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Abstract Mossbauer spectroscopy is very important for the characterization of iron
sulfur clusters in biological and synthetic molecules. The electric and magnetic
hyperfine parameters obtained for ’Fe provide valuable information about the
electronic structure of the different iron sites occurring in Fe:S clusters. Although
known since more than four decades, research in this field is very active, revealing
unexpected functions, structures and redox states. In this overview, new aspects of
double exchange and vibronic coupling in a structurally well-characterized two-iron
model compound are discussed, the electronic structure of extremely reduced clus-
ters with all iron in ferrous or even in iron(I) state is elucidated, and an exciting new
type of cubane cluster occurring in oxygen-insensitive hydrogenases is presented.
The latter cluster involves structural changes during function and it supports more
than one redox transition, which may be essential for oxygen protection of the
enzymes.
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1 Introduction

Iron sulfur proteins have been discovered in the 1960s during studies on photosyn-
thetic and nitrogen-fixing bacteria and submitochondrial parts of mammalian cells
[1]. They are distinguished by the presence of inorganic clusters of iron and sulfide
(Fe:S clusters) with one to eight ferric or ferrous ions and about the same number of
‘acid-labile’ sulfides (S?>7). The clusters are covalently bound to the protein, mostly
by coordination to cysteinate sulfur (S™). They represent one of the most ubiquitous
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and versatile prosthetic groups found in biological molecules, abundant in all present
and ancient forms of life [1-4]. Even an inorganic origin or prelude of life with an
iron- and sulfide-based primordial metabolism was proposed [5]. The appearance
of Fe:S clusters, however, is not protein dependent, since vigorous research in bio-
inspired inorganic chemistry has provided a large variety of synthetic monomeric to
tetrameric, or oligomeric iron-sulfur clusters [6], many of which are accurate analogs
of the natural systems.

Iron-sulfur clusters play various physiological roles, with more than 120 distinct
types of iron-sulfur enzymes and proteins known [1, 4, 7]. This is possible partly
because sulfur can occur in different oxidation states, and forms highly covalent
bonds with little energy necessary to make and break bonds. Iron, of course is a
‘fitting partner’ with a large variety of electronic configurations and close-lying redox
states [2]. The chemical versatility allows Fe:S clusters easily to accept, store and
donate electrons, in some cases employing long transport chains like in the linear
assembly of 8-9 clusters in compound 1 of the respiratory chain for aerobic cell
metabolism. Beyond such simple electron transfer, Fe:S cluster can couple electron
and proton transfer. Others have structural roles, or more remarkable, serve as
sensors for Hp, O,, NO, or the iron level in the cell. Some clusters are directly
involved in catalytic steps, in which they bind and activate substrates at a unique
iron site. Recently, the role of cluster formation and enzyme maturation for gene
expression and genetic disorder has captured much attention [8], not least due to the
medical implications [9, 10].

2 Common types of clusters and electronic structures

Iron in the most common Fe:S clusters has the formal oxidation state iron(II) or
iron(IIT) with quasi-tetrahedral coordination environment; therefore it is high-spin
throughout. Mononuclear, dinuclear and trinuclear clusters occur in two oxidations
states, supporting the red/ox couples [1Fe]**/ [1Fe]**, [2Fe-2S]**/ [2Fe-2S]'*, and
[3Fe-4S]'*/ [3Fe-4S]°F, respectively (see Table 1). In the oxidized states, these
clusters are all-ferric, whereas the reduced [1Fe]?* cluster is ferrous and the reduced
[2Fe-2S]'* and [3Fe-4S]°* cluster have one ferrous ion each (mixed valences)
[11]. Four-iron, [4Fe-4S], clusters occur in three oxidation state (3+, 2+, 1+),
although in a particular protein never both redox pairs are supported (they function
either as a so-called low-potential or a high-potential Fe:S protein). The clusters of
higher nuclearity (four and more) are mixed-valent in all oxidation states and show
valence delocalization, predominantly occurring in pairs of formal Fe(IT)-Fe(III)
ions. The underlying double-exchange mechanism [12-14] accomplishes a substantial
contribution to the redox potential of the systems [15].

The Mossbauer parameters of Fe:S clusters are clearly distinct from those of other
biological iron centers, like hemes and non-heme centers with ‘hard’ oxygen and
nitrogen ligands. Particularly the isomer shifts are characteristically low, due to the
short and covalent Fe-S bonds caused by four-coordination and high covalency of
sulfur [21]. Table 1 summarized the basic Mossbauer parameters of Fe:S clusters
with one to four iron sites, whereas comprehensive and detailed descriptions also of
the highly interesting magnetic properties are found in recent reviews [11, 22-24],
including those of the more specific eight-iron and composite clusters.
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Table 1 Typical properties of most common Fe:S clusters

Type Formal valences® Spin §/mms~!(4.2K) |AEqg|/mms™! Ref.
[1Fe]?+ 111 512 0.32 0.5 [16]
[1Fe]** I 2 0.70 325 [16]
[2Fe-2S]** 2xI11 0 0.27 0.6 [17]
[2Fe-2S]'* L,IP i 0.35,0.65 0.6,2.7 [17]
[3Fe-4S]'* 3xII1 3 0.27 0.63 [18]
[3Fe—4S]° {1/111}, TI1¢ 2 0.46, 0.32 1.47,0.52 [14]
[4Fe-4S]'+ {1/}, 2x11d 1 0.5,0.58 1.32,1.89 [19]
[4Fe—4S]>* 2x{II/111} 0 0.42 1.12¢ [19]
[4Fe-4S]3* {TI/1I1}, 2x111 1 0.4,0.29 1.03,0.88° [20]

aMixed-valence pairs are indicated by brackets {-}
PTwo subspectra for localized Fe(IIT) and Fe(II) sites
¢Two distinct subspectra with intensity ratio 2:1
dTwo subspectra with intensity ratio 1:1

¢ Average value from non-resolved subspectra

3 Exchange and double-exchange in a synthetic [2Fe-2S] compound

Synthetic analogues for biological [2Fe-2S] cores are well established in bioinorganic
chemistry [6], although terminal ligands other than thiolates, like the histidine-
nitrogens in so-called Rieske clusters, are still rare (see ref. in [25]). Mdossbauer
spectra of a Rieske-type model complex with an asymmetric set of ligands have
been published only recently [26]. Most reported analogues of [2Fe-2S] sites have
been synthesized exclusively in the all-ferric state, while the mixed valent [2Fe-2S]'*
state could, if at all, only be accessed by electrochemical methods in solution [27];
Gibson and Beardwood generated the first such reduced [2Fe-2S] cluster [28].
Although neither the molecular structures nor the magnetic susceptibilities could
be determined, the electronic structure could be studied in solution by EPR and
Mossbauer spectroscopy. That compound was the first Fe:S dimer with partial
valence delocalization and competing exchange and double exchange interaction
[29]. Now we could investigate a similar complex with mixed valent [2Fe-2S]'* core,
which was crystallized, so that metric details could be related with the electronic
structure; and also magnetic susceptibilities could be measured with a powder
sample [25].

Two distinct iron sites are found, but the isomer shifts and quadrupole splitting
(6 = 0.47 mm/s, AEg = 1.41 mm/s, and § = 0.69 mm/s, AEg = 2.90 mm/s) deviated
from typical values known for ferric and ferrous ions (see also Table 1). Comparisons
with suitable reference systems, as well as the empirical correlation [30] §(x) =
[1.43-0.40-x] mm/s, found for § and the oxidation number (x) of FeS, units, revealed
a mixing coefficient of 20% for the electronic configurations [Fe?*—Fe3*] (“A”) and
[Fe**—Fe*] (“B”) (i.e. a> = 0.8, b> = 0.2 for P = ap«,» + bap«y»). Magnetic
susceptibility measurements reveal antiferromagnetic coupling of the iron sites.
The effective coupling constant (Jeg = —134 cm™'; for H = —2JS,S,), however,
comprises the combined and competing effects of exchange interaction, intrinsic
electron transfer (double exchange) [12-14] and charge localization [15] due to static
and vibronic coupling to the environment [31-36].
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The values of J.¢ and aZ can be rationalized by using a phenomenological model
that describes the energies of the spin states of a mixed-valent iron dimer in terms
of the exchange coupling constant J, a double exchange parameter B to account for
delocalization, and an effective energy difference Ap of the configurations “A” and
“B” that summarizes the charge-localizing contributions from static site differences
as well as vibronic coupling. The eigenvalues of the double-exchange Hamiltonian
are given as [14, 15, 29, 37]:

Ei(S):—JS(S+1)j:1/2\/A3“94r13'2(25‘+1)2 1)

where the subscripts (+) denote the ‘gerade’ and ‘ungerade’ solutions, the splitting
of which corresponds to the energy of the intervalence band, Ay, = |E4(S) — E_(S)|
for spin S = 1/2 here, whereas the effective coupling constant is given by the energy
difference of the ground state doublet and the excited quartet, Jeg = 1/3|E_(1/2) —
E_(3/2)|. Unfortunately, the intervalence band cannot be directly detected neither
here nor for other [2Fe-2S]'* clusters, presumably because of unfavorably low
energy.

The mixing coefficient a® can be given in closed form as a function of Aag/J and
B/J [29]. However, with the input of only two experimental variables, Jog and a,
the equations cannot be readily solved. Hence we adopted B = 700 cm™! for the
double exchange parameter, as determined by DFT calculations [38], which enabled
us to obtain from equation (1) the true exchange interaction J = —341 cm~', and
the double-exchange splitting Axp = 1,050 cm~!. The J value is remarkably large,
but it is consistent with the result of ligand-K-edge XAS [39, 40] and DFT [3§]
investigations. Moreover, the set of parameters predicts for the intervalence band
an energy of A;, = 1,750 cm™', or A;, = 5,714 nm. Apparently such transitions are
difficult to detect, but in particular the result rules out previous tentative assign-
ments of bands around 540 nm. The corresponding large splitting of ‘gerade’ und
‘ungerade’ total spin states, S, and S_, would not be consistent with the observed
S = 1/2 ground state of [2Fe-2S]'* clusters. In summary, the data resolve a long-
lasting debate in Fe:S cluster chemistry.

4 Super-reduced Fe:S clusters

In the known Fe:S clusters, the iron ions are in the +2 and +3 oxidation states,
even in synthetic systems, which provide a much broader range of supporting ligands
than amino-acid residues in biology. Clusters in which all the iron ions are in the
Fe?* state are rare, with the only known biological examples being the Fe protein
[41-44] and the [8Fe-7S] P-cluster [3, 45, 46] of nitrogenase, and the super-reduced
activator component of the enzyme system 2-hydroxyglutaryl-CoA dehydratase [47].
The all-ferrous state, [4Fe—4S]°, of the four-iron cluster in the activator protein
was established by the Mossbauer parameters, § = 0.65 mm/s and AEg = 1.51-
2.19 mm/s, which are typical of Fe(I1)S, sites. Parallel-mode electron paramagnetic
resonance (EPR) spectra showed sharp signals at g = 16 and 12, indicating an integer-
spin system. EPR spectra and magnetic Mossbauer spectra could be consistently
simulated with total spin S; = 4 with weak zero-field splitting parameters D =
—0.66 cm~! and E/D = 0.17. The putative consequences of the all-ferrous [4Fe—4S]°
state for the physiological role of the clusters are still under discussion [3, 47].
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The so-called Rieske proteins from the bacterial and mitochondrial phosphoryla-
tion systems (for chemical energy storage) have a unique [2Fe-2S] cluster in which
one of the two Fe atoms is coordinated by two histidine rather than two cysteine
residues. The all-ferrous state [2Fe-2S]° was produced in solution by chemical
reduction with a europium salt (Eu'"DTPA), and has been characterized by protein-
film voltammetry and UV- spectroscopy. We have measured EPR and Mdssbauer
spectra to explore the electronic structure of iron [48]. The two ferrous ions are
both high spin (Sge = 2, § = 0.70 mm/s, AEg = 2.76 mm/s for 2-Cys-coordination,
8 = 0.81 mm/s, AEg = 2.32 mm/s for 2-His-coordination). They are antiferromag-
netically coupled (—J > 30 cm™!) to give a diamagnetic (S = 0) ground state, as
could be inferred from applied-field Mossbauer spectra. The ability of the Rieske
cluster to exist in three oxidation states (2+, 1+, and 0) without an accompanying
coupled reaction, such as a conformational change or protonation, is highly unusual.
A combination of experimental data and calculations based on density functional
theory suggested strongly that a proton binds to one of the cluster w,-sulfides, which
demonstrates the coupling of electron and proton transfer in these systems [48].

There are no reports of iron-sulfide systems in which the iron ions could be
reduced to the Fe'!* level. However, that oxidation state has been suggested for
some sites of the FeMoco cluster of nitrogenase to explain certain intermediates.
Recently the first example of an iron(I)-sulfide compound has been isolated [49],
which suggests that iron(I) is in fact feasible in biological iron sulfide chemistry.
The compound is a di-iron complex with two terminal g-diketiminate ligands
(N-coordinating) and an S?>~ bridge, i.e. the iron site are three-coordinated. The zero-
field Mossbauer spectrum is a symmetric doublet with parameters § = 0.67 mm/s,
AEg =2.17 mm/s [49]. The values are distinctly different from those of the starting
compound with three-coordinate Fe(II) site (§ = 0.86 mm/s, AEg = 0.58 mm/s),
and they resemble those of other three coordinate (non-sulfido) Fe(I) complexes
like LFe(I)(HCCPh) (§ = 0.50 mm/s, AEg = 2.05 mm/s) [50]. The iron ions are
antiferromagnetically coupled (J = —122 cm™!, Sg. = 3/2), showing the usual
temperature dependence of the effective moments as expected from the Heisenberg
Hamiltonian. Apparently the exchange interaction supersedes the effects of spin-
orbit coupling observed for the only known other mononuclear three-coordinate
Fe(I) system [50].

5 Unusual four-iron cluster in an O;-tolerant [NiFe]-hydrogenase

The microorganism Aquifex aeolicus (lat. water maker) is a hyperthermophilic
Knallgas bacterium with optimum growth at 85°C [51]. It has three distinct [NiFe]
hydrogenases, among which Hydrogenase I (Hase I) is an integral part of a respira-
tion pathway for the reduction of O, to water by using hydrogen [51, 52]. According
to its function, the enzyme exhibits enhanced tolerance for dioxygen, as compared to
‘normal’ [NiFe] hydrogenases [53, 54]. This is a highly interesting feature with respect
to research projects aiming at the connection of the energy-harvesting photosystem
of green plant and the energy conversion catalyzed by hydrogenases (hydrogenases
can operate in both directions, i.e. use or produce hydrogen).

Hase I consists of two subunits; the large subunit contains the catalytic [NiFe] site
and the small subunit has three iron-sulfur clusters as electron relais system [51].
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According to the amino-acid residues available for cluster binding, spectroscopic
data, redox titration experiments and upcoming structural data obtained from single-
crystal X-ray diffraction data, there are a [3Fe-4S], a ‘normal’ [4Fe-4S] and an
unusual “[4Fe—4S]” cluster. The latter is located proximal to the [NiFe] center and
appears to have a very unusual coordination with six cysteine residues [52].

Surprisingly, the three Fe:S clusters mediate four redox transitions. Analyses of
the electrochemical results, in combination with EPR spectroscopy, show that the
proximal “[4Fe-4S]” cluster is associated with two single-electron steps in a very
small potential range, which has never been observed so far for any biological
system. A proof that this fourth oxidation is in fact localized on the cluster and
not related to a ligand oxidation could be obtained from Mossbauer spectroscopy.
The system is at the resolution limit of Mossbauer spectroscopy as it contains twelve
individual iron sites, the contributions of which are partially overlapping. However,
not all of them must be disentangled because Fe:S cluster exhibit valence and charge
delocalization so that many iron sites are similar even when they have different
formal valences. The key feature for a successful interpretation of such data is the
fact that specific coordination at some individual sites, particularly of the so-called
proximal cluster, results in distorted charge distribution, as can be seen by unusual
Maossbauer parameters.

The Mossbauer analysis was focused on the extreme redox states, which are the
hydrogen-reduced and a chemically super-oxidized one; only under these conditions
the samples are homogenous. In other preparations, superpositions of different
redox states are expected according to the individual redox potentials of the clusters,
as found by EPR titration experiments [52, 55]. The zero-field Mdssbauer spectra
of H,-reduced samples are asymmetric quadrupole spectra, which can be fitted
as expected for full reduction of the three clusters, except that one quadrupole
doublet (accounting for 1/12 intensity) sticks out because of an extraordinarily large
quadrupole splitting. Based on global simulations of applied-field spectra that were
done to assign particularly the magnetic hyperfine tensors, this iron site can be best
described as a Fe?3*t site of the proximal “[4Fe-4S]” cluster, which has an unusually
distorted coordination. Another iron of that cluster appears to show predominant
localized Fe(II) character (§ = 0.72 mmy/s). Particularly the signs of the A-tensors
were helpful in this program, since they reveal the local spin orientation. We treated
the proximal cluster in analogy with the coupling known for ferrous and ferric site in
cubane Fe:S clusters [54].

The Mossbauer spectra of super-oxidized Hase I also show a unique subspectrum
with large quadrupole splitting (2.42 mm/s). The data set could be consistently fitted
by adopting one oxidized [3Fe-4S]'* cluster (S = 1/2, medial), one oxidized classical
[4Fe—4S]** cluster (S = 0, distal), the unusual (proximal) four-iron cluster (§ = 1/2)
and the low-spin Fe (S = 0, [NiFe] site). Applied-field analyses, however, indicate
that the unusual coordination may have changed the face of the cuboid proximal
cluster. Details of the interpretation shall be worked out [56] in conjunction with the
upcoming crystal structure of Hase 1.

In summary, the unprecedented plasticity of the proximal cluster of Hase I appears
to be related to the two extra cysteins in its near environment. Structural data and
Mossbauer spectra show that both these cysteins are involved in cluster coordination,
forming a very unusual coordination sphere. This new type of cluster appears to
occur in several oxygen tolerant [NiFe] hydrogenases, as is reported in two recent
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molecular structure studies [57, 58]. Its extraordinary properties suggest a role for
sequestering reactive oxygen species in order to endow oxygen tolerance to the
system.

Acknowledgements The Mossbauer study of the Hydrogenase 1 was performed in very close
collaboration with Prof. Wolfgang Lubitz and Dr. Maria E. Pandelia from the MPI for Bioinorganic
Chemistry in Miilheim, Germay. I am extraordinary thankful for this interesting and fruitful common
project. The Hase 1 samples were originally prepared by M.T. Giudici-Orticoni, Pascale Tron,
Christophe Legér, Vincent Fourmond, and Wolfgang Nitschke from Laboratoire de Bioeinergeitique
et Ingeinierie des Protelines, Mediterranean Institute of Microbiology, 13402 Marseille Cedex 20,
France, which I highly appreciate. Other work with the groups of Judy Hirst, Oxford (England),
Wolfgang Buckel, Marburg (Germany), Franc Meyer, Gottingen (Germany), and Patrick L. Holland,
Rochester (USA), is also gratefully acknowledged. Work published with these groups is fully cited in
the text. Last-not-least I thank the excellent technicians at the MPI, Andreas Go6bels, Bernd Mienert,
and Frank Reikowsky, for extremely helpful assistance. Financial support was coming from the Max-
Planck Society.

References

1. Beinert, H., Holm, R.H., Miinck, E.: Iron-sulfur clusters: nature’s modular, multipurpose struc-
tures. Science 277, 653-659 (1997)
2. Beinert, H.: Iron-sulfur proteins: ancient structures, still full of surprises. J. Biol. Inorg. Chem.
5(1), 2-15 (2000)
3. Rees, D.C.: Great metallclusters in enzymology. Ann. Rev. Biochem. 71, 221-246 (2002)
4. Rees, D.C., Howard, J.B.: The interface between the biological and inorganic worlds: iron-sulfur
metalloclusters. Science 300(5621), 929-931 (2003). doi:10.1126/science.1083075
5. Huber, C., Wichtershiuser, G.: Activated acetic acid by carbon fixation on (Fe,Ni)S under
primordial conditions. Science 276(5310), 245-247 (1997). doi:10.1126/science.276.5310.245
6. Rao, V.P., Holm, R.H.: Synthetic analogues of the active sites of iron-sulfur proteins. Chem. Rev.
104(2), 527-560 (2003). d0i:10.1021/cr020615+
7. Johnson, D.C., Dean, D.R., Smith, A.D., Johnson, M.K.: Structure, function, and formation of
biological iron-sulfur clusters. Ann. Rev. Biochem. 74(1), 247-281 (2005). doi:10.1146/annurev.
biochem.74.082803.133518
8. Dos Santos, P.C., Dean, D.R.: Bioinorganic chemistry—electrons in Fe-S protein assembly.
Nat. Chem. Biol. 6(10), 700-701 (2010). doi:10.1038/nchembio.438
9. Lill, R.: Function and biogenesis of iron-sulphur proteins. Nature 460(7257), 831-838 (2009)
10. Sheftel, A., Stehling, O., Lill, R.: Iron-sulfur proteins in health and disease. Trends Endocrinol.
Metab. 21(5), 302-314 (2010)
11. Solomon, E.I,, Xie, X., Dey, A.: Mixed valent sites in biological electron transfer. Chem. Soc.
Rev. 37(4), 623-638 (2008)
12. Zener, C.: Interaction between the d-shells in the transition metals. 2. Ferromagnetic compounds
of manganese with Perovskite structure. Phys. Rev. 82(3), 403405 (1951)
13. Anderson, P.W., Hasegawa, H.: Considerations on double exchange. Phys. Rev. 100(2), 675-681
(1955)
14. Papaefthymiou, V., Girerd, J.-J., Moura, 1., Moura, J.J.G., Miinck, E.: Mdssbauer study of D.
gigas ferredoxin II and spin coupling model for the Fe3S4 cluster with valence delocalization.
J. Am. Chem. Soc. 109(15), 4703-4710 (1987)
15. Noodleman, L., Case, D.A., Mouesca, J.M., Lamotte, B.: Valence electron delocalization in
polynuclear iron-sulfur clusters. J. Biol. Inorg. Chem. 1(2), 177-182 (1996)
16. Schulz, C.E., Debrunner, P.G.: Rubredoxin. J. Phys. Coll. 37(C6), 153-158 (1976)
17. Miinck, E., Debrunner, P.G., Tsibris, J.C.M., Gunsalus, I.C.: Mossbauer parameters of putidare-
doxin and its selenium analog. Biochemistry 11(5), 855-863 (1972)
18. Kent, T.A., Huynh, B.h., Miinck, E.: Iron-sulfur proteins: spin-coupling model for three-iron
cluster. Proc. Natl. Acad. Sci. U. S. A. 77(11), 6574-6576 (1980)

@ Springer


http://dx.doi.org/10.1126/science.1083075
http://dx.doi.org/10.1126/science.276.5310.245
http://dx.doi.org/10.1021/cr020615+
http://dx.doi.org/10.1146/annurev.biochem.74.082803.133518
http://dx.doi.org/10.1146/annurev.biochem.74.082803.133518
http://dx.doi.org/10.1038/nchembio.438

E. Bill

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

Middleton, P., Dickson, D.P.E., Johnson, C.E., Rush, J.D.: Interpretation of the Mdssbauer
spectra of Four-Iron Ferredoxin from Bacillus stearothermophilis. Eur. J. Biochem. 88, 135-141
(1978)

Middleton, P., Dickson, D.P.E., Charles, E.J., Rush, J.D.: Interpretation of the Mdssbauer
spectra of the high-potential iron protein from chromatium. Eur. J. Biochem. 104(1), 289-296
(1980)

Giitlich, P., Bill, E., Trautwein, A.X.: Mossbauer spectroscopy and transition metal chemistry.
Springer, Berlin Heidelberg (2011)

Cammack, R.: Iron-sulfur clusters in enzymes: themes and variations. In: Cammack, R. (ed.)
Iron-Sulfur Proteins, vol. 38. Advances in Inorganic Chemistry, pp. 281-323. Academic Press,
San Diego (1992)

Schiinemann, V., Winkler, H.: Structure and dynamics of biomolecules studied by Mdssbauer
spectroscopy. Rep. Prog. Phys. 63(3), 263-353 (2000)

Mouesca, J.-M., Lamotte, B.: Iron-sulfur clusters and their electronic and magnetic properties.
Coord. Chem. Rev. 178-180, 1573-1614 (1998)

Albers, A., Demeshko, S., Dechert, S., Bill, E., Bothe, E., Meyer, F.: The complete characteriza-
tion of a reduced biomimetic [2Fe-2S] cluster. Angew. Chem. Int. Ed. 50(39), 9191-9194 (2011)
Ballmann, J., Albers, A., Demeshko, S., Dechert, S., Bill, E., Bothe, E., Ryde, U., Meyer, F.:
A synthetic analogue of rieske-type [2Fe-2S] clusters. Angew. Chem. Int. Ed. 47(49), 9537-9541
(2008)

Mascharak, P.K., Papaefthymiou, G.C., Frankel, R.B., Holm, R.H.: Evidence for the localized
iron(I1I)/iron(II) oxidation state configuration as an intrinsic property of [Fe2S2(SR)4]3- clus-
ters. J. Am. Chem. Soc. 103(20), 6110-6116 (1981). doi:10.1021/ja00410a021

Beardwood, P., Gibson, J.F.: Iron-sulfur dimers with benzimidazolate-thiolate, -phenolate or
bis(benzimidazolate) terminal chelating ligands. Models for Rieske-type proteins. J. Chem. Soc.
Dalton Trans. 16, 2457-2466 (1992)

Ding, X.Q., Bill, E., Trautwein, A.X., Winkler, H., Kostikas, A., Papaefthymiou, V., Simpoulos,
A.,Beardwood, P., Gibson, J.F.: Exchange interactions, charge delocalization and spin relaxation
in a mixed-valence diiron complex studied by Mossbauer-spectroscopy. J. Chem. Phys. 99(9),
6421-6428 (1993)

Hoggins, J.T., Steinfink, H.: Empirical bonding relationships in metal-iron-sulfide compounds.
Inorg. Chem. 15(7), 1682-1685 (1976)

Piepho, S.B.: Vibronic coupling for calculations of Mixed-Valence Line-Shapes—the interdepen-
dence of vibronic and MO effects. J. Am. Chem. Soc. 110(19), 6319-6326 (1988)

Piepho, S.B., Krausz, E.R., Schatz, P.N.: Vibronic coupling for calculation of mixed-valence
absorption profiles. J. Am. Chem. Soc. 100(10), 2996-3005 (1978)

Girerd, J.J.: Electron transfer between magnetic ions in mixed valence binuclear systems. J.
Chem. Phys. 79, 1766-1775 (1983)

Blondin, G., Girerd, J.-J.: Interplay of electron exchange and electron transfer in metal polynu-
clear complexes in proteins or chemical models. Chem. Rev. 90, 1359 (1990)

Bominaar, E.L., Borshch, S.A., Girerd, J.-J.: Double-exchange and vibronic coupling in mixed-
valence systems. Electronic structure of [Fe4S4]3+ clusters in high-potential iron protein and
related models. J. Am. Chem. Soc. 116, 5362-5372 (1994)

Bominaar, E.L., Hu, Z., Miinck, E., Girerd, J.-J., Borshch, S.: Double exchange and vibronic cou-
pling in mixed-valence systems. Elelctonic structure of exchange-coupled siroheme-[Fe4S4]2+
chromophore in oxidized E. Coli sulfite reductase. J. Am. Chem. Soc. 117(26), 6976-6989 (1995)
Miinck, E., Papaefthymiou, V., Surerus, K.K., Girerd, J.J.: Double exchange in reduced Fe3S3
clusters and novel clusters with MFe3S4 cores. Acs Symposium Series 372, 302-325 (1988)

Orio, M., Mouesca, J.M.: Variation of average g values and effective exchange coupling constants
among 2Fe-2S clusters: a density functional theory study of the impact of localization (trapping
forces) versus delocalization (double-exchange) as competing factors. Inorg. Chem. 47(12), 5394—
5416 (2008). doi:10.1021/ic701730h

Anxolabehere-Mallart, E., Glaser, T., Frank, P., Aliverti, A., Zanetti, G., Hedman, B., Hodgson,
K.O., Solomon, E.L: Sulfur K-edge X-ray absorption spectroscopy of 2Fe-2S ferredoxin: cova-
lency of the oxidized and reduced 2Fe forms and comparison to model complexes. J. Am. Chem.
Soc. 123(23), 5444-5452 (2001)

Glaser, T., Rose, K., Shadle, S.E., Hedman, B., Hodgson, K.O., Solomon, E.I.: S K-edge X-ray
absorption studies of tetranuclear iron-sulfur clusters: u-sulfide bonding and its contribution to
electron delocalization. J. Am. Chem. Soc. 123(3), 442-454 (2000). doi:10.1021/ja002183v

@ Springer


http://dx.doi.org/10.1021/ja00410a021
http://dx.doi.org/10.1021/ic701730h
http://dx.doi.org/10.1021/ja002183v

Iron-sulfur clusters—new features in enzymes and synthetic models

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Angove, H.C., Yoo, SJ., Burgess, B.K., Miinck, E.: Mossbauer and EPR evidence for an all-
ferrous Fe4S4 cluster with S = 4 in the Fe protein of nitrogenase. J. Am. Chem. Soc. 119(37),
8730-8731 (1997)

Musgrave, K.B., Angove, H.C., Burgess, B.K., Hedman, B., Hodgson, K.O.: All-ferrous tita-
nium(I1I) citrate reduced Fe protein of nitrogenase: an XAS study of electronic and metrical
structure. J. Am. Chem. Soc. 120(21), 5325-5326 (1998)

Angove, H.C., Yoo, S.J., Miinck, E., Burgess, B.K.: An all-ferrous state of the Fe protein of
nitrogenase—interaction with nucleotides and electron transfer to the MoFe protein. J. Biol.
Chem. 273(41), 26330-26337 (1998)

Yoo, SJ., Angove, H.C., Burgess, B.K., Hendrich, M.P., Miinck, E.: Mdssbauer and integer-
spin EPR studies and spin-coupling analysis of the 4Fe—4S (0) cluster of the Fe protein from
Azotobacter vinelandii nitrogenase. J. Am. Chem. Soc. 121(11), 2534-2545 (1999)

Angove, H.C., Yoo, S.J., Munck, E., Burgess, B.K.: Role(s) of the P-clusters in nitrogenase
catalysis. J. Inorg. Biochem. 74(1-4), 65-65 (1999)

Surerus, K.K., Hendrich, M.P., Christie, P.D., Rottgardt, D., Orme-Johnson, W.H., Miinck, E.:
Mossbauer and integer-spin EPR of the oxidized P-clusters of nitrogenase—P,y is a non-Kramers
system with a nearly degenerate ground doublet. J. Am. Chem. Soc. 114(22), 8579-8590 (1992).
doi:10.1021/ja00048a034

Hans, M., Buckel, W., Bill, E.: Spectroscopic evidence for an all-ferrous [4Fe-4S](0) cluster
in the superreduced activator of 2-hydroxyglutaryl-CoA dehydratase from Acidaminococcus
fermentans. J. Biol. Inorg. Chem. 13(4), 563-574 (2008)

Leggate, E.J., Bill, E., Essigke, T., Ullmann, G.M., Hirst, J.: Formation and characterization of
an all-ferrous Rieske cluster and stabilization of the [2Fe-2S]0 core by protonation. Proc. Natl.
Acad. Sci. U. S. A.101(30), 10913-10918 (2004)

Clark, M.M., Stubbert, B.D., Brennessel, W.W., Bill, E., Holland, P.L.: Synthesis, structure, and
spectroscopy of an iron(I)-sulfide complex. Inorg. Chem (2011, accepted)

Stoian, S.A., Yu, Y., Smith, J.M., Holland, P.L., Bominaar, E.L., Miinck, E.: Mossbauer, electron
paramagnetic resonance, and crystallographic characterization of a high-spin Fe(I) diketiminate
complex with orbital degeneracy. Inorg. Chem. 44(14), 4915-4922 (2005)

Brugna-Guiral, M., Tron, P., Nitschke, W., Stetter, K.O., Burlat, B., Guigliarelli, B., Br-
uschi, M., Giudici-Orticoni, M.T.: NiFe hydrogenases from the hyperthermophilic bacterium
Aquifex aeolicus: properties, function, and phylogenetics. Extremophiles 7(2), 145-157 (2003).
doi:10.1007/s00792-002-0306-3

Pandelia, M.-E., Fourmond, V., Tron-Infossi, P., Lojou, E., Bertrand, P., Leger, C., Giudici-
Orticoni, M.-T., Lubitz, W.: Membrane-bound hydrogenase I from the hyperthermophilic bac-
terium aquifex aeolicus: enzyme activation, redox intermediates and oxygen tolerance. J. Am.
Chem. Soc. 132(20), 6991-7004 (2010). doi:10.1021/ja910838d

Fontecilla-Camps, J.C., Volbeda, A., Cavazza, C., Nicolet, Y.: Structure/function relationships of
NiFe- and FeFe-hydrogenases. Chem. Rev. 107(10), 4273-4303 (2007). doi:10.1021/cr050195z
Surerus, K.K., Chen, M., Vanderzwaan, J.W., Rusnak, F.M., Kolk, M., Duin, E.C., Albracht,
S.P.J., Miinck, E.: Further characterization of the spin coupling observed in oxidized hydrogenase
from chromatium-vinosum—a Mdgssbauer and multifrequency EPR study. Biochemistry 33(16),
4980-4993 (1994)

Pandelia, M.-E., Nitschke, W., Infossi, P., Giudici-Orticoni, M.-T., Bill, E., Lubitz, W.: Char-
acterization of a unique FeS cluster in the electron transfer chain of the oxygen tolerant
NiFe hydrogenase from Aquifex aeolicus. Proc. Natl. Acad. Sci. 108(15), 6097-6102 (2011).
doi:10.1073/pnas.1100610108

Pandelia, M.-E., Nitschke, W., Infossi, P., Giudici-Orticoni, M.-T., Bill, E., Lubitz, W. (2012, to
be published)

Shomura, Y., Yoon, K.-S., Nishihara, H., Higuchi, Y.: Structural basis for a [4Fe-3S] clus-
ter in the oxygen-tolerant membrane-bound [NiFe]|-hydrogenase. Nature advance online
publication (2011). doi:http://www.nature.com/nature/journal/vaop/ncurrent/abs/nature10504.
html#supplementary-information

Fritsch, J., Scheerer, P., Frielingsdorf, S., Kroschinsky, S., Friedrich, B., Lenz, O., Spahn, C.M.T.:
The crystal structure of an oxygen-tolerant hydrogenase uncovers a novel iron-sulphur cen-
tre. Nature advance online publication (2011). doi:http://www.nature.com/nature/journal/vaop/
ncurrent/abs/nature10505.html#supplementary-information

@ Springer


http://dx.doi.org/10.1021/ja00048a034
http://dx.doi.org/10.1007/s00792-002-0306-3
http://dx.doi.org/10.1021/ja910838d
http://dx.doi.org/10.1021/cr050195z
http://dx.doi.org/10.1073/pnas.1100610108
http://www.nature.com/nature/journal/vaop/ncurrent/abs/nature10504.html#supplementary-information
http://www.nature.com/nature/journal/vaop/ncurrent/abs/nature10504.html#supplementary-information
http://www.nature.com/nature/journal/vaop/ncurrent/abs/nature10505.html#supplementary-information
http://www.nature.com/nature/journal/vaop/ncurrent/abs/nature10505.html#supplementary-information

	Iron-sulfur clusters---new features in enzymes and synthetic models
	Abstract
	Introduction
	Common types of clusters and electronic structures
	Exchange and double-exchange in a synthetic [2Fe--2S] compound
	Super-reduced Fe:S clusters
	Unusual four-iron cluster in an O2-tolerant [NiFe]-hydrogenase
	References



