbonate enhances the
peroxidase activity of Cu,Zn superoxide dismutase. ] Biol Chem 274: 28233~
28239.

Zhang H, Joseph ], Felix C, Kalyanaraman B (2000) Bicarbonate enhances the
hydroxylation, nitration and peroxidation reactions catalysed by copper-zinc
superoxide dismutase. J Biol Chem 275: 14038-14045.

Sankarapandi S, Zweier JL (1999) Bicarbonate is required for the peroxidase
function of Cu, Zn-superoxide dismutase at physiological pH. J Biol Chem 274:
1226-1232.

Zhang H, Joseph J, Gurney M, Becker D, Kalyanaraman B (2002) Bicarbonate
enhances peroxidase activity of Cu,Zn-superoxide dismutase. Role of carbonate
anion radical and scavenging of carbonate anion radical by metalloporphyrin
antioxidant enzyme mimetics. J Biol Chem 277: 1013-1020.

Liochev SI, Fridovich T (1999) On the role of bicarbonate in peroxidations
catalyzed by Cu,Zn superoxide dismutase. Free Radic Biol Med 27: 1444-1447.
Bonini MG, Gabel SA, Ranguelova K, Stadler K, DeRose E, et al. (2009) Direct
magnetic resonance evidence for peroxymonocarbonate involvement in the
CuZn-superxide dismutase peroxidase catalytic cycle. J Biol Chem 284: 14618
14627.

. Medinas DB, Augusto O (2010) Mechanism of the peroxidase activity of

superoxide dismutase 1. Free Radic Biol Med 49: 682.

. Medinas DB, Cerchiaro G, Trindade DF, Augusto O (2007) The carbonate

radical and related oxidants derived from bicarbonate buffer. IUBMB Life 59:
255-262.

. Medinas DB, Toledo JJC, Cerchiaro G, do-Amaral AT, de-Rezende L, et al.

(2009) Peroxymonocarbonate and Carbonate Radical Displace the Hydroxyl-
like Oxidant in the Sodl Peroxidase Activity under Physiological Conditions.
Chem Res Toxic 22: 639-648.

Liochev SI, Fridovich I (2004) CO2, not HCO3-, facilitates oxidations by Cu,Zn
superoxide dismutase plus H202. Proc Natl Acad Sci USA 101: 743-744.

PLOS ONE | www.plosone.org

10

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

52.

53.

Carbonate Intermediate in Superoxide Dismutase

Augusto O, Bonini MG, Amanso AM, Linares E, Santos CC, et al. (2002)
Nitrogen dioxide and carbonate radical anion: two emerging radicals in biology.
Free Radic Biol Med 32: 841-859.

Strater N, Sun L, Kantrowitz ER, Lipscomb WN (1999) A bicarbonate ion as a
general base in the mechanism of peptide hydrolysis by dizinc leucine
aminopeptidase. Proc Natl Acad Sci USA 96: 11151-11155.

Lambert LA, Perri H, Halbrooks PJ, Mason AB (2005) Evolution of the
transferrin family: conservation of residues associated with iron and anion
binding. Comp Biochem Physiol B 142: 129-141.

Geers C, Gros G (2000) Carbon dioxide transport and carbonic anhydrase in
blood and muscle. Physiol Rev 80: 681-715.

Akerboom TPM, Bookelman H, Zuurendonk PF, Vandermeer R, Tager JM
(1978) Intra-mitochondrial and extra-mitochondrial concentrations of adenine
nucleotides and inorganic-phosphate in isolated hepatocytes from fasted rats.
Eur J Biochem 84: 413-420.

Liochev SI, Fridovich I (2004) Bicarbonate-enhanced peroxidase activity of
Cu,Zn SOD: is the distal oxidant bound or diffusible? Arch Biochem Biophys
421: 255-259.

Ellerby LM, Cabelli DE, Graden JA, Valentine JS (1996) Copper-zinc
superoxide dismutase: Why not pH-dependent? J Am Chem Soc 118: 6556—
6561.

Smirnov VV, Roth JP (2006) Mechanisms of electron transfer in catalysis by
copper zinc superoxide dismutase. ] Am Chem Soc 128: 16424-16425.

. Hayward L], Rodriguez JA, Kim JW, Tiwari A, Goto J], et al. (2002) Decreased

metallation and activity in subsets of mutant superoxide dismutases associated
with familial amyotrophic lateral sclerosis. J Biol Chem 277: 15923-15931.
Strange RW, Antonyuk S, Hough MA, Doucette PA, Valentine JS, et al. (2006)
Variable metallation of human superoxide dismutase: atomic resolution crystal
structures of Cu-Zn, Zn-Zn and As-isolated wild-type enzymes. ] Mol Biol 356:
1152-1162.

Otwinowski Z, Minor W (1997) Processing of X-ray Diffraction Data Collected
in Oscillation Mode. In: Carter CW, Sweet RM, editors. Methods in
Enzymology: Macromolecular Crystallography part A. New York: Academic
Press. 307-326.

Vagin AA, Teplyakov A (1997) MOLREP: an automated program for molecular
replacement. J Appl Cryst 30: 1022-1025.

Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular
structures by the maximum-likelihood method. Acta Cryst D 53: 240-255.
Emsley P, Cowtan K (2004) Model-Building Tools for Molecular Graphics. Acta
Cryst B 20: 2126-2132.

Chen VB, Arendall III WB, Headd JJ, Keedy DA, Immormino RM, et al. (2010)
MolProbity: all-atom structure validation for macromolecular crystallography.
Acta Cryst D 66: 12-21.

Baker NA, Sept D, Joseph S, Holst MJ, McCammon JA (2001) Electrostatics of
nanosystems: application to microtubules and the ribosome. Proc Natl Acad Sci
USA 98: 10037-10041.

Dolinsky TJ, Nielsen J, E., McCammon JA, Baker NA (2004) PDB2PQR: an
automated pipeline for the setup, execution, and analysis of Poisson-Boltzmann
clectrostatics calculations. Nucl Acid Res 32: W665-W667.

September 2012 | Volume 7 | Issue 9 | e44811



