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I. The Need for Superoxide Dismutase

Following discovery of the superoxide dismutase! (SOD) enzymes
by Keilin and Mann (1), and their ability to catalyze the dismutation
of the superoxide radical anion (O;) in laboratory experiments (2),
discussion has taken place over the intervening years as to whether
such enzymes do catalyze O; dismutation in vivo, and whether there
is a need for a complex enzyme to accelerate a reaction that is already
very fast. This is not the place to address these points, but the current
feeling is that the answer to both questions is in the affirmative.

The superoxide radical anion is physiologically produced in con-
trolled amounts in animals and plants from the one-electron reduc-
tion of dioxygen occurring in several metabolic pathways (3—5). Under
pathological conditions, large amounts of superoxide and related ac-
tive oxygen species are released (6, 7). Thus, a twofold aspect of super-
oxide effects on living organisms emerges from the available experi-
mental data. First, excess of O; should be eliminated to avoid the
formation of radicals and toxic species such as OH and singlet oxygen,
which are characterized by very high reactivity; second, O; appears
also to be involved in useful processes for the organism, for example,
the cell killing effect of tumor necrosis factor and the antibacterial
effect of myeloperoxidases (7, 8). The actual role of superoxide dismu-
tase enzymes in living organisms needs to be reconsidered in view of
this wider framework. The overall disproportionation reaction, which
is catalyzed by SODs, is shown in Eq. (1):

20, + 2H* — O, + H;0,. (1)

! The enzyme residue sequence numbering used throughout the text is that of human
Cu,Zn, superoxide dismutase, unless otherwise stated explicitly at the beginning of
the section.



COPPER-ZINC SUPEROXIDE DISMUTASES 129

Although the stoichiometry of the reaction is correct, it must be taken
with the caveat that the reactions that are actually occurring are
those of Eqs. (2) and (3):

HO, + 0; — O, + HO; (2)

and/or
2HO, — O, + H;0,. (3)

The direct reaction of superoxide with itself does not play, in practice,
a role in the dismutation (see Section IX,A). It is recalled here that
the pK, of HO, is 4.8. Hydrogen peroxide is then subject to a further
disproportionation by catalases to yield water and dioxygen or it is
used as a substrate in reactions of peroxidases. In fact, O; is often
produced when a living organism needs H,0, as an oxidant. Reactions
such as Eq. (4),

NAD(P)H + 20, — 20; + NAD(P)* + H*, 4)

are known to be catalyzed by the respiratory burst oxidase in order
to produce H;O,. Hydrogen peroxide is needed, for example, by horse-
radish peroxidase to oxidize phenols, by ligninase to attack lignin, by
myeloperoxidases to form Cl10-, etc.

In photosynthesis, secondary pathways for electron transfer actu-
ally lead to superoxide production (9—12), the thylakoid-bound Cu,
Zn,SOD catalyzing the O; dismutation. Because the chloroplasts lack
catalase, the excess H,O; is a substrate for ascorbate peroxidases to
produce dehydroascorbate, which is further re-reduced by NADPH via
the glutathione—glutathione reductase pathway (12).

If we now believe that SOD catalyzes reaction (1), we should be
aware that any metal having two oxidation states with a reduction
potential between that of the 0,/0; (—0.33 V vs. NHE, pH 7, Py, =
0.101 MPa)? and O;/H,0, (+0.89 V vs. NHE, pH 7) redox couples can
catalyze the dismutation according to Eqgs. (5) and (6):

M* + 07 — M1+ 4+ O, (5)

M@e-U 4+ O; + 2H* — M™* + H,0,. (6)

2If unit activity is used for the standard state of O,, instead of unit pressure, the
reduction potential must be adjusted by +0.17 V.
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However, the concentration of free transition-metal ions in living or-
ganisms is very low because such ions are complexed or precipitated
at physiological pH.

From all the above considerations it would appear that, in order to
protect species from toxic effects of superoxide release in tissues,
living organisms need an efficient catalyst for superoxide dismuta-
tion, and that SOD accomplishes this task with maximum efficiency.
In this respect, recent experiments have demonstrated that SOD-
deficient bacteria and yeast mutants are highly sensitive to dioxygen
(13, M), suggesting that SOD activity is important for aerobial cell
growth. Furthermore, evidence has been provided that, in Drosophila
melanogaster, Cu,Zn,SOD may protect against ionizing radiation and
may even give increased longevity in combination with catalase (15,
16). In humans, motor neuron degenerative diseases are in some
cases associated with genetic mutations leading to cytosolic SOD of
reduced activity (17, 18), or of altered peroxidase-like activity (19, 20).

Besides the O; production by stimulated immune system cells (such
as macrophages and neutrophils exposed to oxidative burst during
the inflammatory process) (21-25a), the steady release of O; over
time intervals has been observed in human fibroblasts in response to
cytokines such as interleukin-la and tumor necrosis factor-a (25).
This suggests that continuous O; production may have a role in the
regulation of inflammatory processes (7). Consequently, the role of
superoxide dismutases in such compartments may be that of ensur-
ing O; homeostasis rather than its scavenging.

The physiological processing of O; is performed by three different
metalloenzymes: Fe, Mn, and Cu—Zn SOD. Recently, a protein having
superoxide activity, containing nickel, has been isolated from Strep-
tomices grisens (25b). The Cu-Zn SOD enzyme, which we are dealing
with here, is found in eukaryotes and in bacteria (25a). The enzyme
maintains an intracellular level of O; at 10°2-10"!! M (26). A com-
mon isoenzyme is isolated from red blood cells and is a dimer of
32,000 MW, like cytoplasmic and most of the periplasmic Cu,Zn,
SODs. On the other hand, chloroplastic and extracellular enzymes are
tetrameric. A natural monomeric species has been isolated from the
periplasmic space of an Escherichia coli strain. This CuZnSOD dis-
plays a catalytic activity comparable to that of bovine SOD, but is
highly sensitive to proteases (27).

A comparison of sequences of different Cu,Zn,SODs (Fig. 1) shows
that 23 amino acids are invariant, and that most of them are residues
close to or part of the active site. Some are at the dimer interface and
some are a part of the conserved “Greek key” B-barrel supersecondary
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structure (28). At the active site, besides those amino acids coordinat-
ing the copper and zinc ions, there are other invariant residues, such
as Arg-143, involved in substrate guidance and recognition, and Asp-
124, which helps to orientate correctly copper and zinc ligands by hy-
drogen bonding to His-46 (Cu ligand) and His-71 (Zn ligand). There
are also five glycines that, because of their small size, contribute to
maintaining the structure of the active site (see Section II). Pro-66
is another conserved residue close to the active site; due to its rigid
stereochemical constraints, it contributes to stabilizing the conforma-
tion of the zinc loop (see Section II).

At the dimer interface Gly-51 and Gly-114 are invariant residues
that form hydrogen bonds with the nonconserved residue at position
151; Cys-57 and Cys-146 form a disulfide bridge stabilizing a region
of the protein structure involved in monomer/monomer contact (see
Section I1). Four invariant residues, two Gly (16 and 147), one Phe
(45), and one Leu (106) seem to contribute to maintaining the stable
Greek key B-barrel fold (see Section II).

Even if sequence invariance occurs for residues connected with the
active site or with the dimeric nature of the protein, it has been dem-
onstrated through site-directed mutagenesis that invariance does not
necessarily prove that a residue is essential for activity (28).

The dimeric enzyme is very stable (29, 30). Copper and zinc play a
relevant role in stabilizing the structure (31). To unfold human SOD
requires 6 M guanidinium chloride, whereas 3.5 M concentration un-
folds the metal-depleted form. Unfolding measurements on SOD us-
ing variable concentrations of the denaturing agents guanidinium
chloride and urea indicate the presence of a concentration-dependent
monomer = dimer equilibrium (32, 33); 8 M urea causes dissociation
of bovine SOD into active subunits (34, 35). The possible monomer =
dimer equilibrium in vivo is an intriguing issue (33). It is noteworthy
that an isoenzyme of rice SOD and an isoenzyme from E. coli were
isolated as an active monomer (27, 36).

Fic. 1. Multiple alignment of amino acid sequences of 38 Cu—-Zn SODs: The amino acid
numbering scheme of bovine SOD, used as a reference, is at the top of the figure.
Alignment positions in 8-strand conformation in the bovine structure are included in
shaded boxes. Residues involved in subunit contacts in the dimeric form of bovine SOD
are indicated by black boxes placed above the bovine sequence. The amino acids form-
ing the upper rim of the electrostatic channel are denoted by empty boxes. Reprinted
with permission from Ref. 347.
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Il. The Crystal Structures of Dimeric Copper—Zinc Superoxide Dismutases

Accurate three-dimensional structures of proteins by single-crystal
X-ray diffraction experiments provide a powerful aid in the interpre-
tation of information from other techniques, leading to a deeper un-
derstanding of the chemistry and the biological function of the mole-
cules. The X-ray crystal structure determination of Cu,Zn,SOD?
represents a fundamental step toward a thorough knowledge of the
enzyme.

It must be recognized that precise information about the local struc-
ture of metal centers in different phases (solution, glassy or frozen
solutions, amorphous) has also been provided by spectroscopic tech-
niques such as nuclear magnetic resonance, X-ray absorption spec-
troscopy, and electron—nuclear double resonance on native, reduced,
or metal-substituted SOD derivatives.

A. BoviNE Cuy,Zn,SOD
1. The Overall Structure

The first X-ray studies on a Cu;Zn,SOD were performed by the
Richardson group over the decade 1972-1982 on the enzyme from
bovine erythrocytes (37-40) and resulted in a structure refined at 2.0
A resolution (41a). The CuyZn,SOD dimers from bovine erythrocytes
are made of two subunits of identical amino acid composition, each
containing 151 residues. The crystal structure has revealed that the
two monomers are related by an almost exact, noncrystallographic
twofold axis. The monomers show extensive contact mediated by hy-
drophobic and hydrophilic interactions that involve about 9% of the
total monomer surface (41a) (see Section II,A,5).

The main features of the SOD monomer fold are a characteristic
eight-stranded B-barrel and three long loops of nonorganized second-
ary structure. The B-barrel is made of eight antiparallel B-strands

. connected by seven turns and loops in the Greek key B-barrel motif
(41a). Figure 2 shows a side view (a) and a top view (b) of the enzyme
ribbon diagram with the traditional numbering used for bovine Cu,
Zn,SOD (41a). The turn and loop numbering follows that introduced
by Getzoff et al. (28). The strands are numbered consecutively starting
from the N terminus and proceeding clockwise around the barrel. The
turns and loops connecting the eight B-strands are indicated by ro-

3 Within this section the enzyme residue numbering will follow that of the sequence
of each structurally determined SOD; hence, residues having the same role in the en-
zyme may differ in their numbering.



COPPER-ZINC SUPEROXIDE DISMUTASES 135

Fic. 2. Ribbon diagram of the Cu;Zn,SOD monomer showing the secondary struc-
tures of the enzyme and the arrangement of the eight strands in the Greek-key barrel
fold. (the B strands and loops are numbered following the conventions established in
Refs. 28 and 41). The metal ions are represented as spheres of arbitrary radius. (A)
Side view; (B) top view highlighting the 8-barrel and the active site location.
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man numerals that follow the order in which they occur in the amino
acid sequence. Figure 3 shows the amino acid sequence and topology
of a bovine CuyZn,SOD subunit.

The three long loops are identified in Fig. 2 by the roman numerals
IV, VI, and VII, respectively. Loop IV (GIn-47-Leu-82) joins strands
6 and 5, loop VI (Pro-100-Gly-112) joins strands 4 and 7, and loop
VII (Glu-119-Leu-142) joins strands 7 and 8. Loop IV is the longest
loop and hosts the residue Cys-55, which makes the disulfide bridge
with residue Cys-144 in strand 8. It must be pointed out that the
disulfide conformation is such as to allow a hydrogen bond between
the carbonyl oxygen of Cys-55 and the NH; group of residue Arg-141,
which is essential for catalysis, as shown in Fig. 4. The disulfide bond
influences the conformation of the active site cavity and is conserved
among all the structurally determined SODs.

The structure of loop IV is complex, and it has been described as
composed of two distinct subloop regions: a 14-residue loop (GIln-47—
Pro-60) containing the disulfide bond, and a 22-residue loop (His-61-
Leu-82) bearing the Zn-ligand residues (41a). The first subloop region
contains a series of five tight turns that are linked by three main-
chain hydrogen bonds. The second subloop region starts from His-61
and contains four more turns. This region hosts the Zn binding site
and includes all four Zn ligands.

Loop VI is the shortest of the three SOD loops and it is made by
residues 100 to 112 and links Asp-99 of strand 4 to Arg-113 of strand
7, forming the Greek key connection across the B-barrel. The 13 resi-
dues of loop VI make a series of four tight turns, which also involve
one B-strand residue of either end.

Finally, loop VII links His-118 of strand 7 with Ala-143 of strand 8.
Loop VII (Glu-119-Leu-142) is made of two antiparallel stretches
joined by a wide turn. This loop forms a lid for the active site with its
two antiparallel sides. Loop VII contains the only portion of a-helix
present in SOD (residues 131-136) (see Fig. 2). It is a six-residue-
long a-helix stabilized by only two main-chain H bonds, whereas the
six side-chain to main-chain H bonds distort it from the ideal confor-
mation. Alternatively, this short helical region can be described as
formed by a series of five interpenetrating tight turns (41a).

The Cu,Zn,SOD secondary structure has a marked B-character in
that about 62% of the residues are in the 8 conformation whereas
only 26% are in the o conformation. Most of the latter are located in
the loop regions and only six residues build the a-helix in loop VII.
About 70 residues are involved in the eight-stranded g-barrel.

The eight B-strands forming the walls of the 8-barrel display an
overall right-handed twist. Strands 1,2 and 5,4 are joined by five-
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Fic. 3. Amino acid sequence of bovine SOD and its topology. Main-chain to main-
chain hydrogen bonds are represented by arrows. Residues coordinating the copper ion
are marked with oval boxes; residues coordinating the zinc ion are marked with rectan-
gular boxes. Cys-55 and Cys-144, which form the disulfide bridge, are in bold type. The
conventional B-strand numbering is shown at the top of the figure. Reprinted with

permission from Ref. 48.
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F1G. 4. View of the disulfide bridge between Cys-55 and Cys-144. The H bond linking
the Cys-55 carbonyl oxygen with the guanidinium group of Arg-141 is also shown.

residue turns, whereas strands 2,3 are joined by a type II'4 tight turn
in a hairpin connection. Strand 3 links the nonadjacent strand 6
across the barrel in a Greek key topology and, as already mentioned,
the other B-strand links are made by the three main loops.

Apart from the 3-strands, the second major element of secondary
structure in SOD is constituted by the tight turns that are made by
four amino acid residues and that may contain a hydrogen bond be-
tween the carbonyl oxygen of the nth residue and the amide proton of
the nth + 3 residue. The 56 residues are involved in such tight turns,
and only one of them joins two adjacent B-strands while the re-
maining 17 occur in loop regions. Out of the 18 four-residue tight
turns, 12 are of type I, two of type I', two of type II’, and one of type
I, and one of type IV. The category of five-residue turns is present in
SOD with the two turns Gly-10-Val-14 and Asp-88—Val-92.

2. Refinement Technique

This crystal structure has been refined using the Hendrickson—
Konnert restrained refinement technique (42, 43), which minimizes
the sum of weighted squares of the differences between the observed

*The nomenclature of the secondary structure follows the categories defined by
Lewis et al. (41b).
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and calculated structure factors and stereochemical parameters. The
weights used were the inverse of the parameter variance. Noncrys-
tallographic symmetry restraints were used between selected atoms
of the four different subunits, which were selected as clearly equiva-
lent atoms. In the active site the only imidazole ring of His-61 was
refined unrestrained whereas the remaining metal-to-ligand bond
lengths and angles were refined restrained. The structure has been
refined to an R factor of 0.255 for the 4392 atoms of the model against
the 16,245 reflections between 7.0- and 2.0-A spacings. The model has
been completed by adding the active site water molecules and further
refined to an R factor of 0.193 against a selected subset of data con-
taining 15,253 reflections between 4.0- and 2.0-A spacings (28, 44).
The second model also contained hydrogen atoms added to one mono-
mer in calculated positions.

3. The Active Site Cavity

The active site cavity is built outside the B-barrel, between loops IV
and VII, and consists of a crevice about 15 A deep and 12 A long that
narrows to about 3 A in the proximity of the copper, making it per-
fectly suited to host the small cylindrical superoxide substrate. The
copper has a solvent-exposed surface of only 5.2 A?, and the zinc is
completely buried in the protein (44). The rim of the cavity is a highly
conserved region in different Cu;Zn,SODs. It hosts charged residues
that give rise to an electric field (45, 46). The electrostatic gradient
generated by the positive and negative charges present in the cavity
is thought to be responsible for the steering of the superoxide anion
toward the active site (vide infra). The side chains of Glu-130, Glu-
131, Lys-134, and Thr-135 are on one side of the cavity, and on the
opposite side the catalytically important Arg-141 side chain lies at
about 6 A from the copper. The side chains of Glu-119 and Lys-120
complete the edge of the opening. The cavity crevice extends from
Thr-135 toward the zinc binding site. Figure 5 shows the cavity with
the residues that are important in determining the shape and the
strength of the electrostatic field (45).

The cavity hosts a chain of water molecules that are found in al-
most invariant positions in every crystal structure. This network ex-
tends from the water molecule coordinated to copper in two opposite
directions and links that water molecule with the bulk solvent. The
coordinate set deposited within the Protein Data Bank (47) (PDB code
2S0D) contains only the copper-bound water molecule; Fig. 6 shows,
as an example, the water molecule chain observed in the reduced form
of the bovine erythrocyte Cu,Zn,SOD structure (PDB code 1SXA) (48).

Usually these waters are well ordered and may indicate the path-
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Glu131
¢ Glu130

Glu119

FiG. 5. Ribbon diagram of the enzyme showing the active site cavity. The residues
considered important for activity are represented in full as sticks. The zinc and copper
tons are represented as spheres of arbitrary radius.

Fic. 6. The water structure in the active site of bovine SOD as obtained from the
crystal structure of the reduced enzyme at pH 7.5 (1SXA). The water molecules are
represented as spheres of radius corresponding to the van der Waals radius of the
oxygen atom, superimposed on the ribbon diagram of the enzyme.
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way of substrate diffusion into the active site. Furthermore, the water
chain may provide an efficient relay system to deliver into the active
site the protons needed by the reacting substrate. They may thus play
an essential role in the catalytic mechanism (48, 49). The function of
water molecules in enzyme active sites has been reviewed (50, 51) and
it is a very attractive and active subject of investigation that can take
advantage of the enormous amount of information contained in the
crystal structure data collected in the PDB database.

4. The Active Site

Each monomer hosts an active site where one Cu(Il) ion and one
Zn(II) ion are bound. The active site is located between loops IV and
VII on the external surface of the 8-barrel, in front of B-strands 5, 6,
and 7 (Fig. 2). The copper ligand residues are all located on the
B-barrel except for His-61, which belongs to loop IV like the other zinc
ligand residues.

The catalytic center is the copper ion, which is coordinated by four
histidines (His-44, His-46, His-61, and His-118) and by a weakly
bound water molecule in a geometry sometimes described as a dis-
torted square pyramid (square planar) and sometimes as a distorted
flattened tetrahedron (Fig. 7).

In any case, the Cu(II) site deviates markedly from an ideal coordina-
tion geometry. The water molecule occupies the apical position toward
the opening of the cavity. The zinc ion is bound to three histidines (His-
61, His-69, and His-78) and to an aspartate residue (Asp-81) in an al-

wat

His61

FiG. 7. Sketch of the copper coordination polyhedron obtained from the 250D crystal
structure. The copper and zinc atoms and the water molecule are represented by
sphcres of arbitrary radius.
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His69

Fic. 8. Sketch of the zinc coordination polyhedron obtained from the 2SOD crystal
structure. Copper and zinc are represented by spheres of arbitrary radius.

most regular tetrahedral geometry (Fig. 8). For a long time the zinc ion
was believed to play merely a structural role in the enzyme; indeed it
may be replaced by several other metals [Co(II), Cu(II), Cd(II), Hg(I)]
with only a minor loss in activity with respect to native enzyme.

In this monoclinic form (space group C2) of the bovine Cu,Zn,SOD
there are four independent subunits: no significant differences have
been found in the metal site geometries of the four subunits. Figure

His118

F1c. 9. Overall view of the metal coordination in the active site obtained from the
280D crystal structure. The metals and the water interacting with copper are repre-
sented by spheres of arbitrary radius.
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9 shows an overall view of the metal coordination as determined in
the 1982 crystal structure.

The unique feature of this metal site is that one of the histidines,
His-61 in the bovine enzyme sequence, provides an imidazolate ligand
to the two metals, bridging zinc and copper by binding them through
the N81 and Ne2 atoms of its pentaatomic ring, respectively. Such
coordination brings the two cations to a distance of about 6.5 A. Spec-
troscopic data have suggested that the imidazolate bridge is stable
over the whole pH range where SOD activity is invariant (pH 5.0-9.5)
(52). Indeed, the bridge has been observed unbroken in crystals of
Cu;Zn,SOD obtained in the pH range 5.0-7.5 (vide infra). Imidazolate
bridges between two metal ions are common in small molecule com-
plexes, but this is the only case so far that such a ligand has been
found in a protein. Studies on model compounds have shown that the
binding of a metal ion to a histidine imidazole nitrogen can lower the
pK, of the other NH group by several pH units (53). The metal ion
binding to histidine thus promotes the substitution of the free NH
proton by a second metal ion so to cause an apparent reduction of the
pK,; of the histidine imidazole ring from 14.4 to below 5.0, a step of
about 10 pH units.

It is important to point out that the shape of the active site cavity
and the disposition of the copper ligands are such that the only access
to the copper coordination is from the opening of the cavity, where a
fifth coordination position is available for the substrate or the inhibi-
tors. Indeed, in the crystal structures, every exogenous ligand is found
bound to such position, which is usually associated with weaker bond-
ing to the square planar cupric ion. Only the strongest ligands, such
as azide and cyanide, are able to make a close approach to Cu(Il) by
causing the loosening of the Cu(II)-His-46 bond (see Section ILJ).
These structural aspects of the active site have obvious mechanistic
implications that will be discussed in Section IX.

The orientation of the metal ligands is determined by a series of
hydrogen bonds forming a complex network. All the potential H-bond-
ing atoms of the seven groups acting as metal ligands are involved in
hydrogen bonding with other protein atoms. Exceptions are provided
by two of them, and these are exposed to the solvent: the His-61 pep-
tide NH group, which is H-bonded to a water molecule in the active
site channel, and the His-69 carbonyl oxygen, which is H-bonded to a
water molecule external to that channel.

The zinc coordination bonds involve only the zinc-binding region of
loop IV, and the residues that are H-bonded to Zn ligands are also
located mainly in that region of the monomer (Asn-63, Lys-67, Lys-
68, Arg-77, His-78, and Asp-81) or in loop VII (Asp-122 and Thr-133).
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The Cu ligands instead join strands 6 and 7 with loop IV. The
residues that are H-bonded to the Cu ligands involve B-strands 6
(His-41, Gly-42) and 7 (Thr-114, Val-116) as well as loop VII (Asp-
122, Gly-139) and both regions of loop IV (Gly-59 in the disulfide re-
gion, Asn-63 in the zinc binding region).

Tainer et al. (41a) argue that the larger number of different struc-
tural elements brought together by the Cu binding network with re-
spect to the Zn network may account for the larger effect of Cu site
occupancy on the thermal stability of the enzyme. Indeed it has been
shown that removal of the copper ion causes a greater lowering of the
thermal denaturation temperature of the enzyme than does removal
of the zinc ion (54). For a long time it has been noted that the involve-
ment of residues from multiple structural elements and the wide sep-
aration in the amino acid sequence of metal ligands are characteristic
of catalytic sites as opposed to structural or storage sites (55).

In all four independent monomers present in the asymmetric unit
of the CuyZn,SOD monoclinic structure, there is a second bridge be-
tween Cu and Zn. This is made by the H bonds that link the Zn ligand
His-69 with the Cu ligand His-44 through the fully deprotonated car-
boxyl group of Asp-122. This group is completely buried and inaccessi-
ble to the solvent and forms short, strong, charged H bonds with the
above histidine residues, whose electron density is very well defined
in all subunits. Residue Asp-122 is invariant in SOD sequences, and
helps to properly orientate the Cu and Zn ligands. Tainer et al. (41a)
have suggested that the H bonds between Asp-122, His-44, and His-
69 may have a role in determining the reduction potential of the
Cu(Il) ion.

Table I reports the crystal structures of Cu;Zn,SOD enzymes so far
determined and deposited with the Brookhaven Protein Data Bank
(47). It should be noticed that Cu,Zn,SOD has the ability to crystallize
in different space groups depending on the crystallization conditions.
This suggests that the protein has the ability to make different inter-
molecular contacts with different groups depending on the pH and
the medium used for crystallization. The variability of Cu,Zn,SOD
crystal forms provides a unique opportunity to analyze and rational-
ize the factors influencing its crystal packing, and this has not yet
been exploited.

The SOD dimer has been described as generated by the action of a
dyad axis on one of the monomers. The two monomers are very simi-
lar, but an analysis of the coordinates deposited with the PDB shows
that there are significant deviations from the binary symmetry in-
volving the main polypeptide chain and also the active sites (obvi-
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TABLE I

PuBLISHED CRYSTAL STRUCTURES oF Cu,Zn,SODs (EC 1.15.1.1)¢

Source: Bovine erythrocytes (41)
PBD code, 2S0OD; space group, C2; Z = 4
Cell: a = 93.65, b = 90.33, c = 71.65, 8 = 95.1
Asymmetric unjt content: two dimers
Max. resolution, 2.0 A; completeness, NR; R, NR;
R, 0255

Source: Human erythrocyte, recombinant, expressed in yeast
(8. cerevisiae) (63)
PDB code; 1SOS; space group, €222,;Z = 8
Cell: ¢ = 205.2, b = 167.0, c = 145.5
Asymmetric unit content: five dimers
Max, resolution, 2.5 A; completeness, 81.5%; R,,, NR;
R, 0210

Source: Human erythrocyte, recombinant, expressed in yeast
(8. cerevisiae) (18)
PDB code, 1SPD; space group, P6,; Z = 6
Cell:a = b =1135,¢ = 715
Asymmetric unit content: one dimer
Max. resolution, 2.4 A; completeness, 83.8%; R, NR;
R, 0.224

Source: Xenopus laevis, expressed in E. coli (49)
PDB code, 1XSO; space group, P2,2,2;Z = 4
Cell: a = 73.33, 5 = 68.86,c = 59.73
Asymmetric unit content: one dimer
Max. resolution, 1.5 A; completeness, 98.8%; R, 0.078;
R, 0.104

Source: Yeast (S. cerevisiae), 277 K (74, 75)
PDB code, 1SDY; space group, P2,2,2; Z = 4
Cell: a = 105.3, b = 143.0,c = 62.1
Asymmetric unit content: two dimers
Max. resolution, 2.5 A; completeness, 98.2%; R.,, 0.06;
R, 0.158

Source: Spinach leaves (72)
PDB code, 1SRD; space group, C2; Z = 4
Cell: a = 166.27, b = 45.97, ¢ = 85.68, 8 = 99.38
Asymmetric unit content: two dimers
Max. resolution, 2.0 A; completeness, NR; R, 0.048;
R, 0.249

Source: Yeast (S. cerevisiae) reduced, 93 K (56)
PDB code, 1JCV; space group, R32; Z = 12
Cell: @ = 118.39, b = 118.39, ¢ = 73.50
Asymmetric unit content: one monomer
Max. resolution, 1.55 A; completeness, 86.7%; R,,, 0.092;
R, 0.190

Source: Yeast (S. cerevisiae), reduced (56)
PDB code, 1JCW,; space group, R32; Z = 12
Cell: @ = 119.28, b = 119.28, ¢ = 75.05
Asymmetric unit content: one monomer
Max. resolution, 1.7 A; completeness, 82.3%; R,,, 0.099;
R, 0.186

Source: Yeast (Candida albicans), reduced (56)

PDB code, 1YSQ; space group, R32; Z = 12

Cell: a = 119.33, b = 119.33, ¢ = 75.19

Asymmetric unit content: one monomer

Max. resolution; 1.73 A; completeness, 92.4%; R, 0.063;
R, 0.182

Source: Bovine erythrocytes, reduced, 277 K (48, 82)

PDB code, 1SXA; space group, P2,2,2,;Z = 4

Cell: a = 47.89, b = 51.14, ¢ = 148.15

Asymmetric unit content: one dimer

Max. resolution, 1.9 A; completeness, 90.5%; R,,, 0.073;
R, 0.166

Source: Bovine erythrocytes, reduced, 277 K (48, 82)

PDB code, 1SXB; space group, P2,2,2,;Z = 4

Cell: a = 47.71, b = 50.98, ¢ = 147.82

Asymmetric unit content: one dimer

Max. resolution, 2.0 A; completeness, 98.0%; R, 0.076;
R, 0.152

Source: Bovine erythrocytes, reduced, 277 K (48)

PDB code, 1SXC; space group, P2,2,2,;Z = 4

Cell: a = 47.89, b = 51.14, ¢ = 148.15

Asymmetric unit content: one dimer

Max. resolution, 1.9 A; completeness, 97.0%; R, 0.100,
R, 0.156

Source: Bovine erythrocyte mutant Cys-6Ala, 277 K (80)
PDB code, 3SOD; space group, C2; Z = 4
Cell: a = 92,5, b = 89.4,¢c = 70.5, 8 = 95.7
Asymmetric unit content: two dimers
Max. resolution, 2.1 A; completeness, 82.0%; R, 0.099;
R, 0.190

Source: Bovine erythrocytes, zinc substituted by cobalt, 277 K

(76)

PDB code, 1COB; space group, P2,2,2,;Z = 4

Cell: a = 51.0, b = 147.6, ¢ = 475

Asymmetric unit content: one dimer

Max. resolution, 2.0 .Z\; completeness, 75.2%; R, 0.068;
R,0.176

Source: Bovine erythrocytes nitrated at Tyr-108 (79)
PDB code, 1SDA; space group, C2; Z = 4
Cell: a = 93.65, 5 = 90.33, ¢ = 71.65, 8 = 95.1
Asymmetric unit content: two dimers
Max. resolution, 2.5 A; completeness, 89.0%; R, 0.033;
R, 0.187

Source: Xenopus laevis, native, complex with cyanide, 98 K
87)
PDB code, 1XSO; space group, P2,2,2,;Z = 4
Cell: a = 72.15, b = 68.10, ¢ = 57.57
Asymmetric unit content: one dimer
Max. resolution, 1.7 A; completeness, 85.9%; R, 0.051;
R, 0.172

(Continues)
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TABLE 1 (Continued)

Source: Bovine erythrocytes, reduced, complex with azide, Source: Bovine erythrocytes, native, complex with azide,
277 R* 277 K (90)
PDB code, 1SXZ; space group, C222,;Z = 8 PDB code, not in PDB,; space group, P2,2,2,; Z = 4
Cell: @ = 104.6, b = 197.5, ¢ = 50.8 Cell: @ = 50.99, b = 147.63, ¢ = 47.53
Asymmetric unit content: one dimer Asymmetric unit content: one dimer
Max. resolution, 2.0 A; completeness, 87.8%; R, 0.074; Max. resolution, 2.1 A; completeness, 96.6%; R, 0.083;
R, 0.165 R, 0.166

Source: Bovine erythrocytes, reduced, complex with thiocya-
nide, 277 K*
PDB code, 1SXS; space group, C222,;Z = 8
Ceil: a = 104.6, 6 = 197.5,¢c = 50.8
Agymmetric anit content: one dimer
Max. resolution, 2.0 A; completeness, 96.9%; R, 0.076;
R,0.175 :

° Cell dimensions are in angstroms, cell angles are in degrees. The crystal structures have been determined at room tempera-
ture if not stated explicitly. NR, Not reported. R,, = Z| I, — (D)|/Z(I), where [, is an individual intensity measurement, and (I} is
the average intensity for this reflections; the sum is over all reflections. R is a conventional crystallographic agreement factor.
PDB, Protein Data Bank.

® From Ref. 83b.

ously the amino acid side chains respect less the dyadic symmetry).
Table II lists the intradimer root-mean-square (RMS) deviations, rela-
tive to the Ca atoms of the CuyZn,SOD main chain. It can be seen
that the average RMS deviation of Ca ranges between 0.25 and 1.13
A with maximum deviations up to 5.1 A. By considering that the re-
ported error on the atomic positions from the crystallographic analy-
sis is at most 0.20-0.25 A, it may be concluded that the structure of
CuyZn,SOD is far from being related by a dyad axis, and any discus-
sion about the symmetry is in most cases only a rough approximation.

In only one case the Cu,Zn,SOD dimer has been observed to lie on
a crystallographic twofold axis. This occurs in the three structures of
Cu,;Zn,SOD from yeast and fungii, which have been crystallized in the
trigonal space group R32 (56) (see Section II1,1,3). The single crystals
were obtained from ammonium sulfate and sodium chloride at pH 7.5.
Three different structure determinations were carried out both at
room temperature and at 93 K. The crystal asymmetric unit consists
of only one monomer because the dimer lies on the special positions
of point symmetry two.

The differences observed in Cu,Zn,SOD crystal structures are indic-
ative of flexibility (i.e., the ability to adopt slightly different conforma-
tions depending on the crystallization conditions), which is mainly
due to extensive loop structure.

The main features of Cu,Zn,SOD so far described, namely the 8-
barrel, the disulfide bridge, and the metal ligands, are conserved
among the different structurally determined dimers. Inspection of the
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TABLE II

Ro0T-MEAN-SQUARE DEVIATIONS AND MINIMUM AND
MaximMuM DISPLACEMENT®

Structure RMSD (A) Min Max
1COB 0.335 0.251 1.687
1SDA 0.398(0Y) 0.299 2.425

0.360(BG) 0.286 1.614
1SDY 0.672 0.348 5.113
2S0D 0.833(0Y) 0.597 3.963
0.737(BG) 0.522 2.458
1S0S 0.346(AF) 0.296 1.041
0.325(BG) 0.290 0.758
0.254(CH) 0.231 0.948
0.425(DD) 0.348 2.051
0.376(EJ) 0.324 1.667
1SPD 1.130 0.939 4.337
1SRD 0.299(AB) 0.264 0.885
0.316(CD) 0.291 0.677
1SXA 0.294 0.251 1.340
1SXB 0.293 0.217 1.289
1XSO 0.359 0.216 2.911

@ From the best fit of backbone Ca atoms of the
SOD chain within the dimeric structures. The let-
ters in parentheses are the monomer chain identi-
fication used in the Brookhaven Protein Data Bank
(PDB) files. Coordinates are from the crystal struc-
tures released in the PDB (47). In cases in which
the crystal structure consists of more than one di-
mer in the asymmetric unit, the corresponding val-
ues are reported and the naming of the monomers
constituting the dimer couple follows the naming
reported in the PDB. The calculations have been
performed with the CCP4 suite of programs for pro-
tein crystallography (341).
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structures reveals that the main differences in folding are located in

the loops and turns connecting the eight 8-barrel strands.

5. The CuyZn,SOD Quaternary Structure:
The Monomer ! Monomer Interface

The contact surface between the monomers (Fig. 10) comprises the
N terminus and B-strand 1 (residues 1-7), the C terminus and B-
strand 8 (residues 146—151), and the two loop regions between resi-
dues 47-52 in loop IV and 100-112 in loop IV (the Greek key loop).
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Fig. 10. The monomer/monomer interface in the 250D dimer represented as the
dotted Connolly surface (348, 349) of the residues facing the two monomers, which are
represented in full as sticks superimposed on the ribbon diagram of the enzyme.

The extension of the contact region explains the high stability of the
dimer to thermal and chemical denaturation. The enzyme is stable up
to 353 K and remains active in 4% sodium dodecyl sulfate and in 8 M
urea (31, 57-59).

Highly optimized hydrophobic interactions can be observed across
the monomer—monomer interface between residues related by the
noncrystallographic twofold axis, e.g., the conserved residues Ile-111
and Val-146. Hydrophobic packing also involves Ala-4 with Leu-106
from the other monomeric unit. Mutations of residues in the interface
region can lead to disruption of the quaternary structure, resulting in
the formation of stable SOD monomers. Replacement of the human
enzyme’s two interface residues Phe-50 and Gly-51 with Glu has re-
sulted in a stable, soluble SOD monomer that is almost devoid of cata-
lytic activity (60).

Formation of natural mutants of the corresponding interface resi-
dues of human Cu,;Zn,SOD in familial amyotrophic lateral sclerosis
(FALS) has been demonstrated (18).

B. Human CuyZn,SOD

Human Cu,Zn,SOD has been exgressed in yeast (61, 62) and its
crystal structure determined at 2.5 A resolution (63). The crystals be-
long to the €222, space group and contain five SOD dimers in the
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asymmetric unit. The five dimers form honeycomb-like layers in the
ab crystal plane. The layers are stacked so as to leave in the crystal
lattice open channels that contain solvent (>68% by weight). The hu-
man enzyme contains 153 residues. The insertion of two residues in
the bovine enzyme has little effect on the structure except for the loop
where the insertion takes place, at position 25. The overall tertiary
structure and the active site are conserved. The authors note a fea-
ture that was overlooked in the bovine enzyme analysis, namely, that
the short six-residue helix present in SOD is oriented so as to stabi-
lize, and be stabilized by, the Zn?* cation in a favorable dipole—charge
interaction. The zinc binding seems to contribute to the appropriate
conformation of the electrostatically important residues Glu-132, Glu-
133, and Lys-136, which are conserved throughout the sequences and
are thought to be involved in substrate recognition (45, 64).

The crystal structure of wild-type human SOD has also been deter-
mined, (space group P6;) and refined to 2.4 A resolution (see Table
D (18).

C. Xenopus laevis CuyZn,SOD

The South African frog Xenopus laevis has the peculiarity of having
duplicated genes in its genome. Consequently, two isoenzymes of
Cu,Zn,SOD with different amino acid sequences have been identified
(65). The two isoenzymes X-SODa and X-SODb, are characterized by
different thermal stabilities (66). The existence of two different a and
b monomers gives rise, on association in the dimer, to three different
isoenzymes of aa, ab, and bb composition, having different stabilities.
The most stable X-SODb homodimer has been expressed in E. coli
(67) and subjected to crystallographic analysis (68). It crystallyzes in
the orthorhombic space group P2,2,2, (see Table I) with one dimer in
the asymmetric unit. The monomer contains 150 amino acid residues,
and shares a high degree of homology (>50%) with other known
SODs. The crystals provided a complete data set (98.8%) to 1.49 A
resolution when X-rays from a synchrotron source were used. The
structure has been refined to a very low final crystallographic R factor
of 0.104 for all 49,209 reflections by using simulated-annealing and
energy minimization techniques, followed by restrained least-squares
refinement and finally by anisotropic refinement of all nonhydrogen
atoms. The nonpolar H atoms have been introduced at calculated po-
sitions after the restrained refinement, converging to an R factor of
0.145. During the following anisotropic refinement of the nonhydro-
gen atoms in which the restraints on the metal-ligand distances were
released, the R factor dropped to the final value of 0.104. The re-
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sulting model has a very good geometry with small deviations from
ideality. The anisotropic refinement satisfies the Hamilton test (69),
which ensures that the data have not been overfitted, but the authors
do not comment about improvement of the model obtained after aniso-
tropic refinement, with respect to the model obtained from the more
conventional restrained least-squares refinement at R = 0.145.

The X-SODb has the same overall tertiary and quaternary struc-
ture of all Cu,Zn,SODs reviewed so far, resulting in quite low values
of 0.726 and 1.170 A for the RMS deviations of the Ca atoms in the
bovine and yeast enzymes, respectively. The SOD fold shows once
again its robustness. Indeed, the several amino acid substitutions and
the insertion in the bovine enzyme are absorbed well by the structure,
the only substantially different part of it being the turn between resi-
dues 89 and 92, where a one-residue deletion occurs with respect to
the bovine enzyme. It is of particular interest that the 10 substitu-
tions of Pro and Gly residues in X-SODb and bovine SOD do not re-
sult in any evident changes in backbone conformations.

Site 149 of the X-SODb sequence is occupied by a Tyr residue,
which is rather uncommon in SODs. The structure reveals that this
tyrosine is involved in two intermolecular contacts related by the non-
crystallographic twofold axis between the two monomers. The resi-
dues interacting with Tyr-149 are Phe-62 of the same subunit and
Arg-113 of the other subunit. It is proposed that the increased ther-
mostability of the XSODb homodimer with respect to the other possi-
ble dimers built with the a isoenzyme is due to these two interactions.

The active site structure is similar to the other metal sites in
CuyZn,SODs, the only noticeable difference being the accurate obser-
vation of a shorter Cu(Il)-water distance of 2.26 and 2.48 A in the A
and B subunits, respectively. In this site the noncovalent interactions
responsible for the orientations of the ligands forming the metal bind-
ing site are conserved.

Once again a well-defined network of hydrogen-bonded water mole-
cules is observed extending from the active site in two opposite direc-
tions spanning the cavity openings, reinforcing the proposal of an ac-
tive role of the water in the enzyme mechanism (see Section IX).

D. Spinacu CuyZn,SOD

SODS are present in plants, and Cuy;Zn,SOD has been obtained
from spinach leaves (70). Its amino acid sequence shares 55% homol-
ogy with the bovine enzyme (71). The monomer contains 154 amino
acids, three more than the bovine enzyme.

The structure has been determined at 2.0 A resolution using a data
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set obtained by merging data collected on a four-circle diffractometer
from 25 different crystals (72). The crystals belong to the space group
C2, the same as bovine SOD, but have a different unit cell (see Table I).
The overall structure of this plant SOD is very similar to that of bovine
erythrocyte SOD. However, the RMS deviation obtained from the best
fit of the spinach and bovine SOD Ca and metal atoms (except for the
three N-terminal residues) is 1.10 A. Nevertheless, the topology of the
two structures is identical. The metal ligands and functionally im-
portant residues Asp-124, Thr-137, Gly-141, and Arg-143 are con-
served. A relevant difference between the bovine and spinach enzymes
is that the copper-bound water molecule has not been detected in the
latter structure. The authors do not report the completeness of the data,
nor the figures relative to the quality of the data set used for refine-
ment. This makes it difficult to compare and discuss confidently the ob-
served small differences with the bovine enzyme active site model.

A major structural difference with respect to the bovine enzyme is
found in the N-terminal region, where the spinach SOD has the inser-
tion of an Asp residue in a turn at position 26. The turn is then en-
larged and has a different conformation. Furthermore, the peptide NH
group of Asp-25 is hydrogen bonded to the carbonyl oxygen of Ala-1;
this H-bond is not present in bovine SOD and is responsible for a diff-
erent extended conformation of the N-terminal region in the spinach
enzyme. The H bond from Ala-1 to Asp-25 connects the Glu-24—-Asp-26
turn region with the N terminus, causing a rigid, stable conformation of
this part of the molecule. A second difference is found in the region near
Val-33 and Ala-97 in the 3-barrel. Val-33 is located in strand 3 and Ala-
97 in strand 6, but they are adjacent in the tertiary structure, though
they are far apart in the sequence. The corresponding residues in bo-
vine SOD are Gly-31 and Val-95. The side chain of Val-33 in spinach
SOD occupies the same spatial position of the Val-95 side chain in bo-
vine SOD. The double exchange of a bulky residue with a small residue,
and of a small residue with a bulky one, has no effect on the g-barrel,
and maintains its structure unchanged. This finding brings forward the
interesting observation that the same stabilization effect on the 8-bar-
rel structure, by side-chain interactions, has been achieved in different
ways in the spinach and bovine enzymes, through concerted mutations
allowing for the exchange of the complementary side chain of residues
that may be far apart in the sequence.

E. Yeast Cu,Zn,SOD

Yeast SOD has been obtained and crystallized from the yeast S.
cerevisiae (73). It has the same dimeric structure as the bovine and
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spinach enzymes. Each subunit has 153 amino acids and shares a
55% homology with the bovine enzyme. Yeast SOD crystallizes in the
space group P2,2,2 with a cell containing two dimers per asymmetric
unit (see Table I). The structure has been solved by the molecular
replacement technique using a bovine SOD monomer as a starting
model. The refinement has been carried out in two stages. In the first
one consecutive molecular dynamics and conventional restrained
least-squares refinement led to a crystallographic R factor of 0.22 for
the data between 6.0 and 2.5 A (74). Subsequently, the structure was
further refined to R = 0.158 by completing the model with the intro-
duction of 516 water molecules (75).

The overall B-barrel and loop structure of CuZZDnZSOD is main-
tained, despite an overall RMS deviation of 0.977 A between the a-
carbons of yeast and bovine SOD. The largest differences between the
two structures occur at two insertion sites (residues 23—-25 and 35—
38) in loops II (2, 3) and III (3, 6), and at the interface between the
two dimers (residues 127 and 128). The structure of the active site
appears to be conserved in the bovine enzyme, with only minor differ-
ences in the overall geometry.

F. BoviNE Cu,Co0,SOD

Cobalt(II) has been used as a chromophoric probe to replace the
spectroscopically and magnetically silent zinc(II), hence allowing the
accumulation of a wealth of information on the system (see Section
VIID). Furthermore, Cu,C0,SOD displays full enzymatic activity. Its
crystal structure has been determined at 2.0 A resolution (76). The
crystals of Cuy,Co,SOD belong to the space group P2,2,2, (see Table I),
and despite the use of synchrotron radiation as the X-ray source, pro-
vide a 75.2% complete data set between 10.0 and 2.0 A. The refine-
ment has been carried out with a mix of molecular dynamics and con-
ventional restrained least-squares methods, resulting in a model of
almost ideal geometry and a final crystallographic R factor of 0.176.
Again, the overall fold of SOD is preserved with only minor differ-
ences occurring in the loop regions. Despite the metal substitution,
the active site structure shows small differences with respect to the
native enzyme. The cobalt substitution does not perturb the active
site. A water molecule has been clearly observed bound to Cu(Il) at
2.38 A, from which a network of H-bonded water molecules originates.
The authors of the paper (76) note that most of the waters lie in the
same positions as in the yeast enzyme, and propose that they help
to stabilize the protein tertiary structure and may even have a role
in catalysis.
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G. PEROXYNITRITE-MODIFIED Cu,Zn,SOD

The recent discovery that nitric oxide (NO) is a signaling mole-
cule ubiquitous in tissue has raised the question that one of the
pathways contributing to superoxide toxicity in vivo might be the
formation of the highly reactive peroxynitrite anion (ONOO~) pro-
duced by spontaneous reaction of NO with superoxide (77). It has
been shown that peroxynitrite is a substrate of SOD (78). The
interaction of SOD with peroxynitrite leads to a permanent modifi-
cation of the enzyme at Tyr-108. The structural determination of
the peroxynitrite-modified Cu,Zn,SOD has been conducted on mono-
clinic crystals (79). The structure confirms that peroxynitrite perma-
nently modifies the Tyr-108 side chain with formation of 3-nitroty-
rosine. The modification does not alter active site residues and the
enzyme remains fully active.

H. MuranTts oF CuyZn,SOD
1. The Cys-6Ala Mutant of Bovine CuyZn,SOD

The crystal structure of the Cys-6Ala mutant of bovine SOD has
been determined as part of a study aimed at investigating the role of
this cysteine on the thermostability of Cu,Zn,SOD, and in an effort to
understand and control the stability of the protein (80). The structure
of the native enzyme shows that Cys-6 is buried in the B-barrel,
where it makes hydrophobic interactions with neighboring chains.
However, on heating it appears to form irreversible aggregates that
prevent refolding. It appears that thermal inactivation occurs at a
temperature lower than the melting temperature. The thermal scan-
ning calorimetry profile of the mutant is consistent with either a two-
step denaturation process or with the presence of two different species
having different thermal stabilities (80). The mutation to Ala has
proved effective in decreasing the rate of irreversible thermal dena-
turation, when incubated at 70°C for 180 min, despite causing the
lowering of the melting temperature of the two putative components
of the mutant enzyme with respect to the native enzyme. The crystal
structure of the mutant has provided evidence for a concerted move-
ment of the B-strand residues near the mutation site with respect to
the native enzyme.

The authors propose that the observed shifts allow the enzyme to
compensate for the energetic cost of the mutation by improving the
packing and stereochemistry of the mutant molecule (80).
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2. The Cys-6Ala, Cys-111Ser Double Mutant of Recombinant Human
CUZZnZSOD

The double mutant Cys-6Ala, Cys-111Ser of human SOD gives crys-
tals isomorphous with those of human SOD (C222,) (see Section 1I,B).
Alanine and serine are residues naturally occurring in other SODs at
these positions. The double mutant is more stable than each of the
single mutants to irreversible thermal denaturation, and all of them
are more stable than the native enzyme, probably because of the re-
moval of the reactive thiol groups.

Thé crystal structure shows that Ser-111 stabilizes the loop where
it resides (the Greek key loop) by forming two H bonds with the car-
bonyl oxygen and the amide nitrogen of residues 106 and 113, respec-
tively. In the wild-type human SOD crystal structure, Cys-111 is
found to be involved in these H bonds in only 2 of the 10 independent
subunits. The authors conclude that such intraloop side-chain to
main-chain hydrogen bonds can thermodynamically stabilize the en-
zyme and, together with the zinc helix-dipole motif (see Section II,B),
may provide a hint on how to modify the activity and the stability of
human SOD and other B-barrel proteins.

I. REDUCED CuyZn,SODs

One of the outstanding issues concerning the SOD mechanism in-
volves the structure of the reduced enzyme. This point has been ad-
dressed by several authors attempting to provide a structural basis
for Cu(I) as the catalytic species in SOD.

The first report of a reduced SOD structure was made in a prelimi-
nary announcement of the observation of a break in the histidinato
bridge between copper and zinc, from studies on a reduced monoclinic
form of bovine SOD (81). However, a full report has yet to appear in
the literature, and the coordinates of the structure have not yet been
released in the PDB.

1. Reduced Bovine Cu;Zn,SOD at pH 7.5

A second study reports two independent structural determina-
tions on crystals obtained under anaerobic conditions from solutions
of the reduced enzyme (48, 82) at pH 7.5. The crystals are isomor-
phous with those of Cuy,Co,SOD (76). In order to check the reproduc-
ibility of the experiment, two independent data sets were collected at
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a synchrotron source on crystals from different batches. A third data
set was obtained by merging the two experimental data sets so as
to obtain a higher quality data set and hence a better final model.
The refinement has been performed on all the three data sets. The
metal centers were left unrestrained throughout all the refinement
cycles. The final R factors were 0.166, 0.153, and 0.156 for the two
independent and for the merged data sets, respectively. The reduced
state of the copper in the crystals was proved by electron paramag-
netic resonance (EPR) spectroscopy which shows no evidence of a
Cu(II) signal in the crystal used for data collection nor in those from
the same crystallization batch. The refinement procedure has pro-
vided a quite accurate model of the enzyme at 1.9 A resolution in
which, contrary to expectations, the copper coordination appears
conserved with respect to the native oxidized form of the enzyme.
Indeed, His-61 is found bridging copper and zinc in both subunits
of the two independent structures. Only an overall increase in the
Cu-ligand bond lengths has been observed. It should be noted that
the difference in Cu—-N bond length between Cu(Il) and Cu(l)
coordination compounds having the same coordination number is
much less than 0.1 A as observed in Schiff base, N-alkyl-
pyrazole, phenantrolines, and tertiary amine copper complexes
(83a). Only in chelating dioximes is a lengthening of 0.16 A found
on going from Cu(Il) to Cu(l) (83a), which is about the estimated
standard deviation in bond lengths found for the above SOD struc-
tures.

Apart from the His-61 bridge, the two structures reveal significant
differences in the coordination geometry of the copper sites in the two
subunits (A and B). In the A subunit the copper geometry can be
described as a flattened tetrahedron with the water molecule inter-
acting only weakly with it at 3.0 A. In the B subunit the Cu(I) coordi-
nation is better respresented by a trigonal bipyramid having as the
basal plane His-44, His-46, and the water molecule (at ~2.5 A), with
His-61 and His-118 in the axial positions.

A covalent modification of the Glu-119 side chain has been observed
in this structure. An unexpected electron density of approximately
10 ¢~ has been found extending from one of the Glu-119 carboxylate
oxygen atoms and could not be unambiguously assigned. The authors
report that a similar density was also observed in the crystal struc-
ture of the oxidized enzyme so as to exclude a modification due to
the dithionite used for reduction of the enzyme. The proximity of the
modification to the active site suggests that it may affect the catalytic
mechanism (48).
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2. Reduced Bovine Cuy,Zn,SOD at pH 5.0

. The same research group has reported that crystal structure, at 2.0
A resolution, of the reduced bovine enzyme obtained from crystals
grown at pH 5.0 (83b). The crystals belong to the orthorhombic space
group C222, with cell dimensions a = 104.6, b = 197.5, and ¢ = 50.8
A. This crystal form is characterized by a high solvent content, esti-
mated at 73% from a V,, = 4.5 A¥Da. The packing of the Cu,Zn,SOD
dimers is such that one of the two subunits makes very few intermo-
lecular contacts with respect to the other in the crystal lattice. In
other words, one subunit has a solution-like environment, being sur-
rounded almost completely by water. This is reflected in an almost
double average temperature factor for all the atoms of that subunit
with respect to the other, indicating a larger mobility of the molecule.

The crystal structure shows a marked difference in the copper envi-
ronments in the two monomers. In one of the subunits two electron
density maxima are observed riding the cuprous ion in place of the
usual density expected for the weakly bound water molecule. This is
a two-center density that can be modeled with two water molecules
at full occupancy, each being at coordinating distance from the metal
ion, resulting in the unusual geometry shown in Fig. 11. The electron
density could not be unambiguously interpreted because it can be
modeled as well by a disulfide anion at about half occupancy. Such an
anion may have been originated from the dithionite used for copper
reduction.

On the contrary, the copper site in the solution-like subunit does

His69

F1c. 11. The “anomalous” copper coordination sphere found in the crystal structure
of reduced bovine Cu} Zn,SOD at pH 5.0. The metals and the two unknown atoms at
bonding distance from Cu(I) are represented as spheres of arbitrary radius. The metal
ligands are represented in full as sticks.
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not show anything similar. Moreover, in this subunit the bridging li-
gand, His-61, is found disordered and away from the cuprous ion. It
cannot be modeled properly because the electron density correspond-
ing to the ring Ne2 nitrogen is missing. It appears to have moved
away from the metal at about 3.0 A. The metal appears to be disor-
dered over two positions.

This finding indicates a possible detachment of the bridging His-61
in the structure and seems to confirm the flexibility of the copper site
and its ability to shift between two different coordination geometries.
The His-61 detachment from Cu(I) may be facilitated by the low pH,
which favors protonation of the His-61 Ne2.

3. The Reduced Yeast Cu,Zn,SOD at pH 7.7

Three high-resolution tridimensional structures of a new crystal
form of yeast Cu,Zn,SOD have been reported (56). Two independent
determinations were conducted at room temperature and the third
one at —180°C. The crystals belong to the rhombohedral space group
R32 (see Table I). In this crystal form the SOD dimer sits on an exact
crystallographic dyad axis so that the independent part of the mole-
cule is made up by only one monomer. It is the first time that exact
twofold symmetry has been observed for a dimeric SOD molecule. The
crystals diffract to a limit of 1.70 and 1.73 A at room temperature and
to 1.55 A at cryogenic temperature. However, in the last resolution
shells the observed data cover between 41 and 55% of the theoreti-
cally possible reflections. The structures have been solved by molecu-
lar replacement, using as a starting model the yeast Cu,Zn,SOD pre-
viously reported or the A1A2 dimer of human Cu,Zn,SOD adequately
modified to represent the primary structure of yeast SOD. The struc-
tures have been refined without stereochemical restraints for the ac-
tive site atoms to R factors of 0.186 and 0.182 for the two room-tem-
perature structures and 0.190 for the low-temperature structures.

All three structures show the unexpected result that the copper
ion has shifted its position by about 1.0 A with respect to the ortho-
rhombic yeast SOD structure, leaving the bridging His-63 at 3.16 and
2.93 A in the two independent room-temperature structures, respec-
tively. The correctness of the copper position has been checked by
using an anomalous scattering difference Fourier map (84). The
movement of the metal also involves His-120 (opposite to His-63),
which maintains the usual coordination distance from the copper. The
result is that the copper ion appears to be tricoordinate by His-44,
His-46, and His-120, and His-63 no longer bridges it with zinc. The
authors conclude that despite the absence of any reductant in the
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crystallization medium, the coordination of the copper in the three
structures is indicative of its reduction to Cu(I), which displays such
coordination in small molecule compounds.

The authors support this conclusion by showing the EPR spectra of
a crystal compared with that of the original protein solution used for
crystallization, with that of the same crystal dissolved in an equal
volume of buffer and with the same solution 12 hr after the exposure
to oxygen. All the spectra show the characteristic Cu(II) EPR lines
but with intensities steadily decreasing from the crystallization solu-
tion to the crystal, thus indicating a decreasing amount of Cu(Il) ions
in the different systems.

The above observations deserve a comment about stereochemistry
of the yeast SOD active site (which may hold also for the reduced
bovine SOD at pH 5.0). The copper—His-63 Ne2 distances observed in
the structures are in the range 2.93-3.16 A, which is longer than the
sum of the covalent radii of Cu (in either +2 or +1 oxidation state)
and N. However, these distances still appear to indicate close contacts
between the copper and the nitrogen. It is difficult to give a proper
estimate for the contact distance of a Cu(I) or Cu(Il) ion in coordina-
tion compounds. In small molecule complexes the intermolecular dis-
tances involving mononuclear copper ions are always large because
the metals are buried in the ligand matrix. In the cubic Fm3m lattice
of metallic copper the second shell of copper atoms is at a distance of
3.61 A. A safe estimate of the Cu contact distance in its lower oxida-
tion state may hence be taken at about 1.8 A. Becuase the van der
Waals (vdW) radius of nitrogen is 1.55 A (85), the reported positions
of copper and His-63 Ne&2 are closer than the sum of their contact
radii, indicating that there are short contacts between the copper and
His-63 in each of the three structures. Furthermore, if a proton (vdW
radius = 1.2 A) is built on the N&2 of His-63, it points toward copper
at a distance of about 2.7 A, still making close contact with it.

The copper reduction and the following disruption of the Cu—His-
62 bridge seem to occur on crystallization. However, analysis of the
crystal intermolecular contacts shows there are only few strong pro-
tein—protein contacts (not water mediated), mainly occurring in the
C-terminal region and in loop IV just before the disulfide bridge (resi-
dues 49-52). The latter, even if placed quite far from the metal site,
may have an influence on it because they are located in the loop sup-
porting the crucial His-63 ligand. On the other hand, the superpo-
sition of the reduced and oxidized yeast SOD structures shows that
His-63 has remained in the same place and that detachment is caused
by the copper movement.
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The structural information available on the reduced state of Cu,Zn,
SOD provides a view of the copper site as a very flexible system,
where the Cu(l) ion can shift between three- and four-coordination
with a water molecule weakly interacting with it, giving rise to 4 + 1
coordination. The latter coordination is commonly observed in small
molecule complexes [a recent example is provided by Lee et al. (86)].
It is noteworthy to point out that a concerted movement of the metal
and of some of the ligands seems responsible for the coordination
changes observed in the reduced yeast SOD and bovine SOD struc-
tures. In the case of yeast SOD it appears that reduction of the copper
ion occurs on cyrstallization and that crystal packing does not play a
role in the process. On the contrary, in the bovine SOD example, pH
and the solution-like environment of one of the subunits seem to be
responsible for the probable detachment of the His-61 from Cu(l).

J. INorcanic ANTON COMPLEXES OF Cu,Zn,SOD

The structures of CuyZn,SOD complexes with small inorganic
anions have been determined at different copper oxidation states.

1. The Crystal Structure of the Cyanide Adduct of CuyZn,SOD from
Xenopus laevis

The crystal structure of cyanide-inhibited CuZZn2§OD from X. laevis
has been determined at 98 K and refined at 1.7 A to an R factor of
0.17 (87). Formation of the complex does not affect the overall struc-
ture of the protein. In both subunits the cyanide anion is found to
be bound to Cu(Il) through its C atom at about 2.2 A. It interacts
electrostatically with Arg-141 at 3.3 A, pointing directly to it with its
free end. On binding of the inhibitor the His-46 ligand moves 2.6-2.7
A from copper, changing the metal coordination polyhedron into a dis-
torted square pyramid. His-46 is at the apex and the cyanide is on
the basal plane, confirming what was previously proposed after NMR
experiments on Cu,Co,SOD (88, 89).

2. The Crystal Structure of the Azide Complex of Bovine CuyZn,SOD

The azide complex crystals have been grown at pH 6.5 in the space
group P2,2,2,; the azide complex was prepared by soaking the crystals
in a precipitant solution containing 1 M NaN,;. The data at 2.1 A
resolution have been refined to an R factor of 0.166 (90).

The competitive inhibitor azide makes strong coordination bonds of
1.97 and 2.18 A, respectively, with the Cu(Il) ion in the two subunits.
Azide replaces the water molecule in the metal coordination and
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makes an electrostatic interaction with the positively charged guani-
dinium group of the Arg-141 residue at a distance of about 3.6 A. The
binding of azide perturbs the copper coordination sphere by causing a
shift of about 0.7—0.4 A of the Cu(II) position with respect to the na-
tive enzyme, as is supported by spectroscopic studies (see Section
VIII). The movement of copper is accompanied by that of His-118.

As in the cyanide complex, the His-46 coordination distance is
lengthened by about 0.4 A on average. The resulting copper coordina-
tion polyhedron is a distorted square pyramid with His-46 at the api-
cal position and azide on the basal plane, paralleling the behavior
observed in the cyanide complex. The above results allow rationaliza-
tion of the previous spectroscopic data (89). The zinc coordination is
- left unaltered.

3. The Crystal Structures of Azide and Thiocyanate Complexes of
Reduced Bovine Cu,Zn,SOD

The structures of the adducts of the competitive inhibitor azide and
of the inhibitor thiocyanate with the reduced enzyme have been deter-
mined using the C222, crystal form obtained at pH 5.0 (835). In both
structures the inhibitors are found bound to Cu(I), replacing the wa-
ter molecule(s) close to the metal site. However, their distances from
Cu(l) are longer than those found in the oxidized enzyme, being in the
range 2.7-2.9 A. The coordination sphere of Cu(l) is left essentially
unaltered by the interaction, as is that of Zn(II). In this case the
anions extend in the cavity, having an electrostatic interaction with
Arg-141 at 3.1-3.2 A from its guanidinium group, stronger than in
the oxidized enzyme. The thiocyanate anion appears to be bound to
copper through the nitrogen atom.

The different behavior with respect to the oxidized enzyme reflects
the different preference of Cu(Il) and Cu(l) cations for five-coordina-
tion. Cu(I) prefers four-coordination, and the interaction with the neg-
atively charged anions looks merely electrostatic, the two ends of the
anions being almost equidistant from the two positively charged
groups present in the cavity, namely Cu(I) and Arg-141.

The mechanistic implications of the observed anion binding modes
in the two oxidation states of the enzyme are discussed in Section IX.

lll. Activity

A. AcTiviTy MEASUREMENTS

The ability of an enzyme to perform its function is appropriately
measured by enzymatic activity, which follows the Michaelis—Menten
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kinetics, i.e. by the parameters obtained using the Michaelis-Menten
equation. If reference is made to the Michaelis—Menten reaction
scheme [Eq. (7)1,

ky ky
E+Sk‘:\ES—+E+P, @

saturation of the enzyme E, with the complete transformation into
the enzyme—substrate complex ES, is never obtained for SOD (except
in: one case; see later) because the transformation of ES into free E
and the product P is very fast and the amount of substrate is in gen-
eral small. The rate constants k,, k2_;, and k, are defined for single
steps. The kinetics can be fitted to Eq. (8),

v = ka[EISK, + [SD), (8)

where v is the velocity, k... is the catalytic constant (or turnover num-
ber), and K,, is the Michaelis—Menten constant [K, = k/(k_;, + k).
With a low concentration of substrate (i.e., [S] < K,), the velocity v =
k. [EI[SI/K,, is referred to as a nonsaturating condition.

Superoxide can be generated by pulse radiolysis of aqueous solu-
tions containing O, (62, 91-94). The necessary irradiation is achieved
with pulses of high-energy electrons (2—-5 MeV), generated by a Van
der Graaf linear accelerator. The irradiation also generates some rad-
icals, i.e., OH radicals and H radicals are also formed. Formate, used
as buffer (1-10 mM), converts all these radicals to superoxide ac-
cording to reactions (9-11):

OH + HCO; — H,0 + CO;, (9)
H + HCO; — H, + CO;, (10)
CO; + 0,— 05 + CO,. (11

With formate and O, concentrations kept constant, it is possible to
calibrate O; concentrations by changing energy and pulse time. The
oxygen aqueous solution containing formate is pulsed to generate O;
in the presence of varying amounts of enzyme. The decay of O; is
monitored spectrophotometrically at 245 nm (the maximum of ab-
sorbance of superoxide) as a function of the enzyme concentration,
pH, and ionic strength. In the absence of enzyme the spontaneous
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disappearance of O; is a second-order process (O; + HO, —» O, +
HO;) whose rate constant at pH 7.5 is 8.5 X 10" M~! sec™! (93). When
superoxide dismutase is added to the solution the kinetics of the de-
cay changes from a second-order process to a pseudo-first-order mech-
anism with respect to both the enzyme and the substrate concentra-
tions (92, 93). If the dose of O; is constant, the rate of decay is
proportional to the enzyme concentration. The rate constant, k../K.,,
for the bovine enzyme was determined to be 2.3 X 10° M ! sec™! at pH
7.0 and 25°C (52). Similar values were found for human SOD ex-
pressed in yeast and in E. coli (95, 96) (Table III). There are no indica-
tions of saturation at the highest O; concentration, and the measured
rate constant is near the diffusion control. This method, besides the
advantage of a direct determination of the catalytic constant, yields
very high superoxide concentrations and is highly sensitive. Further-
more, it has been shown that the rate constants for the reduction of
O; by the reduced enzyme and for the oxidation of O; by the oxidized
enzyme are the same (97, 98). By lowering the temperature to 5.5°C
and raising the initial O; concentration to about 5 mM (possible using
a stopped flow apparatus), Fee and co-workers were able to saturate
the enzyme and to determine the Michaelis—Menten parameters, K,
and turnover number or k., (99). At pH 9.3, in H;0O, the turnover
number is 0.9 X 10% sec’! and K, is 3.5 X 10 M. The saturative
behavior is more pronounced in D,0 and decreases in the presence of
acid, at variance with what happens in nonsaturating conditions
when no isotopic effects are observed. These results suggest that, only
in saturative conditions, proton transfer is rate limiting. In nonsatu-
rating conditions the observed rate constant is probably determined
by the rate of approach of O; to the copper center [k, of reaction (7)].
Such a rate is controlled by the rate of substrate diffusion.

The polarographic method, another technique to measure the decay
of superoxide, does not require special and expensive apparatus such
as a Van der Graaf generator. A dropping mercury electrode works
both as a source of superoxide and as a detector of superoxide dismu-
tation products (100). The electroreduction of O, in aqueous solution
can be a monoelectronic process that produces O; (O, + e~ — O3) or
a bielectronic process, with reduction to H;O;. The latter happens in
the presence of protons: O, + 2¢~ + 2H* — H,0,.

The polarographic curves for the two processes are indicated in Fig.
12. Hydrophobic surfactants such as triphenylphosphinoxide (TPO)
are used to cover the electrode surface and prevent proton transfer
from occurring on the electrode surface. At pH 9.5 only the reduction
of oxygen to superoxide is observable, whereas at lower pH two elec-
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TABLE III

AcTivity oF SODs FROM DIFFERENT SOURCES AND OF SOME MUTANTS

163

Source Activity pH IM) Ref.

Bovine SOD (erythrocyte) 3300 U/mg*® 7.8 — 2

2.3 X 10° M1 sect® 7.0 — 52

3.9 X 10° M ! sec™!® 7.5 0.02 128

1.7 X 10° M ! sec™!® 8.0 0.16 118

32,180 U/mg* 74 — 109

Human SOD (erythrocyte) 3500 U/mg° 7.8 — 103

6900 U/mg® — — 61

) 120,500 U/mg? — — 146

Human SOD (E. coli cytoplasm) 7500 U/mg® — — 61

Human SOD (yeast) 6570 U/mg® 7.8 — 104

2.3 X 10° M ! sec?® 7.0 0.01 95

1.65 X 10° M ! sec!® 7.0 0.01 342

. 1.75 X 10° M ! sec !¢ 8.5 0.16 p.c/

Human SOD (E. coli) 2.3 X 10° M1 gect® 7.0 0.01 64

Human SOD (E. coli) 1.32 X 10° M! sec™* 8.5 0.16 p.c/

Human SOD (E. coli) 19,000 U/mg* 7.4 — 119

Ox SOD 3.8 X 10° M !1sect® 8.0 0.02 116

Pig SOD 3.2 X 10° M sec™® 8.0 0.02 116

Sheep SOD 3.3 X 10° M 'sect® 8.0 0.02 116

Yeast SOD 3.4 X 10° M ! sec !t 8.0 0.02 116

Extracellular human SOD 116,000 U/mg? — — 146

Extracellular recombinant human SOD 116,000 U/mg? — — 146
Shark (Prionace glauca) SOD 3.75 X 10° M ! sec™* 7.5 0.02 128, 343

Bacillus abortus SOD (E. coli) 3800 U/mg* 7.8 — 152

Xenopus laevis SOD 3.7 X 10° M ! sec'® 8.0 0.02 329

1.3 X 10° M ! sec™® 8.0 0.145 329

Thr-137IleHSOD (yeast)¥ 1.20 X 10° M ' sec?® 7.0 — 342

Thr-137SerHSOD (yeast) 1.25 X 10° M~ sec™!® 7.0 — 342

Thr-137AlaHSOD (yeast) 1.19 X 10° M ! sec™t® 7.0 — 342

Thr-137ArgHSOD (yeast) 1.04 X 10° M ! sec™!* 8.5 — pec/

Arg-143LysHSOD (yeast) 2840 U/g* 7.8 — 104

9.9 X 108 M~! sec™?® 7.0 0.01 95

Arg-143IleHSOD (yeast) 708 U/mg® 7.8 — 104

1.8 X 108 M ! sec™* 7.0 0.01 95

Arg-143A1aHSOD (yeast) 1.7 X 108 M ! sec™ 7.0 0.01 95

Arg-143GIluHSOD (E. coli) 3.5 X 10" M1 sec™!® 7.0 0.01 95

Arg-143AspHSOD (E. coli) 3.5 X 10" M 'sec!® 7.0 0.01 95

Cu,E,HSOD (E. coli) 7.0 X 10® M~! sec™?* 7.0 — 96

Asp-124AsnCu,E,HSOD (E. coli) 52 X 10°* M ! sec™!® 7.0 — 96

Asp-124GlyCu,E,HSOD (E. coli) 1.8 X 108 M-!gec™!® 7.0 — 96
Glu-133GInHSOD (E. coli) 6.8 X 10° M !sec!® 7.0 0.01 64, 141
Glu-132GInHSOD (E. coli) 4.2 X 10° M ' sec™!® 7.0 0.01 64, 141
Glu-133Gln, Glu-132GInHSOD 7.0 X 10° M ! sec™® 7.0 0.01 64, 141

(Continues)
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TABLE III (Continued)

Source Activity pH IM) Ref.

Glu-133Lys, Glu-132GInHSOD 4.2 X 10° M ' sec'® 7.0 0.01 64, 141
Lys-120Leu X. laevis SOD 2.1 X 10° M ' sect 8.0 0.02 329
1.0 X 10° M ' sec™* 8.0 0.145 329
Lys-134Thr X. laevis SOD 2.1 X 10° M ! sec™ 8.0 0.02 329
1.0 X 10° M ! sec™® 8.0 0.145 329
Lys-120Leu, Lys-134Thr X- laevis SOD 1.1 X 10° M sec™® 8.0 0.02 329
0.7 X 10° M ! sec™!® 8.0 0.14 329
Glu-131Gln X. laevis SOD 6.5 X 10° M ' sec™® 7.5 0.02 175
Asp-130Gln X. laevis SOD 3.7 X 10° M ! sec™t 75 0.02 175
Lys-136ArgHSOD (E. coli) 30,400 U/mg* 7.4 — 119
Lys-136AlaHSOD (E. coli) 15,200 U/mg* 74 — 119
‘Lys-136GInHSOD (E. coli) 22,800 U/mg© 7.4 — 119
His-63Ala yeast SOD (E. coli) 0.4% wild type* — — 149
His-63CysHSOD (E. coli) <1% wild type* 7.4 0.16 179
3.8 X 108 M~ sect 8.5 0.02 179
Phe-50Glu, Gly-51GluHSOD 10 * 5% wild type® 7.8 0.16 60
2.0 X 10" M ! sec'¢ 8.5 0.16 p.c/
Phe-50Glu, Gly-51Glu, Glu-133GlnHSOD 8.6 X 10" M ! sec™'* 8.5 0.16 p.c/

“ Activity determined using the xanthine oxidase method (2).

b Activity determined using pulse radiolysis (52, 91, 92, 112).

¢ Activity determined using Paoletti’s method (108-110).

4 Activity determined using Marklund’s method (344).

¢ Activity determined using the polarographic method (100, 101).

! p.c., Personal communication from Prof. E. Argese (University of Venice).

# HSOD, Human SOD.

* Activity determined by monitoring the autooxidation of 6-hydroxydopamine (345).

trons are transferred to O,, leading to H;O,. The addition of superox-
ide dismutase converts part of O; to O,, increasing the limiting cur-
rents. The difference in the limiting currents measured in the absence
and in the presence of SOD are related to the rate constant of SOD
(101). In order to overcome the limitation of pH, connected to the bi-
electronic process, it was demonstrated that the use of a dropping
"mercury electrode with short drop time (s.d.t.m.e.) (0.1 sec versus 1-2
sec) allows minimization of the contribution of the reaction that leads
to H,0, (101). In such a way activity measurements are possible down
to physiological pH and the method becomes competitive with the
pulse radiolysis method.

These direct assays provide immediate answers about the rate of
dismutation of superoxide by SOD. Activity assays performed on the
same sample with different direct methods (i.e., pulse radiolysis and
polarography) in most cases give similar dismutation rate constants
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Fic. 12. Polarographic determination of oxygen and its derivatives. The cell current
is plotted versus the potential for reduction of O;. (a) pH 12.5, triphenylphosphinoxide
(TPO) 0.9 mM; (b) pH 9.9, TPO 0.9 mM; (c) pH 9.9, TPO 0.9 mM, SOD 1.5 X 107 M;
(d) pH 9.9, TPO 0.9 mM, SOD 1.5 X 10°7 M. The value of limiting current at —1.0 V is
proportional to the concentration of O, in solution. Reprinted with permission from
Ref. 100.

(see Table III); some low-activity SOD mutants (in particular, mono-
meric mutants), however, show discrepancies for the two direct
assays, discrepancies that we still do not understand (102).

In order to monitor SOD activity routinely, assays that require only
instrumentation typical of a chemical or biochemical laboratory were
set up. The assays consist of a reaction mixture that generates
superoxide anion and a coupled redox reaction that scavenges the
superoxide ion. The latter reaction is usually followed spectrophoto-
metrically. The addition of superoxide dismutase destroys superoxide
and inhibits the coupled reaction. The specific activity of the enzyme
is determined on the basis of the amount of protein required to slow
down to 50% the first-order coupled reaction, i.e., one enzymatic unit
is the amount of protein that reduces the rate to 50% and the specific
activity corresponds to the number of units per milligram of protein.

Following the method of McCord and Fridovich (2), the superoxide
ion is generated through the oxidation of xanthine by oxygen, a reac-
tion catalyzed by xanthine oxidase as shown in Fig. 13. O; then reacts
with oxidized cytochrome ¢ and it is transformed into O,. The disap-
pearance of superoxide is monitored spectrophotometrically through
the increase of the absorption band at 550 nm, as a consequence of
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Fic. 13. Reaction between oxygen and xanthine, in the presence of the enzyme xan-
thine oxidase.

the reduction of oxidized cytochrome c. Superoxide dismutase, by suc-
cessfully competing with cytochrome ¢ for the oxidation of the super-
oxide ion, inhibits the reduction of oxidized cytochrome ¢. Activity val-
ues of 3300 and 3500 U/mg (2, 103) were measured for the bovine and
human enzymes, respectively, (Table III), corresponding to a kinetic
rate constant of 2.3 x 10° M! sec™!, even though values of 6900 and
6600 U/mg have also been reported in literature (104). Such discrep-
ancies were partially attributed to the different method for measuring
protein concentration and to differences in homogeneity of the sam-
ples (104). Meaningful results are obtained when the activity of an
isoenzyme or of a mutant is expressed relative to that of an isoenzyme
taken as reference. However, the assay can be contaminated by the
presence of other cytochrome ¢ reducing agents (such as glutathione),
or by impurities of superoxide dismutase in cytochrome c¢. Further-
more, the presence of anions that specifically bind to a residue in the
SOD active cavity can inhibit the activity. This effect was first ob-
served with phosphate, and Fridovich argued that the inhibitory
power of the phosphate anion was an ionic strength effect (105); it
was later proposed that phosphate interacts with Arg-143, a residue
that is quite relevant for the attraction of superoxide in the cavity
(106, 107).

A relatively recent indirect assay was set up by Paoletti (108). The
assay consists of a sequence of reactions that generate superoxide
from molecular oxygen in the presence of EDTA, manganese(II) chlo-
ride, and mercaptoethanol (108-110). The reactions are monitored by
following the oxidation of NAD(P)H by superoxide radicals through a
decrease of absorbance at 340 nm, which corresponds to the maxi-
mum absorbance of NAD(P)H. The addition of SOD (scavenging su-
peroxide) inhibits nucleotide oxidation (Fig. 14). At variance with the
previous assays, whereby cytochrome c is reduced by superoxide, this
method relies on the oxidation of NAD(P)H and, in theory, makes the
detection less susceptible to aspecific reduction by common cellular
components. The assay is very sensitive to the EDTA/Mn?* ratio and
to the mercaptoethanol concentration, both of which affect nucleotide
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Fic. 14. Effect of superoxide dismutase on the rate of NADH oxidation. Decreases
in absorbance are measured at 340 nm. Four assays are performed simultaneously in
the absence (control) and in the presence of different amounts of SOD. Reprinted with
permission from Ref. 108. Copyright 1986, Academic Press.

oxidation rates (109). Therefore the presence of chelators, of endoge-
nous Mn?*, or of free thiols might alter the calibration curve.

The nitroblue tetrazolium assay (111) is another indirect method
that is used especially for detecting SOD activity on gel electrophore-
sis. Superoxide radicals are generated by xanthine/xanthine oxidase
or by the photoreduction of flavins (typically riboflavin), which oxidize
H,0 to O;. The gel on which SOD samples have been loaded is then
stained with nitroblue tetrazolium chloride. This reagent is reduced
by superoxide to the blue-colored formazan. SOD competes with ni-
troblue tetrazolium and produces colorless zones on the blue gels.
This method, which is highly specific toward superoxide dismutase, is
limited by its low reliability with respect to quantitative determina-
tions. :

The results obtained by indirect assay are hardly comparable, be-
cause the specific activity values are based on different types of reac-
tions to induce the dismutation of superoxide. The results have differ-
ent meanings, and only relative comparisons among different samples
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can be made. Furthermore, indirect assays, which can be set up at a
specific pH and buffer concentration, are not sufficiently versatile for
SOD activity as a function of pH and ionic strength.

Activity measurements are made at low concentrations of SOD
(typically micromolar). On the other hand, there is a concentration
dependence equilibrium between monomeric and dimeric species. It
has been suggested that bovine SOD at 25°C, pH 7.8, is only 50% in
the dimeric form at a concentration 0.3—-0.4 g/liter without any loss of
activity (33).

All these assays can also be used to determine the activity of
MnSOD and FeSOD. It should be noted that the nitroblue tetrazolium
assay (111) allows differentiation of MnSOD, FeSOD, and Cu,Zn,
SOD. Indeed, these enzymes have different molecular weights and
they run at different rates on acrylamide gel. In a mixture of the
three proteins it is possible to resolve three spots representing Mn,
CuyZn,, and FeSOD.

B. pH DEPENDENCE OF ACTIVITY

In the pH range 5-9, activity is not influenced by pH. However,
when pH exceeds 9, activity steeply decreases (62, 112, 113) (Fig. 15).
This behavior cannot be ascribed to denaturation because NMR stud-
ies indicate no denaturation up to pH 12.5 (114). The rate constant
curve versus pH shows an inflection at high pH, and for the human

Ay W,
L VY 2y A
oW® @O .U %o
169 | LR R 73
* Ey
e AWy
o v
2 B
s 'Y Al
z
S 1E8 | L] v
= :
°
°
1E7 1 1 1 i 1 | Y "l A I 1
5 6 7 8 9 0 1 12 13

pH

Fic. 15. Rate constant versus pH for bovine SOD (W), yeast SOD (O), mutant Cys-
6Ala, Cys-111Ser of human SOD expressed in yeast (A), Thr-137Ile SOD (@), and Lys-
136Ala SOD (V).
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enzyme an apparent pK, of 10.7 = 0.1 was calculated (115). This loss
of activity at high pH has been matter of debate and many hypotheses
have been proposed, including deprotonation of some residues belong-
ing to the active site channel, such as Lys-136 (116, 117) and Lys-122
(117, 118), deprotonation of His-63 (119), which does not bridge the
metal ions in the reduced species, and ionization of the water mole-
cule, which is close to the copper ion (119). Mutations have shown
that the lysines cannot be uniquely responsible for the drop in activ-
ity. By studying the Ile-137 mutant, which has the lowest apparent
pK, (112), it seems that the drop in activity is not related to changes
involving the metal coordination sphere, but instead is related to
chianges in the electrostatic potential due to a deprotonation process
(which could be represented by an OH~ group approaching copper)
(120).

C. IonNic STRENGTH DEPENDENCE OF ACTIVITY

In wide-type Cu,Zn,SOD the activity decreases with ionic strength
(105, 121). Indeed, when ionic strength is increased from 0 to 150 mM
(physiological ionic strength), the rate decreases by 30% (Fig. 16).
This can be explained by taking into account two factors that moder-
ate SOD activity: the overall negative charge of the dimeric protein
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Fic. 16. Effect of ionic strength on dismutation rate of O; by superoxide dismutase
as measured experimentally by pulse radiolysis at pH 8. Ionic strengths were adjusted
using NaCl. O, Bovine SOD; A, human SOD expressed in yeast; O, mutant Cys-6Ala,
Cys-111Ser of human SOD expressed in yeast; @, Thr-137Ile SOD; A, Arg-143Lys.
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(—4, at pH 7) and the positive active center. The former property de-
termines a repulsive barrier for the negative superoxide; this repul-
sion is compensated by the electrostatic field generated by the positive
copper and zinc ions and by the positively charged residues in the
active site channel (122, 123). In the presence of salt, the repulsive
barrier is reduced; however there is a more substantial decrease in
the positive target area. The combination of these effects yields, in
wild-type SOD and also in most of the mutants, a decrease in activity
as the ionic strength increases.

In the case of mutants such as the monomeric Phe-50Glu, Gly-
51Glu, which has an overall charge of —4 (versus —2 of the wild-type
SOD subunit), the activity is reduced to'10% and it is ionic strength

-independent. It is possible that the enhanced negative electric field
strength of the monomeric mutant increases the repulsive barrier,
causing a drastic decrease of activity. An increase in ionic strength
reduces both the repulsive barrier and the steering effect of the posi-
tively charged residues of the active site, which apparently compen-
sate each other. This produces catalytic rates that are ionic strength
independent (124). Other monomeric mutants with the same charge
density as the native protein, e.g., Phe-50Glu, Gly-51Glu, Val-148Lys,
Ile-151Lys SOD (total charge, —2), show a dependence on the ionic
strength qualitatively similar to wild-type SOD (102).

D. CoMPUTATIONAL STUDIES ON COPPER-ZINC SOD

CuyZn,SOD has been the subject of several theoretical studies
aimed at predicting its structural and functional properties. The cal-
culations performed to describe the catalytic process or to quantitate
the experimental rates were essentially focused on the interaction
and binding of the substrate. As discussed before, in nonsaturating
conditions the diffusion of the substrate in the active site is the rate-
limiting step of the catalytic process. This process is strongly deter-
mined by electrostatic forces due to the nature of the substrate.
Consequently, electrostatic field calculations and Brownian dynamics
simulations (64, 122, 123, 125-128) have been extensively applied to
SOD. On the contrary, no extensive studies are available for charac-
terizing the subsequent steps, in which the electron transfer process
occurs. Some preliminary calculations have been reported (129)
whereby the energy for the process of transferring one electron from
O; to copper has been evaluated within a density functional approach.

Electrostatic calculations produced maps of the electrostatic forces
in the active channel and enabled evaluation of the contribution of
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each charged residue in the interaction with the substrate. Brownian
dynamics calculations have been made for superoxide in order to esti-
mate the rates of substrate—enzyme encounters for wild-type SOD
and for the mutants (130). The results, compared with the experimen-
tal data on the mutants, pointed out that several residues make a
large electrostatic contribution to the first step of the catalytic pro-
cess, i.e., the binding of substrate. In a few cases the results disagree
with the experimental data, indicating that other factors affect the
reaction. The discrepancies have been rationalized, through molecular
dynamics (MD) calculations, in terms of structural changes at the ac-
tive site (see later).

Electrostatic field calculations have been also enabled rationaliza-
tion of the dependence of catalytic rates on ionic strength (122, 126,
131). Due to the negative charges of SOD and the substrate, and to
the diffysion-limited kinetidc rates, a positive dependence of catalytic
rates on ionic strength would be expected, but the opposite is ob-
served. This has been rationalized (122, 126, 130-138) taking into
account that the diffusion of the charged substrate to the active site
of SOD is determined by two competing effects: one is the repulsion
between two species of the same charge, i.e., the substrate and the
enzyme, after nonproductive collisions, and the other is the steering
effect produced by the positive electrostatic field in the active site
channel and at its entrance. The overall rate for the catalytic process,
which is determined by the diffusion of the substrate, is the balance
between these two effects, where the second is the dominant one. The
first effect, which decreases the rates of collisions, is positively af-
fected by an increase in ionic strength as the latter reduces the over-
all protein charge. The second effect, i.e., the steering of the substrate
due to the positive charges of the channel, negatively affects the cata-
lytic rates with increasing ionic strength because the attraction of the
substrate would be reduced. Because the second effect in wild-type
SOD is larger, an increase in ionic strength would reduce the produc-
tive collision rates and, for this enzyme, the catalytic rates.

Molecular dynamics studies have been particularly successful in ra-
tionalizing and predicting properties of SOD and its mutants (139,
140). The different catalytic properties of the active site mutants have
been interpreted as a result of structural and dynamic changes at the
active site channel.

The overall protein structure and, in particular, the metal coordina-
tion sites and the active channel are quite stable when they are re-
laxed through MD calculations in the presence of explicit water. A
striking result is the capability of these calculations to reproduce the
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solvation properties of the metal sites and of the active channel. As
will be discussed (see also Section VIII), the water molecule close to
the copper ion is not coordinated to it and does not contribute to its
ligand field. Consequently, in these calculations it was simply placed
at its crystallographic position without any link to the protein by as-
signing it the force field parameters of the bulk water. During the MD
trajectory on wild-type SOD and on all the mutants characterized by
nuclear magnetic relaxation dispersion measurements (see Section
VI) but Thr-137Ile, this water molecule maintains its position close to
copper, as experimentally observed, despite the absence of any con-
straints. This indicates that the field produced at the active site by
the residues of the channel is capable of maintaining the water mole-
cule in its equilibrium position (140).

In the case of the Thr-137Ile mutant the same water molecule
moves, after a few picoseconds of simulation, far from the metal site,
and no other water molecule substitutes for it (Fig. 17). No other wa-
ter molecules are present within 5 A from copper, as is indeed ob-
served experimentally (112). Replacing a hydrophilic residue with a
hydrophobic residue at the active site destabilizes the structural
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FiG. 17. Distance between copper and the oxygen of the closest water molecule to
copper in wild-type SOD (solid line) and in Thr-1371le SOD (dashed line) as a function
of the simulation time. From Ref. 140; Banci, L.; Carloni, P.; Orioli, P. L. Proteins:
Struct. Funct. Genet. 1994 18, 216. Copyright © 1994 Wiley-Liss, Inc. Reprinted by
permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.
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water molecule and allows it to leave the cavity (140). This is a quite
relevant result of these MD calculations, which are able to reproduce
even fine details of the structural properties.

As expected on a pure electrostatic basis, neutralization of a nega-
tive residue in the channel would produce an increase in the catalytic
rates, as has been indeed observed (64, 141). The charge reversal from
a negative to a positive residue is expected to produce an even larger
increase in activity (125, 126), but this does not occur (64, 141). By
analyzing the structural properties of the active channel in these mu-
tants, as obtained by MD calculations, a large rearrangement of the
electrostatic loop in the Glu-133Lys mutant has been observed. This
could change the local electrostatic field, which could therefore not be
enhanced by the charge reversal (140).

In addition to structural properties, the enzymatic activity is also
modulated by the dynamic properties of the reaction site and of the
channel. Mutation on Arg-143 produces, together with a decrease of
the local positive field, a decrease of the flexibility of the bottleneck
at the end of the active channel for the access to the copper site. The
narrowest section of the active channel decreases in size on going
from wild-type SOD to Arg-143lle, to Arg-143Glu (139). Figure 18
shows the fluctuations of the distance between the residues at posi-
tions 143 and 137, which are the two groups determining the narrow-
est section of the active channel in SOD. This trend parallels closely
the decrease in enzymatic activity observed for these mutants. The
reduced size and mobility of the channel decrease the efficiency of the
diffusion of the substrate in the channel, thus decreasing the number
of encounters and therefore the enzymatic efficiency.

IV. Molecular Biology and Chemical Modifications

A. ExprESSION METHODS

Human SOD was one of the first types of Cuy;Zn,SOD to be cloned
and then expressed in different microorganisms. The human SOD
gene was first isolated and sequenced. The wild-type human SOD pro-
teins initiate with a methionine, which is then removed, followed by
acetylation of the adjacent alanine to obtain the mature protein. In
order to obtain a high transcription level of Cu,Zn,SOD in E. coli, the
gene was cloned in a plasmid (ptac5) (Fig. 19) containing the tacl
promoter and transformed in an E. coli strain such as D1210 (61).
Out of 500 colonies, 25 were able to produce SOD as 5% or more of
the total soluble cell protein. Even if the activity of this recombinant
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Fig. 18. Fluctuations of the distance between (A) C{ Arg-143 and C8 Thr-137 in
wild-type SOD and (B) Cé Glu-143 and CB Thr-137 in Arg-143Glu SOD. Reprinted with
permission from Banei, L.; Carloni, P.; LaPenna, G.; Orioli, P. L. J. Am. Chem. Soc.
1992, 114, 6994. Copyright 1992 American Chemical Society.
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Fic. 19. Scheme of the ptacs5 SOD plasmid, with the facl promoter, the Shine—
Dalgarmo sequence (SD), and the ATG-flanking sequence, with randomized positions,
indicated by X, which contain all four bases. Reprinted from Ref. 61, Nucleic Acids
Research, 1988, 13, 2017, by permission of Oxford University Press.

protein is similar to that of purified human erythrocyte CuyZn,SOD
(see Table III), the protein is not perfectly identical to the human
protein because E. coli cells are unable to acetylate the exposed ala-
nine. For this reason the expression of human SOD in yeast was also
investigated. Human SOD was expressed in yeast using the yeast
glyceraldehyde phosphate dehydrogenase promoter (62). The protein
has a normal specific activity and it is indistinguishable from the hu-
man erythrocyte Cu,Zn,SOD.

Human SOD was also expressed in the periplasmic space of E. coli
using a secretion vector that allows the protein to be accumulated in the
periplasmic space. In 1988 the HSOD gene was cloned in a secretion
vector pIN-ITI:OmpA (142) On induction of gene expression the protein
was produced at a level of 10% of total cellular protein and was recov-
ered through osmotic shock as the major component of the periplasmic
fraction. Although the N-terminal alanine is not acetylated, it is practi-
cally indistinguishable from the acetylated form (see Table III).

Another periplasmic expression system (the plasmid pPHSOD1Iq)
was constructed by Hallewell et al. (64); the plasmid contains a syn-
thetic human SOD gene (143), joined to the leader sequence of Photo-
bacterium leiognathi CuyZn,SOD (144), and the laclg gene (I145) in a
pBR322 derivative containing the tacl promoter (61). The synthetic
SOD gene contains the Cys-6Ala, Cys-111Ser mutations, which are
relevant for protein thermostability (143). In human SOD, Cys-6 and
Cys-111 are the only free cysteines, the former buried and located
adjacent to the dimer interface with the side chain pointed toward
the interior of the B-barrel, whereas the latter is close to the dimer
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F1G. 20. Structure of human SOD indicating the position of the residues Cys-6 and
Cys-111 (from Ref. 63).

contact region but with its side chain pointed outward into the solvent
(Fig. 20). Two mechanisms seem to be responsible for thermal inacti-
vation of the cysteine-containing native enzyme: (1) hydrolysis of the
_ backbone as happens for every cysteine-containing protein, and (2)
incorrect formation of intermolecular disulfide bridges. Removal of
Cys-6 and Cys-111 was demonstrated to increase protein thermosta-
bility (143).

Extracellular human SOD (EC-SOD), a tetrameric copper—zinc gly-
coprotein that is present in plasma, lymph, and synovial fluid, was
expressed in Chinese hamster ovary cells (146, 147). From cultures of
these cells, recombinant EC-SOD was isolated in high yield with re-
spect to native EC-SOD. Recombinant and native EC-SODs were com-
pared and their properties were shown to be very similar (Table III).

Besides human SOD, other types of SOD were expressed in organ-
isms different from those of the native species. Yeast SOD from S.
cerevisiae was expressed in E. coli using the T7 RNA polymerase ex-
pression system (148-150). Cu;Zn,SOD from X. laevis was overex-
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pressed from plasmid pKB under control of the ¢rc promoter in E. coli
(1561). In E. coli, CuZn,SOD from Brucella abortus was also expressed
(152). The SOD gene was cloned in a pET3c vector containing the 77
promoter. A leader sequence that directs secretion into the periplas-
mic space was also incorporated. The above plasmid was then in-
serted in the E. coli BL21 (DE3) strain, which carries the 77 polymer-
ase gene (152).

B. CuEMIcAL MODIFICATIONS

Before the advent of biotechnology, in order to clarify the role of
various amino acid residues in Cu,Zn,SOD, the first technique em-
ployed was chemical modification of specific residues.

Several «,B3-diketones (phenylglyoxal, butanedione, and cyclohex-
anedione) inactivate the enzyme (the residual activity never exceeds
20%), interacting with and modifying one arginine/subunit (153). The
inactivation, in the case of the bovine enzyme, is accompanied by
some changes in the visible absorption spectrum of copper and by a
small loss of copper, which, however, does not account for the inacti-
vation and the spectral changes. Analysis of fragments obtained
through treatment with CNBr demonstrated that the modified resi-
due is Arg-143, whose presence was soon recognized to be very im-
portant for catalytic activity (153). In the case of the yeast enzyme
the inactivation is complete and is not accompanied by any loss of
copper(Il) (154). Modification of the arginine residue affects the anion
binding properties of the protein, lowering the affinity for CN-, N3,
NCS-, and CNO". The reduced affinity constants for these anions may
be the result of modification of the copper coordination geometry or of
neutralization of a positive charge in the active site, or both (155).
Comparison of the rates of inactivation among Cu,Zn,SODs from dif-
ferent species indicate that bacterial enzymes are inactivated more
rapidly by phenylglyoxal than are eukaryotic SODs (156).

Treatment of CuyZn,SOD with succinic anhydride led to full deriv-
atization of all the lysine residues, indicating that all the lysines are
accessible (157). The derivative has an increased negative charge that
is reflected by a 10-fold decrease of activity, although the coordination
geometry of the active site is not affected by succinylation (157). It
was also proposed that this treatment might weaken the interactions
between the two subunits (157). The lysine charge can also be neu-
tralized through carbamylation and acetylation with a consequent de-
crease in activity and anion affinity (105, 158).

The effect of chemical modifications on Arg-143 and lysines was
also investigated for the reduced enzyme. It was observed that the



178 BERTINI, MANGANI, AND VIEZZOLI

reduced, modified enzyme has a lower affinity for chloride than the
reduced, untreated SOD, indicating that electrostatic interactions be-
tween positively charged groups and the substrate are present in the
reduced state of the protein and play an important role in the cata-
lytic mechanism (159) (see Sections II,A,J and IX,B).

Carboxylated polyethylenglycol (PEG, MW 5000) interacts with
SOD through covalent binding with the protein amino groups (160,
161) at the enzyme surface, resulting in a polymeric form with a mo-
lecular weight of 120,000 (162, 163). This is confirmed by the line
broadening of the 'H NMR spectrum of the Cu,Co, derivative (163).
The structure of the active site geometry seems to be unaffected by
PEG treatment, whereas the activity is reduced to 75%, and the af-
finity for N3 to 50%, with respect to the untreated enzyme. These
results indicate that the lower activity must be ascribed to a decrease
in the channeling of the O; ion toward the active site, as a conse-
quence of neutralization of positive charges.

Excess of hydrogen peroxide, one of the products of superoxide dis-
mutation, at alkaline pH reduces copper(Il) and inactivates the pro-
tein (52, 98, 164, 165). Inactivation seems to be accompanied by
changes in the visible and EPR spectra (98, 166, 167). The intensity
of the EPR spectrum decreases with H,O, concentration and with
time, but it does not disappear completely (167). Kinetic studies in
dilute solution indicated that inactivation is a first-order process with
respect to enzyme and reagent (98). The effect of H,O, was proposed
to be related to the modification of the amino acid composition and to
the destruction of one of the histidine ligands (98, 166). The 'H NMR
investigation of the H,0,-treated Cu,Co,SOD derivative clearly shows
that the coordinated residues are maintained, although there is evi-
dence of some flexibility of the donor groups. Furthermore, His-48 (a
copper-coordinated residue) is affected by the modification caused by
H,0, as far as its position with respect to the metal ion is concerned
(168). Recent studies have provided evidence that treatment with
H,0, causes oxidation of histidine residues and that His-120 is selec-
tively oxidized on the Ce1 atom and converted to 2-oxo-histidine (169).

The interaction of SOD with peroxynitrite has been investigated.
Peroxynitrite is produced by the reaction between nitric oxide and
superoxide, whose concentration increases in pathological conditions
such as ischemia. It has been found that peroxynitrite is also a sub-
strate for SOD and that the catalytic action of the enzyme per-
manently modifies Tyr-110 and converts it into 3-nitrotyrosine (78).
The X-ray structure of the peroxynitrite-modified SOD has also been
solved (see Section II,G).
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C. THE MuTANTS

From the very beginning of the investigation of superoxide dismu-
tase it was noted that bovine SOD has an overall —4 charge and an
isoelectric point at pH 5.2 (170). The protein should thus repel the
anionic substrate. However, there is a positive charge on the surface
of the active cavity and where the metal ion sits, which exerts a
stronger and positive effect in guiding the substrate within the cavity.
The ionic strength smoothens both effects with the result that it
causes a decrease in activity, because the focused attraction has a
larger effect on the enzyme activity than the overall repulsion (122).

The first mutation, according to this reasoning, was at position 143,
where an Arg residue is strategically located (Fig. 21). When it is
substituted with a Lys, which is still positive but has a different spa-
tial location, the protein loses some of its activity. At pH 5 the latter
is reduced to 10% when an Ile is present, and drops to 4% when there
is a negative charge such as Glu or an Asp (Table III) (95, 104). The
pH dependence of the activity for these mutants is quite unique. In-
deed, whereas wild-type SOD and most SOD mutants exhibit a con-
stant rate in the pH range 5-9, with a drop at higher pH, the Arg-
143Glu, the Arg-143Asp, and the Arg-143Lys mutants show drops at
lower pH values, due to the deprotonation of the residue. This demon-
strates that the presence of Arg at position 143 is crucial in keeping
a stable positive charge up to pH 10 (95). The decrease in local posi-
tive charge on going from wild-type SOD to Arg-143lle, to Arg-143Asp
(or Glu) has a strong effect on the dependence of the catalytic rate on

O ~ ) o]
Ok ot

GLU-133  GLU-132

{
Y o
N7

-l
E}H<.__O>C\ ASP-124

FiG. 21. Schematic drawing of the catalytic cavity of SOD.
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ionic strength. Indeed, whereas the wild-type protein is greatly af-
fected by ionic strength, the mutants, with negative residues at posi-
tion 143, are almost unaffected by the increase in ionic strength (95).
The 'H NMR spectra of the Cu;Co; derivative (see later) show that
the ligands are not affected by these mutations. Interestingly, the af-
finity of N3 for the copper follows a pattern similar to that of activity.
Because the dismutation of O; by SOD is a very fast process and no
saturation is observed at room temperature (see Section III) (99, 171),
the rate-limiting process of the catalytic rate of CuyZn,SOD is the
binding of O; to the active site. Therefore, whereas the activity is
determined by k,, of O; the affinity of N; depends on the ratio &,./k.
If ks is just determined by the barrier of the Cu—N bond breaking
and is constant, then it is also reasonable that the patterns of k&, of
O; and the affinity constants of Nj are often similar.

If the Thr-137 residue is mutated the effects are also relatively
large. The Thr-137Ile makes the cavity quite hydrophobic. Nuclear
magnetic relaxation disperson studies (see Section VI) show that the
semicoordinated water is now not present. Molecular dynamics calcu-
lations on the mutants have shown a high mobility of the water mole-
cule close to the copper ion (see Section III,D). A rearrangement of
the active site channel observed in this mutant is responsible for
pushing out the water molecule and seems to produce a different elec-
trostatic field with respect to wild-type SOD just on the coordination
sphere of copper, but not to affect seriously its surroundings (140).
Through spectroscopic investigation it was observed that the copper
chromophore is more tetragonal than in wild-type SOD, with His-48
more firmly bound to copper in a more symmetrical environment (112)
(see Table IV). A different effect on the hydrophilicity of the cavity is
observed when Thr-137 is substituted by Ser or Ala: in the former
case the hydrophilic residue stabilizes the water molecule more than
in wild-type SOD, and in the latter case the small Ala, despite its
hydrophobicity, slightly reduces the presence of water (115). The ac-
tivity is not affected at all by the different stability of the water
molecule close to copper (115). The Thr-137Arg mutant has a sizable
activity but smaller than that of wild-type SOD (Table III), which, at
low ionic strength, extrapolates at the same value of wild-type SOD.
On the other hand, the affinity for anions such as azide is 20 times
higher than is seen in wild-type SOD (172). A reasonable hypothesis
for this behavior, confirmed by MD calculations (112), is that substi-
tution of Thr-137 with Arg dramatically affects the loop formed by
the side chains of Lys-136, Glu-132, and Glu-133, a loop that is impli-
cated in electrostatic guidance of superoxide (Fig. 22). (45). In the case
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TABLE IV

181

EPR ParaMEeTERS AND HS1 His-48 CuemicAL SHIFTS OoF THE Cu,Co, DERIVATIVES FOR
SoME Cu,;Zn,SODs, SoME oF THEIR ADDUCTS WITH ANIONS, AND SOME OF THEIR

MUTANTS®
g g Ay s
(ppm)

Source? (10*em™) Hé1 His-48 Ref.
BSOD 2.26 2.07 143 34.5¢ 207, 218, 242
YSOB 2.26 2.08 141 34.1¢ 243
HSOD 2.26 2.07 140 103
HSOD (yeast) 2.28 2.09 145 34.6¢ 346
AS-HSOD (yeast) 2.28 2.09 142 34.67 346
AS-HSOD (E. coli) 2.26 2.09 138 35.0° 208
BSOD + F- 2.26 2.06 143 31.3° 89
BSOD + NCS- 2.25 2.06 148 27.7¢ 89
BSOD + NCO~ 2.26 2.05 158 19.8¢ 89
BSOD + Nj; 2.21 2.05 157 15.9¢ 89
BSOD + CN~ 2.21 2.06 188 13.0¢ 89
BSOD + HS- 2.21 2.03 180 — 278
Cu,E,BSOD 2.27 2.04 148 — 207, 243
Cu,E,BSOD + Nj; 2.24 2.06 164 — 244
Cu,E,BSOD + CN~ — 2.06 181 — 244
Cu,Hg,BSOD 2.26 2.05 141 — 243
Cu,Cd,BSOD 2.26 2.05 138 —_ 243
Thr-1371leHSOD 2.25 2.04 162 38.67 89
Thr-137A1aHSOD 2.26 2.07 140 36.3¢ 115
Thr-137SerHSOD 2.26 2.07 140 34.5° 115
Thr-137ArgHSOD 2.26 2.06 141 38.3¢ 172
Arg-14311eHSOD 2.26 2.08 137 34.67 270, 342
Arg-143GluHSOD 2.28 2.09 148 36.27 270, 342
His-80CysYSOD 2.26 — 139 — 176
His-46CysYSOD 2.23 —_ 151 — 178
His-120CysYSOD 2.27 2.05 175 — 178

@ The data were collected between pH 5.0 and 7.5; in this range no spectroscopic
changes are observed for the species cited. In rhombic systems g, represents the read-
ing at zero intensity on the left side of g, + g,.

4 BSOD, Bovine SOD from erythrocytes; YSOD, yeast SOD; HSOD, human SOD; AS-
HSOD, human SOD with the following modifications: Cys-6Ala, Cys-111Ser.

¢ Measured at 300 K.
4 Measured at 303 K.

* Measured at room temperature.

of the Thr-137Arg mutant these residues are much further from the
copper ion and point toward the surface of the protein, breaking the
hydrogen bonding network that stabilizes the active channel (112,

172).
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Fic. 22. The active site channel of human SOD with the hydrogen bond network
among side chains of Glu-132, Glu-133, Lys-136, and Thr-137.

Asp-124 is responsible for a long-range bridge between the copper
domain and the zinc domain, connecting, through hydrogen bonds,
His-46 and His-71. Substitution of the residue with Asn, Gly, or Gln
produces mutants that do not bind zinc. The mutants are stable at
high pH whereas in the native zinc-deprived enzyme the copper ion,
at high pH, moves to the zinc site to form a 50% dicopper derivative
(173). The zinc-free Asn-124Asp mutant, at low pH (5-6), has about
the same activity as wild-type SOD (Table III), and allows determina-
tion of the activity of a Cu,E,SOD derivative at high pH (Fig. 23) (96).

Through site-directed mutagenesis it was possible to design and ob-
tain mutants that are significantly more active than the native pro-
tein (174). The substitution of the negative Glu-133 and/or Glu-132
with Gln, which gives rise to an increase in local positive charge while
maintaining the orienting network, produces a two- to threefold more
active protein (Fig. 24 and Table III). The decrease of activity on in-
crease of ionic strength is stronger than for the native protein. These
two effects corroborate the important role played by electrostatic in-
teractions. However, electrostatic effects alone are insufficient to ex-
plain the activity behavior of SOD: the Glu-133Lys, Glu-132Gln mu-
tant, which has a further increase in local positive charge, is less
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Fia. 23. Rate constant versus pH of Cu,;Zn, human SOD (@), Cu,E, human SOD
(V), Cu,E, Asp-124Asn SOD (%), Cu,E; Asp-124Gly SOD (O), and Cu,E; Asp-124Asn,
Asp-125Asn SOD (+). Reprinted from Ref. 96.

active than the Glu-133Gln, Glu-132GIn mutant, showing that the
positive charge of Lys can disrupt the orienting network (64, 141).

A similar enhancement of catalytic rate was observed with the Glu-
131Gln mutant of X. laevis CuyZn,SOD, which corresponds to the Glu-
133GIn of the human isoenzyme. However, the Asp-130Gln mutant
differs from the corresponding mutant of the human enzyme: the mu-
tant from X. laevis has a catalytic rate comparable to that of the na-
tive enzyme, indicating that some residues occupying the same posi-
tion in the sequence of SODs from different organism might have a
different role (175).

The role of Lys-136 is still a matter of debate. Its deprotonation has
been related to the loss of activity observed at high pH (116). How-
ever, in the case of the human isoenzyme, the spectroscopic character-
ization, as a function of pH, of three mutants on this position (Arg-
136, Ala-136, GIn-136), show the same pK, values (within experi-
mental error) as the native protein, both for the reduced and oxidized
forms of the enzyme. These data ruled out Lys-136 as being responsi-
ble for the spectroscopically observed high-pH pK, values (119). The
activity of the Lys-136GIn and Lys-136Ala mutants at neutral pH is
similar to that in the wild-type protein, whereas the Lys-136Arg de-
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Fic. 24. Rate constant versus pH, at ionic strength = 0.01 M, for human SOD (@)
and for the mutants Glu-132GIn, Glu-133GIln SOD (¥), Glu-133GIln SOD (), Glu-
132GIn, Glu-133Lys SOD (W), and Glu-132Gln SOD (A). Reprinted with permission
from Nature; Getzoff, E. D.; Cabelli, D. E.; Fisher, C. L.; Parge, H. E.; Viezzoli, M. S;
Banci, L.; Hallewell, R. A.; 1992, 358, 347. Copyright 1992 Macmillan Magazines
Limited.

rivative shows an increase of 1.5 times (Table III) (119). Activity pro-
files obtained through pulse radiolysis techniques on the same mu-
tants indicate that the pK, is essentially maintained, therefore Lys-
136 does not seem to affect the activity profile (D. E. Cabelli, personal
communication).

The role of the lysines of the active site channel, Lys-120 and Lys-
134 (which correspond to positions 122 and 136 of the human isoen-
zyme) was investigated for the enzyme isolated from X. laevis. It was
demonstrated that these lysines contribute to the steering of the su-
peroxide anion toward the copper ion (175). Indeed, the activity of
mutants at positions 120 and 134 is 60—-65% with respect to wild type
(117, 175). Furthermore, the pH dependence of the activity was inves-
tigated and the best fit of the experimental data was obtained with
two pK, values, pK, = 9.3 and pK, = 11.3, in the wild-type enzyme
(117). The authors propose that pK, is mainly governed by Lys-120
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and Lys-134 (117), even if the differences in pK, values for wild types
and mutants are within experimental error.

In an attempt to redesign the metal binding site of SOD in order to
convert it to a type 1 copper center, some mutants of yeast SOD, in
which histidyl ligands in the metal sites were replaced by cysteines,
were prepared (150, 176-178). The mutant obtained substituting His-
80 with Cys in the zinc site, and then replacing zinc(II) with cop-
per(II), shows spectroscopic features typical of type 1 copper, as far as
electronic, magnetic circular dichroism (MCD), electron paramagnetic
resonance (EPR), and Raman spectra are concerned (150, 176, 177).
On the other hand, when the newly introduced cysteine ligands bind
copper(Il) in its site, as in the case of His-46Cys and His-120Cys ana-
logues, the properties of type 1 centers are not observed. Investiga-
tions on model complexes and on naturally occurring type 1 copper
proteins have demonstrated that an essential feature is the presence
of a trigonal N,S site, whereas type 2 copper proteins tend toward
tetragonal rather than trigonal geometries. Apparently the geometry
around the metal, which is determined by the protein, is a determin-
ing factor as far as the type of copper is concerned. An interesting
difference between His-46Cys and His-120Cys mutants is that the im-
idazolate bridge between copper and zinc remains intact in the His-
46Cys mutant but is not present in the copper—cysteinate His-120Cys
mutant (177, 178).

In order to investigate the role of the imidazolate (His-63) that
bridges copper and zinc ions, mutants on residue 63 have been pre-
pared and characterized. The substitution of alanine in place of the
bridging histidine ligand, in yeast SOD, perturbs the metal binding
properties of the protein. The mutant His-63Ala shows significant
changes in the geometry of the zinc site with respect to wild-type
SOD, the pH independence of the spectral properties up to pH 12,
typical of wild-type protein, is not maintained, and a pK, of 9.3 was
observed. In addition the activity of the His-63Ala mutant is pH de-
pendent and, at physiological pH, is 250-fold less than that of wild
type (149) (Table III).

The His-63Cys mutant seems to have the Cys bound to zinc, thus
leaving copper(II) coordinated to three histidines and to solvent. Two
water molecules have been proposed to interact with copper. Now
water is regularly coordinated. The enzyme has no activity (Table III),
although the reduction potential is still in the correct range to func-
tion. It has been proposed that a water bound to copper causes a de-
crease in the activity because the electron transfer has to occur
through a water molecule rather than directly (179).
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If we look at the interface of the dimer, a hydrophobic patch is
noted that is responsible of the existence of the dimeric entity (Fig.
10). As mentioned in Section II, transformation of two neutral groups
of the human isoenzyme (Phe-50 and Gly-51) into negative charged
residues (two Glus) produces a monomeric species (60). This is
checked through gel filtration experiments and through 'H NMR of
both the reduced derivative species and the oxidized paramagnetic
CuCo derivative. The line width of the NMR signals is fully and un-
equivocally consistent with monomeric species. The 'H NMR spectra
show that the ligand assignment is similar to that of wild-type SOD
and that the geometry of the chromophore is closest to that of the
Ile-137 mutant (Table IV) (60). The enzyme is only 10% active (Table
III) and its catalytic rate is not dependent on ionic strength. The re-
duction in activity has been ascribed to some structural changes in
the active site channel, changes that may indirectly derive from the
solvation of the newly exposed dimer interface or to its distortion (60).
As far as the behavior with ionic strength is concerned, we should
take into account that in this mutant the net protein charge is —4
(vs. —2 of the wild-type SOD subunit). As a consequence, the protein—
substrate repulsion is higher than for wild-type SOD, which balances
the steering effect of the positively charged residue in the active site
channel. An increase in ionic strength, which reduces both electro-
static effects, seems to produce compensating effects in this case, thus
producing catalytic rates that are ionic strength independent.

With the goal of increasing the catalytic activity a monomeric
mutant (Phe-50Glu, Gly-51Glu), in which the negative Glu-133 is
neutralized, was prepared. The mutant, Phe-50Glu, Gly-51Glu, Glu-
133Gln, has an enhanced catalytic rate, and in contrast to Phe-50Glu,
Gly-51Glu is ionic strength dependent. In this case the net protein

.charge is —3, compared to —4 of the Phe-50Glu, Gly-51Glu mutant,
the protein—substrate repulsion is decreased, and the increased salt
concentration again causes a decrease in catalytic rate (124).

V. Metal Substitutions

At low pH values SOD tends to lose the metal ions (180) and below
pH 3 it exists almost entirely in a random coil form (181). Either the
native metal ions or combinations of various metal ions can be re-
added to apoSOD at high pH to form a variety of metal-substituted
SODs, which have been the subject of extensive physical measure-
ments. ApoSOD is prepared by dialysis versus EDTA solution at pH
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3.8 (2) or 1,10-phenathroline at pH 3.2 for 24 hr, at room temperature
(182). In order to reobtain the holoenzyme or metal-substituted deriv-
atives the pH is increased. The holoSOD was reconstituted from apo-
SOD for the first time in 1974 (183). A scheme to obtain metal-substi-
tuted derivatives is shown in Fig. 25.

It appears that CuyZn,SOD (and also Cuy;Cu,;SOD and Cuy,Co,SOD)
loses the metal at the zinc site between pH 4.5 and 3.0, and indeed
all the spectral data indicate the formation of Cu,E,SOD® (184). The
metal is rapidly rebound when the pH is raised. It is also suggested
that a protein conformational change is involved rather than a simple
competition between metal ions on one side and protons on the other.
At pH below 4, the copper binding site is the only strong binding site.
At pH 3.6, 95% of zinc is removed by dialysis, versus only 5% of
copper (180). Below pH 3, copper is also lost from the protein (184).
E;Zn,SOD can be obtained by reacting reduced SOD with CN-, at
pH 6 (Fig. 25).

For spectroscopic determinations of the amounts of protein material
it should be noted that SOD absorbs, in the UV region, with a maxi-
mum at 265 nm. Different extinction coefficients were found for vari-
ous isoenzymes, as a consequence of the different primary sequence.
For example, e, is 15,900 M ! em !, for the human enzyme, and
10,300 M~! cm™! for the bovine enzyme (2, 103). In the visible region
of the electronic spectrum the holoenzyme has an absorption maxi-
mum at 680 nm [¢ = 300 M ! em! (2)]. The Cu;E; enzyme has a
typical absorption with A, at 700 nm, at pH 6 (183). The two metal
binding sites in SOD are largely determined by the tertiary structure
of the protein, so that a number of M,N,SOD derivatives can be pre-
pared (Fig. 25) with coordination properties similar to those seen for
Cu}ZnlSOD and CulZniSOD.

At the copper site there may be Ni?*, This is obtained after addition
of nickel at pH 7.5 to E;N,SODs that are obtained by adding the metal
ion N to E;E,SOD at pH 6 (185) (Fig. 25). Nickel(II) is a reasonable
probe for copper(Il) because both tend, whenever possible, to give rise
to square planar coordination geometries (186). Nickel(II) is five-coor-
dinated, with a water molecule probably coordinated. When there is
cobalt(II) in the copper site, the coordination number is again five, as
in the case of nickel(II). However, when phosphate is present, it binds
Arg-143 and cobalt. The latter would be displaced from its original
place, causing detachment from the bridging histidine. Cobalt(Il) is

5 M indicates the metal ion in the copper site, N is the metal ion in the zinc site, and
E means “empty.”



188

BERTINI, MANGANI, AND VIEZZOLI

L plto Zn®,Zn"
Reducuon, dialysis versus cyanide, pH 6 /
2 Co* e pH 7
Enzn®, Co?, phosphate, pH 4> Corznt,
22Zn" pH6 \
2 Ni?', phosphate, pH 7.5
2 »  Ni"Zn',
2Ni*. pH 6§ . AgNE
- 2 2
N / AghZn",
pHT78
AghE, =<Ag‘ZCo“2
Ag',Cul,
2Ag ,pHTS AghAgh
2 Ni*', phosphate, pH 7.5 )
EDTA, pH 3.8 2M* M=Hg , pH 6 5 prosprEep Nit,Cat,
curzn BB M<CdpHSS o .
> 1,10 phen,pH 3 (2po) EM, ECd,
2
\_ 2cd* pH60 cancd®.
200" , phosphate, pH 7. 4 CohCon
oM, CoP,
2+ /
l hosphate, pH 7 5 )
,pHS ECoh, » phosp p NiT,Con,
\ 2Cu™ pHS o
Cu™,Co”,
2Co” pH78 _/
/ 2Ni* pH65 Cul,Ni%,
CulE,
o ! M pH78 o CulCdh
Dialysis a1 pH 3.6 - TN Cuqug,,7
2 Cu”, acetate, pH 5.5 ot Cun
> ul,Cut,

Fic. 25. Metal substitution procedures for Cu,Zn,SOD: E,Co, (289); Cu,;Co, (189,
350); Cu;Ni, (258); Cu,Cu, (252); Cu,Hg, (243); Cu,Cd, (243); Cw,E, (243, 350); Ag,Zn,

(188); Ag,Co, (188, 244);

Ag;Ni, (258); Ag.Cu, (188); Ag,Ag; (188); Ag,E, (188); Zn,Zn,

(251, 351); Ni,Zn, (185); Ni,Co, (185); Ni,Cd, (185); Co,Zn, (185, 259); Co,Co, (185,

259); Cd,Cd, (197).
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tetrahedral with the three His nitrogens and a phosphate ion. Only
above pH 10 is the bridge reestablished (187).

Ag” is a good probe for reduced copper, and has high affinity for the
copper site. It may bind to the zinc site but only in the absence of
other metal ions (188). When two Ag* and Cu?’ ions are present, only
Ag,Cu,SOD is obtained, independently of the order of addition of the
metal ions (188). The presence of Zn?' in the zinc site increases the
affinity of Ag*, and thus it is proposed that zinc stabilizes the reduced
enzyme. The only difference between Ag® and Cu' is that at high pH
His-63 bridges Ag* and the metal at the zinc site, whereas Cu* re-
mains coordinated to three His residues at every pH.

There may be a variety of metal ions in the zinc site (Fig. 25). The
most important substitution (for spectroscopic studies) is that of zinc
by cobalt (189). The coordination chemistry of cobalt is similar to that
of zinc and the derivative is quite similar to the native enzyme. The
affinity of zinc and other metal ions (173, 190) for the zinc site at pH
> 7.5 increases when copper(Il) is bound to SOD. It seems that copper
organizes the zinc site. Indeed, Cw,E, transforms into Cu,Cu, and
E;E;SOD at pH higher than 7 (173).

For the E;C0,S0D derivative, a pH-dependent Co?* migration from
the zinc site to the empty copper site was observed, forming subunits
containing Co?' in both metal binding sites. The presence of phos-
phate was observed to facilitate the cobalt migration process, presum-
ably due to the fact that the anion causes an enhancement of Co?'
binding to the copper site (191). Every time there is migration from
E;N,SOD or M,E,SOD to MNSOD and EESOD, the problem remains
of whether the M-His63-N moiety is randomly distributed or whether
there is cooperativity within the dimeric unit of SOD.

An anticooperative behavior within the same subunit was proposed
when copper binds E;C0,S0D at acidic pH (5.5). When the zinc site is
partially occupied by cobalt, copper ions preferentially bind the sub-
units lacking cobalt. This can be explained by taking into account
that the binding of copper to a site where the bridging His is already
bound to cobalt requires a second deprotonation (192). An asymmetric
behavior of the two subunits has been also proposed (193, 194), but
this hypothesis was shown to be wrong by Valentine et al. (195).

Cd?** has been added either at the copper site or at the zinc site
(196, 197). Its properties have been investigated by perturbed angular
correlation (PAC) studies and by *Cd NMR. The PAC coordination
number may be higher than that usually proposed or found (198, 199).

Differential scanning calorimetry has been used to compare the
thermally induced unfolding of native SOD and apoSOD. The results
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clearly demonstrate that metal ions play a significant role in enhanc-
ing the thermal stability of SOD (31). Some apparent affinity constant
measurements are available for copper(II) and apoSOD (200, 201).
The rate constant of metal release has been studied at low pH val-
ues (182).

The stability of the MNSOD derivative (indicated as such for this
purpose) can be derived as follows: The first metal ion binds EESOD
according to Eq. (12) with an apparent equilibrium constant Ky:

M + EESOD = MESOD. (12)

The second metal ion binds according to Eq. (13) with apparent equi-
librium constant Ky:

MESOD + N = MNSOD. (13)
The overall stability is given by Eq. (14):
SMN = lOg KM + lOg KN. (14)

Table V gives the Syn values that have been reported for several real
and hypothetical derivatives of SOD at pH 6.25 (188). The data are
instructive and show that the native enzyme is the most stable
form.

From the early investigation of SOD (202) it was recognized that
apoSOD was more labile toward a variety of inactivating stresses
than was the holoenzyme. Addition of Cu?*, besides restoring the ac-

TABLE V

RELATIVE SOLUTION STABILITIES OF METAL-SUBSTITUTED DERIVATIVES OF
SOD ar pH 6.25°

M, N (in M;N,SOD) Swun M, N (in M;N,SOD) Sun
Cu, Zn 24.9 Zn, Zn 18.15
Cuy, Cu 24.5 Zn, Cu® 18.0
Ag, Zn 23.1 Ag, Ag 17.05
Ag, Cu 21.3 Zn, Agt 14.15
Cu, Ag® 20.65

“ Reprinted with permission from Roe, J. A.; Peoples, R.; Scholler,
D. M, Valentine, J. S. J. Am. Chem. Soc. 1990, 112, 1538. Copyright
1990 American Chemical Society.

¢ Theoretical values: these species have not been observed.
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tivity, enhanced the thermostability of the enzyme. Such stability fur-
ther increases on addition of metal ions to the zinc site.

VI. Water in the Active Site Cavity

X-Ray crystallography has always shown the presence of water in
the active cavity. Often, one molecule is about 2.2—-3.0 A from copper
and another is a little farther (see Section II) (41, 44, 63, 75).

Extended X-ray absorption fine structure (EXAFS) studies in aque-
ous solutions have shown that a water molecule in wild-type bovine
SOD is 2.5 A (Cu-O distance) from the metal (203). From 'H NMR
studies the same distance is proposed (see later). Ligand field calcula-
tions have shown that the water molecule essentially does not affect
the energy levels (89, 204).

The interaction of water with the paramagnetic copper(Il) ion of
oxidized SOD has been monitored through nuclear magnetic relax-
ation dispersion (NMRD) (114, 205-208). The interaction of water pro-
tons with the unpaired electron of copper(II) causes an enhancement
on the proton NMR relaxation. Usually the water proton T,! mea-
surements are performed at proton Larmor frequencies between 0.01
and 50 MHz. The profiles are of the type shown in Fig. 26. In a simpli-
fied model of the electron—nucleus coupling in macromolecules the
T, ! enhancements are inversely proportional to the sixth power of
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Fi1G. 26. 'H T, ! values, as a function of the proton Larmor frequency for Cu,;Zn,SOD
at different temperatures (205). The lines are best-fit curves obtained with the inclusion
of the effect of hyperfine coupling with the metal nucleus (212) (from Ref. 295).
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the average proton-copper distance and depend on the external mag-
netic field with an equation (209) of the type

T, ! xar/(1 + o212 + br/(1 + witd), (15)

where o, and w; provide the energy of the split Zeeman levels for the
electron and the nucleus, respectively, 7, is the electron relaxation
time, and @ and b are constants containing the copper—proton dis-
tance. The drop of T',™! values at high field depends on the electronic
relaxation time. If such time is the same, the T,7! values before the
high-field decrease are proportional to the number of exchangeable
protons sensing the unpaired electrons and to the reciprocal sixth
power of the proton—copper distances. In general, a single water mole-
cule is assumed to be responsible for the T,! enhancement, so that
analysis of the plots provides a copper—water distance.

The theory necessary for the analysis was developed in the 1980s
(207, 210-213) and a general computer program is now available
(214). The program requires, besides the water proton T,7! values,
the hyperfine coupling constants relative Yo the coupling between the
copper nucleus and the unpaired electron. The program then provides
the electronic relaxation times, the water—copper distance, and the
angle between the copper—proton and the molecular z axis. In Table
VI such values are reported for the native bovine SOD, human SOD,
some mutants, and some adducts with inhibitors. The water—proton
distance for bovine SOD is the same as proposed from EXAFS studies
in aqueous solution (203).

In Fig. 27 the water 'H T;! profiles of Cu,Zn,SOD and of its Thr-
137Ser, Thr-137Ala, and Thr-137Ile mutants are reported. The Ser
derivative appears to have a water molecule closer to the metal ion
(115, 208, 215). The Ala-137 derivative, as a consequence of the hydro-
phobicity of this residue, has a water molecule at a distance slightly
longer than wild-type SOD (115, 208, 215). The NMRD profile of the
Thr-137Ile mutant suggests that there is no water closer to copper(II)
in the cavity, as there is in wild-type SOD, probably because of the
bulkiness of the residue and the hydrophobicity of the cavity (112,
115). As discussed in Section III,D, molecular dynamics simulations
are capable of reproducing the presence of water in wild type SOD
and its absence in the Ile mutant (140). The Thr-137Ile mutant is
largely active (Table III), indicating that copper-bound water is not
important for catalysis.

In the His-63Cys mutant (see Section IV,C) copper(Il) is coordi-
nated to three histidines and to solvent. Two water molecules have
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TABLE VI

BesT-Fir PARAMETERS FOR THE WATER PrRoTON NMRD DaTa oN Cu,Zn,SOD, SOME
MuranTs, AND SOME INHIBITOR DERIVATIVES

Ts rcau_H 7] A”

System® (nsec) (A (deg) (10* em ™) Ref.
BSOD 2.8 34 19 143 207
HSOD (yeast) 2.2 3.5 20 145 208
Cu,E,BSOD 3.6 3.2 24 148 207
Cu,Cu;BSOD 4.2 34 29 143 207
Arg-143GluHSOD 2.5 3.4 22 148 208
Arg-143I1eHSOD 2.5 3.8 15 137 208
Thr-137A1aHSOD 15 3.7 — 140 115
Thr-137SerHSOD 2.1 3.2 — 140 115
Thr-1371leHSOD 3.8 4.7 20 162 115
His-63CysHSOD 1.5 2.87 — 142 179
His-63CysHSOD + N; 1.5 2.8 — 123 179
BSOD + 0.5 M P; 3.2 3.3 36 143 219
BSOD + 0.5 M NCO~ 3.2 3.9 32 158 219
BSOD + 0.5 M NCS~ 2.3 3.6 19 — 219
BSOD + 2.0 M NCS- 3.1 3.9 13 148 219
BSOD + 0.1 M N3 3.9 4.8 37 157 219
BSOD + 20 M CN~ 7.7 5.2 53 188 219

¢ Abbreviations: BSOD, bovine SOD from erythrocytes; HSOD, human SOD.

b Calculated by assuming a single water molecule interacting with Cu?* in the copper
site with its protons equidistant from the ion.

¢ 6 is the angle between the r¢,_y direction and the unique axis of the hyperfine tensor
for the interaction of a Cu?* ion with its nucleus.

4 Calculated by assuming two water molecules interacting with Cu?'.

been proposed to be coordinated to copper on the basis of NMRD mea-
surements. One of the water molecules is removed on azide binding
(179).

Despite the indication that the water molecule close to copper in
the native enzyme and in the mutants, not involving the metal li-
gands, has no effect on activity, it has some fine effects on some spec-
troscopic parameters. This appears true when the low-field water pro-
ton T',7' values are reported together with the values of A (between
the copper ion and its unpaired electron) (see Tables IV and Table
VD). In turn, large values of A; are taken to indicate a deviation of the
CuN, chromophore toward planarity (216). It has also been suggested
that this is achieved through a displacement of copper. Of course, the
effects described in Table VI are the results of fine structural changes
sometimes not observable as optical transitions.

The water proton relaxivity of the native enzyme was found to in-
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Fic. 27. '"H T,"! values, at 298 K, as a function of the proton Larmor frequency for
Cu,Zn;SOD (@), Thr-137Ser SOD (+), Thr-137AlaSOD (%), and Thr-137Ile SOD (O).
T, ! values are subtracted from the bulk solvent and diamagnetic contribution and
normalized to 1 mM copper concentration. Dashed lines are the best fits of the experi-
mental data. Reprinted with permission from Banci, L.; Bertini, I; Cabelli, D;
Hallewell, R. A.; Luchinat, C.; Viezzoli, M. S. Inorg. Chem. 1990, 29, 2398. Copyright
1990 American Chemical Society.

crease with pH, with a pK, of 11.5 (114). A deprotonation of the water
molecule interacting with copper was taken as explanation of this ef-
fect: indeed, the hydroxide proton was believed to experience a higher
relaxation rate, with respect to water protons, as a consequence of a
shorter Cu—H distance (114). Boden et al. suggested that the above
behavior can be explained taking into account that, at high pH, an
OH- binds the copper ion, likely displacing a coordinated histidine
(206). This hypothesis was partly confirmed by O NMR studies of
H,0 solutions of bovine Cu,Zn,SOD: the large increase in T3,! val-
ues, which is observed from neutral to alkaline pH, can be explained
only by the addition of a hydroxide anion interacting with Cu®* (217).
The 'H NMR spectra of the Cu;Co,SOD Ile-137 mutant show that all
histidines are coordinated even at high pH (120).

The interaction of water with the copper ion in the presence of some
anions that bind copper was monitored through NMRD (Fig. 28). In
the case of N; and CN-, the water molecule is moved far away from
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Fic. 28. 'H T,7! values, at 298 K, as a function of the proton Larmor frequency for
Cu,Zn,SOD solutions at pH 5.5 in the presence of 0.5 M H,PO; (H), 0.5 M NCS~ (A),
1.0 M NCS™ (A), 2.0 M NCS~ (O), 0.5 M NCO~ (@), a slight stoichiometric excess of
CN- (+), and 0.1 M N; (%). The best-fit parameters are reported in Table VIII. Re-
printed with permission from Bertini, I.; Banci, L.; Brown III, R. D.; Koenig, S. H,;
Luchinat, C. Inorg. Chem. 1988, 27, 951. Copyright 1988 American Chemical Society.

the chromophore (218, 219). In the case of NCO-, there is a closer
water molecule. In the presence of 0.5, 1.0, and 2.0 M NCS-, which
has a very low affinity constant, the water proton relaxivity decreases
from the starting value toward those of NCO~, with the largest effect
between 0 and 0.5 M NCS~ (219). Phosphate, which was proposed to
bind Arg-143 and not copper (Cu-P distance = 5 A) (106), dramati-
cally increases the relaxivity, probably because the acidic phosphate
protons interact with the water molecule, increasing the number of
exchangeable protons feeling the paramagnetic center (219).
Cu,E,SOD shows a more planar structure than the native enzyme.
The profile for Cu,E,SOD has a higher relaxivity, attributable to a
shortened Cu?'—proton distance (207, 220). The effect of N; and NCS-
on Cu;E,SOD is similar to that observed on the native enzyme for the
same anions (220). It is interesting to note that the T,™* values de-
crease down to about one-half by adding copper(Il) until Cu,Cu,SOD
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Fiac. 29. 'H T, ! values, at 298 K, as a function of the proton Larmor frequency for
Cu,;Zn,SOD, Cu,E,SOD, and Cu,Cu,SOD. T, ! values are subtracted from the bulk
solvent and diamagnetic contribution and normalized to 1 mM copper concentration.
Reprinted with permission from Banci, L.; Bertini, I.; Luchinat, C.; Monnanni, R.; Scoz-
zafava, A. Inorg. Chem. 1988, 27, 107. Copyright 1988 American Chemical Society.

is formed (Fig. 29). The decrease in T, ! values is the result of mag-
netic coupling between the two metal ions whereas the electron relax-
ation values and copper—water distances are essentially not changed.

VIl. Redox Properties

A. ReEDpUCTION POTENTIALS

Determination of the reduction potential of proteins is important
when they perform redox reactions. Because SOD is a dismutase, its
redox potential should be intermediate between that of the two semi-
reactions [Eqgs. (16) and (17)]:

0, +e — 05, (16)
where E° = —0.33 V vs. NHE (pH 7, P;, = 0.101 MPa), and
0, + 2H" + 2~ — H,0,, (17)

where E° = 0.89 V vs. NHE (pH 7).
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Various values of reduction potentials for Cu,Zn,SOD are available,
from 120 to 420 mV around neutrality. Values of 403 (221), 350 (222),
280 (222), and 400 mV (223) versus NHE at pH 7.0 and 120 mV at pH
7.5 (224) are reported in the literature. The variability of the values is
largely due to the slow electron exchange rate, which is typical of
nonelectron transfer proteins, especially if of large size. This reflects
the experimental difficulties in such measurements. This aspect has
been discussed in classical papers (225, 226). If titrations are per-
formed, the reactant should not interact with the protein by altering
its potential. Potentiometric measurements, i.e., those methods based
on the measurements of the reduction potential of systems containing
various ratios of oxidized and reduced forms at equilibrium, need a
redox partner that interacts weakly with the protein and reaches
equilibrium fast. The latter condition is critical. Generally, the media-
tors that are used are capable of exchanging electrons with the pro-
tein and the partner. Direct methods, e.g., voltammetry, are very de-
pendent on the protein—electrode interaction, which in turn depends
on the applied potential and on the cleanliness of the electrode sur-
face. Sometimes a promoter that is preferentially absorbed on the
electrode is used. The hydrophilic nature of the promoter film pre-
vents protein denaturation.

An extensive investigation of SODs and mutants has been per-
formed by Luchinat et al. (227). The absolute values were later ques-
tioned by Hagen et al. (224). Still, the Luchinat investigation is the
only one that allows comparison of the redox potentials among isoen-
zymes and mutants that have been treated with the same type of ap-
proach.

A typical cyclic voltammogram is shown in Fig. 30 for 107* M hu-
man SOD. 1,2-Bis(4-pyridyl)ethene has been used as a promoter. The
working electrode was a gold electrode. The E° value has been taken
as E° = (E, + E,)/2, where E, and E, are the anodic and cathodic peak
potentials. The values are reported in Table VII. In 1973 Fee and Di
Corleto (223) noted that the reduction of copper(Il) is accompanied by
the uptake of a proton from the medium. The reaction therefore is

ECull) + e~ + H* = HECuw(). (18)

The pH dependence of E° for human SOD is shown in Fig. 31. E°
linearly decreases with increasing pH from 5 to 9. The slope is 55
mV/pH. The whole curve can be fitted with Eq. (19),

E° = E}, + 2.3RT/F log(1 + [H'I/K,), (19
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Fic. 30. Cyclic voltammogram of 10 M human SOD in the presence of 10™* M 1,2-
bis(4-pyridyl)ethene as a promoter and 0.1 M NaClO, as base electrolyte. Conditions:
scan rate, 200 mV sec™!, pH 7.42, 298 K. Reprinted with permission from Azab, H. A ;
Banci, L.; Borsari, M.; Luchinat, C.; Sola, M.; Viezzoli, M. S. Inorg. Chem. 1992, 31,
4649. Copyright 1992 American Chemical Society.

where E3, is the high pH value (280 mV) and K, is the constant of
the single acid—base equilibrium. Its value is found to be 8.9 = 0.6.
The authors have discussed the meaning of this value in the light of
the debate (228) on the deviation of pK, obtained from electrochemical
measurements with respect to the thermodynamic value. They con-
cluded that this value could be consistent with that of 10.8 found from
NMR measurements for the deprotonation of His-63, as shown in Fig.
32 (227). In this experiment the shift of the His-63 Hel proton is
‘taken as a sensor of the protonation of His-63, according to the equi-
libria shown in Fig. 33.

The E° of the mutants so far investigated are lower than that of
wild-type SOD (Table VII). Furthermore, substitution of Lys-136 has
no effect on the pH dependence of E°, thus showing that its deproto-
nation is not involved in the pH dependence of E°. The Asp-124Asn
mutation (see Section IV), which leads to a decrease in the affinity of
the zinc site for metal ions and thus remains as Cu,E,SOD at every
pH, has an E° value close to E;;, and is pH independent. The E° values
for Cu,;E,SOD, which undergoes the reaction given by Eq. (20),

2 Cu,E,SOD P, CuCu,SOD + apoenzyme, (20)
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TABLE VII

ELECTROCHEMICAL POTENTIALS FOR SOME ISOENZYMES AND
AS-HuMmaN SOD MuTANTS®

Derivative® pH E° (V) Ref.
BSOD 7.4 0.32 227
BSOD 7.0 0.40 221
BSOD 7.5 0.12 334
BSOD 7.0 0.28 222
BSOD 7.0 0.35 222
HSOD 7.4 0.36 227
AS-HSOD 7.4 0.37 227
Thr-137A1aHSOD 7.05 0.35(0.40)¢ 227
Thr-137SerHSOD 6.92 0.38(0.41) 227
Lys-136AlaHSOD 7.04 0.35(0.40) 227
Lys-136GlnHSOD 7.01 0.29(0.40) 227
Glu-133GlnHSOD 7.37 0.33(0.38) 227
Glu-132Gln, Glu-133GInHSOD 7.45 0.30(0.37) 227
Cu;E; AS-HSOD 5.11 0.28(0.51) 227
Cu,E; AS-HSOD 7.50 0.25(0.37) 227
Cu,E, AS-HSOD 9.15 0.23(0.30) 227
Cu,E; AS-HSOD 10.55 0.22(0.29) 227
Cu;E; Asp-124AsnHSOD 5.42 0.31(0.49) 227
Cu,E,; Asp-124AsnHSOD 7.21 0.30(0.39) 227
Cu,E; Asp-124AsnHSOD 8.88 0.31(0.31) 227
Cu,E; Asp-124AsnHSOD 10.45 0.29(0.29) 227

¢ AS-human SOD, Human SOD with the mutations Cys-6Ala,
Cys-111Ser (see Section IV,A).

® BSOD, Bovine SOD from erythrocytes; HSOD, human SOD.

“The corresponding E° values for human SOD-AS, obtained by
interpolation from Fig. 31, are given in parentheses.

with a pK, around 8, are similar to those of the Asp-124Asn mutant
with the exception of a further decrease between pH 7 and 8, when
migration starts to occur.

CN- and Nj dramatically alter the E° values (Table VIII). The mea-
surement on the former derivative is performed at high pH. However,
the low value is consistent with potentiometric measurements per-
formed with methyl viologen (222) and with spectrophotometric titra-
tions with [Fe(CN)g]*~ (229). With both anions, the oxidized form is so
highly stabilized that SOD is no longer able to disproportionate O,
from the thermodynamic point of view.

As expected, CuyCo,SOD behaves similarly to the native enzyme
(Table VIII) (227).
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FiG. 31. The pH dependence of the redox potential for human SOD (M), human SOD-
AS (O), Cu;E, human SOD (A), and Cu,E,Asp-124Asn human SOD (A). Reprinted with
permission from Azab, H. A.; Banci, L.; Borsari, M.; Luchinat, C.; Sola, M.; Viezzoli,
M. S. Inorg. Chem. 1992, 31, 4649. Copyright 1992 American Chemical Soctety.

B. ELECTRON TRANSFER BETWEEN [Fe(CN)]*~ anp CU,Zn,SOD

The reduction potential of [Fe(CN)}*~ is known (0.358 V) and that
of SOD decreases with increasing pH. Therefore, the reaction given

6.4

63

3 (ppm)

6.11 J

5 6 7 8 9 10 11 12 13
pH
FiG. 32. Plot of the '"H NMR chemical shift (600 MHz, 300 K) versus pH of the Hel
of His-63 in reduced Cu.Zn,SOD. Reprinted with permission from Azab, H. A.; Banci,

L.; Borsari, M.; Luchinat, C.; Sola, M.; Viezzoli, M. S. Inorg. Chem. 1992, 31, 4649.
Copyright 1992 American Chemical Society.
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low pH

Zn—N\QN —H + Cu(l)

Zn—N@/N—Cu(II) + e + I

high pH

Zn—NQ/N—Cu(]I) + e Zn—N@/N + Cu(l)

Fic. 33. Scheme of the deprotonation equilibria of the bridging His-63.

by Eq. (21)

klobs
ECu?' + [Fe(CN)J* == ECu’ + [Fe(CN);]*" (21)

- lobs

proceeds completely to the right in the pH range 5-7.2, starting with
only the reactants (ECu?* is the oxidized enzyme). The reaction is an
overall second-order reaction and its rate is described by Eq. (22) (229):

d[ECu')/dt = ks [ECu?'] = ks [Fe(CN)e}* [ECu?'], (22)

where k, is the pseudo-first-order rate constant and k,,, is the sec-
ond-order rate constant for the reduction of ECu?* by [Fe(CN)]* .
The reaction can be easily followed by monitoring, at 420 nm, the
appearance of a band typical of [Fe(CN)]?". In Fig. 34 the linear rela-
tionship between k., and the concentration of the [Fe(CN)* is
shown. The values of k_,,,, have also been obtained by measuring the
rate of reaching the chemical equilibrium of the above reaction under

TABLE VIII

ELECTROCHEMICAL POTENTIALS FOR Cu,Co, BoviNE SOD
AND SoME ApbpucTs OF BovINE SOD wITH ANIONS®

Derivative® pH E° (V)
Cu;Co,BSOD 7.20 0.34(0.32)°
BSOD + N3 7.32 -0.22(0.31)
BSOD + CN- 10.18 —0.59(0.25)

¢ Reprinted with permission from Azab, H. A.; Banci,
L.; Borsari, M.; Luchinat, C.; Sola, M.; Viezzoli, M. S.
Inorg. Chem. 1992, 31, 4649. Copyright 1992 American
Chemical Society.

® BSOD, Bovine SOD from erythrocytes.

¢ The corresponding E° values for bovine SOD, ob-
tained by interpolation, are given in parentheses.
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Fic. 34. Relationship between %, and concentration of [Fe(CN)s]*~ for human SOD
(A) and some mutants: Glu-133Gln (O), Lys-136Gln (B), and Thr-137Ser (V). Reprinted
with permission from Bertini, I.; Hiromi, K.; Hirose, J.; Sola, M.; Viezzoli, M. S. Inorg.
Chem. 1993, 32, 1106. Copyright 1993 American Chemical Society.

certain conditions. It has also been verified that the apparent equilib-
rium constant K is given by

K = klobs/kflobs' (23)

The values of the three constants are reported in Fig. 35. It appears
that k., increases with increasing pH above pH 6, providing the pH
dependence of K (223).

It is possible that, as for the substrate, the rate of approach deter-
mines k., because the following step, electron transfer, may be quite
fast. The approach of the anion may be regulated by the charge in the
active cavity. Indeed, the kinetic values (Table IX) indicate a dramatic
decrease when the positive Arg-143 is substituted by an Ile and a
dramatic increase is observed when the negative Glu-133 residue is
neutralized. The change in activity (Table IX) is qualitatively parallel,
but not quantitatively, probably on account of the different charges of
the two anions (i.e., [Fe(CN)]*" and O;), which magnify the effect of
the electrostatic charges in the active cavity in the case of
[Fe(CN)l* (230).
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FiG. 35. The pH dependence of & o5, £ - 100, and K: B0 (@) and & _,,,, (O) were directly
obtained by kinetics; % _,,, ((1) was indirectly obtained by k,../K; the apparent equilib-
rium constant K () was obtained by the equilibrium method of Fee et al. (223); the
apparent equilibrium constant K (®) was obtained by the kinetic method. Reprinted
with permission from Ozaki, S.; Hirose, J.; Kidani, Y. Inorg. Chem. 1988, 27, 3746.
Copyright 1988 American Chemical Society.

A temperature dependence of the reduction potential allowed the
calculation of the thermodynamic parameters (221): AG*” = -9.31
kcal/mol, AH® = —21.4 kcal/mol, and AS®" = —-25.1 eu (pH 7.0,1 =
0.1 M) (221). The large negative AH®' is attributed to strong Cu(I)~Im
bonds and to the protonation of the bridging Im. It is proposed that

TABLE IX
ReEDUCTION RATE CONSTANTS AND ACTIVITIES FOR O

DismuTtaTioN oF HuMan SOD anp SoME ofF Its MuTanTs
wiTH [Fe(CN)gl* ®

Derivative ks (M7 sec™) Activity (%)
Human SOD 2.88 100
Arg-14311eHSOD 0.018 11¢
Thr-137SerHSOD 1.44 70°
Glu-133GInHSOD 108 2224
Lys-136GInHSOD 0.63 65¢
Asp-124AsnHSOD No reduction 81f

¢ Reprinted with permission from Bertini, I.; Hirami, K;
Hirose, J.; Sola, M.: Viezzoli, M. S. Inorg. Chem. 1993, 32,
1106. Copyright 1993 American Chemical Society.

® From Ref. 104.

¢ From Ref. 115.

¢ From Ref. 64.

¢ From Ref. 119.

/From Ref. 96.
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zinc(IT) binding at the zinc site stabilizes a protein configuration at
the copper site that is particularly favorable for Cu(I) binding. The
negative entropy implies an increase in order on breaking the His-63
bridge. This may be not surprising if it is considered that the latter
has not much freedom, that the proton comes from the solvent, and
that water is indeed not bound to copper(Il). The changes in the ther-
modynamic parameters account for the high reorganization energy
associated with electron transfer; such reorganization energy makes
SOD a poor electron transfer carrier.

VIIl. The Spectroscopic Properties of Metal lons

Spectroscopy is used to study metalloproteins whose X-ray structure
is available in order to obtain further information on fine effects that
generally escape detection with X-ray analysis or to provide additional
evidence about electronic structure, dynamics, and reactivity. In the
absence of X-ray analysis, spectroscopy becomes a challenge and repre-
sents a means to figure out structural information. In the case of SOD
spectroscopic investigations have been very numerous because (1)
metal substitution provides a unique wealth of derivatives and (2) the
structural data were few until 1982, when the first structure became
available and the scientific community was eagerly expecting the struc-
ture of other derivatives. It was not until after 1992, however, that sev-
eral groups started producing X-ray structures. Therefore, most of the
spectroscopic data preceded pertinent X-ray analysis, and now it may
be useful to revisit the early work. A thorough review on the spectro-
scopic properties of SOD up to 1990 is available in the literature (231).

It may be appropriate to comment about the rigidity of the donor
groups in SOD. In M,;N,SOD, the geometry of the ligands of M is fixed
by the protein frame and there is only a minor effect of the metal ion,
which, however, may have preference for a certain stereochemistry.
Therefore M?* is generally bound to four His and sometimes to a wa-
ter molecule. N?* is bound to three His and an Asp. The possibility
that the Asp behaves as bidentate with some metal ions has been
mentioned (232) but never proved. Anions bind M?' and, depending
on the donor strength, may displace copper from the original position
and loosen a metal-His bond. When M = M*, His-63 is not bridging
(233) except in one crystalline form (82) (see Section ILI).

A. CoPPER(IT) IN NATIVE PROTEIN

The copper(Il) ion as a d° ion has a d—d spectrum, often with a
single broad band that contains several transitions. The electronic
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spectrum is reported in Fig. 36 (2, 234-239). The maximum at 14,700
cm! is responsible for the green color of the protein. There are other
transitions in the UV region. The CD spectrum of the human enzyme
shows a better resolution with bands at 13,300, 16,700, 22,400,
29,600, and 33,000 cm™! (Fig. 37) (204). The first two bands belong to
d—d transitions. A further weak positive CD band has been proposed
by Valentine et al. to be present at 18,800 cm !, which would again
be a d—d transition (239). The weak band at 22,400 cm™! has been
assigned to the lowest ligand metal charge transfer (LMCT) band.
This band disappears whenever the bridge is removed and then is
reasonably assigned to the bridging His to copper charge transfer
(CT) (239). The last two bands are LMCT (239). This assignment is
supported by model complexes having tetragonal Cu—imidazole and
Cu-imidazolate compounds (240, 241). The spectra are essentially pH
independent in the range pH 4-10. At pH below 4 the bridge is bro-
ken on the side facing zinc (181). What happens at high pH values
will be discussed together with the role of anions (see later).

The EPR spectrum is rhombic at every temperature from 77 K to
room temperature (218, 242-244) (Fig. 38). The A of the bovine en-
zyme is 141 X 107* cm™. The A, and A, values are obtained by simu-
lating the spectra and are 35 X 1074 and 52 X 10% em!, respectively
(245). The EPR spectra are shown in Fig. 38. In Table IV the relevant

350+
300+
250+
200 L
150+

100}

Extinction coefficent [L/mole (Cu) cm]

30,000 25,000 20,000 15,000 10,000
Frequency, K
Fic. 36. Visible and near-IR absorption spectrum of Cu}Znf{ bovine SOD (---) and
Cul'E; bovine SOD (—) at pH 6.1. Reprinted with permission from Pantoliano, M. W;
Valentine, J. S.; Nafie, L. A. J. Am. Chem. Soc. 1982, 104, 6310. Copyright 1982 Ameri-
can Chemical Society.
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FiG. 37. Visible and near-IR circular dichroism spectrum of CufZn} human SOD
with the individual Gaussian lines in the fitting of the experimental data. Reprinted
with permission from Ref. 204.

EPR data are reported for a series of isoenzymes, mutants, and anion
derivatives. Single-crystal studies have led to two possible orienta-
tions of the g tensor (245). The d—d transitions, g values, and g orien-
tations have been reproduced through an angular overlap model
(204). The best fitting of the electronic transitions was achieved with
nitrogen ligand parameters e = 7600 cm™, e} = 1000 em™!, and the
water parameter ¢ = 0 cm™!. With the same parameters the com-
puted g values are g, = 2.03, g, = 2.08, and g, = 2.28, which fit quite

well with the data obtained from single-crystal studies (g, = 2.03, g,
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Fic. 38. EPR spectrum of CufZn} bovine SOD at pH 5.6 (303 K). Reprinted with
permission from Pantoliano, M. W.; Valentine, J. S.; Mammone, R. J.; Scholler, D. M.
J. Am. Chem. Soc. 1982, 104, 1717. Copyright 1982 American Chemical Society.
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= 2.09, g, = 2.26) (245). It appears that the water molecule does not
contribute to the ligand field splitting. This is in agreement with the
model that requires a free approach site for O, (246).

Through electron spin echo spectroscopy, a splitting of the low-field
lines was observed, arising from the interaction of copper(II) with the
remote N atoms of the coordinated imidazoles. This splitting, which
disappears at low pH, was attributed to the presence of a divalent
metal linked by an imidazolate bridge (247).

Electron and nuclear double resonance (ENDOR) studies at 5 K
have led to the assignment of all protons of histidines bound to copper
(248, 249) and to the factorization of the coupling constants into a
dipolar and an isotropic part. This has been possible through irradia-
tion of a frozen sample at different g values. Figure 39 shows ENDOR
spectra of bovine CuyZn,SOD, obtained at five working points of the

Field position
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8 9 10 11 12 13 14 15 16 17 18 19 20
Fic. 39. ENDOR spectra of bovine SOD obtained at the five working points across
the EPR spectrum. The letters indicate assigned resonances (see Table X). Reprinted
with permission from Reinhard, H.; Kappl, R.; Hutterman, J.; Viezzoli, M. S. J. Phys.
Chem. 1994, 98, 8806. Copyright 1994 American Chemical Society.
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EPR spectrum. In Table X the assignment of some resonances is re-
ported together with the isotropic hyperfine coupling constants. In all
cases but three, the values are the same as those calculated from
NMR contact shifts of the Cu,Co, derivative at room temperature (see
Section VIII,M). It is possible that these discrepancies may derive
from slight geometrical distortions of the copper—histidine system at
low temperature. The “N and N hyperfine parameters of the coordi-
nated nitrogens are also available, with the quadrupolar splitting of
the former (249). Coupling with the distal nitrogens was observed
through electron spin echo envelope modulation (ESEEM) of the *N
enriched protein (250), though not specifically assigned.

'"H NMR experiments cannot be performed in this protein if interest
is focused on the copper ligands, because the large electronic relax-
ation times broaden the lines beyond detection in a sphere about 6 A
from copper. Actually, the disappearance of histidine signals from re-
duced to oxidized state allowed the first proposal to be made about
the coordinated His (251).

TABLE X

IsoTroPic COUPLING CONSTANTS OF THE HISTIDINE PROTON SIGNALS IN THE
ENDOR SprEcTRA OF BovINE SOD*

Protons® Line assignment a;,, (MHz)*
HpB1 (His-44) A 0.6118(0.350)
Hp2 (His-44) B 0.6118
H&2 (His-44) C 0.8132
Hel (His-44) D 0.4788
He2 (His-44) E 1.0450
H¥51 (His-46) F 1.6492
H&2 (His-46) G 0.6954
Hel (His-46) H 1.2844
Hé2 (His-61) I 0.8740
Hel (His-61) dJ 0.8740(1.440)
Hé51 (His-118) K 1.8810
Hé2 (His-118) L 0.6498
Hel (His-118) M 1.2198(1.900)

¢ Reprinted with permission from Reinhard, H.; Kappl, R.; Huttermann,
dJ.; Viezzoli, M. S. J. Phys. Chem. 1994, 98, 8806. Copyright 1994 American
Chemical Society.

¢ His numbering follows the bovine SOD sequence.

¢ Isotropic coupling constants are in agreement with those obtained
from the NMR contact shifts within experimental error except for three
coupling constants, for which the corresponding values from the NMR con-
tact shifts are given in parentheses for comparison.
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The 'H nuclear magnetic relaxation dispersion is discussed in Sec-
tion VL.

B. CoprpeEr(II) IN THE Cu,E; ENZYME

The electronic spectra show a small shift toward the high frequen-
cies with respect to the native state (Fig. 36) (239, 243). A similar
shift is observed in the CD spectrum at low pH for the d—d transitions
(239). Furthermore the weak band at 22,400 cm!, assigned to the
lowest LMCT band (239), disappears because of the absence of the
imidazolate bridge. In the EPR spectrum the A; values is somewhat
larger (A = 148 X 107* cm™!) than that in the native protein (Table
IV) (184, 243). It seems that the removal of the constraint due to the
bridge relaxes the coordination sphere, providing a more tetragonal
environment. This is more evident at low pH than at neutral pH. As a
result of this minor rearrangement, according to NMRD measure-
ments, the water close to copper is moved further away (see Section
VD). Electron spin echo spectra of Cu,E,SOD show lines of 0.7, 1.5, and
4 MHz, which resemble the spectra of a model compound contain-
ing an imidazole ligand [Cu(II)-diethylenetriamine—imidazole] (247).

At pH > 7, Cu,E,SOD transforms into Cuy;Cu,SOD and apoSOD
(see Section V) (173).

C. Copper(II) wiTH OTHER METAL IONS IN THE ZINC SITE

Several copper derivatives have been prepared with Cu, Co, Ni, Cd,
and Hg in the zinc site. The Cu,;Cu,SOD shows magnetic exchange
coupling effects between the two metal ions through the histidinato
bridge. In a classical experiment copper(II) was added to apoprotein
at pH 5.5 and the titration was followed by EPR. At the beginning
the EPR of copper in the copper site developed and eventually the
spectrum of the Cu—Cu dimer appeared, with simultaneous disap-
pearance of the EPR spectrum of the monomer (Fig. 40). If the hamil-
tonian is written as

H=4J§,-8S,, (22)

and the EPR parameters are explained with J = 26 cm™ and the
S’ = 0 ground state (252). Such a J value has been obtained through
the temperature dependence of the intensity of the EPR signal, which
depends on the population of the excited S’ = 1 level (252). The spec-
trum, which was first reported in 1973 (253), was subsequently shown
to be due to the Cu—Cu moiety (173, 252). The hyperfine values are
about one-half of the monomeric species, as expected (252, 254). The
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Fic. 40. EPR titration of apoSOD with Cu?*. The spectra were recorded near 1090
K. Reprinted from Biochim. Biophys. Acta, Vol. 400; Fee, J. A.; Briggs, R. G.; p. 439,
Copyright 1975, with kind permission of Elsevier Science—NL, Sara Burgerhartstraat
25, 1055 KV Amsterdam, The Netherlands.

interaction between the ground state of one copper and the excited
levels of the other has been proposed to be significant with respect to
the energy separation between S’ = 0 and S’ = 1(255). In the lyophy-
lized state the imidazole bridge is broken and the EPR of the two
copper sites appears (256). This shows that some tension is experi-
enced by the copper site. The visible absorption spectrum shows a
very broad band with a maximum at 12,500 cm™ (173, 243).

Copper(Il) also experiences magnetic exchange coupling with co-
balt(II) and nickel(II) when they occupy the zinc site. In the former
case J has been estimated to be 17 cm™* (257). The electronic spectra
of copper(Il) are barely affected by the presence of cobalt(II) or nick-
el(I) instead of zinc(I) (243, 258). The same holds when cadmium
and mercury are in the zinc site (243).
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D. NickeL(II) IN THE COPPER SITE

The electronic spectrum of Ni?* in Ni;N,SOD is shown in Fig. 41
(185). It shows absorptions at 14,815 and 25,600 cm™! with molar ex-
tinction coefficients of 14 and 85 M™! cm™! per subunit, respectively.
The low intensity indicates the d—d nature of these transitions. The
former band is attributed to the highest 3F — °F transition and its
value has been sensibly attributed to five-coordination. It is proposed,
as in the case of cobalt, that the coordination donors are four His nitro-
gens (185). Although not clearly stated, it is probable that a water oxy-
gen is the fifth ligand. The 'H NMR spectra are well resolved, as shown
in:Fig. 42. The signals A, B, and G, which are due to exchangeable pro-
tons, are assigned to the three NH protons of the coordinated His and
signal H is assigned to the metalike proton of His-46 (185).

E. CoBaLt(II) IN THE COPPER SITE

If cobalt(II) is added to E;N,SOD, in the presence of acetate buffer,
a five-coordinated complex is obtained (259) with four His nitrogens
and a water oxygen as donors. Consistently, the electronic spectrum
has a low absorbance (Fig. 43) (259) and the 'H NMR spectrum gives
sharp and well-spread signals (260) as a result of fast electronic relax-
ation times and large magnetic anisotropy (Fig. 44). The EPR spectra
(Fig. 45) can be recorded at liquid helium as long as N is a diamag-
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Fig. 41. Electronic spectrum of Ni,Zn,SOD in 50 mM phosphate buffer, pH 7.5. Re-
printed from Ming, L. J.; Valentine, J. S. J. Am. Chem. Soc. 1990, 112, 6374. Copyright
1990 American Chemical Society.
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Fi. 42. The 200-MHz 'H NMR spectrum of Ni,Zn,SOD in 50 mM phosphate buffer,
pH 7.5. Reprinted from Ming, L. J.; Valentine, J. S. J. Am. Chem. Soc. 1990, 112, 6374.
Copyright 1990 American Chemical Society.

netic metal (i.e., Zn?*, Cd?**) (259). The interaction of N3 with Co,Zn,-
SOD was studied in the presence and in the absence of phosphate:
EPR, NMR, and optical titrations demonstrated that different ad-
ducts are obtained depending on the presence of phosphate, at vari-
ance with what happens with CN-, indicating a different mechanism
of binding for different anions (261). If N is paramagnetic, magnetic
exchange coupling occurs between cobalt(I) and N. On magnetic cou-
pling, the total spin is either zero or an even number, and no EPR
spectra are detected under the usual conditions. In Co,C0,SOD, the
magnetic coupling and the fast electronic relaxation rates of five-
coordinated cobalt induce fast electron relaxation in tetrahedral co-
balt (i.e., that at the zinc site), and the NMR signals of the latter (Fig.
46a) are much sharper than in M;Co,SOD with M diamagnetic (187,
191, 260). The chemical shifts of the signal of tetrahedral cobalt are
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Fic. 43. Electronic spectra in the visible region of C0,Zn,SOD in the absence of
phosphate (—) and Co0,;Zn,SOD in the presence of phosphate (---). Adapted with permis-
sion from Banci, L.; Bertini, I.; Luchinat, C.; Monnani, R.; Scozzafava, A. Inorg. Chem.
1987, 26, 153. Copyright 1987 American Chemical Society. Also adapted from Ref. 260.
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Fia. 44. The 90-MHz 'H NMR spectrum of Co,C0,SOD. The filled signals belong to
exchangeable protons. Reprinted with permission from Ref. 260.

different depending on whether there is or is not a five-coordinated
cobalt(Il) at the copper site. In fact, the latter cobalt causes some
pseudocontact shifts on the signals of the tetrahedral cobalt domain.

When cobalt(Il) is added to E;N,SOD in phosphate buffer, an ab-
sorption spectrum typical of tetrahedral cobalt is displayed (Fig. 43).
The EPR spectrum of cobalt(II) can be observed at liquid helium when
N is diamagnetic (259) (Fig. 45a). It is suggested (187) that phosphate
bridges the Arg-143 and the cobalt ion, thus moving the latter toward
the outside of the cavity and breaking the imidazolate bridge (Fig.
47). The 'H NMR spectra are typical of tetrahedral species, with little
spreading of the signals and large line width (Fig. 46b) (187). At pH
values greater than 10 the bridge is reestablished (191).

2000 4000 6000
Magnetic field, Gauss

Fic. 45. EPR spectra of (a) C0,Zn,SOD in the presence of phosphate and (b) Co,Zn,-
SOD in the absence of phosphate. Spectra are recorded at 10 K, pH 7.4. Reprinted from
FEBS Letters, vol. 166. Calabrese, L.; Cocco, D.; Desideri, A.; p. 142. Copyright 1979
with kind permission of Elsevier Science—NL, Sara Burgerhartstraat 25, 1055 KV Am-
sterdam, The Netherlands.
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Fic. 46. The 200-MHz 'H NMR spectra of C0,C0,SOD in the absence of phosphate
(a) and in the presence of phosphate (b). Reprinted with permission from Ming, L. J;
Valentine, J. S. J. Am. Chem. Soc. 1990, 112, 4256. Copyright 1990 American Chemi-
cal Society.
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F. ANi1ON DERIVATIVES

Do anions bind copper(Il) or other metal ions at the copper site?
This was an important question before the appearance of pertinent X-
ray data, because O, is an anion. In the presence of N3, SOD displays
a CT at 28,200 cm™! (164, 262), which shows the Nj binds copper(II).
By looking at the CD spectra (Fig. 48) it appears that CN- and NCO~
also bind copper(II) because the spectra indeed change, even if no CT

H0 Pi
Hi \ /T \ His Hi \ /\ , His
S\CO/N.>>-‘,AN\ZH-" Pi, H' S\CO HN\/N\ "
/ Niis / \ /A
His o Asp His o Asp

Fic. 47. Schematic representation of the breaking of the imidazolate bridge in Co,
Zn,SOD in the presence of phosphate.
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Fic. 48. Circular dichroism spectra of Cu;Zn,SOD (B) and of its derivative with
thiocyanate (C), cyanate (D), azide (E), and cyanide (F). The CD spectrum of the Ile-
137 mutant (A) is also shown. Reprinted with permission from Banci, L.: Bencini, A.;
Bertini, I.; Luchinat, C.; Piccioli, M. Inorg. Chem. 1990, 29, 4867. Copyright 1990 Ameri-
can Chemical Society.
band are observed. The most well-studied anions are N; and CN-.
The latter binds quantitatively and tends to reduce copper(Il). The
affinity of Nj for SOD is small and depends on the conditions. Spec-
trophotometric titrations provide an affinity constant of 138 + 4 M"!
at pH 5.6 (262).

CN~ (263), N3 (264), and F~ (264) are competitive inhibitors. NCO~
and NCS- have not been reported to be inhibitors (229, 264, 265). The
EPR spectra show that CN~ and Nj provide an essentially tetragonal
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structure, which contrasts with the rhombic structure of the native
enzyme (245, 266, 267) (Table IV). It has been suggested that the
three His plus the anion give rise to a tetragonal structure, which
may have the fourth His as a fifth ligand more or less loosely bound.
The binding of CN- to copper was also proved by infrared (IR) and
Raman spectroscopy: a band at 2137 c¢m! was attributed to the
stretching frequency of the bound cyanide (268). The 'H NMR spec-
trum of the copper—cobalt derivatives with different anions indicates
that the protons of His-48 experience hyperfine coupling with the un-
paired electron to a different extent. In the case of the CN~ derivative,
negligible hyperfine coupling with the electrons of the copper ion is
observed (Table IV) (88, 89). The nuclear Overhauser effect (NOE)
data with and without N; show that the position of His-48 does not
change appreciably within the protein framework (89). How then can
the detachment of His-48 be reconciled with the NOE data? Move-
ment of the copper ion satisfies the new requirements (89). This has
been confirmed by X-ray studies (90, 269). The water molecule close
to copper is removed by CN~ and Nj (see Section VI). The X-ray data
also show that the anions bind copper and interact with Arg-143. The
affinity of anions for the enzyme decreases if Arg-143 is substituted
through site-directed mutagenesis (270) or if the enzyme is treated with
glyoxal, which reacts with the Arg residue (163). “N and N NMR
studies on the binding of N; have provided copper—nitrogen hyperfine
values that are consistent with an equatorial binding of the anion (271).

Ligands such as NCO-, NCS-, and F~ have also been extensively
investigated and the interpretation of the data is rather intriguing. It
has been proposed that their ability to move copper(ll), as previously
discussed, decreases in the order NCO™ > NCS~ > F~. The electronic
spectra of F- and NCS™ are very similar to those of the native enzyme
(Fig. 48). The same trend is observed in the chemical shifts of His-48
protons, in the case of the copper-cobalt derivative (Table IV).

The addition of NCO~ to a water solution of Cu.Zn,SOD causes a
change in the electronic spectrum (272), the maximum of the absorp-
tion shifting from 14,700 to 15,100 cm !. The EPR spectra become
more axial (218) (Table IV), whereas the 'H T, ! values of water pro-
tons are only slightly affected (267). The binding of NCO~ to copper
without displacing the water molecule is consistent with 3C and “N
NMR spectra (267). An affinity constant of 51 = 1 M"! was measured
by CD spectroscopy (262).

NCS™ gives rise to a LMCT at 28,200 cm !, which shows direct bind-
ing (273). This is consistent with 3C, “N, and N NMR data (266,
267). An affinity constant of 22 + 3 M! has been measured at I = 0.2
M, pH 7.0. Under the same conditions the affinity constant of Nj is
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88 + 2 M (273). However, it is proposed (267, 273) that there is
more than one binding site, as the apparent affinity constant de-
creases with increasing concentrations of NCS~. The temperature de-
pendence of the constant shows that the binding of NCS~ is entropy
driven whereas it is disfavored from the enthalpic point of view. The
thermodynamic parameters of NCS~ and Nj binding are reported in
Table XI together with the analogous values of the diethylentria-
mine—copper complex (273).

Even the behavior of F- is quite complex. F NMR measurements
show that F~ interacts with copper(Il) (274, 275). However, the elec-
tronic structure is hardly affected, as shown by the electronic and
EPR spectra (267, 274). F~ does not affect the relaxivity of water and
has little effect on the NMR of Cu,Co,SOD (275).

These anions, which bind weakly to the metal ion, may have compa-
rable affinity for the charged groups in the cavity. The binding at
these groups affects the affinity of the anion for the metal ion, thus
providing a spectral behavior difficult to understand in any detail.
This holds also for phosphate, which reduces the affinity of Cu,Zn,
SOD for azide and cyanide (107). Phosphate was shown to interact
with bovine Cu,Zn,SOD, but no changes in the electronic and EPR
spectra were observed (107, 164, 259, 265). The interaction of phos-
phate has been investigated through the paramagnetic effects caused
by Cu(Il) ions on the *'P phosphate resonance. The 3P NMR signal of
phosphate shows a paramagnetic contribution to 7' that is consis-
tent with its binding at a site about 5 A from the copper, whereas the
contribution to 7, is too large, At pH 6.3 two binding sites were
observed, one at a distance >7 A and another at approximately 5 A
from the copper. The latter could be the guanidinium group of
Arg-143, located 5 A from the copper (106). The idea of two binding

TABLE XI

THERMODYNAMIC PARAMETERS FOR LIGAND SUBSTITUTION REACTIONS IN SOD AND ONE
MoDEL SYSTEM®

K., AH® AS° AG®
Reaction® M) (kJ/mol) [J/(mol K)] (kJ/mol)
SOD + Nj 88 + 2 -4.0* 1.0 28 + 2 -11.0=* 1.0
SOD + SCN- 22+ 3 11.7 * 1.2 64 + 4 -74+24
Cu(dien)?* + Nj 75 2 -10.6 = 0.7 -2+ 2 -10.0 = 1.0
Cu(dien)** + SCN- 36 2 -95+10 -3x3 -86 = 1.0

* Reprinted with permission from Dooley, D. M.; McGuirl, M. A. Inorg. Chem. 1986,
25, 1261. Copyright 1986 American Chemical Society.
¢ dien, Diethylentriammine (1,4,7-triazaheptane).



218 BERTINI, MANGANI, AND VIEZZOLI

sites could account for all these results (including 7,™') if the ex-
change of one site with bulk phosphate were relatively slow.

The overall model of anion binding is also consistent with the high-
pH form of the enzyme. At pH > 10 the 'H NMRD values increase
(114), thus showing that at least a proton becomes closer to copper,
and the 7O relaxation values also increase (217). This behavior is
followed best for the Ile-137 mutant, which is stable at high pH val-
ues (120). A hypothesis is that OH™ binds copper in a way similar to
the other anions (120). Indeed, some signals of the 'H NMR spectrum
of the Cu,Co, derivative, at high pH, experience variations in shift
similar to those observed on addition of anions (120, 262).

ENDOR studies on some anion adducts of SOD are available at low
temperature. Hyperfine interactions of 'H and “N with the Cu(Il) site
have been measured (248, 276). From these data it appears that at
4.2 K CN- loosens the coupling with His-48, whereas little change
occurs on N; binding (248). ESEEM spectra of N SOD with cyanide
(250) indicate that the inhibitor substitutes one of the histidines with
the larger hyperfine constant (His-46 or His-48), producing a square
planar configuration with the other three histidines.

Binding of formate to Cu,Zn, and Cu;Co,SOD has been investigated
by NMR spectroscopy. Formate belongs to a class of anions (such as
chloride, acetate, and phosphate) that do not coordinate to copper.
The formate binding occurs via hydrogen bonding of the carboxylate
ion to the NHs of the side chain of Arg-143, without displacement of
the water molecule (277).

Hydrogen sulfide (HS") is reported to bind copper(Il), without in-
hibiting the enzyme. The visible and EPR spectra are strongly af-
fected by HS™ binding, as with other anions (Table IV); however, the
activity is slightly enhanced. A hypothesis of this behavior is that the
HS™ ligand may improve the access of O; to the catalytic site, displac-
ing a water molecule (278).

Tetramer vanadate is also reported to bind SOD (279). It is pro-
posed, on the basis of site-directed mutagenesis, that it binds to two
lysines (positions 122 and 136) with an affinity constant of 2 X 107
M1, which is higher than that of CN~ (2 X 108 M 1) (107). The affinity
is drastically reduced when Arg-143 is mutated (279).

The interaction of Cu,E,SOD with azide produces effects on the
EPR parameters similar to those observed for the native Cu,Zn,SOD
(Table X) (244). Nevertheless, the binding of N; to the copper ion was
monitored in Cu,E,SOD (244) through N electron spin echo spectros-
copy. No appreciable effect was detected in the echo envelope spec-
trum with addition of *N azide, nor with N cyanide, indicating that
the binding of these anions to the Cu,E, derivative does not alter the
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magnetic coupling of the metal ion to N of the ligated imidazoles
(247). The interaction of Cu,E,SOD with azide and thiocyanate has
been investigated through water 'H NMR relaxation measurements

(see Section VI) (220).

G. OTHER METALS AT THE ZINC SITE

Zn?" is not a great spectroscopic probe! However, because its d !
configuration ensures diamagnetism, it has been investigated by 'H
NMR (280-282).

1. Cobalt at the Site of Zinc

The visible absorption spectrum of E,C0,SOD (E = empty), with
cobalt(II) in the zinc site, has an absorption maximum at 583 nm and
an extinction coefficient of 370 M~! cm™! (Fig. 49). The CD spectrum
possesses two negative bands at 585 and 530 nm. The EPR spectrum
is observable below 100 K and shows g, = 4 and g = 2.16 (189). The
'H NMR spectrum shows seven signals in the region between 35 and
55 ppm and two signals upfield that should belong to the residues
(three His and one Asp) coordinated to cobalt(II) (Fig. 50a). The as-
signment of the spectrum, first proposed in 1985 (262), was completed
through the investigation of the derivative, which was selectively deu-
terated at the Cel position of the imidazole rings (283).

The CujColl derivative is obtained through reduction of CulCo¥
SOD. The electronic spectrum of this species shows a shift of the co-
balt absorption maximum to a shorter wavelength (from 598 to 588),
which renders the spectrum very similar to that of E,Co,SOD (Fig.
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Fic. 49. Electronic absorption spectra of E;C0,SOD (---) and Cu}Co0,SOD (---). Re-
printed with permission from Ref. 260.
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Fic. 50. The 300-MHz 'H NMR spectra of (A) E,C0,SOD and (B) Cu} Co,SOD. The
shaded signals belong to exchangeable protons. Reprinted with permission from Ref. 168.
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49) (284, 285). This result was related to the breaking of the imidazole
bridge on reduction (284, 285). It was later confirmed by the 'H NMR
spectrum of the same derivative, which clearly shows the presence of
three exchangeable NH' protons belonging to His-71, His-80, and His-
63 (Fig. 50b). Therefore, His-63 is regularly coordinated to the Co(II)
but no longer to Cu(I) (233). An extensive assignment of the reso-
nances belonging to the residues coordinated to the metal ions and to
some residues near the copper(I) ion was obtained (286). The dipolar
shift induced by cobalt(II), on signals not belonging to cobalt-coordi-
nated residues, was determined and used to determine the orienta-
tion of the magnetic susceptibility tensor (286). Evidence for breaking
of the imidazolate bridge on reduction of copper was also given in the
crystalline state through polarized absorption spectra (287).

The AgiCo¥ derivative has electronic and 'H NMR spectra similar
to the CulCol derivative. Also in this case, the presence of three sol-
vent-exchangeable signals is strong evidence that His-63 is not a
bridging ligand (191).

2. Nickel at the Site of Zinc

The electronic spectra of the nickel chromophore at the zinc site in
the compounds Ag,Ni, and CuiNi,SOD are shown in Fig. 51. The band
at 750 nm is the highest F — F transition and is on the high side of
the energy range for pseudotetrahedral compounds (258). Distortions
and ligand strength may account for it. Evidence of a possible biden-
tate binding of Asp-83 has been proposed by EXAFS (232).
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Fic. 51. Electronic absorption spectra of (a) CuiNi!SOD and (b) Ag;Ni,SOD. Re-
printed with permission from Ming, L. J.; Valentine, J. S. J. Am. Chem. Soc. 19817, 109,
4426. Copyright 1987 American Chemical Society.

The 'H NMR spectra of the two derivatives show a number of iso-
tropically shifted signals, in both the upfield and downfield regions,
very similar to each other, indicating similar metal binding environ-
ments in both derivatives. Because Ag* and Cu* are diamagnetic, the
isotropically shifted signals have been assigned to protons of the three
His and one Asp residue coordinated to Ni**. The presence of three
solvent-exchangeable signals, which account for three histidine NH,
indicates that, in these derivatives, the His-63 bridging ligand is de-
tached from the copper site and protonated (258, 288).

3. Copper at the Site of Zinc

The two derivatives AgiCull and CuiCulSOD [the latter obtained
through semireduction of CufCu}!SOD] show quite similar visible ab-
sorption and EPR spectra (244, 252). The spectra are characteristic of
Cu(ID) in the zinc site without interference from paramagnetic ions in
the copper site. The hyperfine coupling constant of 105 X 10*ecm™ is
typical of copper(Il) tetrahedral complexes (244, 252). Experiments
based on linear electric field effect (LEFE) in pulsed EPR also support
the conclusion that Cu(Il) in the zinc site retains the pseudotetrahe-
dral coordination geometry. Furthermore, ENDOR and ESEEM ex-
periments on AgiCul'SOD pointed out that Cu(II) forms inequivalent
bonds to the three coordinated imidazoles (289).

H. CapMmiuMm aT BotH COPPER AND ZINC SITES

13Cd NMR is a very sensitive tool to identify coordination number
and donor atoms (290). 3Cd NMR experiments on cadmium at the
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copper (197) and zinc site (196) indicate (1) that the two subunits are
identical and (2) that the coordination at the zinc site is similar in
the case of E;,Cd,SOD and CulCd,SOD (196, 197). The chemical shifts
are =320 ppm for Cd at the zinc site and 185 ppm for Cd at the
copper site. For the former case there are two earlier reports (291,
292). One of them agrees with the above values (291). It was also
noted that the observed shift is much lower than that predicted on
the basis of a simple additive model (293).

Experiments based on perturbed angular correlation (PAC) of y
rays, performed on the Cu,Cd,SOD derivative, demonstrated that
His-63 bridges the two metal sites (199, 294).

I. '"H NMR SpecTrA oF CuyCo, AND Cu,Ni,SOD

The magnetic coupling between copper(II) and cobalt(Il), or cop-
per(II) and nickel(Il), is responsible for the fast electronic relaxation
times of copper(Il), which become similar to those of the cobalt(II) or
nickel(IT) ions (295, 296). As a consequence, 'H NMR spectra can be
performed as for any cobalt(II) or nickel(II) protein. This is absolutely
a peculiarity as far as the NMR of copper(Il) proteins is concerned.
The spectra are shown in Fig. 52 (262, 288). Nj, if added, is in fast
exchange with the bulk anion and thus the signals can be followed
on increasing addition of the anion. It appears that a set of protons

3 (ppm)

Fic. 52. The 300-MHz 'H NMR spectra of (a) CufNi¥SOD and (b) CulCo¥SOD at
pH 6.5. Reprinted with permission from Ming, L. J.; Banci, L.; Luchinat, C.; Bertini,
I.; Valentine, J. S. Inorg. Chem. 1988, 27, 4458. Copyright 1988 American Chemical So-
ciety.
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corresponding to a His decreases its coupling with the unpaired elec-
tron of copper(Il). When these studies were done it became histori-
cally important to be successful with the assignment. These systems
were used to pioneer the procedure for the assignment of proton sig-
nals in paramagnetic molecules. A definitive assignment of the Cu,Co,
derivative was achieved through 1D NOE measurements (297) first
and then confirmed through 2D NOESY spectroscopy (298, 299) (Ta-
ble XII). Rotilio et al. first misassigned the spectra (300) but eventu-
ally confirmed the above assignment (301).

A polyethyleneglycol (PEG) derivative, with large molecular weight,
was investigated and a sizable Curie relaxation was observed (163).

‘The 'H NMR spectra of the Cu;Co,SOD anion derivatives indicate
that the protons of His-48 experience hyperfine coupling with the un-
paired electrons to different extents: the hyperfine shifts decrease in
the following order: F- > NCS~- > NCO~ > N3 > CN~ (Table IV) (89).
'H NOE experiments on the Cu,Co, adduct with N; show that the
interproton distances involving the histidines coordinated to cop-
per(II) are similar to those measured in the absence of azide. All these
results account for an increase of the copper—nitrogen (His-48) dis-
tance as a consequence of a movement of the copper ion (89). The
decrease in hyperfine shifts of the His-48 protons can be taken as a
qualitative estimate of the above movement. The Thr-137Ile mutant
has the largest His-48 hyperfine shifts, which are indicative of a
strongest Cu—His-48 bond (Table IV).

The assignment of the Cu,Ni;,SOD 'H NMR spectra was another
significant achievement (288, 302). It should be noted that tetrahedral
nickel(IT) has shorter electronic relaxation times than does tetrahe-
dral cobalt(II), and consequently the 'H NMR spectra are sharper in
the former case.

J. '"H NMR SpECTRA OF THE REDUCED ENZYME

Because the reduced enzyme is diamagnetic, it was studied using
NMR from the early days of application of this technique to biological
systems (251, 280, 303, 304). The recent results allow a complete as-
signment of the His protons bound to both copper(I) and zinc(II) (Ta-
ble XIII). It appears that the bridge is broken on copper reduction.
Indeed, an NH proton signal at 12.44 ppm could be assigned to the
HNe2 of His-63 (Table XIII). This finding is consistent with the pH
dependence of the reduction potential, which requires a proton to-
gether with the reducing electron (see Section VIL A). It is also consis-
tent with the 'H NMR spectrum of cobalt(II) in CujCoSOD, which is
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TABLE XII

AssiGNMENT oF 'H NMR SiGNaLs
OF METAL-COORDINATED RESIDUES
IN Cu,Co,S0D*

Shift (ppm) Assignment
67.4 His-63 H62
57.0 His-120 HNéS1
50.3 His-46 HNg2
49.6 His-71 Hé2
49.0 His-80 H62
467 His-80 HNe2
41.0 His-46 Hé2
39.5 His-120 Hel
38.7 Asp-83 HS1
37.0 Asp-83 HB2
35.6 His-71 HNe2
34.7 His-48 HNéS1
28.4 His-48 H62
25.7 His-46 Hel
24.3 His-120 Hé2
19.8 His-48 Hel
18.7 His-46 HB1
6.2 His-71 HB2
-6.2 His-46 HB2
12.30 His-48 HB2
11.21 His-120 HB2

8.44 His-120 NH?
6.40 His-48 HB1
4.43 His-120 Ha
3.73 His-48 He
3.13 His-120 HB1
1.23 Ala-140 8-CH,
0.56 Val-118 y,-CH,
-0.28 Arg-143 H-y,
-1.51 Val-118 y,-CH;,4

® At 298 K, pH 5.5.

> Tentatively assigned on the
basis of a single dipolar connec-
tivity.

sensitive to the bridging/terminal character of His-63 (see Section
VIILG,1).

Several NMR studies indicate that there is binding of anions to the
reduced species (159, 282, 305, 306). However, the most significant
information comes from X-ray studies (83b) (see Section I1,J,3).
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TABLE XIII

PROPOSED ASSIGNMENT OF HISTIDINE—IMIDAZOLE
ProTons oF HuMaN Cu}Zn} SOD*

ppm

Residue Hel Hé2 HN61 HNe2
His-43° 8.64 7.14 12.9 14.07
His-80 8.57 6.86 —_ 12.70
His-110° 8.54 — — —
His-48 8.52 — 12.54 —
His-120 8.29 6.64 — —
His-71 7.78 6.82 — 15.40
His-46 6.78 7.11 — 13.42
His-63 6.57 6.05 — 12.44

* At 300 K, pH 5.5.

¢ His not associated with the active site.
° Not assigned.

4 Not observed.

Monomeric species are now available with only 153 amino acid resi-
dues (60, 102, 124). A fully C- and *N-labeled sample has been pre-
pared and should lead to the solution structure. At the moment the
full backbone assignment is available (unpublished results from this
lab).

IX. Mechanistic Aspects of Cu,Zn,SOD

A. NONCATALYZED DISPROPORTIONATION OF O

The superoxide anion is produced in living cells of aerobic organ-
isms mostly as an unwanted by-product of oxidative metabolism
(307). The intrinsic toxicity of superoxide has been the subject of a
passionate debate in past years (308-310). It seems that O; toxic ef-
fects are not due to direct interaction of the O; species with biological
substrates, but rather to the likely products of chemical reactions in-
volving superoxide.

Thermodynamic and chemical data support this point of view. The
radical character of O; can be estimated from the H—OO™ bond en-
ergy. This amounts to the relatively small value of 301 kd, indicating
that the superoxide anion has a limited radical character (311). In-
deed, the O; anion is not able to produce homolytic cleavage of even
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the weakest C—H bond present in the allylic carbons of linoleic acid
(=311 kJ) (311). On the contrary, its conjugate acid, HOO -, can break
C—H bonds, because the radical character of HOO - is given by the
bond energy of the H—OOH bond, which is =344 kJ.

Extensive reviews of the chemical properties of the superoxide
anion are in Sawyer and Valentine (308) and in Sawyer (311).

Besides the effects of the HO, radical, the indirect toxicity of super-
oxide may also be due to the fact that superoxide may originate hy-
droxyl radicals through reaction (23) or even singlet oxygen through
reactions (23) and (24) (312, 313):

0; + H,0, + H* - 0, + H,0 + OH - (23)

where ky3 < 107 M ' sec™! (312, 314), and

0O; + HO, + H* - O, + H,0, (24)

where kg, =~ 1 X 102 M1 sec™! (308, 315).

The generation of singlet oxygen (*AQ, or '3,0,) in reactions (23)
and (24) has been proposed on the basis of thermodynamic calcula-
tions (313), but direct experimental evidence is lacking.

The O; disproportionation equilibria

X,

20; + 2H' = H;0, + 0, (25)
KZG
20; + H,0 —= HO; + O, + OH" (26)

are shifted to the right: at pH 7.0 K5 = 4 X 10% and even at pH 14
Ky; = 9.1 X 102 (311). Because of this proton-driven equilibrium, and
not for its intrinsic Brgnsted base properties (pK, = 9.2), O; can be
seen as a strong Bregnsted base able to abstract protons from very
weak acids (up to pK, > 23) to form HO,. In other words, the addition
of O; to aqueous solutions results in the quantitative formation of the
strong bases HO; and OH".

The maximum rate of O; disproportionation occurs at pH = pK, of
the HO; weak acid and decreases with increasing pH. At pH 4.8 £ >
10® M~! sec’!. Thus O; reacts with protic substrates to yield products
that are consistent with an apparent one-electron oxidation of the
substrate and the production of H,O,. However, it has been shown
that there is not direct one-electron transfer to O;. The process con-
sists instead of the abstraction of a proton from the substrate:
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HA + O; > A~ + HO, 27

in weak acids and in water; ky; = 10*~10"2 M! sec™!, depending on
pH (308). In strong acids reaction (27) is extremely rapid.
Only after the protonation step [Eq. (27)] the reaction

HO, + O; + H* > H,0, + O, (28)

or

HO, + HO, —» H;0, + O, (29)

may ocecur; kg and ky > 10" M ! sec™.

It has been proposed that the actual oxidant of the A~ substrate is
the newly formed oxygen, as indicated by the quantitative yields of
the nonoxidized substrate when O, from dismutation is continuously
purged from the reaction vessel (311, 313).

The direct reaction of O; with H,O, to give OH - radicals [Eq. (23)]
is unlikely (& < 107* M ! sec™!) (314), but complexes of redox-active
metal ions such as Fe(III) may catalyze the reaction (312):

Fe(IIDL + O; — Fe(IDL + O, (30)

and then

Fe(IDL + H,0, — Fe(IIDL + OH- + OH". (31)

On the other hand, the peroxidation reaction

MAD + 0; — MUIID-0% (32)

may also occur. The latter reaction has been proposed to explain the
unique in vivo toxicity of superoxide (316).

Whatever the actual reagents might be, it has been shown that O;
can oxidize sulfite and initiate a free-radical chain reaction, or oxidize
iron-containing clusters present in enzymes, such as aconitase and
fumarases, freeing Fe(II), which in turn initiates a Fenton-like chem-
istry by interacting with hydrogen peroxide (317). Fe(Il) release from
transferrin has also been observed following O; secretion by stimu-
lated human neutrophils (318).
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B. SoME PERTINENT FacTs ABoUT CuyZn,SOD CATALYSIS

Studies on Cu,Zn,SOD performed over the past 25 years have pro-
duced an enormous amount of information on the system. Neverthe-
less, several aspects of the mechanism of action of Cu,Zn,SOD toward
O; dismutation are still unclear. In this section we will summarize
the facts that have been ascertained about Cu,Zn,SOD chemistry and
with which any mechanistic proposal should be consistent.

1. Superoxide spontaneously disproportionates in water to dioxy-
gen and hydrogen peroxide. As discussed in Section I, the uncatalyzed
reaction is pH dependent and has a maximum rate at a pH equal to
the pK, of the HO, = O; + H* equilibrium; namely, when [O;] =
[HO,] (K, = 1.6 X 10°°* M, pKa = 4.8) (315, 319) this means that the
reaction given by Eq. (2)

0; + HO, —» O, + HO;

is fast, and even at pH 7.5 its rate constant k is equal to 8.5 x 107
M1 sec”!, compared to & = 102 M! sec”! for the disproportionation
among O; radicals (O; + O3) (97, 320).

2. CuyZn,SOD catalyzes the O; dismutation to dioxygen and hydro-
gen peroxide in a first-order reaction with respect to both the enzyme
and substrate and with a pseudo-second-order rate constant of about
2 X 10° M ! sec”!. The same catalytic efficiency is observed for copper
in both +2 and +1 oxidation states (52, 91, 97). At steady state, the
blue color of Cu,;Zn,SOD is bleached by about 30% on reaction with
O; generated by pulse radiolysis. The bleaching is independent of the
enzyme concentration and does not alter the superoxide dispropor-
tionation rate (91, 321). The reduced CulZn,SOD is not readily reoxi-
dized by air oxygen at room temperature (223), but hydrogen peroxide
oxidizes it. These observations suggest that the superoxide dismuta-
tion in Cu,Zn,SOD proceeds by a cyclic oxidation and reduction of the
copper ion by two successive O; molecules, as shown in the following
scheme:

ECu(l) + O; - ECu(I) + O,
ECu(l) + O; + 2H* —» ECu(II) + H;O,.

3. Copper is essential for catalysis; removal of Cu(Il) or its replace-
ment with other metals results in the complete loss of catalytic activ-
ity (2) with the exception of Ag(I), for which catalytic activity up to
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about 5% of the native enzyme has been claimed (244). On the con-
trary, the Zn(II) ion can be replaced by Co(II), Cu(Il), or Cd(II), or by
an empty site with none or limited loss of activity (173, 183, 252, 322).

4. The dismutase reaction is reversible (323). Indeed, Cu,Zn,SOD
is reduced by H,0, (98, 164, 321). However, the fast Cu(II) reduction
is followed by a slow irreversible inactivation of the enzyme, which
has been attributed to a Fenton-like chemistry involving Cu(I) and
H,0, (324).

5. There are conflicting reports about the substrate K, values. Evi-
dence of a first-order rate-limiting step was provided by a polaro-
graphic method resulting in a K, value of 0.5 mM (263). However,
kinetics measured using the stopped-flow method do not show satura-
tive behavior at 25°C and indicate that K, > 5 mM (325). By lowering
the temperature to 5.5°C at pH 9.3 and with an initial O; concentra-
tion of = 5 mM, Fee and Bull were able to observe saturative behavior
in CuyZn,SOD (99) and to measure a K, value of 3.5 mM.

6. Studies conducted in nonsaturating substrate conditions (K, >
[0;7]) show that the rate of catalyzed superoxide dismutation is inde-
pendent of pH in the range 5.0-9.5 (562, 91, 118) even though the
isoelectric point of Cu,Zn,SOD around 5 suggests a pH-dependent ac-
tivity. This fact, together with the observation that the reaction is not
slowed down if performed in D,O (pH 10.0) (99, 324), indicates that,
under such conditions, proton transfer is not a rate-limiting step. It
is worth noting that in the pH range 5.0-9.5 the EPR and visible
spectra of the enzyme are also invariant, indicating that the copper
site is unperturbed by the pH change. On the contrary, in the pH
range 9.0-12.0 a reversible decrease of Cu,Zn,SOD activity is ob-
served with concomitant changes in the chromophore (114, 120, 206).
It has been proposed that the rate-limiting step is the diffusive ap-
proach of O; to copper (231).

7. In nonsaturating conditions the rate-limiting step is the appar-
ent binding of the substrate to copper (99). This means that the en-
counter rate of the superoxide with the enzyme is slower than the
electron transfer process. The Marcus theory of electron transfer pre-
dicts that fast processes, such as that observed in SOD, occur only
when the distance between the components of the redox couple is of
the order of few angstrgms (326). Hence, the observation that in Cu,
Zn,SOD the electron transfer is not the rate-limiting step implies that
the superoxide substrate must dock close to the copper ion before the
electron transfer and the consequent copper reduction occur. How-
ever, the theory does not require that a Cu—-O; coordination bond
should actually be formed, because the electron jump in a vacuum
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could work as well. Under saturating conditions (K, < [0,]) (at 5.5°C
and pH 9.3) a first-order rate constant of k,; = 1 X 10° sec’! and
K, = 3.5 X 10 M were measured (99). A solvent isotope effect was
also observed and k., was increased by the presence of the general
acid ND; . This suggests that water is the actual proton donor and
that the proton transfer is the rate-limiting step in these conditions.

8. The rate of O; dismutation is affected by the ionic strength of
the medium (105, 118, 327). For instance, between pH 7 and 8 the
activity of bovine Cu,Zn,SOD diminishes by about 70% on passing
from ionic strength I = 0.02 M to I = 0.25 M (118). These results
have been confirmed for the human enzyme. Interestingly, the ionic
changes at pH 8.0 have a small effect on the neutral and acidic hu-
man SOD mutants of the Arg-143 residue, which possess the lesser
activity (95). Above pH 12.0 the effect of solute activity vanishes. This
observation implies the presence of electrostatic control of the access
of superoxide to the active site (vide infra).

9. A wealth of information has been gathered from both theoretical
and experimental studies about the role of the active site cavity resi-
dues in the electrostatic guidance of superoxide toward the copper
center (45, 122). The essential role played by the conserved Arg-143
residue (Arg-141 in the bovine SOD sequence) in catalysis has been
demonstrated (95, 270). The positively charged guanidinium group of
this residue is located at about 6 A from the copper, providing the
final docking site for the superoxide anion. Substitution of Arg-143 by
site-directed mutagenesis with negatively charged (Asp, Glu), neutral
(Ile, Ala), or even positively charged (Lys) residues always results in
loss of activity (95, 104), paralleling the results of chemical modifica-
tion studies (153, 154, 328). However, it must be stressed that, in any
case, mutated CuyZn,SODs do have activities that are still high in
absolute value, indicating that the role of Arg-143 is relevant, but not
essential for catalysis. A much smaller effect is observed when the
mutations affect the residues located at the rim of the cavity. Reduc-
tions of activity between 80 and 40% have been reported, depending
on the ionic strength and on the type of enzyme when the residues
Lys-120 and Glu-130 (Asp-130 in Xenopus laevis SOD) have been sub-
jected to single or double substitutions by neutral amino acids (175,
329) (see Section IV).

10. Each monomer seems to function independently, as shown by
coupling native subunits with other native or chemically modified
subunits (330). However, the separated monomers are much less ac-
tive. The human SOD monomer obtained by site-directed mutagene-
sis of two dimer interface residues (Phe-50 and Gly-51) shows de-
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creased activity (5-10% of the wild-type enzyme) (60). The X-ray
crystal structures of Cuy;Zn,SOD show small but significative differ-
ences occurring in the active sites in different subunits of the same
SOD molecule in both copper oxidation states, which, however, may
be averaged in solution (see Section II).

11. Electrochemical studies have shown a linear dependence of
CuyZn,SOD reduction potential on pH between pH 5.0 and about 8.5.
The slope of 0.059 V/pH indicates the uptake of one proton by the
enzyme on copper reduction (223, 227) (see Section VII).

12. NMR measurements on reduced bovine and human CuZn,SOD
have shown the appearance of a new proton signal in the histidine
NH region on copper reduction (233). A new hyperfine-shifted ex-
changeable proton has been observed in CujCo0,SOD on copper reduc-
tion (331). Measurements of proton NOEs and the assignment of their
chemical shifts have allowed the determination of interproton dis-
tances, which are consistent with the protonation of His-63 (82). To-
gether with the EXAFS studies (203), NMR has provided the most
direct evidence of the detachment and protonation of the bridging his-
tidine on copper reduction (233, 331).

13. A shift to higher frequencies of the absorption maximum in the
visible spectrum of the Cu;C0;SOD is observed on copper reduction.
This blue shift is analogous to that shown by the cobalt-substituted
SOD with an empty Cu site. This observation has been interpreted as
proof of the protonation of the bridging histidine on copper reduction
(284).

14. Almost normal activity has been determined for the zinc-de-
pleted enzyme (Cu,E;SOD; E = empty) (332), indicating that the pres-
ence of the histidine bridge is not essential for catalysis.

C. MEcHANISM oF AcTioN oF Cuy,Zn,SOD

Different mechanistic hypotheses that have been proposed for
Cu;Zn,;SOD are consistent with the main experimental evidence ob-
tained for the enzyme so far. However, no hypothesis is able to satis-
factorily explain all of the reported observations.

Early proposals (52, 171, 333) were based on the redox titration
experiments and were centered on the alternate protonation and de-
protonation of the bridging histidine, concomitant with the reduction
and reoxidation of copper by two superoxide molecules consecutively
accessing the active site (Fig. 53). This mechanism has been updated
in the light of the crystal structure determination of bovine CuyZn,-
SOD (41, 44), as illustrated in Fig. 54.
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Fic. 54. Scheme of the reaction mechanism of Cu,Zn,SOD proposed by Tainer et al.
(44) following the bovine enzyme numbering. The first substrate molecule replaces the
axial water molecule and binds to Cu(Il), being stabilized by the H bond with Arg-141.
In the second step O; reduces copper to Cu(I), with breaking of the His-61 bridge, and
leaves as O,. The Ne2 of His-61 is protonated. The zinc coordination becomes more
tetrahedral. In the third step a second O; molecule binds to Cu(I), positioning one of
its O atoms at H-bond distance from the HNg2 of His-61 and the other at H-bond
distance from the guanidinium group of Arg-141. Electron transfer from Cu(I) and pro-
ton transfer from His-61 form Cu-hydroperoxide, which leaves as hydrogen peroxide
after receiving a second proton from a water molecule present in the active site.
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This proposal highlights the role of Arg-143 in assisting substrate
docking. Such behavior is suggested by the finding in the Cu,Zn,SOD
crystal structure of a “ghost” superoxide molecule constituted by the
copper-bound water molecule and by a second water molecule hydro-
gen bonded to the guanidinium group of Arg-143. The ghost substrate
is oriented in such a way as to form a Cu—0—0 angle of 120°, as
expected for the bound O; anion (44). Another feature of this mecha-
nism is that zinc does not play a mere structural role but, helping to
keep the copper site distorted, causes an increase of the reduction
potential of Cu(II), thus favoring the reduction step. Furthermore, by
coordination to the protonated His-63, it helps to position the proton
in' the proper orientation for H bonding and possible subsequent
transfer to peroxide.

The work of Fee and Bull (99) points out that the speed of imidazo-
late bridge breaking and reforming is too low to allow such a process
to occur between two successive O; arrivals to the SOD active site.
The postulated large rearrangement of the copper coordination during
the catalytic cycle is not compatible with the extremely high reaction
rates observed.

If we consider the energetics of the process, by taking into account
the experimentally measured redox potentials of the Cu?'/Cu* and
0,/0; couples (see Section VII), it is possible to estimate that the
energy associated with the electron transferred from O; to Cu?* is at
most about 54 kJ mol~1.

This is the value of a medium-strength hydrogen bond, and it seems
unlikely that this amount of energy introduced into the system by the
one-electron reduction causes the breaking and forming of the Cu—N
and N-H bonds. However, for a system composed of many particles,
such as an enzyme molecule, energy fluctuations of that size are pos-
sible and different conformational states may become available. It
cannot be excluded that the introduction into the system of a moder-
ate amount of energy like that associated with the above electron
transfer can cause a transition toward a state wherein the His-63
bridge is broken and protonated.

The recently determined X-ray crystal structure of the yeast
Cu,Zn,SOD, in which His-63 is no longer bound to copper (see Section
IT), shows that the side chain of this residue has moved away from
copper toward the opening of the cavity (334), in agreement with
NMR and MD analysis (82, 233, 331). If we take this structure as a
model for the CuiZn,SOD with the bridge broken we can assume that
His-63 has its Ne2 nitrogen protonated. In such a case the proton is
positioned between the copper and the cavity opening and reduces the
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already small solvent-exposed surface of the catalytic copper. It seems
likely then that, instead of binding to copper, the O; molecule may
hit the histidine N—H moiety and form HO,. Eventually the electron
jumps from copper, originating the HO; product, and the histidine
bridge is reformed. The driving force is provided by the reduction of
0; to H,0,, which compensates the energy spent to reoxidize copper
to Cu(Il), and by the restoration of the original structure.

A different mechanism, in which the bridge between copper and
zinc is not broken and the protons needed by the reaction are pro-
vided by thé bulk solvent, has been proposed from theoretical calcula-
tions (246, 335, 336). In this mechanism a superoxide molecule forms
a complex with Cu(Il) thanks to the stabilizing effect of Arg-143. This
stable intermediate can oxidize a second superoxide molecule by an
outer-sphere electron transfer originating an E-Cu'-O; complex
(E = enzyme), which is subject to proton transfer from the solvent
followed by electron transfer from copper, giving rise to E-Cu"-O,H".
The hydroperoxide anion readily dissociates from the latter complex,
leaving the metal in the oxidized state (246, 335).

Alternatively the reduction step may be bypassed, directly ob-
taining the hydroperoxide complex (336). The two mechanisms are
summarized in Fig. 55.

H
N
M R _-N—Argy a1
H NHzArgsq1 HO, HO/H" __HT
H<o ? 0
I dz o v
O &
N
0,
H.O H.,
: N :N'Arghn
- ,,‘NHFArgh” CH
O/O o
I dz ? 11
U N peThe
0; 30,

Fic. 55. Reaction scheme of superoxide dismutation following the bovine enzyme
numbering. The first O; molecule binds to Cu(I) and is stabilized by the H bond to
Arg-141. A second superoxide molecule then approaches the active site and, by an
outer-sphere electron transfer via the Cu-bound first O; molecule, reduces the copper
to Cu(l) (44) (step III). Alternatively, O; directly reduces superoxide to peroxide (336)
(step IV), leaving as dioxygen. Note that the Cu(I)-superoxide and Cu(II)-peroxide
complexes are resonant forms of the same molecular arrangement. The newly formed
peroxide is protonated by Arg-141 and leaves as HO;. Arg-141 receives a proton from
the solvent, restoring the active enzyme (I). These reaction proposals do not require
the breaking and reforming of the Cu—His-61 bridge.
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The possibility that the above mechanisms are operative has been
supported by crystallographic evidence of the stability of the His-63
bridge in the reduced enzyme and in its complexes with anions (see
Section II).

Most of the conflicting experimental evidence can be reconciled if
we admit that the two mechanisms may both be operative but under
different conditions. In low-substrate concentration conditions, such
as those occurring in vivo, the traditional mechanism, whereby the
proton donor is the protonated His-63 detached from zinc, may be
accepted because of the slower turnover rates. On the contrary, under
saturating conditions characterized by extremely high turnover rates,
the second, outer-sphere, mechanism appears to be more competitive
(82).

Interestingly, the kinetic results of an earlier study about the cata-
lytic properties of Cu-histidine complexes toward superoxide dispro-
portionation have been interpreted by two alternative mechanisms
similar to those described above (337). The [CuHis,H]** complex was
found to be the catalytically active species, with a k,, = 3.4 X 10 M~!
sec”! independent of pH in the range 2-7.

Additional work has shown that a yeast Cu,Zn,SOD mutant, in
which the bridging histidine has been replaced by a noncoordinating
alanine, displays a pH-dependent activity and spectroscopy (149).
Further studies on the zinc-depleted enzyme show that Cu,E,SOD
(E = empty) has a pH-dependent dismutase activity toward superox-
ide (334). Such pH-dependent properties have been attributed to the
possibility that the mutant and the apo forms have a hydroxyl group
strongly bound to copper in place of the usual water molecule (see
Section II). In fact, both the His-63A1aSOD mutant and Cu,E,SOD
show a pK, of 9.1, typical of copper-bound water in small molecule
complexes and proteins. This behavior contrasts with that of Cu,Zn,-
SOD, which has an abnormally high pK, (>10.0). These findings are
easily explained by considering that the presence of the imidazolate
bridge between the metals forces the water and the resulting hydroxyl
group to be only loosely bound to copper. Such interpretation is sup-
ported by X-ray crystallography and NMR data on the anion com-
plexes of Cu,Zn,SOD (88, 90, 269). The strong ligands cyanide and
azide are found closely bound to Cu(Il), causing the Cu-His-48 bond
to lengthen by about 0.5 A (see Section II). On the contrary, in the
analogous azide complex of reduced Cu}Zn,SOD with the intact
bridge, the anion is found at about 3.0 A from the Cu(I) ion (see Sec-
tion II).

From the above findings, coupled with the demonstration that in
Cw,E,SOD the second step of the catalytic process (the reoxidation of
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copper by a second O; molecule) is responsible for the observed pH
dependence, Valentine et al. propose that such pH dependence of the
catalytic rate is caused by the slow product release from the reoxi-
dized copper (334). When the bridging histidine is absent, the newly
formed peroxide/hydrogen peroxide will occupy the available equato-
rial position in the Cu(Il) coordination sphere, resulting in a stronger
bond and hence in a worse leaving group. The intact imidazolate
bridge plays, in this proposal, an active role by preventing the perox-
ide to form a too stable bond with copper, thereby acting as a good
leaving group.

D. ComPaRISON WITH MnSOD aAND FeSOD MECHANISMS

Mononuclear SODs contain manganese or iron in their active sites.
MnSOD is found in prokaryotes and in mitochondria of higher organ-
isms, whereas FeSOD is present in plants and prokaryotes. The X-
ray crystal structures of the oxidized and reduced native enzymes and
of the respective azide-inhibited forms have been reported (338, 339).
The metal ions are in both cases five-coordinate by three histidines,
an aspartate, and a solvent/hydroxide molecule in a trigonal bipyra-
midal geometry. The active sites of both FeSOD and MnSOD appear
to be quite similar and the oxidation states of the metals during catal-
ysis are in both cases +2 and +3. The crystal structures of the “cam-
bialistic” SOD from Propionibacterium shermanii, equally active with
both iron or manganese in the active site, have been reported (340),
showing again the same active site structure. These similarities are
reflected in the proposed unified mechanism shown in Fig. 56.

The superoxide substrate is supposed to bind the oxidized metal,
increasing its coordination number to six. On releasing the product
O,, the bound hydroxyl is protonated, forming a coordinated water
molecule. A second superoxide molecule then approaches the catalytic
center and binds to the reduced metal. The superoxide is reduced by
the metal and protonated by the water, forming the second product,
hydroperoxide, which finally leaves the active site, restoring the origi-
nal catalytic center.

It can be seen that the above mechanism shares similarities with
the Cu,Zn,;SOD mechanism. However, the catalytic rates of FeSODs
and MnSODs are two orders of magnitude smaller than that of
Cu;Zn,SOD and dramatically pH dependent. The main differences are
that the superoxide molecule increases, on binding, the metal coordi-
nation number to six and that the role of the Cu,Zn,SOD histidine
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OH OH
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Fic. 56. Reaction scheme proposed for the superoxide dismutation by FeSODs and
MnSODs. The first O; molecule binds to the oxidized metal, increasing its coordination
number to six. The reduction step follows, in which the metal coordination goes back
to five on leaving the dioxygen molecule. A second O; molecule then binds to the re-
duced metal, oxidizes it back to M(III), becomes protonated, and leaves as hydrogen
peroxide.

bridge is here played by the water/hydroxide molecule. The binding
mode of the substrate has been proposed on the basis of the structures
of the azide-bound forms. A point to be clarified is that the hydroper-
oxide product does not appear to be a good leaving group due to its
affinity toward the trivalent metal ion, thus leading to enzyme inhibi-
tion. Furthermore, in the case of FeSOD, it has been shown that exog-
enous ligands do not bind to the reduced enzyme. This brings support
to an outer-sphere mechanism for O; reduction.

X. Concluding Remarks

The very large amount of data currently available on the Cu;Zn,
SOD enzyme has enabled a deep understanding of its function and to
the rationalization of most aspects of its chemistry and biochemistry.
Different techniques have allowed the enzyme to be probed in all its
aspects, from the finest details of the active site electronic structure
to the overall description of its molecular assembly. The theoretical
work has further completed and linked most aspects of this informa-
tion. However, some parts of the picture are still fuzzy. There are
aspects that in our opinion need further study:

1. The details of the electron and proton transfer and the role of
the histidinato bridge during catalysis require elucidation to pro-
vide yet deeper insights.
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2. The role of the quaternary structure in maintaining an active
conformation of the enzyme and its dependence from the pri-
mary structure should be further analyzed in light of the infor-
mation coming from the studies on active and inactive mono-
meric Cu,Zn,SODs.

3. The role of electrostatics in the guidance of superoxide to the
active site has still to be completely rationalized.

With respect to the above last two points, X-ray and NMR methods
should provide the structural information necessary to understand
the function of single amino acids and may also provide the basis to
correlate the differences in primary structure with the activity and
function of the enzyme.

Once again, as always occurs in science, we have here an example
of how the process of gaining basic knowledge on a system never ends.
As we proceed to obtain a deeper understanding, more new questions
arise and unexpected and intriguing aspects appear.
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Note AppED IN ProOF: The first crystallographic determination of a Cu;Zn,SOD from
a prokaryotic organism has just appeared in the literature. This refers to the structure
of CuyZn,SOD from the symbiont bacterium Photobacterium leiognathi. The structure
has been determined at 1.9 A resolution and refined to R = 0.193 (75b). This prokary-
otic SOD presents several interesting original features. Actually, with eukaryotic SODs
it shares the eight-stranded Greek-key B-barrel fold and a similar active site with the
copper and zinc ions coordinated by the same type of residues in the same geometry.
Furthermore, P. leiognathi Cu,Zn,SOD, like eukaryotic Cu,Zn,SODs, displays a homodi-
meric structure in which monomers are related by a noncrystallographic twofold axis.
However, the similarities stop there, as the homodimer is formed by the interaction of
two monomers through 8-strands diametrically opposite those forming the monomer—
monomer interface in the eukaryotic enzymes. The dimer interface is larger than that
of the bovine SOD molecule and it involves mainly side chain contacts. The authors
suggest that independent evolution has achieved a completely different mutual ar-
rangement of the SOD monomers to obtain the same result. A further dramatic differ-
ence is found in the structure and in the residues forming the active site channel.
Bovine SOD residues Glu-130, Glu-131, and Lys-134, which are responsible for the
long-range guidance of the substrate, are missing in P. leiognathi SOD, which requires
adopting a completely different strategy for attraction of superoxide into the active site.
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This is realized by the insertion in the disulfide loop of a 8-residue loop containing the
residues Lys-57, Asp-58, and Lys-60, which are indicated as the major candidates for
providing the long-range guidance for the substrate, since they originate a positive
electrostatic potential and are located in such a way as to be separated by the same
distance in the dimer as the corresponding bovine SOD residues.

The results of P. letognathi SOD structural determination and the consequent analy-
sis strongly support the existence of a primordial SOD precursor that has evolved diver-
gently to form the two distinct classes of prokaryotic and eukaryotic Cu;Zn,SODs in
contrast with the previous proposal of gene transfer from the Leiognathid fish as the
origin for P. leiognathi (75c¢).
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