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Abstract. Transition metal (d-group) ions are widespread in nature, essential for structural characteristics and mechanistic
specificity of many proteins. Iron and copper are the two most prevalent metals in proteins responsible for the storage and
transport of molecules, ions, and electrons. Electron paramagnetic resonance (EPR) spectroscopy has been extensively used
for the determination of these metal ions without extensive disruption of the native protein moiety. It also detects variations
in coordination geometry due to ligand substitutions as well as multiple valencies of the same metal. This review highlights
the unique application of EPR spectroscopy to the study of iron and copper in biological systems. Mention is made of a select
number of other metalloproteins.
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1. Introduction

In this overview, the way in which EPR spectroscopy has been of use in the study of selected met-
alloproteins is presented. The dominant metals are iron and copper, being most abundant in biological
systems. The more minor species like manganese, cobalt, and molybdenum are mentioned also in their
roles in metalloprotein chemistry. Most of the discussion is on metal ions complexed in protein moieties,
in contrast to hydrated ‘free’ metal ions to which water molecules are bonded as ligands. Since ligands
form basis of coordination geometry, hydrated ions are symmetric by default while protein-bound metals
have variable symmetries. Spectroscopic signatures of the metal ions would depend on types and num-
bers of ligands attached even if their oxidation states remain the same. These species are distinguishable
by EPR spectroscopy through interaction of electron spin and their different orbital arrangements.

The EPR spectroscopic act rests essentially on the energy difference,∆E, between the two possible
spin states Ms= +1/2 and Ms= −1/2 of an electron when an external magnetic field is applied. Under
appropriate instrumental conditions, transition between these two levels can be induced by applying
an oscillating electromagnetic field of resonant energy equal to∆E, to the electron. The value of∆E
depends on the environment of the hypothetical ‘free’ electron. It needs to be stressed that the electron
must not be paired as pairing will annul the magnetic moments of either electron, both being aligned
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in mutually opposite spins. Two very important parameters are the spectroscopic index (g-values), and
hyperfine constants (A-values), both of which represent signatures for different paramagnetic species.
Theg-value is a measure of electronic interaction between the unpaired electron and the applied magnetic
field. For the ‘free’ electron, theg-value (ge) is 2.0023, called ‘free spin’. Because there are several
factors associated with the electron, e.g., the nucleus, orbital motion, and other electrons, trueg-values
are different fromge. Hyperfine coupling constants are measures of interactions between the electron
and its nucleus and also nuclei of adjacent atoms directly bonded or further away. Further treatment of
theory of EPR spectroscopy can be found in the literature [1,2].

2. Iron proteins

Iron is the single most abundant metal in biological systems, occurring mostly in respiratory proteins.
Haemoglobin and myoglobin are two most abundant iron-containing proteins. The strategic presence of
iron in the haem facilitates transportation and storage of oxygen by the two proteins, respectively. Re-
versible binding by carbon dioxide in the forms of carbonic acid and carbamino compounds in concert
with a pH differential (Bohr effect) facilitate the gaseous exchange mechanisms through the lungs. Both
proteins are structurally similar except that haemoglobin is a tetramer of the myoglobin-type structure.
Other iron-containing proteins found in large amounts are ferritin, transferrin, and haemosiderin. Cy-
tochromes and cytochrome oxidases are iron-containing proteins responsible for electron transport in the
mitochondria. Several iron proteins are found in relatively smaller amounts.

Detection of iron by EPR spectroscopy depends in principle on the presence of unpaired electrons
in resting or intermediate reactive species. As a rule of thumb, electronic configurations of d-group
metal ions which can be detected by EPR spectroscopy would contain d1, d3, d5, d7, and d9 terms. The
presence of an odd number of electrons results in at least one unpaired electron being available for EPR
transitions. [3]

Iron in the monovalent state FeI has the d7 configuration with spin values = 1/2 arising from a
distribution into two sets of non-degenerate d-orbitals to give t6

2ge
1
g. Promotion of the residual 4s1 electron

to the 3d-orbital however would require such a large amount of energy that constituent protein moiety
close to the iron may be affected structurally. If at all possible, the EPR spectrum would comprise a
doublet of lines arising from a spin values = 1/2. Divalent FeII specie is a d6 configuration with two
possibilities of spin states; a low spin t6

2ge
0
g and a high spin t4

2ge
2
g depending on crystal field splitting

energy of associated ligands. Their respective spin values are hences = 0 ands = 2, both of which are
not observable by EPR. Detection of nitrous oxide by binding to ferro-hemoproteins is due to formation
of the Fe–N=O complex in which nitrogen p-orbital overlaps with the Fe d-orbital such that the unpaired
electron is mainly localised on the NO ligand. The iron has a spin 3/2 [4,5].

The trivalent state FeIII has d5, a most stable configuration with possibilities of two spin states; low spin
t32ge

2
g and high spin t52ge

0
g. Their respective spin values of 5/2 and 1/2 are both detectable by EPR, exhibit-

ing many spectral characteristics depending on ligands, molecular environment, and solvent medium.
The tetravalent state FeIV d4, t42ge

0
g has a spin values = 1 which is not detectable by EPR. This is the

form of Fe in the oxo- complex of haemoglobin after its reaction with hydrogen peroxide, known as
ferryl species. Proof of formation of the ferryl [FeIV =O] specie by EPR spectroscopy was obtained from
its one-electron reduction to the easily detectable FeIII derivative [6]. Thes = 2 state may be expected
from an energy equalisation of the t2g and eg levels so that four unpaired electrons are singly filled into
four of the five degenerate energy levels∆ = 0. This however is purely hypothetical. Pairing of the four
electrons in two levels to gives = 0 is also not possible.
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(a) (b)

Fig. 1. First derivative X-band EPR spectrum for methaemoglobin showing (a) high spin features of FeIII at g = 6, low field,
(b) low spin FeII features atg = 2.855, 2.226, and 1.794, mid-field.

Pentavalent iron FeV, d3; (t32ge
0
g) has a spin values = 3/2 and its EPR spectrum has been observed

mostly in inorganic oxo-complexes [7]. It is also the constituent of compound I intermediate obtained
during the catalytic turnover of catalase, horseradish peroxidase, and cytochrome c peroxidase [7]. The
alternative configuration d1 (t12ge

0
g) in which the 4s orbital is full, with a spin value ofs = 1/2 will also

give an EPR spectrum but this is not favoured on energy considerations. Under very powerful oxidising
conditions the hexavalent specie FeIV may be obtained. With a configuration of d0 (t02ge

0
g) and spins = 0,

an EPR spectrum is not expected. However the one electron adduct of oxyhaemoglobin has been detected
by EPR spectroscopy with well resolved features indicating formation of FeO−

2 in which an electron is
added to the oxygen antibonding orbital. The features are so specific that FeO−

2 units ofα- andβ-chains
are distinguishable by characteristic EPR spectral parameters. Proton addition to FeO−

2 species results in
oxidation to the FeIII state as in methaemoglobin with differentg- andA- values depending on the state
of thermal relaxation [8].

Figure 1 shows typical EPR spectra for FeIII derivatives of haemoglobin in high and low spin spec-
troscopic states. The distinguishing features are the field positions at which resonance occurs. More
precisely these are translated tog-values, considering variations of frequencies of microwave applied.
The X-band spectrum for high spin state shows strong features atg = 6 and a complimentary weak
absorption at close to free spin,g = 2. High spin FeIII may also show up atg = 4.3 due to quantum
mechanical mixed states. For the low spin form three lines can be observed atg-values of 2.82, 2.20, and
1.67, all of which arise from the same transition in axial symmetry exhibitinggx, gy, andgz orthogonal
character of a tensor. As the ligand at the sixth coordination position changes, including pH effects, the
symmetry of the central metal iron also changes creating distortions from rhombic to axial symmetry.
This is a consequence of Jahn–Teller effect. If theg-values of low spin FeIII spectra were plotted to
displaygx in a linear format, thegy andgz have been shown to follow a trend as shown in Fig. 2 [6].
The convergence point of allg-values is at ‘free spin’. This therefore is a display of EPR spectroscopic
parameters as geometry changes from axial to rhombic symmetry.

Two amazing proteins ferritin and haemosiderin, have capacity for storage of iron (up to 500) in the
form of FeIII with gated channels for release as per demand. The stored species is a special form of
Fe2O3, which in nature is the hard mineral oxide of iron. Because of a high concentration of FeIII in the
storage ‘cluster’, EPR spectra of ferritin and hemosiderin are broad lines unlike those observed for dilute
solutions of haemoproteins like haemoglobin and myoglobin [9].
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Fig. 2. Trends in theg-values for a range of low spin FeIII complexes showing convergence ofg-values to ‘free spin’.

Because of the very large number of red cells in circulation, and their high turnover, there is potential
for a high amount of iron to be present in circulation as hematin or free iron mostly in the FeIII form.
Occurrence of hydrogen peroxide in general bodily fluids therefore potentiates formation of hydroxyl
radicals via the Fenton reaction:

FeII + H2O2 → FeIII + −OH + .OH.

The hydroxyl radical is usually detected by spin trapping and used also as a quantitative measure of free
iron or hydrogen peroxide in very small biological samples that are not amenable to extensive analytical
procedures [13].

3. Copper proteins

Naturally abundant copper proteins include cerulloplasmin, hemocyanin, and Cu/Zn superoxide dis-
mutase. The CuII ,d9 species contain an odd number of electrons to give a spins = 1/2 and therefore
EPR transitions. With a magnetic momentMI = 3/2, CuII gives a spectrum comprising a quartet of lines.
Major parameters for copper in proteins are the parallel and perpendicular features arising from an axial
type spectrum defined byg// andg⊥ andA// andA⊥. Typical spectra for CuII at 77 K are shown in Fig. 3
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Fig. 3. First derivative EPR spectra for CuII showing differentg-values andA-values for different structural environments.

[10]. It is important to note differences in EPR parameters of the two copper species indicating different
CuII centres by virtue of respective ligand environments. Some works have identified copper centres as
type 1, type 2 and type 3 [11]. The type 1 has an intense blue coloration and a high extinction coefficient
in its electronic absorption spectrum. The type 2 has a weaker absorption spectrum and higher hyperfine
splitting constants (A-values) in its EPR spectrum than type 1. Type 3 comprises pairs of copper so close
there is antiferromagnetic coupling and therefore not detectable by EPR spectoroscopy. On a plot ofA//

vs g// types 1 and 2 are differentiated into groups as shown in Fig. 4. Like iron the copper is complexed
within protein moieties such that hydrated copper ion is not observed except where there has been de-
naturation in which the metal drops free of the protein. In such a case spectroscopic parameters would
be different. A common ligand is nitrogen, usually from the side group of a histidine residue. Nitrogen
hyperfines would therefore show on the copper peaks.

Spectra for FeIII show no hyperfine splitting, since57Fe is in very low abundance (2.15%). However,
since all the others such as63Cu (abundance 69%), have well defined hyperfine splitting, the absence
of any splitting is a good signature for FeIII in biological conditions. The quartet of lines arising from
s = 1/2, MI = 3/2, is generally only resolved for the parallel features which come at low magnetic
fields (highg-values), leaving the perpendicular feature unresolved with an intense peak representative
of a combination of thex andy components. It should be noted that if comparison of data for a range
of CuII complexes is required, corrections should be made for the orbital paramagnetism that reduces
theg-shifts. This is indicated in Fig. 4 [12]. The two copper lines embrace the data for a wide range of
square planar CuII complexes. The lowest line covers the data for CuII complexes that are induced by the
protein structure to move towards the tetrahedral structure usually of CuI complexes.

3.1. Binuclear copper

This is best exemplified by hemocyanin, the respiratory protein in molluscs and arthropods compris-
ing two coppers per oxygen binding site. Gaseous exchange is facilitated by reversible redox reactions
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Fig. 4. Plots showing the grouping of EPR parameters for types 1 and 2 CuII species. Numbers refer to the number of data
points in the cluster.

during which the two coppers cycle between CuI and CuII states simultaneously [12]. In the oxygenated
state both coppers are CuII and there is considerable overlap of d-orbitals resulting in antiferromagnetic
coupling between the unpaired electrons in those orbitals. The effective spin value is zero, hence no
EPR transitions. This is a special case where CuII is not detectable. On selective reduction of one of the
coppers a mixed valence state is obtained allowing detection of the CuII in the presence of CuI [12].

3.2. Cu/Zn SOD

The role of this enzyme, like other superoxide dismutases Fe SOD and Mn SOD, is to convert O.−
2

to hydrogen peroxide and oxygen. It is not always appreciated that O.−
2 is a stable radical anion and

that solutions thereof in aqueous alkali are also very stable. However in neutral solution some HO−
2

radicals are formed. These are very reactive hence an enzyme that converts O.−
2 into O2 and H2O2 is

very valuable. It is important to note that whilst H2O2 is a powerful electron acceptor, HO−2 is a powerful
electron donor. In this enzyme the mechanism of catalysis rest mainly on the redox capability of copper
which moves between+2 and+1 oxidation states during enzyme turnover. The zinc ion which is neither
an electron donor nor electron acceptor is thought to play a purely structural role to support the protein.
The question might be asked however if the zinc does not remotely influence the oxidation potential of
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Fig. 5. First derivative X-band EPR spectrum for MnII centres in tobacco leaf, showing characteristic 6-line features arising
from s = 1/2 andMI = 5/2.

the copper within a structural motif of in the enzyme for specific reactivity. Otherwise replacement of
zinc by a suitably inactive metal would not affect the enzymology of the copper enzyme.

4. Manganese proteins

Manganese occurs in much smaller amounts than iron and copper in nature. As a contributor to electron
transfer in the oxygen evolving photosystem, manganese is widespread in plants. Its presence is easily
determined by EPR, based on MnII , d5, s = 5/2. On interaction with the nucleusMI = 1, a character-
istic set of six isotopic lines is obtained, centred close to free spin. Figure 5 shows MnII lines obtained
from tobacco leaves at 77 K [13]. The mitochondrial superoxide dismutase enzyme contains manganese,
though this is far less abundant than the copper-zinc enzyme. The EPR spectrum for MnSOD shows
features ascribed to high spin. MnIII and MnIV and probably higher oxidation states are reported to be
present in catalases [14,15].

5. Interaction of Fe with hydrogen peroxide

Interaction of hydrogen peroxide with metal irons is generally known to produce hydroxyl radicals.

FeII + H2O2 → FeIII + –OH+ .OH.

Following the discovery by Fenton over a century ago, that H2O2 in the presence of FeII ions reacted with
a range of water-soluble organic compounds and induced extensive damage, there have been different
mechanisms proposed. The most applicable in general, is the Haber–Wiess mechanism. This involves a
one step oxidation to FeIII with formation of the hydroxyl radicals;

FeII + H2O2 → [FeIII –OH] + .OH.

A less well recognized, the Bray–Gorin mechanism, involves two electron transfer as in an oxygen atom
transfer;

H2O2 + R2S→ R2SO+ H2O.
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It is of interest to compare the effect of these two alternative mechanisms with respect to interaction with
haemoglobin. In the Haber–Weiss mechanism the H2O2 moves freely into the channel that leads to the
FeII ion, since it is a water look-alike. This reacts to give hydroxyl radicals which may add to the haem
or damage sections of the protein that are close to its site of formation.

In marked contrast the Bray–Gorin mechanism involves the formation of ferryl iron;

FeII + H2O2 → [FeIV =O] + H2O.

Since ferryl is a major product, this is surely a very important process. However it is often argued that a
two step mechanism is responsible:

FeII + H2O2 → [FeIII =OH] + OH,

[FeIII =OH] + .OH → [FeIV =O] + H2O.

In our view the one step process is preferable. Our work on this reaction showed the rapid formation of
FeIV which was later reduced to FeIII , as in methaemoglobin, by one electron addition at 77 K. Rapid
freeze methods did not show any intermediate FeIII prior to formation of FeIV [6]. On the reactivity of
ferroproteins with hydrogen peroxide, it has been shown that hydroxyl radical is not a primary product.
Hydrogen peroxide first induces denaturation of haemoglobin and myoglobin to release chelatable iron
which then undergoes Fenton reaction with excess peroxide to form hydroxyl radicals [16]. The hydroxyl
radical is usually measured by use of spin traps to form more stable adducts which have characteristic
EPR features. This reaction is of practical importance in the quantitative determination of free iron or
hydrogen peroxide in small biological samples that are not amenable to extensive analytical procedures.

6. Cobalamin

Cobalamin, also known as vitamin B12, is an organic molecule in which a cobalt is 4-coordinated at
the centre of a corrin group, a smaller haem-type structure with 4 nitrogen donor positions. The fifth
position is N-linked to a dimethylbenzimidazole to which is attached a ribose-3-phosphate O-linked
to aminopropanol. The sixth position is occupied by 5′-deoxyadenosyl, but can be replaced by other
substitutes as in the different derivatives of cobalamin.

The CoII nucleus has a d5 configuration with spins = 1/2, and a magnetic momentMI = 7/2. The
EPR spectrum comprises 8 lines as shown in Fig. 6 [17]. In spite of apparent similarities of the haem and
corrin structures iron and cobalt are not biologically interchangeable. This must be due to their redox
potentials being different, an important discriminatory factor in selectivity of biological electron transfer
reactions [18].

A most useful technique for the study of bio-inorganic structures however is to induce electron transfer
by high energy ionising radiation. We have usedγ-radiation for reduction of FeIII and CoIII by one-
electron gain mechanisms to their respective lower oxidation states. In the case of iron characteristic
FeIII features were lost, and for cobalt the resulting CoII species were identified by their characteristic
8-line EPR spectral features [17].
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Fig. 6. First derivative EPR spectrum for CoII centres at 4 K, showing features assigned to spins = 1/2 andMI = 7/2.

7. Electron transfer systems

There are a large number of metalloproteins involved in electron transfer processes of which a few
have been selected which seem to be of special interest. The first is methane monooxygenase, which goes
back to primordial times when methane and nitrogen, rather than oxygen and nitrogen were the major
compounds of the atmosphere. Next is xanthine oxidase for the interesting role played by molybdenum
and Fe/S centres in electron transfer. The third enzyme is cytochrome oxidase. This is a key part of the
electron transfer system in mitochondria in which oxygen is reduced to water in such a way that there is
no release of radical intermediates.

8. Methane monooxygenase

Methane monooxygenase (MMO) is an ancient enzyme which catalyses the conversion of CH4 step-
wise into CH3OH, CH2=O, HCO−.

2 , and finally CO2 with great efficiency, again ensuring that any dan-
gerous intermediates such as.CH3 radicals are not released. There are non-haem iron centres forming
binuclear mixed valence species of the types FeIII –FeII and FeIV –FeIII [19]. These form the nucleus of
electron transfer reactions facilitating the action of the enzyme.

On the mechanism of MMO catalysed oxidation of methane there are different mechanisms proposed,
one a non-radical mechanism [20] and the other a free radical mechanism [21]. In the work using CH3OH
as substrate together with spin traps to capture any radicals formed intense EPR features suggesting
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formation of a carbon centred radical were obtained. Then using13CH3OH, extra doublet features were
detected, confirming that the radicals were H2

.COH [22].

9. Xanthine oxidase

The enzyme is specially designed to convert xanthine to uric acid. This involves the transfer of two
electrons from xanthine to the xanthine oxidase MoIV centre which is reduced to MoIV neither of which
is paramagnetic. However, when electrons are released from the enzyme during turn-over, it occurs in a
sequence of single electron transfers from the molybdenum centre through a relay of iron-sulphur centres
to FAD. The first-formed MoV specie is paramagnetic and therefore EPR measurable, and finally reduced
to the MoIV [23]. In the absence of any FAD oxygen occupies the binding site. This fortuitously forms
O.−

2 radical anions. Spin-trapping of the superoxide radical anion formed by this method is a bench mark
procedure for its generation; a technique popularly used by biochemists [24].

10. Cytochrome oxidase

This enzyme catalyses reduction of oxygen to water without release of any intermediate peroxide
species. There are iron and copper units central to the catalysis which is an electron transfer reaction.
Because of differences in the coordination spheres of the metals and their ligands, their EPR parameters
are different and well distinguishable. The most measurable differences are made at very low tempera-
tures where relaxation rates are low and as close to zero as possible. This is usually at less than 77 K but
better still nearer 4 K.

In this mechanism an electron is delivered by cytochrome c first to a CuII unit which rapidly passes
it on to a FeIII unit. It is then passed on to the FeIII –O2–CuII unit which is relatively close to the inner
membrane of the cell. This generates O.−

2 radical anions some of which are protonated to give HO−
2 . As

more electrons and protons arise, O–O bonds break and finally H2O molecules are formed in addition
to O−

2 , HO−
2 , and H2O2. The pairs of Fe and Cu are well distinguishable by EPR and have been labeled

Cua, Cub and Fea and Fea3. The H3O+ and O2 pass up one of two water channels that converge on the
Fe–Cu unit. They are in our view fail-safe channels in case one becomes ‘blocked’ mechanistically or
energetically. The cytochrome c is regenerated, thereby generating protons and the cation continues to
give HO−

2 and H2O2. The next electron generates OH and H2O and then finally two H2O molecules.

11. Conclusion

We conclude that iron and to a lesser extent, copper, play key roles in many areas of biology. In many
cases, they are essential to the reactions of enzymes. However, in the presence of hydrogen peroxide their
reduced forms, FeII and CuI, are destructively reactive hence they are rarely found free in solution but
as protein-bound species for release only on demand. In all cases the metal ions are detectable by EPR
spectroscopy provided they have unpaired electrons.
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