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SOR	 Superoxide reductase
UV-vis.	 UV-visible spectroscopy
WT	 Wild type

7.1  �Mimicking Manganese Superoxide Dismutases: Why 
and How?

[Naturam] si sequemur ducem, numquam aberrabimus, Cicero, De officiis, I, 100
Let Nature guide us: we shall never get lost

Superoxide dismutases (SODs) are crucial proteins for protecting cells from 
superoxide, a reactive species derived from dioxygen by one-electron reduction. 
SODs catalyze the dismutation of superoxide, resulting in a tight control of its con-
centration in biological environments. Superoxide is a metastable anion endowed 
with both signaling functions and toxic properties, valuable for fighting against 
pathogens. Superoxide can be harmful leading to molecular modifications, which 
disturb endogenous functions of biomolecules. Oxidative stress reflects an imbal-
ance between the continuous production of reactive oxygen species (ROS) and the 
antioxidant protective pathways, and is associated with a wide range of physio-
pathological conditions, including aging. SODs are remarkably efficient proteins 
that have elicited strong interests for many years. Indeed, besides the biological role 
of SOD in controlling oxidative stress conditions, understanding their physico-
chemical parameters, selected by evolution and responsible for their amazing effi-
ciencies, is of fundamental interest and can also serve as a useful and effective 
guideline for chemists aiming at developing antioxidant derivatives for therapeutic 
applications against oxidative stress. This chapter focuses on the SOD physico-
chemical parameters that are useful for chemical design of low-molecular-weight 
complexes displaying superoxide scavenging activity. Nature is an endless source of 
both inspiration and challenges for chemists, and in turn, chemical modeling can 
help in deciphering underlying physicochemical characteristics determining bioac-
tivity. Inspiration from natural systems and processes, providing their mechanisms 
have been dissected with care, can pave the way to efficient and original systems. 
The development of low-molecular-weight SOD mimics constitutes a shining 
example of this fertile interplay with Nature.

7.2  �Dioxygen and Superoxide Dismutases

7.2.1  �Dioxygen and Oxidative Stress

Dioxygen is necessary for aerobic life. Its concentration rose on Earth as a result of 
oxygenic photosynthesis that appeared in cyanobacteria about 2.5 billion years ago. 
This process enables the efficient retrieving of light energy for the synthesis of ATP, 
and ultimately organic sugars, and releases O2 as a by-product. Rising concentration 
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in dioxygen initiated a profound modification of the redox state on Earth, going 
from a reducing environment, still roughly found in the interior of cells, to an oxi-
dant environment. In a certain sense, dioxygen can be considered as the first chemi-
cal pollutant and held responsible for an event called the Oxygen Catastrophe or the 
Great Oxidation Event [1, 2]. The increase in its concentration was associated with 
strong variations in the chemical environment on Earth: the greenhouse methane 
gas disappeared, with a fast decrease in temperature [2], oxidation of metal ions 
with drastic modifications in their solubility and bioavailability occurred [3], etc. 
The appearance of dioxygen triggered an increase in molecular diversity by opening 
the possibility of oxygen incorporation into organic molecules through new meta-
bolic pathways. However, because of its triplet spin-state (S = 1) resulting from its 
two-unpaired electron, diradical ground state nature, dioxygen is not very reactive 
with organic molecules (S = 0, singlet, with all paired electrons): the incorporation 
of an oxygen atom into a C–H bond, leading to a C–OH moiety for instance, cor-
responds to the creation of new covalent bonds associated with a spin-flip from the 
S = 1 diradical dioxygen species, which is energetically costly with a high activation 
barrier [4]. Hence, to be used by biological systems, dioxygen needs to be activated, 
which mainly occurs through reductive pathways as in cytochromes P450 (CYP450) 
or methane monooxygenase (MMO), etc. [5, 6]. Dioxygen can take up four elec-
trons leading to water or can be sequentially reduced into superoxide (O2

•−), hydro-
gen peroxide (H2O2) or hydroxyl radical (HO•) and then H2O (see Fig. 7.1). The 
partially reduced species—superoxide, hydrogen peroxide, and hydroxyl radical—
are much more reactive than dioxygen itself, with no spin-state kinetic barrier for 
the reaction with singlet molecules, and hence are called reactive oxygen species 
(ROS) or sometimes, to point out their reduced nature, partially reduced oxygen 
species (PROS) [7]; in this chapter the more commonly used acronym ROS will be 
used. They are continuously produced in biological systems by endogenous mecha-
nisms. Mitochondrial respiration, the reverse process of photosynthesis, consists of 
the four-electron reduction of dioxygen into water (Fig. 7.1) and results in a flow of 
ROS when the four-electron transfer is decoupled, that is, not performed in a single 
step. This decoupling leads to an incomplete reduction of dioxygen and about 1–3 % 
of the dioxygen processed by the mitochondria leaks as superoxide [8, 9].

2 H2O O2 + 4 e— + 4 H+(1)

(2)

O2 + e— O2
—

O2
— + e— + 2H+ H2O2

H2O2 + e— HO— + HO

HO + e— HO—

(3)

(4)

(5)

(6)

Fig. 7.1  Oxidation of water and reduction of dioxygen. Reduction cascade of O2 leading to reac-
tive oxygen species ROS. Note that superoxide can be labeled O2

− or O2
•− to emphasize its radical 

nature, as dioxygen could be labeled O2 or O2
•• to indicate its diradical nature. In the main text, we 

have chosen to use O2
•−

7  Mimicking SOD, Why and How: Bio-Inspired Manganese…



128

Because of their reactivity, ROS can damage endogenous components. The 
hydroxyl radical HO• is the most reactive and deleterious species in the dioxygen-
reduction cascade. HO• initiates radical production through hydrogen abstraction 
from any R–H molecule with a kinetics close to the diffusion limit, i.e., the first 
collision with another molecule being reactive-efficient. Superoxide (O2

•−) and 
hydrogen peroxide (H2O2) are less reactive but superoxide is known to abstract 
hydrogen from DNA (DNA nicking) [10, 11], to deactivate radical proteins, such as 
ribonucleotide reductase, to initiate and also terminate lipid peroxidation [12]. One 
of the main biological effects of superoxide is the inhibition of iron-sulfur proteins, 
such as 6-phosphogluconate-dehydratase [13] or aconitase [14, 15], by the destruc-
tion of their metallic clusters. This process releases FeII that may in turn participate 
in the production of HO• through the Fenton reaction involving H2O2 (see Fig. 7.2). 
This reaction corresponds to the reduction of H2O2 into HO− with the release of 
HO•—note that the oxygen atoms in HO• and H2O2 are at the same redox state—and 
oxidation of FeII into FeIII. CuI is able to perform a similar reaction, whereas most of 
Mn ions, having higher redox potential, are not [9, 16–18]. The concentration of CuI 
and FeII in biological media is tightly controlled and most of iron is coordinated by 
biomolecules or precipitated within ferritin [19]. This process would not be of much 
significance if CuI or FeII ions were not regenerated, which is made possible by 
superoxide or other cellular reductants, which may cycle FeIII back to FeII or CuII to 
CuI (see reaction [8]) leading to the Haber–Weiss reaction (see Fig. 7.2).

But ROS are also useful species. Low levels of ROS are necessary for a variety 
of cellular processes, including cell adhesion, cell growth and differentiation, or 
intracellular signaling [20]. In addition, biological systems take advantage of ROS 
to fight against pathogens. Indeed, macrophages and other immune cells produce 
high extracellular flows and high intra-phagosome concentrations of ROS to kill 
infectious agents through oxidative damage [21]. Last, but not least, it has been 
proposed that the ROS-induced chemical stress on biomolecules, e.g., DNA and 
proteins, provided an essential source of chemical diversity that enabled adaptation 
and chemical evolution at the origins of life [22].

In living organisms, efficient pathways to finely tune the concentrations of super-
oxide and hydrogen peroxide have evolved to protect endogenous components against 
oxidative damage and to control ROS concentrations to appropriate levels. Such 

H2O2 + Mn+ (7) Fenton reactionHO— + HO + M(n+1)+

O2
— + M(n+1)+ O2 + Mn+ (8)

H2O2 + O2
— HO— + HO + O2

M(n+1)+/Mn+

(9) Haber-Weiss
reaction

Mn+: CuI or FeII

Fig. 7.2  Fenton and Haber Weiss reactions: oxidation of low-oxidation state metal ion by hydro-
gen peroxide and cycling back to low-oxidation state with superoxide. Note that in biological 
systems, other reductants can be involved in this reduction
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pathways can involve stoichiometric antioxidants (e.g., vitamins E and C, and GSH) 
or redox enzymes, such as catalase, glutathione peroxidase, superoxide dismutases 
(SODs), and superoxide reductases (SORs); SODs are the focus of this chapter. 
Oxidative stress arises when these protective pathways are imbalanced by an increase 
in ROS flow or a decrease in protective enzymes expression or activity. This leads to 
a wide range of physiopathological processes, including aging, arthritis, stroke, neu-
rodegenerative diseases (Parkinson and Alzheimer diseases), amyotrophic lateral 
sclerosis (ALS), cancer, or inflammation [22–26].

7.2.2  �Superoxide Dismutases and Manganese: An Efficient 
Protection Against Oxidative Stress

SODs are metal-containing oxidoreductases that catalyze the dismutation of super-
oxide—oxidation to dioxygen and reduction to hydrogen peroxide (see Fig. 7.3). 
They maintain the concentration of superoxide inside cells at very low levels (less 
than 50 pM in E. coli or mammalian cells) [14, 15, 27]. They are crucial proteins in 
the protective antioxidant arsenal, since superoxide is the first step in the ROS cas-
cade from dioxygen to water (see Fig. 7.1). Mammalian cells produce three different 
SODs, involving either copper-zinc or manganese metal centers: SOD1, CuZnSOD 
found in the cytosol, in the nuclear compartments, and in the mitochondrial inter-
membrane space; SOD2, a MnSOD found in the mitochondrial matrix, which is its 
exclusive location in human beings; and SOD3 (EC-SOD), an extracellular 
CuZnSOD, found in extracellular matrix of tissues and extracellular fluids (such as 
plasma) [1, 9]. SODs are compartmentalized, which means they are not able to cross 
membranes, move from one organelle to another, nor enter/leave cells. The mito-
chondrial MnSOD has a particular biological importance in mammals: its knockout 
is lethal to newborn mice [28, 29], whereas this is not the case for CuZnSOD [30]. 

O2 + H2O2 (10)2 O2
— + 2H+

kspont. pH7 = 5.0 105 mol-1Ls-1

O2O2
—

O2
— + 2H+H2O2

Mn+ M(n-1)+

M = Cu(Zn), Fe, Mn, Ni
kcat(MnSOD)= 109 mol-1Ls-1

O2 + e—O2
—

O2
— + e— + 2H+ H2O2

(-3)
(4)

a b

Fig. 7.3  (a) Spontaneous superoxide dismutation—or autodismutation, and (b) simplified ping-
pong mechanism for the catalysis of superoxide dismutation. The kinetic data are from [61] and 
[58]
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In addition, dysregulation of MnSOD or MnSOD natural mutations—an example of 
protein polymorphism—has been proposed to be involved in cancer [20]. Other 
metal ions can also be found as cofactors in non-mammalian SODs: iron in FeSOD, 
which coevolved with MnSOD from a common ancestor, shows high degrees of 
both sequence identity and structural homology with MnSOD and was discovered 
in 1973 [31]; and nickel in NiSOD, which belongs to a rarer SOD family discovered 
in 1996 [32].

SODs have been found in almost all aerobic, facultative anaerobic, and even in 
some anaerobic organisms, where they have been sought. An exception is the case 
of microaerophilic and anaerobic bacteria that contain a superoxide reductase 
(SOR), which detoxifies superoxide by its reduction into H2O2. Detoxification of 
superoxide by SORs avoids O2 release which would be expected to be toxic in air-
sensitive microorganisms [9, 33]. When SOD are not present or show a low activity 
(e.g., Leptospira interrogans serovars [34], Lactobacillus plantarum [35], and 
Neisseria gonorrhea [36]), cells are either very rich in catalase or show a high intra-
cellular concentration of MnII (up to 15–30 mM in Lactobacillus plantarum [35]). 
These observations are interesting in several ways:

	(a)	 Few organisms are found without any SOD or SOR: this observation empha-
sizes the importance of superoxide removal and the need for protection against 
superoxide.

	(b)	 Viable organisms, although rare, are found with no SOD but with high concen-
tration of catalase, which seems to rescue them in the absence of SOD or 
SOR. This could suggest that the key feature is to limit the time of co-residence 
of superoxide with hydrogen peroxide. O2

•− and H2O2 are inevitably found at the 
same location in biological systems because superoxide self-dismutation pro-
duces H2O2. This leads potentially to Haber–Weiss chemistry (see Fig. 7.2) in 
the presence of soluble iron(II) or copper(I), redox states that can be found in 
cells where the environment is reducing [37]. Limiting the co-residence time of 
H2O2 and O2

•− restricts possible Fenton/Haber–Weiss chemistry that would lead 
to the continuous production of the deleterious HO• by the use of superoxide for 
Fe or Cu redox cycling.

	(c)	 Organisms such as Lactobacillus plantarum suggest that, beside SOD/SOR 
protection, high concentration of manganese is another possible rescue mecha-
nism from ROS damage.

The question of the speciation of Mn ions in cells and of the involvement of non-
proteinaceous Mn-complexes in antioxidant defense has recently been a matter of 
intense research [18, 38]. Due to its high redox potential (1.51 V vs. NHE, see 
Figs. 7.4 and 7.12), the hexaaqua MnIII/MnII couple is not an efficient catalyst for 
superoxide dismutation, which would require a redox potential in between the redox 
potentials of the two couples related to both superoxide oxidation and reduction (see 
Fig. 7.4) [39, 40]. But the hexaaqua MnIII/MnII couple can act as a stoichiometric 
scavenger. In addition, the presence of intracellular coordinating anions, such as 
lactate or phosphate, has been shown to lead to complexes with an effective SOD 
activity, associated with cellular oxidative stress resistance [35, 39, 41, 42]. Even if 
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their rate of superoxide dismutation is lower than that of SODs, the corresponding 
Mn complexes can efficiently protect cells if sufficiently concentrated. Mn ion can 
exchange its ligands, especially at the +2 oxidation state, and biological environ-
ments abound with coordinating molecules. It is thus possible that Mn complexes 
formed inside cells could act as efficient SOD mimics: they are possibly in dynamic 
exchange, and hence difficult to isolate and characterize, but some may show redox 
potential appropriate for SOD activity. Recently, it has been shown that this battery 
of Mn antioxidants was tightly regulated by specific pathways in Saccharomyces 
cerevisiae [43], indicating these non-proteinaceous Mn-antioxidants are not only 
passively formed in cells [18].

Fig. 7.4  Standard redox potentials E°′ V vs. NHE for superoxide at pH 7 [7], midpoint potential 
optimal for catalysis of the dismutation (Emidpoint) [60], redox potentials reported for several SOD 
(see also Table 7.1) and for hexa-aqua MnIII/MnII and hexa-aqua FeIII/FeII
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7.2.3  �SOD Discovery: A History of Anti-Inflammatory 
Properties (See Also Chap. 1)

Through their anti-superoxide activity, SODs show interesting pharmacological 
properties. Indeed, the antioxidant and anti-inflammatory properties of SODs are 
closely associated with their discovery, which occurred, not once but three times 
[22]. In 1938, Mann and Keiling, interested in the speciation of copper ion in blood, 
isolated from horse serum a protein described as a copper-binding protein that they 
called hemocuprein [44]. Twenty years later, a similar copper-protein, erythrocu-
prein, was isolated from human erythrocytes [45]. In both occasions, several enzy-
matic activities for these proteins were sought: catalase, peroxidase, cytochrome 
oxidase, or carbonic anhydrase activities, by Mann and Keimann [44] and oxidase 
activities with various substrates by Markowitz et al. [45]. But none could be found.

In 1931–1932, Pauling had suggested that superoxide, as a possible “intermedi-
ate between molecular oxygen and hydrogen peroxide, should have enough stability 
to exist” [46] and superoxide had been characterized as potassium superoxide by 
Nauman in 1934 [46–48]. However, the idea that superoxide could be involved in 
biological environments appeared only in 1968, when Knowles found that 
superoxide could be produced by xanthine oxidase [49, 50]. Taking advantage of 
this finding, McCord and Fridovich showed that erythrocuprein has an enzymatic 
activity associated with the dismutation of superoxide and they designed an assay 
that is still widely used today (see insert at the end of Chap. 7) [51]. Independently, 
Huber et al. isolated a protein from bovine liver, orgotein, based on its anti-inflam-
matory properties. The physicochemical properties of this protein are close to those 
of hemocupreins and erythrocupreins [52]. The link between inflammation and 
superoxide was suggested soon after by Babior et al. [53]. Indeed, inflammation is 
a physiopathological condition characterized by a high production of ROS by mac-
rophages or immune cells. This chemical signal causes the recruitment of additional 
ROS-producing cells and enhances the biological response with a higher flow in 
ROS meant to kill pathogens but leading also to unintended biological damage.

7.2.4  �Mimicking SODs by Low-Molecular-Weight Complexes: 
SOD Mimics

Since this pioneering work, purified SODs have been successfully used in clinical 
trials [26, 54], and antioxidants in general, including SODs, are now quite well 
documented for their beneficial effects in oxidative stress situations [22, 24–26]. 
Nonetheless, major drawbacks limit the applications of the SOD enzymes in thera-
peutics: cost of production, immunogenicity, short half-life in plasma, inefficient 
per os delivery added to limited cellular accessibility [24], and clearly, stabilizing 
SODs in biological environment is not straightforward [55]. These limitations can 

C. Policar

http://dx.doi.org/10.1007/978-3-319-30705-3_1


133

be overcome by using low-molecular-weight complexes reproducing the catalytic 
activity of SODs, also called SOD mimics [17, 56]. In the literature, SOD mimics 
have been designed to react with superoxide outside of any cellular context [17, 56] 
and some are reportedly efficient in ameliorating oxidative stress, both in cells and 
in vivo [24–26, 54, 57]. Of note, we have used here a circumlocution to designate 
studies performed outside any cellular context, e.g., in UV-vis cuvette as in the 
McCord and Fridovich assay: in vitro, a term frequently used by chemists, is not 
fully appropriate here as for cell biologists it refers to studies in cell cultures as in 
contrast with studies performed in animal models. To avoid any misunderstanding, 
we refer herein to activities evaluated outside any cellular context as intrinsic activ-
ities in contrast with in cell activities and in vivo activities. In the case of SOD 
mimics, intrinsic activity will refer to the kinetics of the reaction with superoxide 
(see insert for methods of evaluation), possibly the catalytic constant in case of a 
true catalytic SOD mimic.

To obtain a complex acting as an SOD mimic with therapeutic efficacy against 
oxidative stress, a primary need is to design nontoxic complexes with a good 
intrinsic activity. Some excellent reviews have been previously published on the 
rational design of SOD mimics to delineate important features for an efficient intrin-
sic activity [17, 56], or for application in therapeutics [23–26, 54, 57]. In the follow-
ing sections, we will focus on approaches aimed at designing SOD mimics 
bioinspired by SODs’ main features, and more particularly those of MnSODs. We 
will draw the main characteristics of SODs on which chemists focused for the 
design of SOD mimics. We will then describe different strategies set up to enhance 
the activity of SOD mimics following the footsteps of Nature.

7.3  �SODs Physicochemical Characteristics: A Guideline 
for Chemists

All SODs, whatever the metal ion involved at the active site, are very efficient 
enzymes, reacting with superoxide with kinetics close to the diffusion limit [58], 
and the parameters responsible for this efficient activity have been carefully ana-
lyzed (for an excellent recent review, see Sheng et al. [1]). As already mentioned, 
SODs can be classified into three subfamilies of different lineages: (a) CuSOD, with 
their bimetallic CuI/II-ZnII active site, (b) Fe or MnSOD, with FeIII/II or MnIII/II active 
site, which are evolutionary related and share high degrees of sequence identity and 
structural homology, and (c) NiSOD, a rarer family of SOD with a NiIII/II active site. 
Interestingly, these families share some common features delineated below, a signa-
ture of a convergent evolution and indicating the strong efficiency of these particular 
characteristics and mechanisms selected by Nature [1]: (a) tuned redox potential (b) 
electrostatic guidance of the anionic superoxide, and (c) compartmentalization into 
specific organelles.
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7.3.1  �Redox Potential: The Main Determinant  
for Catalytic Activity

�Redox Tuning at the Active Site of SODs

The superoxide anion is metastable and the reaction of dismutation is indicated in 
Fig. 7.3. The catalysis of this reaction is a redox process, involving both MnII and 
MnIII oxidation states in the case of MnSOD, to respectively reduce superoxide into 
H2O2 in the presence of protons and to oxidize it into O2. To be thermodynamically 
competent to carry out both steps, the redox potential of the MnIII/MnII couple must 
lie between those of the two couples involving the superoxide anion, O2

•−/H2O2 and 
O2/O2

•−, as indicated in Fig. 7.4, at pH 7 and with a concentration of dioxygen of 
1.23 mM, which is that in water under standard conditions, 25 °C and 100 kPa [7]. 
In addition, for optimal kinetics, one should consider the fact that the closer the 
redox potential of two couples, the faster the reaction between them [59, 60]. 
Therefore, the value of the MnIII/MnII redox potential optimizing the kinetics of the 
overall catalytic cycle is the mid-potential, at about 0.36 V vs. NHE (see Fig. 7.4) 
[60]. As a consequence of this redox tuning, the two half-reactions ((4) and (−3), see 
Figs. 7.1 and 7.3) proceed at the same rate, which is the overall optimal rate for the 
catalytic cycle.

Interestingly, all SODs indeed meet this criterion with the redox potential of CuII/
CuI, MnIII/MnII, FeIII/FeII, and NiIII/NiII falling within a very narrow range around 
0.2–0.4 V vs. NHE (see Fig. 7.4 and Table 7.1). This observation is very informative 
as it clearly shows that the redox potential is a key parameter to be tuned for an 
efficient SOD activity. It should be further emphasized that this narrow potential 
range is very striking, since the intrinsic redox characteristics of the aqueous metal 
couples M(n+1)

aq/Mn+
aq involved in SODs are quite different. To take the example of 

Fe and MnSODs that has been extensively studied by Miller et al. [1, 65], the redox 

Table 7.1  SODs redox potentials (see also Fig. 7.4)

SOD Organism pH Em (V vs. NHE) References

CuSOD Human 7.4 0.36 [62]

CuSOD Bovine 7.4 0.32 [62]

MnSOD Escherichia coli 7 0.31 [63]

MnSOD Escherichia coli 9 0.18 [63]

NiSOD Streptomyces coelicolor 0.29 [64]

FeSOD Escherichia coli 7 0.28 [60]

FeSOD Escherichia coli 9 0.12 [60]

MnSOD Bacillus stearothermophilus 7 0.26 [63]

MnSOD Bacillus stearothermophilus 9 0.12 [63]

FeSOD Pseudomonas ovalis 7 0.23 [60]

FeSOD Pseudomonas ovalis 9 0.19 [60]

Note that the E°s of SODs can be difficult to measure precisely due to slow equilibration and other 
slightly different values can be found in the literature
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potential of the hexaaqua complexes of MnIII
aq/MnII

aq in aqueous environment is 
1.51 V vs. NHE and that of FeIII

aq/FeII
aq is 0.77 V vs. NHE (see Fig. 7.4). The role of 

the apoprotein is then to tightly control the metallic redox potential. The question of 
the tuning of redox potentials at the active site of redox proteins in general, includ-
ing Fe/MnSOD and also copper proteins, has evoked some interest lately [1, 65–
67]. Several parameters can be modulated for this tuning, including the nature of the 
coordinated Lewis bases, their protonation state, and the geometry of the coordina-
tion sphere. Tuning can occur in proteins, but also in low-molecular-weight com-
plexes [40, 68, 69]. This is discussed in more detail below (see next section).

This redox tuning is key to the catalysis and the catalytic nature is most valuable 
for the design of a drug candidate. A catalytic drug is a compound displaying thera-
peutic properties based on catalysis [70]. To date, the conventional approaches to drug 
design consist of seeking for small organic or inorganic molecules that bind to the 
active sites of proteins and are thus stoichiometric reagents. SOD mimics belong to 
another class of therapeutic agents displaying a catalytic activity by performing both 
reduction of superoxide into H2O2 and its oxidation into O2 (see Fig. 7.3). Catalytic 
complexes have been labeled true SOD mimics, in contrast to stoichiometric scaven-
gers such as nitroxides [23]. Catalysis has many advantages, including the opportunity 
to lower dosage, which is important in a therapeutic perspective. The superoxide 
steady-state concentration is low in biological systems: 20–40  pM in aerobic log 
phase wild type (WT) E. coli (hence containing endogenous SOD) and 300 pM in 
SOD-deficient E. coli mutant [14]. As superoxide is continuously produced, an effi-
cient control of its flow requires either an efficient catalyst or a stoichiometric scaven-
ger in large amounts and/or of continuous renewal. In the case of a redox process in 
biological media, apparent catalysis is achievable through redox cycling using cell 
reductants, as in the superoxide reductase enzymes (SOR): these FeII-native-state 
enzymes are oxidized to FeIII by superoxide and reduced back to their active FeII state 
by endogenous reductants rather than by superoxide itself [71, 72]. It should be kept 
in mind that it is not always easy to distinguish between highly concentrated scaven-
gers and true catalytic species in assays used to characterize anti-superoxide activity: 
a true catalytic SOD mimic is able to perform several turnovers and is efficient even 
in a large excess of superoxide [73] (see insert at the end of Chap. 7).

�Tuning of the Redox Potential of a Redox Metal Couple:  
What Tricks?

The redox potentials of M(n+1)+/Mn+ can be tuned by exploiting the coordination 
sphere of the metal ion. This can be achieved in redox metalloproteins by the envi-
ronment offered by the apoproteins, and can be translated at the level of low-
molecular-weight complexes through the selection of ligands and second 
coordination sphere (see Sect. 7.4.2).

The redox potential can be controlled by the nature of the coordinated Lewis 
bases through electronic effects. For instance, increasing the number of the S or 
O-donors with regard to the N-donors will lower the potential by increasing the 
electron density onto the metal center. This can be easily achieved in proteins, by 
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playing with coordinating amino acid side chains that can be N-donors as in histi-
dine or histidinate, O-donors as in aspartate, glutamate, or tyrosinate, and S-donors 
as in cysteine, cysteinate, or methionine. Note that amidate from the terminal 
position or in the proteic chain are rarer, but can also be involved in metal 
coordination.

The protonation state of the coordinated ligand (water/hydroxide, histidine/his-
tidinate, etc.) can be easily modulated in proteins within a network of hydrogen 
bonds. The more negative the ligand, the more easily the high oxidation and positive 
redox metallic states will be obtained and the lower the reduction potential. As an 
example, the redox potential of MnSOD or FeSOD was found to depend on the pH 
with a decrease in redox potential when pH is increased (see Table 7.1). This was 
rationalized by a deprotonation of the coordinated water [60], the higher oxidation 
state being more stabilized by the hydroxide OH− ligand than by H2O. It has been 
clearly demonstrated that the coordinated water molecule can switch from H2O to 
OH− depending on the oxidation state of the metal ion. This is associated with a 
process whereby proton and electron transfer are coupled (proton-coupled electron 
transfer, PCET), with a tight control of an H-bond network extending to the second 
coordination sphere [65]. The effect of protonation-deprotonation of coordinated 
imidazoles was also studied in low-molecular-weight complexes, in iron porphyrins 
with an axial imidazole [74] or nonporphyrinic complexes [75–78] with a ∆E of 
about—300 mV per lost proton, which is similar to protein systems [65]. In another 
study, PCET was observed in a low-molecular-weight Mn-complex, with coordi-
nated water deprotonation occurring upon oxidation of MnII to MnIII [79].

The geometry imposed upon the metal ion is also another possible source of 
redox-control, as geometric constraints may induce entatic states [80] and stabilize 
unusual redox states. Imposing a geometric environment on a metal cation can be 
achieved by selection of ligands/apoproteins in a constrained fashion motif or 
embedded in a rigid matrix, which organizes the resulting coordination sphere as in 
a template [69]. As described in any inorganic chemistry textbook, a specific redox 
state and dn configuration of a metal ion is usually associated with a particular 
geometry. Interestingly, such relationship can be reversed: indeed, if a ligand 
imposes a specific geometry on a metal cation, this can, in turn, control the reduc-
tion potential of the redox couples related to the cation. Let us take the example of 
the MnIII/MnII redox couple, of interest here. Hexaaqua MnII is rather stable and the 
MnIII/MnII reduction potential of fully dissociated Mn salts in water is 1.51 V vs. 
NHE, consistent with a stable MnII state in aqueous environment. Water molecules 
as ligands organize themselves around the “free” MnII ion in an octahedral environ-
ment. MnII coordinated by flexible organic ligands will display a similar behavior, 
with a redox potential controlled by the electrodonating properties of the coordi-
nated Lewis bases. But, in the case of a ligand imposing a specific geometry, there 
can be an effect of the constrained geometry on the redox potential. This can be 
understood as geometric control of the redox potential and was described in the case 
of CuII/CuI constrained complexes [69] but can also apply to MnIII/MnII complexes 
[40, 68]. MnIII, as a d4 ion with an e (eg) singly filled orbital, will prefer a geometry 
with an axial distortion from the octahedral structure, to lift the degeneracy of the e 
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orbitals which is a stabilizing process known as the Jahn–Teller distortion [81, 82]. 
In contrast, MnII, as a d5 (S = 5/2) with half-filled t2-e set (t2g-eg), shows no ligand-
field stabilization energy (LFSE) and hence no geometric preference. Finally, a 
ligand imposing an axial distortion will stabilize the MnIII state over the MnII state 
[40, 68], and this corresponds to a decrease in redox potential.

7.3.2  �Electrostatic Guidance

Superoxide dismutases react with superoxide at a rate close to the diffusion limit. 
This efficiency is most surprising considering that the metal active site represents a 
surface that is less than 1 % of the enzyme [83–85], and that the net charge of SOD, 
which shows an isoelectric point (pI) ranging from 4.6 to 6.8 depending on the lin-
eage, is negative at physiological pH [84, 85]. Calculations of electrostatic potential 
in CuSOD [83, 85] have led to the idea of an electrostatic guidance of the negatively 
charged superoxide by a cluster of positively charged amino acids within the sub-
strate entrance channel [85], with an invariant arginine and the charge-stable Zn2+ 
ion in close proximity to the redox active CuII/CuI metal ion. A decrease in the kcat 
was observed when ionic strength was increased for MnSOD, FeSOD [84, 86], and 
CuSOD [87, 88] in agreement with an electrostatic favorable interaction between 
the protein and its substrate, indicative of a positively charged target for the super-
oxide on the protein. Acylation of lysines eliminates this salt effect [84], and a net-
work of positively charged amino acids, namely histidines, has been identified in 
X-ray structures [89] and by Brownian dynamics [86]. In some sense, we can con-
sider that there is a double topographic effect, with the negatively charged protein 
surface repelling the superoxide and directing it towards the positively charged fun-
nel, which then drives it to the active site (see Fig. 7.5). The electrostatic positively 
charged loops in the SOD proteins are thus important for long-range guidance from 
the protein exterior towards the active site, and attraction of superoxide by positive 
charges is a more general mechanism that can also be effective in low-molecular-
weight molecules, as it will be described below (see Sect. 7.4.3).

Fig. 7.5  Schematic 
representation of the 
electrostatic guidance: 
superoxide is repelled from 
the negatively charged 
surface towards the 
positively charge funnel 
leading to the active site
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7.3.3  �Compartmentalization

Another important feature of SODs is that they are compartmentalized: due to their 
size and negative net charge at physiological pH (see pI above), they are unable to 
cross cell membranes. MnSOD is synthesized in the cytosol, and imported into the 
mitochondria through an appropriate 24-amino acid targeting sequence which is 
then cleaved [90]. As mentioned above, mitochondrial MnSODs are key proteins in 
the protection of mammalian cells from oxidative stress and, indeed, MnSOD 
knockout is lethal to newborn mice [28, 29], whereas murine CuSOD is not crucial 
to survival [30]. Mitochondrial MnSOD expression is known to be altered in a wide 
range of diseases [20]. Mitochondria are the main cellular location at which super-
oxide is produced through uncoupling of the respiratory complexes involved in the 
reduction of dioxygen to water. The uncontrolled production of superoxide, associ-
ated with other ROS and RNS (reactive nitrogen species), induces oxidative damage 
leading to mitochondria dysfunction and contributes to several physiopathological 
processes (see a quick list in Sect. 7.2.1) or to cell death [20, 22, 24–26]. Targeting 
this organelle thus appears to be a key parameter to consider in the design of effi-
cient anti-superoxide agents [24, 91–94].

The mitochondrion or the mitochondrial network is a dynamic structure with 
many shapes, which can take a form ranging from numerous individual capsules, 
most often depicted in textbooks, to a single large interconnected tubular network, as 
a net cast over the cell. They are key organelles: powerhouse of the cell, center of 
respiration and ATP production, and essential in lipid metabolism [95]. Their interior 
is protected by a double membrane, with a large membrane potential of up to 180 mV, 
negative in the interior. Smith and Murphy have set up a strategy to target small 
molecules to the mitochondria, taking advantage of this large membrane potential: 
lipophilic positively charged cations, such as triphenylphosphonium moieties [93], 
can be appended to various molecules in order to encourage the targeting of the mito-
chondria. Other groups have developed oligoguanidinium derivatives, showing a 
hydrophobic positively charged character as vectors to the mitochondria [96]. 
Cellular membranes contain negatively charged phospholipids, with polar and nega-
tively charged groups pointing outward from the membrane and lipophilic chains 
inward. To cross them, a molecule must be neutral or positively charged, and must 
also be amphiphilic to pass through the polar layer and the hydrophobic membrane 
interior. The delocalized positive charge of the triphenylphosphonium or oligoguani-
dinium moieties enables easy crossing and induces an accumulation at the mitochon-
dria. This was applied in the field of SOD mimic design as described in Sect. 7.4.4.

7.4  �Mimicking SOD: A Challenge for Chemists

Various strategies have been developed to design efficient metal-based anti-
superoxide agents [17, 26, 40, 54, 56]. As seen above, the common physicochemi-
cal characteristics shared by SODs from different lineages [1], namely, tuned redox 
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potential, electrostatic attraction of superoxide, and mitochondria localization for 
MnSOD, constitute a guideline for the development of bioinspired SOD mimics. 
The main challenge for chemists in the field is the design of nontoxic stable com-
plexes, with tuned redox potential and charge that would react quickly with super-
oxide, and show good cellular availability and possibly accumulation at the 
mitochondria. Of note, among the four metal ions responsible for the redox process 
at the active site of SODs (Cu, Fe, Mn, and Ni), manganese is most probably the 
least toxic [9, 16, 17], in particular in an oxidative stress context that could activate 
Haber–Weiss chemistry for copper and iron. This is why, although some neurotox-
icity has been described [23], Mn ion is now the leading metal ion in the field of 
SOD mimic design for therapeutic use.

The stability and inertness of complexes are important parameters to keep in 
mind when designing metal-based drugs, as biological environments are rich in 
metal-coordinating molecules. MnII can be in fast exchange when coordinated to 
monodentate ligands, whereas more inert structures are obtained with MnIII. The 
question of the speciation of manganese complexes in biological environments (see 
Sect. 7.2.2) is crucial to their bioactivity. Endogenous biologically available ligands 
have been shown to potentiate the antioxidant activity of Mn ions, most likely by 
modification of the MnIII/MnII redox potential. This is the case with anions such as 
lactate or phosphate [35, 39, 41, 42]. Other ligands, such as citrate or EDTA, are 
thought to inhibit the activity [39, 40]. As MnII is a d5 ion, the ligand field induces 
no stabilization and thus the thermodynamic constants for the association of MnII 
with most ligands are in a low range. Therefore, the requirement in association con-
stants to avoid exchange with endogenous Lewis bases is less drastic for MnII than 
for other metal ions such as copper or iron. Polydentate ligands [40, 97, 98], particu-
larly with a cyclic structure as in MnII cyclic polyamines (M40403) [25, 26, 57, 99] 
or porphyrins, stable at the MnIII state [23], have been described to display associa-
tion constants higher than 106 (or dissociation constants smaller than 10−6), which 
should be enough considering that the archetypal bioligand, human serum albumin 
(HSA), display an association constant for MnII of about 8.4 × 103 (or 1.2 × 10−4 for 
the dissociation) [100].

The next criterion, after stability and inertness, is the kinetics of the reaction with 
superoxide. As stressed by Batinić-Haberle et al. [23], to be therapeutically active, 
a compound must be kinetically competent, which means it should react with super-
oxide with a kinetic constant higher than the autodismutation (see Fig. 7.3a) but, 
even more valuable, be a catalyst of its dismutation and, the faster, the better. There 
is a positive correlation between the catalytic kinetic constant for the superoxide 
dismutation, or log(kcat), and the therapeutic effects [23]. But other parameters are 
also of importance for in vivo efficacy. As shown in a study by Valentine et al., some 
derivatives can display a high intrinsic activity and be inactive in cellular models 
[101]. These authors assayed the ability of an assortment of SOD mimics to rescue 
Escherichia coli and Saccharomyces cerevisiae mutants lacking SOD. Only one of 
the compounds, a positively charged MnIII porphyrin known to accumulate in the 
mitochondria [102], was found to be active in cells. The authors suggested that the 
absence of activity of the other derivatives was due to mislocation. In contrast, the 
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active MnIII porphyrin was able to reach the mitochondria, which is the appropriate 
location for an optimal rescue of these SOD-lacking strains. To be actually bioac-
tive, a SOD mimic must reach its target, which can be the extracellular space, the 
cytosol or various organelles depending on the physiopathological conditions and 
origin of the oxidative stress. More generally speaking, the bioactivity of any kind 
of derivatives is in some sense the combination of its intrinsic activity, related to the 
redox potential in the case of SOD mimics, with the bioavailability and the cellular 
location [23, 103].

In the following section, we will describe (a) design of complexes directly 
inspired by the SOD active site; (b) strategies developed by chemists to tune redox 
potential to the Emidpoint optimal value of 0.36 V vs. NHE, as one of the key param-
eters; (c) strategies developed by chemists to mimic efficient electrostatic attraction; 
and (d) strategies to enhance the bioavailability and control location within the cell. 
Structures discussed in this chapter are depicted in Figs. 7.8 and 7.11a, b.

7.4.1  �Complexes Directly Inspired by SOD-Active Site 
(Mn-N3/4O Complexes)

Policar et al. have designed a series of low-molecular-weight manganese complexes 
based on a tertiary amine or 1,2-diamino-ethane, directly inspired by the active site 
of SOD [40, 73, 97, 104–108], to reproduce the chemical environment of the Mn ion 
in SOD (see Figs. 7.6 and 7.8), with the initial goal of characterizing intermediates 
in the catalytic cycle of MnSOD. In native SOD, MnIII is in a trigonal bipyramidal 
(TBP) geometry with an N3O/water coordination core with one monodentate aspar-
tate and two histidine moieties in the median triangle/equatorial plane (in green in 
Fig. 7.6), and a farther histidine with a water molecule (H2O or HO−) in the two 
apical positions.

The particular axial TBP geometry at the active site of SOD is important since it 
geometrically favors MnIII over MnII and thus contributes to the tuning of the redox 
potential (see above) [40, 68], which must be lowered from 1.51 V vs. NHE down to 
ca. 0.36 V vs. NHE. In addition, the coordination number (CN) is lower than six, 
which is favorable for the direct coordination of the superoxide ion to the metal center. 
Indeed, superoxide is thought to coordinate to the active site of SOD as shown by 
experiments with the isostere and isoelectronic analog azide N3

− [1, 110, 111]. Of 
note, superoxide can act either as an L-ligand or as an X-ligand leading to a non-redox 
coordination (L-ligand) or to an oxidative addition (X-ligand) onto the metal ion (see 
Fig.  7.7). Low CN complexes are difficult to prepare with low-molecular-weight 
ligands. In proteins, the polypeptide chain plays the role of a bulky matrix able to 
sterically impose low denticities. But with flexible open ligands, high-denticity struc-
tures are frequently obtained, with the coordination of a solvent molecule or Lewis 
bases acting as bidentate ligands possibly bridging two metal ions from two different 
molecular units. The corresponding complexes are sometimes said to be coordina-
tively saturated. Superoxide coordination will lead to the displacement of a ligand or 
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Fig. 7.8  Structure of the complexes discussed in Sect. 7.4.1: mononuclear units obtained after 
dissolution (see text). S? corresponds to possible solvent molecule. See: [40, 73, 97, 104–108]. (6) 
indicates a 6-membered metallacycle whereas all the others are 5-membered rings

Fig. 7.6  Allegory of bioinspired chemistry: mimicking SOD from Nature—Active site of SOD, 
structure from [109]

O O + MnII O O MnIII

MnIII-peroxo complex

O O + MnII O O MnII

MnII-superoxo complex

Superoxide as a X-ligand

Superoxide as a L-ligand

Fig. 7.7  Superoxide as a L or X ligand
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to even higher coordination number, achievable if there is not too much steric 
crowding.

Starting from complexes with MnII coordinated by a tripodal amine functional-
ized with two imidazole and one carboxylato moieties, Policar et  al. introduced 
modifications (see Fig. 7.8) to increase bulkiness around the metal ion (picolyl moi-
eties in BMPG, hexacoordination in [Mn(TMIMA)2]2+) or to tune the redox poten-
tial of the MnIII/MnII couple to the Emidpoint encountered in SODs (coordinated Lewis 
bases such as imidazole, carboxylate, or phenolato). In the course of this research, 
they isolated original 1D coordination polymers with MnII-OCO-MnII along the 
polymeric chain, with bridging carboxylatos in an unusual syn-anti coordination 
mode [104]; dimeric structures with a bis-μ-carboxylato bridge [97] or a bis-μ-
phenolato bridge [105]. Some other complexes were isolated in the solid state as 
monomers with two tridentate ligands [40, 106]. Although the ligands in the series 
all offer a denticity lower than six (tetradentate N3O or pentadentate N4O), the struc-
tures observed in the solid state are all hexacoordinated, with carboxylato or pheno-
lato shared between two metal ions or coordinated exogenous Lewis bases, most 
generally the crystallization solvent (methanol, water). This series thus illustrates 
this propensity to acquire a coordinatively saturated coordination sphere in the case 
of low-molecular-weight ligands. In aqueous solution, the bridges are disrupted, 
leading to monomeric MnII complexes, as shown by electron paramagnetic reso-
nance—characteristic 6-line signal for the MnII I = 5/2 S = 5/2 complexes [40, 97, 
105]. Most probably, the coordination sphere is saturated with solvent molecule(s) 
(S in Fig. 7.8). It should be noted that a wave in cyclic voltammetry is not always 
easy to record with this kind of MnIII/MnII complex [40, 112, 113], probably due to 
slow electron exchange. The use of collidine, lutidine, or PIPES buffers may be 
efficient to reveal the wave, which may not be fully reversible [40, 112]. All the 
redox potentials of the complexes in the series presented in Fig. 7.8 are in the range 
expected for the catalysis of superoxide dismutation (see Fig. 7.4). From these stud-
ies, it appears that a phenolato ligand is more efficient to stabilize MnIII than a 
carboxylato ligand and seems thus to be a better electronic analog for the monoden-
tate carboxylato in SOD. The optimal ligand in the series is enPI2, which offers 
higher pentadenticity with a higher association constant for the Mn complex [168] 

and a MnIII/MnII redox potential very close to that of SOD [105].
The reactivity with superoxide was studied in both anhydrous aprotic medium 

and aqueous solution.

�In Anhydrous Aprotic Medium [40, 97, 107, 114]

Superoxide can be introduced as KO2 in the solid form [107], in solution (dimethyl-
sulfoxide DMSO, acetonitrile ACN) [40, 97], or produced electrochemically by 
reduction of dissolved O2 [97, 114]. In anhydrous aprotic medium, where no pro-
tons are available for the reduction of superoxide into hydrogen peroxide (see 
Fig. 7.3), H2O2 cannot be released and intermediate adducts with the Mn complexes 
can be isolated: by reacting KO2 in DMSO or ACN with MnII-complexes, MnOO 
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adducts were characterized by low-temperature spectroscopies, including UV-visible 
spectroscopy and electron paramagnetic resonance (EPR). These adducts displayed 
a very nice blue color (see Fig. 7.9). For the first time, using parallel mode EPR, an 
MnIII redox state (S = 2) was unambiguously characterized, within a Mn-coordinated 
peroxo species [107]. Clearly, the reaction of MnII with superoxide in these com-
plexes can be rationalized as an oxidative addition onto the MnII ion with superox-
ide being an X-ligand (see Fig. 7.7).

Similar MnIII-peroxo adducts are expected when reacting MnIII with H2O2, which 
is redox-equivalent to MnII + O2

−. Other research groups have also characterized 
similar MnOO intermediates by reacting H2O2 with MnII at low temperature, which 
is clearly not redox-equivalent to MnII + O2

•− or MnIII + H2O2, but there is always an 
excess in H2O2 [115–119] and most probably the first step is a slow oxidation into 
MnIII, which then reacts with H2O2. This kind of adduct can be labeled {MnOO}6 
[73] by analogy with the Enemark-Feltham nomenclature for Fe-nitrosyl [120]. 
These evolve at ambient temperature leading to MnIII-MnIV di-μ-oxo derivatives 

Fig. 7.9  Reaction in anhydrous medium of KO2 with a MnII-tris-pyridyl-bis-amino complex. On 
the left: Photography showing the blue color of the Mn-OO adduct at −25 °C. Set-up to record 
low-temperature UV-vis spectra, with an immersion UV-vis probe (in black) within a double-
jacket low-temperature cell. On the right, top: parallel mode EPR spectra showing that a MnIII 
species was obtained. Recording conditions: microwave power 2 mW; modulation amplitude 5 G; 
modulation frequency 100 kHz; time constant 40.96 ms; T = 5 K; parallel mode: υ = 9.417 GHz. On 
the right, bottom: UV-vis spectra recorded using the immersion probe (photo on the left) (a) black 
dash line: spectrum of the MnII-tris-pyridyl-bis-amino complex (b) blue plain lines: spectra of 
recorded at different times during the formation of the MnOO intermediate (arrows indicate grow-
ing absorption with time). Adapted from [107]
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that were characterized by their UV-vis and EPR characteristic 16-lines spectra 
[97]. The pathway leading to MnIII-MnIV-di-μ-oxo structures is a dead-end for the 
catalysis of the superoxide dismutation and must be avoided for efficient SOD mim-
ics with a high turnover. This dimerization into MnIIIMnIV derivatives can be steri-
cally precluded and indeed, in the case of coordinatively saturated MnII 
complexes—hexacoordination in [Mn(TMIMA)2]2+—or bulky ligands—picolyl 
moieties in BMPG—no dimer MnIII–MnIV-di-μ-oxo was obtained upon reaction 
with superoxide [40].

The complexes in the series showed different hydration state, with complexes 
bearing zero, one, or two water molecules coordinated to the MnII ion. The con-
sumption of superoxide as a function of this hydration level in anhydrous DMSO 
was studied, providing insight into the capacity of the complexes to cycle between 
the MnII and MnIII redox states in the course of the reaction with superoxide [97]. As 
shown in Table 7.2, only one equivalent was consumed with [Mn(TMIMA)2]2+ and 
[MnII(IPG)(MeOH)]2+ for which no water molecule was bound to the MnII ion. But 
with [MnII(BIG)(H2O)2]+, isolated in water and bearing two coordinated water mol-
ecules, five equivalents of superoxide were consumed. With [MnII(BMPG)(H2O)]2+ 
three equivalents of superoxide were consumed. Note that water introduced in 
DMSO at the same concentration (that is twice that of the complex for a comparison 
with [MnII(BIG)(H2O)2]+, and that of the complex for a comparison with 
[MnII(BMPG)(H2O)]2+) did not react efficiently with superoxide in the absence of 
complex. These observations clearly indicate the ability of the complexes from this 
series to react with superoxide with a stoichiometry higher than one when water is 
present. As rationalized in Fig. 7.10, the numbers of equivalent of superoxide con-
sumed are consistent with the cycling between MnII and MnIII.

�In Water [40, 73, 97, 105, 106]

The reactivity with superoxide was studied in water using the indirect assay devel-
oped by McCord and Fridovich (see insert), which produces a slow and continuous 
flow of superoxide reminiscent of what is found in biological environments. All the 
complexes were found to be active, with kinetic constant kMcCF (see insert) of the 
order of 106–107  mol−1  L  s−1. The study in anhydrous conditions with different 
hydration levels suggested the ability of the complexes to react with superoxide 
with several turnovers. But, to ascertain their ability to be true SOD mimics and to 
catalytically dismutate superoxide, which is not straightforward with the Fridovich 

Table 7.2  Superoxide O2
•− consumed by reaction of KO2 with Mn-complexes in anhydrous 

DMSO (eq./complex). See [97]

[MnII(TMIMA)2]2+

[MnII(IPG)
(MeOH)]2+

[MnII(BMPG)
(H2O)]2+

[MnII(BIG)
(H2O)2]2+ H2O

Bound H2O 0 0 1 2 –

Consumed O2
− 1 eq. 1 eq. 3 eq. 5 eq. 0 eq.
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assay (see insert), reactivity was studied using pulsed radiolysis [40, 73]. A pulse of 
high concentration of superoxide can be produced in oxygenated aqueous solution 
in the presence of alcohol [121] upon irradiation. Superoxide disappearance in the 
presence of the SOD mimic at different concentrations can be followed at 270 nm 
(ε = 1479 L mol−1 cm−1) [121–124]. Another way to investigate reactivity in large 
excess of superoxide is to use stopped-flow fast kinetic measurements with a highly 
concentrated solution of KO2 in DMSO and rapid mixing in water [125]. Kinetic 
constants consistent with that from the McCord and Fridovich assay were obtained 
by pulsed radiolysis [40, 73] and more recently by stopped-flow [168].

Within this series, a correlation could be found between the kinetic constants 
derived from the McCord–Fridovich assay and the half-wave MnIII/MnII potentials, 
with a negative slope (see Fig. 7.12, ∆ markers). Within this series, as E½(MnIII/
MnII) > Emidpoint, the SOD activity can be improved by lowering E½ to Emidpoint, and 
hence by a stabilization of the MnIII state [E½ are defined as (Eanodic peak + Ecathodic 

peak)/2]. Increasing the stabilization by imposing a Jahn–Teller distortion through a 
higher size metallacycle was efficient and led to the isolation of stable MnIII com-
plexes but poorer catalysts, probably because of an excessive MnIII stabilization 
([MnIII(PhI)2]+ and [MnIII(PhIIm)2]+, with (6) indicating a 6-membered metallacy-
cle, see Fig. 7.8) [106].

These studies on the reactivity of these true SOD mimics were performed outside 
any cellular context and correspond to the intrinsic activity previously defined (see 
Sect. 7.2.4). As already mentioned, they are necessary, but not sufficient to ascertain 
bioactivity. Understanding and controlling inorganic compounds inside cells 

Fig. 7.10  Schematic rationale for the number of superoxide equivalents consumed in anhydrous 
DMSO upon the number of bound water molecules. See [97]
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requires new approaches to translating our knowledge in inorganic chemistry from 
the round-bottom flask into biological media and cells. Studies in bacteria or cells 
are still scarce, with the exception of SOD-deficient E. coli and S. cerevisiae that are 
potentially rescued by efficient SOD mimics [101, 126–128]. Recently, mammalian 
cellular models have emerged [108, 129, 130]. Macrophages are ideal cells to study 
SOD mimics under oxidative stress conditions. Interestingly, quantification of reac-
tive oxygen species using an ultramicroelectrode can be performed at the single cell 
level [131]. One of the complexes of the SOD-inspired series, namely [MnII(enPI2)]+ 
(see Fig. 7.8), was shown to efficiently reduce the flow of reactive oxygen species 
(ROS) with a major reactivity toward the superoxide radical, evidenced through an 
assay using ferricytochrome c in the extracellular medium (extracellular McCord–
Fridovich assay) [108].

7.4.2  �Strategies to Control the Redox Potential

In the series presented above and directly inspired by the active site of MnSOD, the 
variation of activity (log(kcat)) with redox potential shows a negative slope (see 
Fig. 7.12). Other groups have worked on the modulation of the redox potentials of 
MnIII/MnII redox couple. Walton et al. have developed a series of MnIII complexes 
based on a 1,3,5-triaminocyclohexane central scaffold, with three amino moieties in 
cis configuration that were grafted with para-substituted phenols (see Fig 7.11b). 
MnIII complexes were isolated with octahedral Mn coordinated to three amine and 
three phenolato moieties [132]. The redox potentials, measured in DMF, were 
shown to vary over a volt with para-substituents such as methoxy, methyl, chloro, 
nitro [132], and tri-methylammonium [133]. The complexes were reported to dis-
play an SOD-like activity [133].

A thorough study regarding the effects of the modulation of the redox potential 
variation was performed by the group of Batinić-Haberle et al. For more than 15 
years, they have been developing a large family of porphyrins, stable in aerobic 
conditions at the MnIII state. They show a redox potential smaller than the redox 
mid-point optimal for superoxide dismutation, Emidpoint. In this case, increasing the 
redox potential goes with an increase in activity (see Fig. 7.12). Metalloporphyrins 
are interesting molecules for a chemist aiming to mimic biological structures. First, 
porphyrins are valuable and versatile structural scaffolds, with a large range of pos-
sible modifications at the meso- or ß-positions. In porphyrins bearing bulky substit-
uents—ortho-functionalized phenyl, 2-N-alkylpyridyl, or N-alkyl-2-imidazolyl on 
the meso- position, see Fig. 7.11a—the substituents are perpendicular to the average 
porphyrin plane, with atropisomerism and the possibility of constructing a molecu-
lar scaffold above and below the porphyrin. This atropisomery has been used since 
the mid-1970s to develop superstructured porphyrins as mimics of hemoproteins 
[134–137]. In addition, the 3D-structure of these functionalized porphyrins renders 
them less prone to interaction with DNA [126], known to occur with more planar 
porphyrins, such as the para-substituted-pyridinium (see MnIIITM-4-PyP5+ in 
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Fig. 7.11  (a) Structures of the Mn SOD mimics discussed in this chapter: structures of the MnIII 
porphyrins. See: [23, 102, 126, 139, 141–144] and for MnIIITM-4-PyP4+/peptide see [126, 130, 
142]. (b) Structure of the Mn SOD mimics discussed in this chapter: M40403 [99, 140], M40401, 
M40404 [140]; MnIICnMe2Pyane [145]; EUK207 [23]; MnIIIcis-TACH-N3O3 [133]; 
MnII(ABCDSA) [146]. Note that some Cl− ligands have been seen in the solid state, but they are 
not shown here as there is most probably dissociation in water medium
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Fig. 7.11a, [138]). Porphyrins are efficient ligands, with high association constants 
and inertness for the metal complexes, although Mn has been shown to be lost in 
some rare cases for the reduced MnII form [23]. Electronic effects are easily propa-
gated in these aromatic structures and redox potentials of the coordinated metal ions 
can be varied by functionalizing the porphyrin moiety with electroactive groups. 
Batinić-Haberle et al. prepared a wide series of MnIII porphyrins showed to be true 
SOD mimics [23], using pulse radiolysis for instance [139]. Modulation of the 
redox potential over a wide range (800 mV) was achieved by functionalization with 
electron withdrawing groups (EWG) in meso or ß-positions, namely N-alkylpyridyl 
(PyP) or bis-N-alkylimidazolyl (ImP) groups (see Fig. 7.11a).

EWGs increase the electron deficiency on the metal center, which goes against 
oxidation into MnIII. This favors low oxidation state and induces an increase in 
redox potential: the potential moves from negative values into the region of optimal 
E½, i.e., to a redox potential which is closer to the Emidpoint. As expected, this varia-
tion was associated with an increase in activity, as shown in Fig. 7.12. Note that 
electrostatic effects are also important determinants of the activity and they will be 
discussed in Sect. 7.4.3.

Figure 7.12 shows dependence of log(kcat) as a function of E½ for a series of SOD 
mimics based on MnIII/MnII couples (see Table  7.3 for the data and references). 

Fig. 7.12  Redox potentials (in water) and logkcat(O2
−) for a series of MnIII/MnII SOD mimics. 

Triangles, up-ward: MnII complexes directly inspired from SOD active site (see Sect. 7.4.1); tri-
angle, black: M40403 (MnII); triangle blue, down-ward: MnII(ClO4)2 (MnII-hexa-aqua); open-
squares, purple N: negatively charged porphyrins; square with a cross, pink: MnIII porphyrins, 5+ 
charge. See Table 7.3 for the data and references. Inspired from [23, 40, 126, 139]
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MnIII/MnII SOD mimics can be classified into two subgroups, those displaying a 
redox potential smaller than Emidpoint (0.36 V vs. NHE), which is the case of most 
MnIII porphyrins and for which an increase in potential is favorable to the SOD 
activity, and those with a redox potential higher than Emidpoint, which is the case of the 
MnII-N3O complexes previously described. Interestingly, for MnIII porphyrins, the 
correlation log(kcat) = f(E½) was shown to reflect the Marcus equation for outer-
sphere electron exchanges [126, 139] with a tenfold increase for each 120  mV 
increase in E½, suggesting an outer-sphere electron transfer.

In the case of the series of the cyclic polyamines series, it was found that the 
redox potentials of the MnIII/MnII couples determined in ACN do not correlate with 
the activity (see M4040x in Fig. 7.11b and Table 7.3), suggesting a mechanism that 
does not involve SOD-like dismutation, but does involve the interaction superoxide 
with a MnIII-peroxo intermediate [140].

Table 7.3  Redox potentials of several manganese-SOD mimics based on a MnIII/MnII redox 
couple

SOD mimics E½ (V vs. NHE) Log kcat References

MnIIITE-2-PyP5+ 0.228 7.76 [126]

MnIIITM-2-PyP5 0.220 7.79 [126]

MnIIITE-3-PyP5+ 0.054 6.65 [23]

MnIIITnHex-2-PyP3+ 0.314 7.48 [23]

MnIIITnBuOE-2-PyP5+ 0.277 7.83 [23]

MnIIITMOE-2PyP5+ 0.251 8.04 [139]

MnIIITDMOE-2-ImP5+ 0.365 7.59 [139]

MnIIITCPP3- −0.194 4.56 [126]

MnIIITFTMAP5+ 0.058 6.02 [126]

MnIIITTMAP5+ −0.100 5.11 [126]

MnIII(2,6-Cl2-3-SO3-P)3− 0.088 6.00 [126]

MnIIIBr8TCPP3− 0.213 5.07 [144]

MnIIIsalen(EUK207)+ −0.130 6.30 [23]

M40403 (MnII) 0.525 (ACN) 7.08 [140]

M40404 (MnII) 0.452 (ACN) 6.55 [140]

M40401 (MnII) 0.464 (ACN) Inactive [140]

MnIIIcis-TACH-N3O3 0.31 5.95 [133]

MnII(BIG)+ 0.80 6.18 [40]

MnII(IPG)+ 0.77 6.28 [40]

MnII(TMIMA)2
2+ 0.71 6.55 [40]

MnII(BMPG)+ 0.56 6.68 [40]

MnIII(PI)2
+ 0.52 6.82 [40]

MnII(enPI2)+ 0.45 6.85 [105]

Self-dismutation – 5.7 [23]

SOD 0.2–0.40 8.8–9.3 See 
Table 7.1

MnII(ClO4)2 1.51 6.11 [23, 40]

E½ = (Eanodic peak + Ecathodic peak)/2
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Although the compounds presented in Fig. 7.12 are of quite different molecular 
structures (see Fig. 7.8 and 7.11a, b), with porphyrinic and 1,2-amino-based ligands, 
they fall on the same bell curve with a maximum activity recorded for compounds 
with a redox potential close to that of SOD, as expected. The correlation also extends 
to corroles or billiverdins through their MnIV/MnIII redox potential, FeIII/FeII porphy-
rins, stoichiometric scavengers such as nitroxides oxidized into oxo-ammonium, 
and CeIV/CeIII in nanoparticles of cerium oxide (CeO2) [23, 126, 128, 138, 139, 
141]. These observations strengthen, if necessary, the idea that activity can be opti-
mized by tuning the redox potential.

7.4.3  �Electrostatic Attraction and Other Effects Modulating 
the Intrinsic Activity

All the pairs (E½, log(kcat)) do not fall exactly on the correlation in Fig. 7.12. The 
scatter reflects factors other than the thermodynamic E1/2 impacting the reactivity, 
such as electrostatic effects, shape, or local dipolar effects [23, 142, 144]. 
Electrostatic effects associated with superoxide attraction and interplay with the 
lipophilicity inducing solvation/desolvation effects come into play to modulate the 
redox potential [139, 144].

An exception in the previous correlation is seen in Fig. 7.12 with the negatively 
charged MnIII porphyrins. For instance, the porphyrin [MnIIIBr8TCPP]3− shows a 
redox potential for the MnIII/MnII redox couple very close to that of [MnIIITE-2-
PyP]5+ but with a kinetic constant 100-fold smaller. This was rationalized by an 
impaired interaction between the negatively charged porphyrin and the negatively 
charged superoxide [142].

In the case of the porphyrins series developed by Batinić-Haberle et al., the qua-
ternarization of the pyridyl and imidazolyl in the ortho position, leading to posi-
tively charged pyridinium or imidazolium moieties conjugated with alkyl or 
polyether chains, was proven to be quite a valuable strategy with cumulative favor-
able effects [23]. In this series of positively charged MnIII porphyrins with N-alkyl 
in ortho-position and for each individual MnIII porphyrin, a decrease in kcat upon 

increase in ionic strength (I) was observed with linear correlation between log(kcat) 

and 
I

I1+
 [139, 142, 147]. This observation, similar to that observed for proteins 

themselves, clearly reveals a favorable electrostatic interaction between the nega-
tively charged superoxide and the positive MnIII porphyrins catalysts that is shielded 
when I increases. A very weak dependence of kcat on I was recorded in the case of 
para and meta-substituted porphyrin [142]. This brings out the role of the charge 
topography: with ortho-alkylpyridinium (MnIIITE-2PyP5+), the charge is distributed 
over a donut above the metal center mimicking closely the topography of the funnel 
in the proteins. In contrast, with the para-alkylpyridinium (MnIIITM-4PyP5+), attrac-
tion is that of an overall charge distributed at the far periphery of the porphyrin, 
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which was proven to be less efficient and a much weaker shielding is observed with 
increase in ionic strength [142]. It appears thus that it is necessary, in this biomi-
metic or bioinspired approach, to reproduce not only the charges but also their 
topology, with attraction along a funnel [147]. Recently, the SOD bio-inspired series 
(see Sect. 7.4.1) was conjugated to oligo-arginine moieties, with 1, 3, 6 and 9 Arg. 
Analyses of the dependence of the kcat with ionic strenght showed that only the two 
or three first arginines were effective in the enhancement of kcat associated with an 
electrostatic effect. This was rationalized by the fact that the long peptide chain was 
most probably topologically disordered [168]. These examples are reminiscent of 
the double topographic effect suggested above in the case of SODs: their overall 
negative charge repels the superoxide ion towards the attractive positively charged 
funnel (see Sect. 7.3.2 and Fig. 7.5).

Some interesting local effects have also been observed with porphyrins function-
alized with alkyl and ether chains. More lipophilic porphyrins were found less sen-
sitive to changes in ionic strength, revealing the importance of local dielectric 
environment [139]. This is an important consideration also for proteins, for which 
dielectric constants are not uniform but modulated by the amino acid side chains 
nearby. In addition, porphyrins functionalized with ether groups were found to dis-
play higher kinetic constants (see Table 7.3) with a stronger dependence on ionic 
strength, probably associated with a higher solvation [139]. As observed in the 
1980s in the course of mimicking myoglobin with iron porphyrins [135], ether 
groups, able to accept hydrogen bonds, either from Fe-hydroperoxo adduct or from 
water, create a local hydration [139] that can play a role in superoxide dismutation 
especially in the reduction reaction, for which protons are necessary.

7.4.4  �Bioavailability and Localization

Bioavailability and cellular distribution are also strong determinants of the bioactiv-
ity of the SOD mimics [23]. Water insolubility can be an issue preventing bioactiv-
ity from being revealed, and strategies have been developed to improve water 
solubility. In parallel, the complexes need to efficiently penetrate into cells, which 
requires amphiphilic properties.

Several groups have developed strategies to conjugate SOD mimics with moi-
eties favoring water solubility. A MnIII salen complex was built onto a cyclodextrin 
(CD) scaffold to efficiently improve the solubility and to take advantage of the CD 
HO•-scavenging properties (MnABCDSA, see Fig. 7.11b, [146]). Functionalization 
of porphyrins by negatively charged moieties, such as sulfonato in MnIII(2,6-Cl2-3-
SO3-P)3—, or carboxylato in MnIIITCCP3−, meant to provide good water solubility, 
is detrimental for electrostatic attraction of superoxide, as discussed above [144]. 
In contrast, quaternarization of the pyridyl or imidazolyl moieties leads to efficient 
water-soluble positively charged SOD mimics, with redox potential tuned by the 
strong electrowithdrawing properties of pyridinium and imidazolium groups [23]. 
Increasing the amphiphilicity by long alkyl chains was shown to be favorable for 
the bioavailability and therapeutic efficacy, but some toxicity associated with 
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detergent effect was observed at concentrations lower than that of lower-alkyl-
chain analogs [128]. Interestingly, substituting the long alkyl chains with ether 
chains led to an increased intrinsic activity (kcat), probably due to a solvation cavity 
and local polarity with an efficiency to restore normal growth in SOD-deficient 
yeast [143].

In a similar approach aimed at modulating lipophilicity, MnII-cyclic polyamine 
complexes were conjugated with long alkyl chains in MnIICnMe2Pyane [145]. The 
authors showed a tendency of the resulting compounds to form aggregates or 
micelles. Despite a lower thermodynamic stability and a lower reactivity toward 
superoxide, as determined by stopped-flow measurements, in comparison with the 
unsubstituted analog, cell studies revealed a beneficial effect on preventing lipid 
peroxidation at low concentration of the lipophilic complex [145].

Para-substituted pyridinium porphyrins (MnIIITM-4-PyP5+) were also associated 
with a catalase-polyethyleneglycol (cat-PEG) moiety [148, 149] with the double 
objective of enhancing the MnIII porphyrin half-life in blood circulation and conju-
gating SOD with catalase activity for antioxidative stress applications in the plasma, 
such as ischemia-reperfusion injuries. In these physiopathological conditions, ROS 
are produced when blood circulation is re-established again in a de-perfused tissue, 
causing oxidative damages to proteins and lipid membranes.

Cellular recognition is also a key parameter of bioactivity. M40403 was conju-
gated to a galactose moiety [150] to encourage interaction with lectins, proteins that 
play an important role in recognition processes at the cell-membrane surface. 
Porphyrins functionalized with lactose were also developed with the same goal 
[151].

Intracellular targeting to mitochondria can be favorable for bioactivity, since 
superoxide potential overproduction occurs primarily in mitochondria. Asayama 
et al. have developed a porphyrin functionalized with a mitochondria-targeting pep-
tide (MnIIITM-4-PyP-peptiden+), which showed a sixfold decrease in kcat in compari-
son with the unsubstituted porphyrin (1.8 × 106 and 11 × 106 mol−1 L s−1, respectively, 
measured by stopped-flow technique), but with mitochondrial accumulation. 
Protection against lipopolysaccharide toxicity on murine macrophages was more 
efficient than with the non-conjugated analog [130].

More generally, MnIII porphyrins developed by Batinić-Haberle et al. are posi-
tively charged, exhibiting hydrophobic to amphiphilic characteristics and spontane-
ous accumulation at mitochondria [102], which was suggested as the reason for 
their efficiency in restoring growth in SOD-deficient E. coli and yeast mutants (see 
Sect. 7.4) [101].

Smith and Murphy have functionalized antioxidants like vitamin E with triphe-
nylphosphonium moieties showing strong accumulation at mitochondria [93]. 
Recently, they have functionalized M40403 (TPP-M40403) with the same moiety 
[152]. The resulting derivative showed an intrinsic activity tenfold higher than the 
non-conjugated M40403, a 3000-fold accumulation in isolated mitochondria with 
an efficiency to protect mitochondrial aconitase from inactivation upon paraquat 
stress [152].
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The subcellular distribution of MnSOD mimics are actually key to the antioxi-
dant activity and new techniques are emerging to better characterize them [153]. 
These are important directions for future research in this field.

7.5  �Conclusion

Superoxide dismutases are proteins that have been gradually carved by evolution to 
perform very effective catalysis of the superoxide dismutation aimed at protecting 
cells against damages from oxidative stress associated with superoxide. On the one 
hand, understanding the determinants for efficient activity at the molecular level is an 
important fundamental challenge. Tuning of redox potential, metal selectivity (not 
discussed here, see [1, 65]), and electrostatic attraction are crucial characteristics and 
mechanisms involved in SODs that have been analyzed along the years. On the other 
hand, in a bioinspired approach, chemists have taken advantage of what has been 
understood from these mechanisms to convey and apply them to the design of effi-
cient catalysts for superoxide dismutation, with potential therapeutic perspective. This 

Intrinsic Activity of SOD Mimics: Assays for SOD Activity in Water
The evaluation of the reaction kinetics of superoxide with a putative SOD 
mimic can be performed using direct or indirect tests. In the indirect methods, 
superoxide is provided at a constant rate and at concentrations close to what 
is encountered in biological systems under oxidative stress, providing a test 
for the ability of the putative SOD mimic to be useful in physiological condi-
tions. However, in some cases it is difficult to distinguish between a catalyst 
and a scavenger (see below). In direct methods, since superoxide can be pro-
vided in large excess in comparison to the putative SOD mimic, unambiguous 
characterization of a catalyst versus a scavenger can be obtained.

Indirect assay: McCord and Fridovich test
The paradigmatic indirect assay is the McCord Fridovich test, which was origi-
nally set up to establish the activity of SOD [51]. In indirect assays, a continu-
ous flow of superoxide is produced, usually by an enzymatic system, as in the 
McCord–Fridovich test: xanthine-oxidase oxidizes xanthine to urate, with spe-
cific conditions (pH, O2) chosen in order to maximize the re-oxidation of the 
reduced enzyme with the release of superoxide [154]. The assay is based on a 
kinetic competition between the putative SOD mimic or SOD itself and a redox 
indicator that changes in color upon reacting with superoxide. The UV-vis. 
indicator is necessary since the flow in superoxide (1.2 μM min−1 [155]) is too 
low and the absorption coefficient of superoxide too weak to enable a direct 
spectrophotometric detection. The most frequently used indicators are cyto-
chrome c FeIII reduced in cytochrome c FeII, or nitro-blue tetrazolium (NBT) 
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reduced into formazan. Because NBT is not very soluble new tetrazolium salts 
leading to more soluble formazan forms have been developed [156]. A 50 % 
inhibition concentration (IC50) is determined, which corresponds to the con-
centration in the SOD mimic or SOD that reduces by 50 % the speed of the 
reduction of the indicator. IC50 values are dependent both on the nature of 
the indicator used and on its concentration: for a given putative SOD mimic, 
the smaller the detector concentration, the smaller the IC50 value. An impor-
tant consequence is that IC50 values are not appropriate for comparisons 
across the literature. But from the measured IC50 values, an apparent kinetic 
constant value (kMcCF) can be calculated, which is independent of both the con-
centration and the nature of the detector [40].

At the IC50 concentration, superoxide reacts at the same speed with the 
detector and the putative SOD mimic:

	
k IC kMcCF detectorO detector O× × éë ùû = ×[ ]× éë ùû

- -50 2 2
• •

	

Then, kMcCF = kdetector · [detector]/IC50 [40, 157].
In the case of cytochrome c FeIII as the detector, kCyt c (pH = 7.8; 

21 °C) = 2.6 × 105 mol−1 L s−1 [158]. In the case of NBT, kNBT (pH = 7.8) = 5.94 
× 104 mol−1 L s−1 [159].

Reliability of the McCord–Fridovich Assay [40, 160, 161]:
It is necessary to check that the putative SOD mimic does not inhibit the pro-
duction of superoxide by xanthine oxidase. This can be performed by the 
determination of the rate of conversion of xanthine to urate. The putative SOD 
mimic should not react with ferri or ferrocytochrome c. Ideally, this should be 
checked for both redox states of the SOD mimic, but is not always possible.

A second important point to consider is the steady state in superoxide in 
this assay. Under canonical conditions, the test produces about 1.2 μM min−1 
[155] and lasts about 10  min [162]. During this 10-min period, 12 µM of 
superoxide will have been produced and half of the superoxide has reacted 
with cytochrome c FeIII and half with the putative SOD mimic. Hence, at IC50 
higher than 6 μM, the turnover of the SOD mimic in the experiment per-
formed at the IC50 concentration is not more than one. To ensure a catalytic 
nature would require high turnover number and this is obtained for IC50 much 
smaller than μM. This is the case with SOD but generally not for most SOD 
mimics.

The cyt c assay has been shown to be free of artifacts in the large majority 
of cases and worked with a wide range of SOD mimics tested so far and its 
validity has been checked by stopped-flow and pulse radiolysis [73, 163]. The 
frequently used NBT (nitrobluetetrazolium) assay has artifacts as the assay 
also produces superoxide [164]. Moreover, NBT can be reduced to NBT• radi-
cal (which disproportionates to blue formazan) by superoxide and numerous 
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is at the very heart of the bioinspired approach, with dual interest: to develop chemical 
models to improve the understanding of physicochemical processes in natural sys-
tems, and also to learn lessons from Nature to generate efficient artificial systems. 
SOD mimic designing is a paradigmatic field in realizing these goals.
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