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FUNCTIONAL CLASS

Enzyme; oxidoreductase; EC 1.15.1.1; dimer or tetramer
that uses one manganese ion per subunit to catalyze the
sequential reduction and oxidation of superoxide.

Manganese superoxide dismutase (MnSOD) directly
affects superoxide (O, ") and hydrogen peroxide (H,O,)
concentrations in prokaryotic cells and eukaryotic mito-
chondria. MnSOD acts through a two-step mechanism in
which it reduces superoxide by one electron to form
molecular oxygen and then oxidizes the superoxide radical
as it donates two protons to make hydrogen peroxide.

OCCURRENCE

Superoxide dismutase (SOD) is a ubiquitous enzyme that is
found in all living organisms. At least three different folds,
each of which uses either copper and zinc (Cu/ZnSOD),
manganese or iron (Mn or FeSOD), or nickel (NiSOD),

perform the same reaction. The Fe- and MnSODs are
structurally homologous enzymes with slightly different
biological purpose. The sodA gene codes for MnSOD and
its inducible expression is much more tightly regulated
than that of FeSOD or Cu/ZnSOD." The subunit fold and
active-site metal placement of the Escherichia coli MnSOD
(eMnSOD) and the human MnSOD (hMnSOD) exemplify
variations of the prototypical fold for the Fe- or Mn-
containing enzyme (3D Structure).

BIOLOGICAL FUNCTION

The primary function of MnSOD is to protect cells and
mitochondria from free radical damage due to superoxide.
Unlike the Cu/Zn- and Fe-containing enzymes, MnSOD
expression in bacteria is induced under times of cellular
stress'* as a result of exposure to a variety of elements
including interleukin-1,% tumor necrosis factor,* paraquat,’
and X-ray radiation.® The induction cascade is not fully
understood; however, it is related to the superoxide

3D Structure of E. coli and huma MnSOD (a) Ribbon diagram of the subunit from E. coli manganese superoxide dismutase. PDB
code: 1TVEW. (b) Ribbon diagram of the subunit from H. sapiens manganese superoxide dismutase. PDB code: 1ABM. In each schematic,
the a-helical domain is blue and the o/ domain is green. The linker is yellow, the manganese is red, and the ligands to the metal are dark
green. The figures were prepared with the Advanced Visualization Systems (avs)”® program.
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response regulator (SoxR)-mediated pathway and corre-
lates with both metal concentrations in the cell” as well as
the cell’s redox environment, being activated when it is
oxidative.® In eukaryotes, MnSOD is targeted to the
mitochondria after it is expressed in the nucleus.” As
over 90% of the dioxygen used by an organism is
processed in the mitochondria,'® MnSOD primarily
encounters reactive oxygen species formed as a result of
mitochondrial function.

SOD enzymes are necessary for the integrity of an
organism and the proper level of MnSOD expression in
its specified cellular location is evidently critical for
balancing both prokaryotic and eukaryotic cells’ redox
potential. SOD-deficient E. coli require rich media to grow
aerobically, although they can grow on minimal media in
an anaerobic environment."' That different SODs are
found in different locations throughout the cell and are
expressed with different frequencies suggests that they
are suited to perform distinct roles in regulating reactive
oxygen species.'””> For example, in E. coli, FeSOD
accumulates in the periphery of the cell while MnSOD
is found in the nucleoid, possibly binding non-specifically
to DNA.'"> Under some circumstances, MnSOD
overexpression can also damage cells and when MnSOD-
overexpressing E. coli are challenged with paraquat, their
growth rate is slowed compared to cells that have only
normal levels of MnSOD. In the cells that overexpress
MnSOD there is a deficiency in glucose-6-phosphate
dehydrogenase, an enzyme encoded by a gene within the
SoxR regulon. This supports the hypothesis that the
detrimental effect of too much MnSOD may reflect an
incomplete response to cellular stress. An increase in H,O,
concentrations and the absence of superoxide, which
would normally induce transcription of the SoxR regulon,
leave the cell vulnerable to other instances of oxidative
damage.'* MnSOD is found in the mitochondrial matrix of
most eukaryotes'® and therefore mostly encounters super-
oxide produced during aerobic respiration. In contrast to
the high mutation rate seen in mice lacking their cytosolic
Cu/ZnSOD and subjected to traumatic injury, sodA-null
mice do not live past three weeks, suggesting that MnSOD
activity is necessary for sustained life in an aerobic
environment.'®!”

Direct superoxide damage is not the only risk of aerobic
life, for superoxide readily reacts with other small molecules
to form additional, potentially damaging chemical species.
For example, relative levels of superoxide and nitric oxide
can be elevated during times of cellular stress, making the
small molecules more likely to react and form the strongly
oxidative molecule peroxynitrite (OONO™).'® Peroxyni-
trite, in turn, can react with nucleophilic amino acids,
forming nitrated protein adducts with altered activity. When
hMnSOD is treated with peroxynitrite, the peroxynitrite
specifically nitrates Tyr34, thereby inactivating the
enzyme.'”** Nitrated hMnSOD has been implicated in
some cases of organ transplant rejection; specifically,

MacMillan-Crow et al. suggest that nitrated, inactivate
MnSOD may play a role in organ rejection.”’ To balance
superoxide and nitric oxide levels during normal cellular
function, the NF-«kB pathway may help coordinate expres-
sion of hMnSOD and inducible nitric oxide synthase;
however, the exact link is unknown.??

AMINO ACID SEQUENCE INFORMATION

® Homo sapiens (human), precursor, 222 amino acid
residues (AA), accession number (#): P04179.%3

® Thermus thermophilus, 204 AA, #: P09214.%*

® Escherichia coli, 206 AA, #: P00448, translated from
genomic DNA.*°

® Propionibacterium shermanii, 201 AA, #: P80293,
cambialistic.

® Schizosaccharomyces pombe (fission yeast), 218 AA, #:
AAF19051 (direct submission, JH Jeong and JH Roe).

® Saccharomyces cerevisiae (budding yeast), 233 AA, #:
P00447, translated from genomic DNA.*’

® Arabidopsis thaliana (thale crest), 213 AA, #:
AAC24832, translated from ¢cDNA.28

® Caenorbabditis elegans (nematode), 218 AA, #:
BAA12821, translated from ¢cDNA.>°

® Haemophilus influenzae (influenza virus), 211 AA, #:
CAAS52054, translated from cDNA.°

PROTEIN PRODUCTION, PURIFICATION,
AND MOLECULAR CHARACTERIZATION

MnSOD overexpression and purification

Numerous overexpression and purification schemes are
available for overproduction of a variety of species’
MnSODs, including E. coli,>*' Thermus thermopbilus,**
and Homo sapiens.>® The human enzyme was cloned from
a library of human kidney cDNA and placed in the vector
pcHMnSOD1laqlq. The protein was expressed in E. coli
that lacked both SodA and SodB and supplemented with
2 mM MnCl,. Purification after heat treatment to 60 °C
over DES2 and CMS52 columns resulted in fully active
protein.*?

Oligomeric state

In prokaryotes, MnSOD is most commonly found as a
dimer in which two monomers come together at a highly
conserved interface.>® The eukaryotic enzyme is usually
tetrameric, formed when two of the prokaryotic-like
dimers come together to form a dimer of dimers.>*%
Each subunit in the oligomer has one metal-binding active
site, found at the junction of the two domains of which the
monomer is composed (Figure 1).
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Figure 1 Ball and stick representation of the active site of
MnSOD, showing bond lengths for the human enzyme. The figure
was rendered in raswor.”!

METAL CONTENT AND SPECIFICITY

Each monomer of MnSOD contains one manganese ion.
The metal content of the enzyme is measured either by its
characteristic absorbance at 480 nm or by using atomic
absorbance spectroscopy.>>**3” The protein scaffold binds
either manganese or iron and differences in the bound
metal do not preclude oligomerization.*® Depending on the
species, however, the enzyme is usually inactive when the
non-physiological metal is bound.>* Mutations far from
the active site in the human enzyme affect the metal
content, suggesting that metal selectivity is driven by
residues not directly involved in metal ligation.** As the
enzyme functions through a ping-pong mechanism,?” it
requires no cofactors to turn over substrate.

In addition to the commonly found Fe- or Mn-contain-
ing enzymes that only function with their endogenous
metals, some SODs share the fold with this class and use Fe
or Mn with equal efficiency to perform the oxidation and
reduction of superoxide. Such SODs, called cambialistic
SODs (cSODs), are found in some bacteria; the best
characterized is from Propionibacterium shermanii;*®
however, ¢SODs have been found in Streptoccocus
mutans,*' B. (Porphyromonas) gingivalis,** and Aero-
pyrum pernix.*> The residues that directly chelate the
metal are identical to those in Fe- or MnSOD and there is
high homology in the second and third shell of residues
that form the extended hydrogen bond network around the
active site, thus the origin of metal selectivity is not
obvious by sequence or structural alignment.

ACTIVITY TEST

SOD activity can be measured directly by following the
disappearance of superoxide spectroscopically (A =

250nm, £ = 2000 M~ ' ecm™!). Superoxide can be gener-
ated either by dissolving KO, in aprotic solvent or by pulse
radiolysis, in which an oxygen-saturated solution is
exposed to a single electron pulse or an X-ray beam. By
the KO, method, the enzyme and the substrate are mixed
in a stopped flow apparatus and for the pulse radiolysis
experiments, the enzyme is pre-equilibrated with the
oxygen saturated solution.®”

SPECTROSCOPY

Although less commonly used in nature than either iron or
copper, manganese is absolutely required for life.** Unlike
iron and copper, manganese can access a wide range of
oxidation states, from —3 to +7; however, like the other
metals, the +2 and +3 oxidation states are the most
biologically relevant. Relatively few manganese active sites
have been characterized in detail; however, the mono-
nuclear active site of MnSOD from several species*~*” has
been extensively characterized by high-resolution X-ray
crystallography and multiple forms of spectroscopy (UV/
vis, CD, MCD, EPR). The following section will summar-
ize the spectroscopic features of the MnSOD active site.

UV/vis spectroscopy

The absorption maximum of Mn(III)SOD occurs at
approximately 478 nm with an extinction coefficient of
850 M~ cm ™! per active site, imparting a pink color to
the protein.>® The broad, structured absorption spectrum
for the Mn(IIl) active site spans the entire visible region
and contains several characteristic features in addition to
the 478 nm absorption maximum, including a partially
resolved shoulder near 600 nm (the red band) and a notch
near 485 nm.*® The absorption in the visible region is
composed of both broad and sharp features, shown by
derivative absorption spectra that extend across the entire
absorption envelope. Treatment with sodium dithionite
reduces the Mn ion from the +3 to the +2 oxidation state,
producing a colorless enzyme solution that retains SOD
activity. As expected, the absorption spectrum of the
Mn(Il) enzyme lacks the characteristic features of the
oxidized enzyme and therefore cannot be used to derive
information about the reduced Mn center.

The major features of the Mn(III)SOD spectra result
from the coordination geometry around the metal ion. The
absorption maxima at 478 nm, which is characteristic of
ligand field spectra from high spin Mn(III) ions, is higher in
intensity than that typically measured for octahedral
Mn(III) complexes,*®* but it is consistent with intensities
of five-coordinate Mn(IIl) complexes.>® These spectro-
scopic results agree with X-ray crystallographic structures
that show a five-coordinate active-site manganese with
roughly trigonal bipyramidal (D3}) or square pyramidal
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Figure 2 Schematic of the Berry pseudorotation, describing the active site for MnSOD.

(Ca4y) geometry.’®’! Rotating an axial ligand of the Ds,
species through a five coordinate intermediate structure
with C,, symmetry generates the C,4, species (Figure 2);*
this operation is termed a Berry pseudorotation and is a
useful construction for explaining the spectroscopic spectra
from the Mn site. In the trigonal-bipyramidal arrangement,
the d-orbitals are split into two doublets and a singlet in
which the xz,yz-orbitals are the lowest in energy, followed
by the x*—y?-, xy-orbitals and the z*-orbital. During Berry
pseudorotation, the axial ligands move to equitorial
positions in the square-pyramidal geometry, raising the
x>—y?* orbital’s energy with respect to the z* orbital. This
transition also leads to significant mixing of the x*—y? and
z%> orbitals in the intermediate C,, structure.>® The low
energy transition at 600 nm is assigned to transitions
between the mixed x*—y* and 2z orbitals and, based on
model studies and classical ligand field theory, its energy is
consistent with a manganese ion that has coordination
number five,*8°27

CD and MCD spectroscopy

The CD spectra of MnSOD help characterize the ligand
symmetry and geometry for the biologically important
Mn(II) and Mn(Ill) oxidation stares. The Mn(III)SOD
enzyme exhibits several transitions between 350 and
800 nm.**>°> A negatively signed transition at 550 nm
represents the strongest CD signal in this region and is well
resolved from the lower energy red-band (600 nm), which
appears as a positively signed shoulder.®® Several poorly
resolved features are seen between 375 and 460 nm.
Reduction of the manganese ion to the +2 oxidation state
leads to the loss of all CD spectral features in the 350-
800 nm range. The MCD spectra of Mn(II[)SOD exhibit
two strong transitions, the first at 470 nm (positive) and
the second at 593 nm (negative) that exhibit temperature-
dependent MCD intensity.>® The intensity of these transi-
tions increases as the temperature decreases. The MCD
spectra of the reduced enzyme is characterized by
extremely weak low temperature transitions between 340
and 460 nm that are dominated by multiplets near 3735,
390, and 430 nm.

The observed transitions in CD and the pattern of
intensities in MCD suggest that the active site Mn(III) has
lower-than-axial symmetry.>® This interpretation is con-
sistent with the hypothesized C,, transition intermediate
arising from a Berry pseudorotation between trigonal-
bipyramid and square-pyramidal geometries. In particular,
the intense 550 nm transition in the CD spectra of
Mn(II)SOD was assigned to d-orbital transitions between
the 2> and xz orbitals in C,, symmetry, further supporting
this intermediate’s significance. Detailed spectroscopic
studies employing various anionic ligands indicate that
the Mn(III) site is closer to trigonal geometry in the native
enzyme and shifts closer to square pyramidal geometry in
the anion adducts.*® The resulting changes in ground state
orbital energies may have important implications for the
redox chemistry of the site.

EPR spectroscopy

In the oxidized enzyme, Mn(Ill) has a high-spin d*
electronic structure with four unpaired electrons (S = 2)
and is EPR silent. The reduced Mn(Il) active site has a
high-spin d° electronic structure with five unpaired
electrons (S = 5/2) and is EPR active. The helium X-
band EPR spectra of reduced MnSOD has been measured
by several groups and displays extremely complex reso-
nances between 500 and 2250 G.***! Addition of various
anionic ligands to the protein results in large perturbations
of the EPR spectra that are anion specific. The zero-field
splitting constant for the reduced enzyme is observed to be
approximately one order of magnitude larger than for six-
coordinate octahedral manganese complexes,’® but is
similar to that observed in distorted or lower coordination
number species.’” The large zero-field splitting constant is
thought to arise from strong distortions of the axial
positions in reduced MnSOD where the Mn(Il) ions
remains five-coordinate.”! Upon addition of exogenous
ligands, the zero-field splitting constant decreases, consis-
tent with a change in geometry around the Mn ion and
correlating with changes observed in both CD and MCD
spectra.
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Figure 3 The symmetric dimer interface of hMnSOD, shown in stereo (rendered in avs). Residues from each subunit are shown in either
dark red or dark blue, oxygens are light red balls, nitrogens are blue balls, waters are red spheres, and hydrogen bonds are gray balls.

CRYSTALLOGRAPHY AND STRUCTURE
Crystallization

Crystal structures of MnSOD from four different species
have been solved.?*-**=¢° Hexagonal crystals of the human
MnSOD (hMnSOD) grow from ammonium sulfate or
phosphate (2.0-2.7 M), buffered by either phosphate,
citrate, or imidazole/malate at pH 7.5-8.5.%% Other crystal
forms grow from polyethylene glycol (PEG, MW 400, 600,
4000, or 10 000). High resolution data was obtained from
orthorhombic crystals of hMnSOD grown from 24 to 30%
PEG 400 at pH 7.5.%°

Description of the structure

MnSOD is a two-domain protein whose active site sits at
the junction of the a-helical domain and the o/ domain,

shown in the 3D Structure. In all known MnSODs, three
histidine residues, one monodentate aspartate, and a
solvent molecule serve as ligands to the metal. The two-
domain structure and the metal coordination are shared by
FeSODs and ¢SODs with little difference in the specific
interaction that define the active site. The human enzyme
has the prototypical fold for this class and will be discussed
in detail, followed by a comparison between the tetrameric
human enzyme, the dimeric E. coli enzyme, and the
tetrameric T. thermophilus enzyme.

Fold

The 22 kDa subunit of the human enzyme has 198
residues. The first 85 residues are a helical hairpin that is
formed by two antiparallel helices connected by a hairpin
turn and is the site of tetramerization. Two of the metal
ligands, His26 and His74, come from the first and second

Figure 4 The hydrophobic residues along the helices that form the four helix bundle at the tetrameric interface of the human MnSOD,
shown in stereo (rendered in avs). The C, trace of the backbone is light green, sidechains are dark green, oxygens are red balls, nitrogens

are blue balls, and hydrogen bonds are gray balls.
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helices of the helical hairpin, while Ile58 is found along the
second helix near the hairpin turn. The last four residues in
the second helix tighten into a 3g-helix. The C-terminal
113 residues form the o/ domain, which begins with two
short a-helices that are skewed relative to one another by
about 105°. The residues that mediate dimerization are
found in the C-terminal domain, and the two active sites
are positioned within about 18 A of each other. A helix
separates the second and third strands of the central,
antiparallel, three-stranded B-sheet. The remaining ligands
to the manganese, Asp159 and His163, come from the
third B-strand and from the following coil. The C-terminal
domain ends with two more helices skewed by about 100°
to one another.

Dimer interface

A conserved set of interactions join the two-fold symmetric
dimer in the human, E. coli, and T. thermophilus enzymes
(Figure 3). Ser121 O, (E. coli Ser126, T. thermopbhilus
Ser130) forms a hydrogen bond with its symmetry related
partner from the second subunit, while the Asn142 side
chain (145/150) forms water-mediated hydrogen bonds
with the symmetric residue. Dimerization at this interface
directly involves ligands to the metal through a hydrogen
bond between His163 Ny (171/170) on one subunit and
Glu162’s (170/169) carboxyl oxygen on the other subunit.
A hydrogen bond network is hypothesized to pass protons
to the Mn-bound solvent molecule and also extends across
the dimer interface through a hydrogen bond between the
N, of His30 (30/32) and the hydroxyl group of Tyr166
(174/173) from the other subunit.®*~%3

Tetramer interface — human

The length and orientation of the a-helices from the N-
terminal domain differs between the human and bacterial
enzymes. In the human enzyme, the antiparallel helices
extend two turns more than the helices in the bacterial
enzymes, exposing an extensive hydrophobic surface on
two pairs of helical hairpins from which the two four-helix
bundles assemble to pull the dimers together. The side

chains along the exposed helical hairpins residues inter-
digitate as symmetry-related hydrophobic residues stack,
resulting in a tight tetramer (Figure 4). The first helix and
its two-fold symmetric partner interact as Glu42 and Tyr45
from each subunit stack along the length of the a-helix. A
hydrogen bond between the Glu42 O, and the GIn57 N, in
the symmetry-related subunit form an internal anchor
between the first helix from one subunit and the second
helix from the other. GIn57, Ile58, Gln61, and Leu64 stack
with their symmetry-related partners from the adjacent
subunit and pack against the second helices. The four
helices associate to form a canonical four-helix bundle
(Figure 5); the root mean square deviation of the main
chain atoms is 2.25 A when the bundle from hMnSOD is
superimposed on the four-helix bundle from tobacco
mosaic virus coat protein (TMVcp, PDB code: 2TMV).33
As a result of the tight interactions between subunits in the
human enzyme, the distance between the Mn ions in two
adjacent subunits in the tetramer is about 40.7 A and
across the assembly the active sites are separated by about
42.0 A. While the human enzyme is exceptionally stable as
a tetramer, a polymorphism in which residue 58 is a
threonine rather than an isoleucine results in a protein that
is predominantly a dimer in solution, with a melting point
about 15° lower than that of the tetramer. Found at the tip
of the helical hairpin, the polymorphism decreases the
enzyme’s stability by interfering with the hydrophobic
interface of the four-helix bundle (Figure 3).*°

Tetramer interface - T. thermophilus

The thermostable T. thermophilus enzyme MnSOD
(tMnSOD) tetramer is more open than that of the human
MnSOD and the distances between manganese ions as
defined above are 45.4 and 48.9 A. While domain one is
all a-helical, as in the human enzyme, neither the T.
thermophilus nor E. coli enzymes bear the extended a-
helices, thus precluding formation of the four-helix bundle.
Instead, the helices fold back at residues 46 and 68
(tMnSOD numbers), like the E. coli protein, splitting the
long a-helices into two shorter helices and creating a more

Figure 5 The overlay of the four-helix bundles from the tetrameric interface of hMnSOD (red) and the coat protein from tobacco
mosaic virus (blue). The image is shown in stereo and was made with avs.
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compact monomer (3D Structure). When the human
tetramer is superimposed on the T. thermophilus enzyme,
however, the four-helix bundle from the human enzyme lies
on top of the bent helices from the bacterial enzyme (Figure
6). T. thermophilus Val55, which sits at the tip of the
folded hairpin that links the helices, packs back into the
helices from the same subunit similar to the way in which
the human Val54 packs against the helices from the
symmetry related protein molecule. Lacking the extended
hydrophobic surface, however, the T. thermophilus enzyme
assembles by a series of direct and water-mediated
hydrogen bonds across the interface that trap three
structural water molecules. When monomers from the
human and T. thermophilus enzymes are superimposed, the
different tetrameric interfaces result in a more extended
dimer in the T. thermophilus enzyme (Figure 7).

Metal geometry and metal specificity for catalysis

Four amino acid side chains and one solvent molecule
coordinate the manganese ion in a strained trigonal
bipyramidal geometry in both the reduced (Mn(Il)) and
oxidized (Mn(IIl)) states. Two of the amino acids that bind
the Mn ion come from the all-helical domain, two come

Figure 6 A superimposition of helical domains from the
T. thermophilus (dark blue) and H. sapiens (light blue), showing
the similar role of a valine at the tip of each helix. The figure was
rendered in avs.

Figure 7 Superimposition of one subunit from T. thermo-
philus (red) and H. sapiens (blue) dimers, showing the more
extended assembly from the thermophilic organism. The figure
was rendered in avs.

from the mixed o/f domain, and the active site is at the
junction of these two domains. An extended hydrogen
bond network connects the active site of one monomer
with the two-fold symmetric subunit involved in making
the active dimer.

Early in the study of the iron and manganese SODs,
Yamakura noted that the enzymes were not active
according to the standard activity assay when the
endogenous metal was replaced by the other metal.?%¢*
Both polypeptides bind either metal with nearly equal
affinity and the reconstituted enzymes bind substrate
analogs, suggesting that the lack of activity is not due to
a structural flaw in the reconstituted enzyme.®>~¢" A
structure of the Fe-substituted eMnSOD (Fe-subMnSOD)
enzymes revealed that the five-coordinate metal had
expanded to include an extra molecule of solvent, likely
a hydroxide ion.*® Recently, Vance and Miller showed that
Fe(II)-subMnSOD could reduce substrate, based on the
observation that Fe(Il)-subMnSOD was oxidized in the
presence of superoxide; however, Fe(Ill)-subMnSOD was
not reduced in the presence of substrate.®® Taken together,
these results suggest that the reduced metal-substituted
enzyme can bind substrate and pass an electron to it, but
that either substrate binding or electron transfer (or both)
do not occur in the oxidized enzyme; the substituted
enzyme can perform only half of its enzymatic cycle.
Furthermore, the substituted, reduced enzyme can be fully
oxidized by superoxide below pH 6.7 (the pK, of the
substituted enzyme), refuting the suggestion that enzyme
inhibition by hydroxide binding to the metal is the only
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cause for inactivation. Instead, Vance and Miller suggest
that Fe-subMnSOD is unable to turnover because the E,
of the metal is depressed below the optimal value of
0.2-0.4 V, making an enzyme that is physically unable to
donate an electron to the substrate. According to their
measurements, FeSOD’s E, is 0.223 V and the E, for
Fe-subMnSOD is —0.243 V, about a half an electron volt
lower. The measurements correlate with the differences in
redox potential between iron and manganese, supporting
the hypothesis that the protein scaffold tunes the metal ion
so that its redox potential is poised at the proper level to
efficiently react with superoxide. Because iron and
manganese have inherently different redox potentials, the
protein must tune their activity differently, thus when the
incorrect metal is incorporated, its redox potential is not
set to perform both disproportionation reactions. Vance
and Miller offer a valuable explanation for the limited
activity of the metal substituted proteins. The structural
basis for the tuning and for the selective binding of the
correct metal in vivo remains poorly understood; however,
the protein environment clearly helps to control enzyme
activity and define metal specificity.

Hydrogen bonding network and catalysis

Structure-based mutagenesis of hydrogen bonding partners
reveals residues outside the first shell of metal ligands that
play an important role in controlling the enzyme’s activity
by forming an extended hydrogen bond network (Figure
8). In the wild-type structure of the human enzyme, the
solvent molecule that coordinates the metal also forms a
hydrogen bond with GIn143 N, which subsequently

hydrogen bonds to the Tyr34 hydroxyl group. A conserved
water molecule mediates a hydrogen bond between Tyr34
and His30, which also forms a hydrogen bond with Tyr166
from another subunit. Changes in any of these residues
significantly affects both the enzyme’s catalytic activity and
stability,®' =% despite minimal structural changes in the
active site. The network also extends from other ligands to
the metal, encompassing a water-mediated hydrogen bond
between Met23 and His26 and a hydrogen bond that
forms across the dimer interface between His163 and
GIn162.%

FUNCTIONAL ASPECTS
Kinetics and catalytic properties of MNSOD

All SODs catalyze the degradation of the superoxide
radical to molecular oxygen and hydrogen peroxide
regardless of the catalytic metal used (Equation 1).

202_ +2H" — 0, +H,0, 1)

The overall reaction is a redox process that involves the
alternate oxidation and reduction of the catalytic active
site metal. In the first step, superoxide binds to the resting
enzyme (Mn(IIl)), is oxidized to molecular oxygen, and
reduces the manganese to the +2 oxidation state (Equation
2). In the second step, a second molecule of superoxide
binds to the reduced enzyme (Mn(Il)), is reduced to
hydrogen peroxide, and oxidized the manganese back to
the resting +3 state (Equation 3).

Mn*t +0,” = [Mn**-0, 1 —Mn** + 0, (2

Figure 8 A stereo view of the hydrogen bonding network surrounding the manganese-containing active site (rendered in avs). The C,
trace of the subunit whose active site is shown is light green while the C, trace of its dimeric partner is light red. Side chains are dark green
or dark red, respectively. The manganese is dark pink, oxygens are red balls, nitrogens are blue balls, sulfurs are yellow balls, waters are red

spheres, and hydrogen bonds are gray balls.
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F128

Figure 9 A stereo view of the azide-bound form of T. thermophilus MnSOD. The residues that coordinate the manganese and GIn151
are green, while the residues that line the channel leading to the azide are dark red. The azide is dark blue, oxygens are red balls, nitrogens
are light blue, water molecules are red spheres, and hydrogen bonds are gray spheres. The figure was rendered in avs.

Mn*" +0,” = [Mn*"-0, "1+ 2H" = Mn*" + H,0,
3)

Detailed kinetic studies on hMnSOD using stopped-flow
spectrophotometry and pulse radiolysis have shown that its
kinetic constants are very similar to those measured for
MnSOD from T. thermophilus (ke =4X10%s71,
keat/Km =2X%x10°M™'s™! for human MnSOD, 1.3X
10*s7 and 3x 108 M~ s7! respectively for tMnSOD).?”
A major difference between the two enzymes is the rate of
formation of the inhibited state. The inactive state has been
observed spectrophotometrically in the T. thermophilus
enzyme and has been postulated to contain a side-on
complex of Mn(Il) and peroxide (Mn(II[)O,%7).3”%® In
the human enzyme the formation of this complex is 30
times faster than in the T. thermophilus enzyme.’” The
nature of this increase in rate is not yet completely
understood.

Both the kinetic rate and absorption maxima of
MnSOD show pH dependence. The molar absorptivity at
480 nm shows a sigmoidal response to varying pH,
decreasing as pH increases.’” This behavior could be
integrated into the theory by considering an ionizable
group with a pK, of 9.4. The first order rate constant also
shows pH dependence in the range of 8.4 to 10.0,
decreasing at the higher pH values. Tyr34 was implicated
as the ionizable group giving rise to this pH dependence
since its side chain is only 5 A away from the active site
manganese in the human enzyme.>* Mutation of Tyr34 to
Phe abolishes the pH dependence of the absorption spectra
and results in an enzyme which is more susceptible to
product inhibition.>” Together, these observations impli-
cate Tyr34 as important in the catalytic cycle of the
enzyme.

FUNCTIONAL DERIVATIVES
Azide-bound structure

As predicted by early spectroscopic studies,®® structures of
tMnSOD and eFeSOD in complex with azide show that
azide coordinates directly to the metal ion in both the Fe-
and Mn-containing enzymes without causing release of the
metal-coordinated solvent molecule.®” The increased coor-
dination number of the metal opens the His-Mn-His angle
to 148° and the bent azide molecule binds across from the
aspartate ligand, forming hydrogen bonds with the His32
Nj and with the Tyr36 hydroxyl (Figure 9). The molecule
points towards the solvent-filled channel formed by His32,
Tyr36, Phel28, Glu169, and Arg180. Direct coordination
supports an inner shell mechanism for electron transfer to
the substrate rather than outer shell coordination of the
substrate. While the azide is bound in a slightly different
orientation in the E. coli azide-bound FeSOD structure, it

also increases the coordination number of the iron to six.®’

Mutants

In all of the known structures of MnSODs, an extensive
network of hydrogen bonds extends from the Mn-bound
solvent to the solvent accessible surface, providing a
possible mechanism for delivering protons to the active
site and a means by which the pK, of the active-site water
is regulated. The GIn143Asn, GIn143Ala, Tyr34Phe,
Trp161Phe, His30Ala, His30Ser, His30GIn, His30Asn,
His30Lys, His30Glu, and Tyr166Phe mutants®'~®3 made
in the human enzyme, were characterized both biochemi-
cally and structurally to ascertain the role of each residue.
Most substitutions at GIn143 create an enzyme whose
activity is about 2 to 3 orders of magnitude lower than in
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the wild-type. The structures of both the Gln143Asn and
GIn143Ala enzymes were solved and, in both instances, a
water molecule has replaced the endogenous side chain,
fulfilling the necessary interactions to compliment the
hydrogen bond network.®™”? The low activity of the
enzymes suggests that maintenance of the hydrogen bond
network at this site is sufficient for turnover, but the
chemical properties of the hydrogen bond partners tunes
the reactivity of the active site. The Tyr34Phe mutant has a
steady-state turnover resembling that of the wild-type
enzyme, but at high superoxide levels the rate decreases by
10-fold. The structure shows that the phenylalanine ring
sits in about the same orientation as the tyrosine ring and
no water molecule intercedes to compliment the broken
hydrogen bond network. The lower rate at high superoxide
concentration suggests that proton transfer is only
hindered in the presence of saturating concentrations
of superoxide.®” In the wild-type structure, Trp161 sits
at the edge of the active site cavity, stacking against the
Mn-bound solvent molecule. When it is replaced by
phenylalanine, the enzyme remains almost fully active.
The hydroxyl of Tyr34 is about 1.2 A closer to the
manganese than in the wild-type structure, leading to a
more compact network of hydrogen bonds about the active
site. Changing His30 to each of the above mentioned
residues lowered the k., /K, by about one order of
magnitude, suggesting that there is some flexibility in the
chemical properties of residue 30 but that a histidine in this
position creates the most efficient enzyme; the His30Glu
mutant is the least active, perhaps because of substrate
repulsion by the negative charge.®® Like most of the His30
mutants, Tyr166Phe showed a decrease in k.,/K,, of about
an order of magnitude.®?

CONCLUSIONS

MnSOD contains one of the few manganese sites
whose activity and structure has been sufficiently well
characterized to establish an elegant link between
chemistry, biology, and medicine. Chemically, MnSODs
exhibit remarkable metal specificity in view of the
structural similarities between the iron- and manganese-
containing enzymes. Having such similar tertiary
structures, the Fe- and MnSODs offer a unique system in
which to study the subtle effects that a protein neigh-
borhood has on metal ion activities including tuning their
redox potentials for efficient catalysis. Biologically, the
differences between expression and activity patterns of the
three commonly found SODs (Fe, Mn, and Cu/Zn)
demonstrate how organisms control and balance reactive
oxygen species in the cellular environment. This detailed
knowledge about the structure and the enzyme kinetics of
the human MnSOD enzyme should help to explain the
properties of polymorphisms found in the gene, including
their implications for human health.
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