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Iron-sulfur (Fe/S) clusters are structurally and functionally diverse cofactors that are found in all domains of life.
57Fe Méssbauer spectroscopy is a technique that provides information about the chemical nature of all chemically
distinct Fe species contained in a sample, such as Fe oxidation and spin state, nuclearity of a cluster with more
than one metal ion, electron spin ground state of the cluster, and delocalization properties in mixed-valent

clusters. Moreover, the technique allows for quantitation of all Fe species, when it is used in conjunction
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with electron paramagnetic resonance (EPR) spectroscopy and analytical methods. >’Fe-Méssbauer spectroscopy
played a pivotal role in unraveling the electronic structures of the “well-established” [2Fe-2S]* ™/, [3Fe-4S]' ™/,
and [4Fe-4S]3+/2+/1+/0 clusters and -more-recently- was used to characterize novel Fe/S clustsers, including the
[4Fe-3S] cluster of the O,-tolerant hydrogenase from Aquifex aeolicus and the 3Fe-cluster intermediate observed

during the reaction of lipoyl synthase, a member of the radical SAM enzyme superfamily.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Iron-sulfur (Fe/S) clusters are one of the most ubiquitous cofactors in
nature and are widespread among organisms from all three domains
of life. Their basic building block consists of an Fe ion in, with a few ex-
ceptions, a distorted tetrahedral symmetry coordinated by inorganic
sulfides (S?7) and protein-based ligands (most often the thiolate of a
cysteine residue) [1-3]. The structural and redox plasticity of Fe/S
cofactors allows for a very diverse functional repertoire, ranging
from electron transfer, non-redox and redox catalysis -most notably
represented by the superfamily of radical S-adenosyl-L-methionine
(SAM)-dependent enzymes that functionalize C-H bonds-, O,-sensing,
regulation, and structural roles in enzymes involved in DNA replication
and protein biosynthesis [4-11]. Due to the rapid progress of genomic
sequencing, an abundance of novel putative Fe/S-containing proteins
with unknown functions are continuously being discovered. Because
prediction of the number and type(s) of Fe/S cluster(s) solely from pro-
tein sequences is not reliable, sensitive spectroscopic methods are re-
quired for their identification and characterization.
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Of the many spectroscopic techniques that are routinely used to
characterize Fe/S clusters, 5’Fe-Méssbauer plays a pivotal role for the
following reasons [12,13]. First, all chemically distinct >’Fe-labeled spe-
cies in the sample are detected, irrespective of their oxidation and spin
states. Second, the Mdssbauer spectrum is the weighted superposition
of the individual subspectra of the various Fe sites contained in the sam-
ple. Importantly, the relative area of a given subspectrum is proportion-
al to the relative concentration of the corresponding Fe species. Third,
Fe/S clusters have unique Mossbauer-spectroscopic properties that
allow for their identification and detailed characterization of their elec-
tronic and geometric structures.

57Fe-Méssbauer spectroscopy is even more powerful when com-
bined with Electron Paramagnetic Resonance (EPR) spectroscopy, a tech-
nique that is widely used to characterize Fe/S clusters, because the two
methods rely on the same theoretical concept (the spin Hamiltonian for-
malism) to describe the spectral features, as well as analytical methods to
determine the Fe:protein stoichiometry [14,15]. Such a combined ap-
proach represents the most rigorous method for establishing the types
and stoichiometry of various Fe-containing cofactors in a given protein.

2. Brief introduction to Mossbauer spectroscopy

The Mdssbauer effect is the recoilless resonance absorption and
emission of nuclear v irradiation [13,16,17]. While the effect has been
observed for about 80 nuclides of 43 different elements, it is mostly
applied to studies of the isotope >’Fe, a stable isotope with natural
abundance of 2.1% [13]. The y-photon used for >’Fe Méssbauer spec-
troscopy results from the radioactive decay of the 3’Co isotope, which
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has a half-life of 271.8 days (Fig. 1A) and yields a metastable >’Fe state
that decays to the ground state via a series of transitions. For >’Fe
Mossbauer spectroscopy the 14.4-keV photon emitted from the first
excited nuclear state (I = 3/2) is used. This emitted photon can then
be absorbed by a >’Fe nucleus in the sample in the ground state (I =
1/2), thereby promoting it to the first excited state. Emission and ab-
sorption lines have a finite linewidth that is determined by the lifetime
of the exited state, through Heisenberg's uncertainty principle; the
mean lifetime of the I = 3/2 excited state of °’Fe is 1.47 - 107 s [18].

Absorption and emission of a y-photon significantly shift the energy
of the absorbed and emitted y-photon due to recoil, and because the
energy shift is approximately 5 orders of magnitude greater than the
intrinsic linewidth of the >’Fe excited state, the effect can only be ob-
served for recoilless absorption and emission of the 'y-photon. Rudolf
Mossbauer showed that there is a finite probability f for recoilless ab-
sorption and emission if both emitter and absorber are embedded in a
solid matrix. Therefore, Méssbauer spectra of proteins are typically col-
lected on frozen solutions. The ffactor (also known as Lamb-Mdssbauer
factor) is proportional to the mean square displacement of the >’Fe nu-
cleus and as a consequence decreases monotonically with increasing
temperature [13]. Because fis approximately 0.8 at 4.2 K for all >’Fe
species irrespective of their chemical form, the experimentally observed
Méssbauer spectrum is the superposition of the subspectra of all >Fe-
labeled species in the sample, weighted according to their relative con-
centrations [13,17]. Thus, Mossbauer spectroscopy can be used to quan-
tify the various >’Fe-labeled species in a sample. Typical requirements
for biological samples of Fe-containing proteins are volumes of 250 -
400 pL and °’Fe concentrations of 1—5 mM [12]. Although some
biological materials with natural abundance Fe have been studied
by Mossbauer spectroscopy, it is generally required that samples be
enriched with >’Fe. An important consideration for studies of Fe/S clus-
ters by Mossbauer spectroscopy is that the commonly used reconstitu-
tion methods with Fe and sulfide often result in poorly defined Fe/
sulfide contaminants that can bind to the protein. If these contaminants
are not removed (e.g. by gel filtration chromatography), their contribu-
tion to the Mossbauer spectra will impede analysis and interpretation
[14].

The layout of a Mdssbauer spectrometer follows the concept of
all transmission spectroscopic techniques [13]; a source produces the
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v-photons, a sample enriched with the >’Fe isotope absorbs the -
irradiation and a proportional detector converts the y-photons
after the absorption event to electric pulses. Because the emitter (source)
and absorber (sample) are chemically distinct, the energies of the ground
and excited nuclear states are perturbed differently. As a consequence, a
range of energies must be scanned for the Mdssbauer event (i.e. reso-
nance absorption) to be observed. The energy of the emitted y-photon
is modulated using the Doppler effect according to the following formula,
in which v is the Doppler velocity and c is the speed of light:

AE = (v/0)E,

Recording of a Mdssbauer spectrum thus involves synchronization
of the source velocity to the counting of the photons. In a Mdssbauer
spectrum, the source velocity is displayed on the x-axis, while the frac-
tion of photons transmitted through the sample is shown on the y-axis.
For the calibration of the energy scale of a Mossbauer spectrometer, the
spectrum of a standard absorber with known hyperfine splitting is re-
corded. Most commonly a thin foil of metallic o-iron at room tempera-
ture is used for this purpose [13]. Virtually all chemically distinct forms
of >’Fe will absorb within a narrow range of energies corresponding to
Doppler velocities of approximately — 12 mm/s to + 12 mmy/s.

2.1. Chemical information obtainable from Mdssbauer Spectra

The simplest type of Mdssbauer spectrum is referred to as quadru-
pole doublet (Fig. 1B). The two lines of a quadrupole doublet correspond
to transitions from the I = 1/2 ground state to the M; = +1/2 and +3/2
states of the I = 3/2 excited nuclear state, respectively. A quadrupole
doublet is characterized by the following two parameters: the isomer
shift, 8, which is given by the average position of the two lines with re-
spect to the zero velocity point, and the quadrupole splitting parameter,
AEq, which is given by the separation of the two lines. Both parameters
are quoted in velocity units (mmy/s). When the >’Fe nucleus experi-
ences a magnetic field, the nuclear levels of the ground and excited
states split due to the nuclear Zeeman effect, resulting in magneti-
cally split spectra, which are more complex and depend on many
more parameters (vide infra).
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Fig. 1. (A) Decay scheme of the *’Co to °Fe and the respective >’Fe nuclear transitions (B) Méssbauer transitions in the absence of an applied magnetic field and the corresponding
quadrupole spectrum they give rise to. (C) Mossbauer transitions in the presence of a magnetic field B (see text) and the six-line magnetically-split spectrum they give rise to in the

absence (V,, = 0) and presence (V,, > 0) of a first order quadrupole interaction due to EFG.
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2.1.1. Isomer shift

The isomer shift (6) also referred to as the electric monopole interac-
tion, arises from the Coulomb interaction between nuclear and electric
charge distributions, and leads to changes in the nuclear energy levels.
Assuming that the nucleus is a charged sphere of radius R and the elec-
tronic charge density is efs(0)?, 8 is given as:

6= T ze (WO WO} R <%>

where the subscript S denotes the sample and A the absorber, and AR =
R. — Rg is the difference between the radii of the first exited (e) and
ground state (g) of >’Fe [13,19].

The isomer shift provides a measure of the s-electron density
at the 5’Fe nucleus and is influenced by the p and d electrons by
means of electrostatic shielding. It is also influenced by valence 4 s
electrons that participate in bonding and thus lead to significant
isomer shift variations [13]. Because AR is negative for >’Fe, a
more positive isomer shift implies a lower electron density at the
nucleus. & is sensitive to the formal oxidation state, the spin state,
the number and the type of ligands, as well as the covalency of the Fe-
ligand bonds. The following trends help for the interpretation of
Méssbauer isomer shifts: (i) 5(Fe'V) < &(Fe™) < &(Fe"), (ii) Snigh-spin
> Blow-spins (1ii) soft ligands cause lower isomer shifts than more ionic
ligands because of the increased covalency of the Fe-ligand bond,
and (iv) six coordinate complexes have higher isomer shifts (because
of their less covalent bond) than four coordinate complexes [13].
The isomer shift has a temperature-dependent term due to relativistic
contributions, also known as second-order Doppler shift (6sop) [13].
Therefore, it is important to compare isomer shifts of different com-
pounds obtained from spectra collected at the same temperature.

2.1.2. Nuclear quadrupole interaction

The nuclear excited I = 3/2 state has a non-spherical charge distri-
bution and produces a quadrupole moment that can interact with the
inhomogeneous electric field at the >’Fe nucleus, described by the elec-
tric field gradient (EFG). This interaction causes splitting of the nuclear
energy levels into two substates with quantum numbers M; = + 1/2,
M; = + 3/2 (Fig. 1), giving rise to the two lines of the quadrupole dou-
blet. The separation between the two peaks of the doublet is called
quadrupole splitting AEq and is given as:

1 2
AEq = 56QV |1 +%

in which e is the elementary charge, Q is the quadrupole moment of the

excited state of °’Fe, V,, is the z-component of the EFG, and 1) is the

asymmetry parameter defined asn) = M AEq typically reflects the

z

population of the iron 3d orbitals as well as the (a)symmetry of the
ligand charges surrounding the *’Fe nucleus. The determination of the
sign of AEq and of the asymmetry parameter 7 typically requires mea-
surements in externally applied fields and/or at different temperatures
[13,17].

2.1.3. Magnetic hyperfine interactions

The magnetic properties of mononuclear, paramagnetic transition
metal complexes are typically described by means of the spin Hamilto-
nian formalism:

1 E
Hy=pS-g B+D s§—§S(s+1)+5(s§_s§)} LS.A-T

The first term represents the electronic Zeeman effect, which de-
scribes the interaction of the electron spin, S, with the magnetic field,

B, and is characterized by the g-tensor. The g-tensor has three principal
components, g, 8y, and g, which can deviate significantly from the free-
electron g-value, g. = 2.0023, due to spin-orbit coupling. The second
term describes the zero-field splitting (ZFS) interaction and originates
from second-order perturbation treatment of the interaction of spin
and orbital angular momenta [20]. It is parameterized with the axial
ZFS parameter, D, and the rhombicity parameter, E/D. For systems
with S > 1 this interaction lifts the (2S + 1)-fold degeneracy in zero ap-
plied magnetic field. The last term is known as the hyperfine interaction
and parameterizes the interaction between the electronic spin S and nu-
clear spin I through the hyperfine coupling tensor A.

This Hamiltonian is commonly used as the basis for the analysis of
EPR and Mdéssbauer spectra. The difference, however, is that by EPR
spectroscopy the electron spin system properties are directly probed,
whereas by Mossbauer spectroscopy they are sensed indirectly via the
hyperfine interaction, which perturbs the energy levels of the nuclear
levels of the ground and excited states of >”Fe. For the calculation of
Mossbauer spectra, it is customary to calculate the properties of the
electron spin system, taking into account electron Zeeman and ZFS
terms. From the solution one can calculate the so-called spin expecta-
tion value, (S), and substitute it for S in the hyperfine term in the follow-
ing nuclear Hamiltonian [13,17,19]:

—(S)-A

e Be| TH1Q

Hnuc = —&nHn

in which the first term represents the effective hyperfine coupling, the
second term represents the nuclear Zeeman effect of >’Fe, and the last
term represents the quadrupole interaction (see above). Importantly,
the hyperfine term, divided by gnGy has units of magnetic field and it
is commonly referred to as the internal magnetic field:

—(S) A1
Bine = &nBn
where gy is the nuclear g-value of the >’Fe ground state and By is the nu-
clear magneton.

The effective magnetic field experienced by the >’Fe nucleus is the
sum of the external and internal fields: Begr = Bex: + Bine and perturbs
the energy of the nuclear levels of the ground and excited states due
to the nuclear Zeeman effect (Fig. 1). The six magnetic dipole allowed
transitions (AM; = 0, +1) for the *’Fe nucleus are shown in Fig. 1C[13,
16]. The intensity ratio of the AM; = 4 1 lines and AM; = 0 lines depends
on the relative orientation of Beg to the propagation direction of the
v-beam [13,17]. Importantly, the magnitude of the splitting depends on
the magnitude of B.g. Therefore, one can determine Beg from analysis of
magnetically split spectra. Because Bey, is known for the experiment,
one can deduce B;,.. Analysis of Mossbauer spectra collected in variable
external magnetic fields allows for determination of the properties of
the electron spin ground state (S, g D, and E/D), as well as the magnitude
and sign of A. The A-tensor for >’Fe is dominated by the Fermi contact
term, which typically has values of A/gnBy of -20 to -22 T (in magnetic
field units) or A = -27 to -30 MHz (in frequency units; the conversion
factor is 1.38152 T/MHz for the ground state of the >’Fe nucleus).

For reasons that go beyond the scope of this article, one needs to dis-
tinguish the EPR and Mossbauer properties of Fe species with half-
integer spin ground state or Kramers systems (i.e. S = 1/2, 3/2, 5/2,
etc), from those of Fe species with integer-spin ground state or non-
Kramers systems (i.e. S = 0, 1, 2, etc) [15,17]. Complexes with half-
integer spin ground state typically give rise to signals in EPR spectrosco-
py in perpendicular mode and exhibit typically magnetically split
Maossbauer spectra that are governed by large Bi,.. The analysis of such
Méossbauer spectra is often complex, but the parameters of the electron
spin ground state (S, g, D, E/D) can often be obtained independently
from EPR. Conversely, Fe complexes with integer spin ground state
often (but not always) do not give rise to EPR signals in perpendicular
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mode. These non-Kramers systems, however, can give rise either to
quadrupole doublet features in weak applied fields or magnetically
broadened components that coalesce into doublets without applied
magnetic field. In both cases, the Mdssbauer spectra provide valuable
information about the electronic properties of the system, which is nice-
ly complemented by EPR spectroscopy to allow for the complete charac-
terization of the Fe complexes. The [3Fe-4S]° and [4Fe-4S]° clusters
serve as excellent examples for the complementary nature of the two
methods for the analysis for systems with integer-spin ground states
[21-23].

Electronic relaxation between two electronic transition states occurs
with a relaxation time T and is an important factor that markedly affects
the Mossbauer spectra of paramagnetic Fe species [18,19]. In this respect,
two extreme cases are usually considered for analysis and interpretation
of the spectra: the electronic relaxation rate is much slower compared
to the nuclear Larmor precession frequency (‘slow relaxation limit’, typi-
cally encountered at 4.2 K for metalloproteins) or much faster compared
to the nuclear Larmor precession frequency (‘fast relaxation limit’, typical-
ly encountered at high temperatures). In the case of ‘fast relaxation’, (S)
is calculated for all states and averaged according to the Boltzmann pop-
ulation factors of the various states to yield (S,,). Because (S, is nearly
zero in weak applied fields, the associated Mdssbauer spectrum is a quad-
rupole doublet from which & and AEq can be directly determined. In
the case of the ‘slow relaxation’ regime, each electronic state will give
rise to a magnetically split Mossbauer subspectrum. The various states
have different By, thus yielding distinct Mossbauer subspectra. The over-
all Méssbauer spectrum in the ‘slow relaxation’ regime is then the super-
position of the Mdssbauer subspectra of the various states, weighted
according to the Boltzmann population factors [13,17,19].

2.1.4. Mossbauer properties of polynuclear clusters

Another important contribution to the electronic structure of com-
plexes with two or more paramagnetic centers concerns the interaction
between the two or more spins of the cluster. The dominant contribution
to this interaction is the isotropic exchange coupling, which is mediated
via the bridging ligands. Coupling of two spins S; and S, yields states
with total spin S, that can take values from |S; - S|, |S; - Sz + 1....,
|S1 + S3|. The interaction can be parameterized by the Heisenberg-
Dirac-van Vleck (HDvV) Hamiltonian, Hexchange = J $:-S,' and the
energies of the states with total spin S are given as E(S) = (J/2)
S-(S + 1) [24,25]. For ] > 0, the state with lowest value of Sy, is the
ground state and this case is referred to as antiferromagnetic (AF)
coupling, whereas for | < 0, the state with maximum value of Sy, is the
ground state and this case is referred to as ferromagnetic (F) coupling.

In the following, we use the oxidized and reduced forms of a [2Fe-
2S] ferredoxin to illustrate how exchange coupling affects the electronic
structure of an exchange-coupled cluster, and how it can be probed by
EPR and Méssbauer spectroscopies. Oxidized [2Fe-2S]?> ™ clusters (left
column in Fig. 2) contain two AF-coupled high-spin (HS) Fe'" ions
(S = S, = 5/2), yielding a diamagnetic S;,; = 0 ground state (EPR-
silent). The Méssbauer spectrum of this cluster form exhibits one quad-
rupole doublet. It is worth noting that the two Fe'" sites are chemically
distinct, each giving rise to its own subspectrum, but because the chem-
ical environment of both sites is virtually identical, the features are not
resolved. The Méssbauer parameters are typical for HS Fe' S, centers
with 6 ~ 0.27 mm/s.

Reduced [2Fe-2S]* clusters (right column in Fig. 2) contain one HS
Fe' site (S; = 5/2) AF-coupled to a HS Fe" site (S, = 2) yielding a
Stot = 1/2 ground state (EPR-active). The Mdssbauer spectra can be un-
derstood as the superposition of two equal intensity components, asso-
ciated with the Fe! (blue subspectra) and Fe"' (red subspectra) sites,
respectively. At low temperature (4.2 K) and in a weak applied field

! Note also that other forms of the HDvV Hamiltonian operator are used in the litera-
ture: -2J S1-Sz, —J S1-S,, for which the J-values differ by a factor of —2 and —1,
respectively.
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Fig. 2. Electronic properties and corresponding EPR and Mossbauer spectra of the oxidized
and reduced all-cysteine ligated [2Fe-2S] ferredoxins. Mossbauer spectra at 4.2 K and
210 K were calculated in the “slow” and “fast” relaxation limit, respectively. Fe'" and Fe'"
sites are shown in blue and red, respectively. Adapted from ref. [27].

(53 mT), each Fe site gives rise to a magnetically split subspectrum, be-
cause the fluctuation rate of the electron spin is slow compared to the
57Fe Larmor frequency (slow relaxation limit). The observed magnetic
splitting of the two subspectra is dominated by B;.. As described in de-
tail elsewhere [13,17,26], the internal field can be expressed with re-
spect to the total spin of the cluster, Sioc = 1/2, or it can be expressed
with respect to the local spin of the i-th Fe ion, S;, according to the fol-
lowing equation:

_<Stot> 'Atot'li _
EnBy

< Si > . Ai . li
EnBn

Bine =

in which A and A; are related by the spin projection factor, ¢;s, accord-
ing to

S(S+1)+S;(S+1)-S; (sj+1)
25(5+1)

Cis=

For the S, = 1/2 state, the spin projection factors are ¢; = +7/3
and ¢, = -4/3 for the Fe'" and Fe" sites, respectively. The different sign
of ¢; and ¢, reflects the different orientation of the two spins in the
ground state and thus translates into a different sign of the internal
field of the two Fe sites, which has a distinctive impact on the
Mossbauer spectra. For the site with positive ¢, Begs decreases with in-
creasing Bey: (spectral lines move inwards). By contrast, for the site
with negative c, Beg increases with increasing Bey (spectral lines move
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outwards). This field-strength dependence is nicely observable in spec-
tra collected at variable Bey. In the high-temperature/weak-field
Méssbauer spectrum the magnetically split features collapse to two
quadrupole doublets, because the fluctuation rate of the electron spin
is fast compared to the 5’Fe Larmor frequency (fast relaxation limit)
and under these conditions, the thermally averaged (S) is essentially
zero. The Méssbauer parameters of the two sites are typical of HS Fe'"
and HS Fe' sites in tetrahedral S4 ligand environment.

3. The geometric and electronic structures of common Fe/S clusters

The most common configurations of Fe/S cofactors in proteins are
[2Fe-2S], cuboidal [3Fe-4S], and [4Fe-4S] clusters [4]. We adopt in the
following the nomenclature used by most biochemists for Fe/S clusters,
in which we indicate the total charge of the inorganic core, i.e. without
accounting for the charges of the protein-derived or substrate-derived
ligands. In all cases, the Fe ions are formally in the + IIl or + II oxidation
state and are typically in a distorted tetrahedral coordination
environment. Because this ligand field is weak, the Fe ions are in the
HS configuration. In polynuclear clusters the individual spins of the Fe
ions are coupled to yield the total spin state (Si) of the cluster
(Fig. 3) [4,25,28,29]. The overall spin-state of an Fe/S cluster depends
on the interplay between three interactions [21,28-32]: (i) Exchange
coupling described by the HDvV Hamiltonian (see above); (ii) spin-
dependent delocalization or double exchange B, which is observed
in symmetric mixed-valent (Fe>> "), dimers, in which the extra elec-
tron is delocalized over a (Fe'"), moiety, and favors parallel alignment
of spins; and (iii) vibronic coupling (VC) and solvent effects, which
introduce static asymmetries and thus favor valence trapping and AF
spin coupling.

In particular, the electronic structures of [3Fe-4S] and [4Fe-4S]
clusters are very complex due to the large number of S, states
with similar energies. The analysis of variable-field Mdssbauer spec-
tra with respect to the total electron spin ground state S, of the
cluster often (but not always) allows for the determination of A
for the various Fe sites. Knowing the intrinsic A; values determined for
rubredoxin-like sites, A(Fe? ™) = -38 MHz, A(Fe?>>*) = -32 MHz and

SO O (O

™ ™
" )ct‘\

0

)wk

§=1/2 §=0 S=1/2
Fig. 3. Most important types of Fe/S clusters encountered in nature and their correspond-
ing electronic properties. Fe' is represented with blue, Fe!' with red and the mixed-valent
Fe?>*+ with purple spheres. Sulfide ligands are depicted with yellow spheres.

A(FeT) = -31 MHz [33], it is then possible to deduce the spin projection
factors ¢; and compare them to those predicted for possible spin coupling
schemes.

Mossbauer spectroscopy has served a pivotal role for understanding
and establishing the intricate electronic structure of Fe/S clusters [4].
The careful analysis of the Mdssbauer isomer shift 6, which is a sensitive
measure of the Fe oxidation state, observed for the various Fe/S cluster
forms laid the foundation for the understanding of their electronic
structures. In particular the realization that Fe sites with isomer shift
values between those typical of Fe'''S, and Fe''S, sites reflect valence-
delocalized (Fe?° ™), pairs was a breakthrough for the understanding
of their electronic structures [21,34,35].

From a more mundane point of view, the fact that the two most
prevalent Fe/S clusters, the [4Fe-4S]>* and [2Fe-2S]*" forms have
EPR-silent S = 0 ground states that exhibit diagnostic Méssbauer quad-
rupole doublet features that are relatively straightforward to identify
and quantify, make Mossbauer spectroscopy an indispensable tool for
studies of Fe/S proteins [14].

3.1. [2Fe-2S] clusters

[2Fe-2S] clusters occur in the 2 +, 1+ and 0 oxidation states (Fig. 3)
and are usually subdivided into three subclasses: the Cys, ligated clus-
ters [36], the Cys,/His, Rieske clusters [37] and the more recently iden-
tified Cyss/(His/Arg) [2Fe-2S] clusters [38,39]. The [2Fe-2S]** form
consists of two high-spin ferric ions AF-coupled to yield a diamagnetic
ground state (S, = 0) and has isomer shifts of ~0.27 mm/s (Table 1).
In the case of the His,-ligated Rieske clusters, the sites are resolved due
to the different coordination environments, with the His,-coordinated
Fe'l site exhibiting a larger AEq and a larger isomer shift [37]. Therefore,
the Mdssbauer spectra may provide information about the coordination
environment of oxidized [2Fe-2S]?> " clusters. The one-electron reduced
[2Fe-2S]'* form consists of two distinct valence-trapped sites, an Fe'
ion (S; = 5/2) that is AF-coupled to a Fe" (S, = 2) yielding an EPR-
active S, = 1/2 ground state. The two sites are spectroscopically distinct
(Table 1). The local spin of Fe"" has positive A (because the spin projec-
tion factor is -4/3), whereas for Fe'' is parallel to total spin and has nega-
tive Ay (because the spin projection factor is +7/3). This valence
trapping is proposed to result from a large AF coupling mediated
by the ,-sulfide bridges that dominates the opposing double ex-
change interaction [40]. [2Fe-2S]*clusters have generally trapped
valences. The sole exception is a Cys — Ser ligand variant of the
[2Fe-2S] ferredoxin from Clostridium pasteurianum, which has a va-
lence delocalized (Fe?®*), unit [41].

The all ferrous form [2Fe-2S]° has been observed in Rieske centers
via reduction with a Eu" salt [42]. It has a diamagnetic ground state
(St = 0) that arises from antiparallel alignment of the spins of the
two ferrous ions (S = 2) as determined by Mossbauer spectroscopy
(Table 1).

3.2. [3Fe-4S] clusters

Cuboidal [3Fe-4S] clusters exist in the 1+ and O states. The [3Fe-
4S]'* cluster harbors 3 Fe'' ions and has a S;,; = 1/2 ground state that
stems from AF coupling of three high-spin ferric ions (S = 5/2), as
a result of a phenomenon known as spin-frustration [43]. The
magnetic-field dependent spectra of [3Fe-4S]' ™ clusters exhibit
three distinct, yet broad, magnetically split components with
6~0.28 mm/s, and AEq ~0.53 mmy/s. The broadness of the subspectra
can be rationalized by a distribution of exchange coupling constants,
leading to a distribution of admixture of the two low-lying S,,c = 1/2
states [44,45].

The one-electron reduced [3Fe-4S]° form has a S, = 2 ground state
resulting from AF coupling of a Fe'" ion (S = 5/2) to a mixed-valent
(Fe?>™), pair (S = 9/2) [21,43,46]. The delocalized valence states of
the two of the Fe ions of the [3Fe-4S]° clusters cannot be rationalized
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Table 1

Mossbauer and electronic properties of protein-bound Fe/S cofactors at 4.2 K.
Type Apparent valences Stot & (mmy/s) |AEq | (mm/s) D (cm™ 1), E/D Ref
[1Fe** rubredoxin; [1Fe]* * desuforedoxin Fe'l'; Fe!l' 5/2;5/2 0.32;0.25 0.5; 0.75 1.9,0.23; 2.2,0.08 [54,55]
[1Fe]* " rubredoxin; [1Fe]* " desutforedoxin Fe'l; Fel 2;2 0.70; 0.70 3.25;3.55 7.6,0.28; -6.0,0.19 [54,55]
[2Fe-2ST? " Rieske Fe'll Fe'" 0 0.24,0.32 0.32,091 [37]
[2Fe-2S]* " 4cys Fe'll Fe!! 0 0.27 0.60 [56]
[2Fe-2S]" Rieske Fe'l Fe'! 12 0.31,0.74 0.63,3.05 [37]
[2Fe-2S]" Tacys Fe' Fe' 12 0.35,0.60 0.65,2.70 [56]
[2Fe-25]° Fe'-Cys, Fe'-His 0 0.70, 0.81 2.76,2.32 [42]
[3Fe-4S]" " cupe Fe'!, Fe'"!, Fe!l 1/2 0.27 0.63 [43]
[3Fe-4S]" Tiinear Fe'l, Fe'l!, Fe!! 5/2 0.28,-0.31 nd 1.5-2.5,0.31 [47]
[3Fe-4S]° Fell, {Fe?>+-Fe?>*} 2 0.32,0.46 0.52, 1.47 -2.5,0.23 [21]
[4Fe-4S]?+ (Fe'-Fe'"}, {Fe*5T-Fe>°*} 1/2 0.29, 0.40 0.88, 1.03 [57]
[4Fe-4S]>+ 2x{Fe*5T-Fe?> T} 0 0.42 1.12 (av) [35]

_4S1+ 1_pall 25+ _pa25+ *

[4Fe-4S] {Fe'-Fe'}, {Fe?>*-Fe?> ™} 1/2 0.58,0.49 1.89,1.32 [35]
[4Fe-4S]° 2x{Fe'-Fe''} 4 0.65 1.51,2.19 -0.66,0.17 [58]

by the simple Heisenberg exchange model. The careful analysis of their
Mossbauer spectra led to the realization that the valence-delocalized
(Fe*>™), unit has S = 9/2 and the concept of double exchange was intro-
duced to describe this valence delocalization phenomenon [21,43]. The
phenomenon of double-exchange was first unequivocally demonstrated
for [3Fe-4S]° clusters and subsequently shown to play an important role
in the electronic structures of many other polynuclear Fe/S clusters
(vide infra). The 4.2-K/0-T spectrum of the [3Fe-4S]° cluster is the super-
position of two quadrupole doublets with an intensity ratio 2:1 for the
mixed-valent and ferric sites, respectively. The more intense doublet
that represents the mixed-valent pair has & ~0.46 mm/s and AEq ~1.47
mm/s, whereas the quadrupole doublet corresponding to the Fe!! site
has 6 ~0.32 mm/s and AEq ~0.52 mmy/s. Even in small magnetic fields,
the spectrum broadens significantly due to noticeable By, which is a con-
sequence of the ZFS parameters of the S, = 2 ground spin manifold [21,
43].

The cuboidal [3Fe-4S]' * cluster can reversibly rearrange to adopt a
linear configuration with a ground state S;,, = 5/2 (Table 1) [44,47-49].
The nature of the spin ground state was determined by Mdssbauer mea-
surements and can be rationalized by AF interactions of adjacent Fe'" ions,
resulting in parallel (antiparallel) alignment of the spins of terminal (cen-
tral) Fe'" ions to the S;; = 5/2 ground state.

3.3. [4Fe-4S] clusters

Tetranuclear cubane [4Fe-4S] clusters can exist in the four oxidation
states 3+, 2+, 1+ and 0 [4,50,51]. They are divided into two sub-
classes: the high-potential clusters operating in the [4Fe-4S]*> /2 man-
ifold and the low-potential clusters operating in the [4Fe-4S]>*/1+
manifold [51].

A common theme of these tetranuclear cubane clusters is that they
harbor at least one valence-delocalized (Fe?>*), pair [4,28,52]. The cen-
tral and best characterized state of these clusters is the [4Fe-4S]*™ form.
[4Fe-4S1?* clusters have a diamagnetic ground state (S, = 0) [34] that
results formally from AF coupling of two valence-delocalized (Fe?> "),
pairs each having S = 9/2 [4,52]. All Fe ions in the cluster are essentially
indistinguishable with very similar isomer shift (& ~0.45 mm/s) and
quadrupole splitting parameters (AEq ~1.0-1.3 mmy/s). So far there is
only one case of a [4Fe-4S]?* cluster exhibiting paramagnetism - the
cluster of the AnifB NifEN - that serves as the scaffold for the biosynthe-
sis of the FeMo cofactor in Mo-nitrogenase [53]. This cluster has not yet
been studied by Méssbauer spectroscopy.

“Breaking” of the valence delocalization paradigm in [4Fe-4S]*>™
clusters may be observed upon binding of alternative ligands (e.g. sub-
strates) to one of the Fe sites of the cluster (changes in coordination
number, symmetry, etc.), which can promote (partial) valence trapping
in one of the mixed-valent Fe, pairs. As a result, a pronounced site
differentiation in the Mdssbauer spectra of such clusters is observed.
This phenomenon was first observed for the citrate-bound form of the

[4Fe-4S]>™ cluster in aconitase, in which addition of substrate led to
an increase of the isomer shift and quadrupole splitting of one of the
Fe ions, indicating a more ferrous character for this site [59]. A similar
situation has been observed in the Mdssbauer spectra of several “radical
SAM” enzymes upon binding of the substrate SAM, to the unique site of
a[4Fe-4S])*™ cluster [60-62] and the enzyme ferredoxin:thioredoxin re-
ductase [63]. For the radical-SAM enzymes, SAM binds in a bidentate
fashion to the unique, non-cysteinate-coordinated Fe site via the amino
and carboxy groups of SAM [64,65]. SAM anchoring to one of the Fe
ions increases the coordination number of the so-called ‘unique’ Fe site
and is thought to lead to a lessening of the resonance delocalization with-
in one of the Fe, dimers [60]. The different coordination environment
(number and type of ligands) may result in changes in the isomer shifts
and quadrupole splitting parameters of the Fe ions within the Fe, subunit,
which are now characteristic now of a (partially) valence-localized pair.

The one-electron reduced [4Fe-4S]' T state is paramagnetic (S =
1/2) and the total ground state consists of a diferrous pair (Fe'), with
S = 4 (positive A’s) AF-coupled to a valence-delocalized S = 9/2
mixed-valence pair (Fe>>*), (negative A's) [35]. Common values for
the isomer shift for the (Fe"), pair are & ~ 0.60 mm/s and for the
(Fe*>™), pair & ~ 0.49 mm/s (Table 1) [35]. Other total ground spin
states have also been observed for [4Fe-4S]' T clusters (e.g. Seor = 3/2,
5/2, and 7/2) [66-68], often in mixtures with the S,,; = 1/2 state, as a
result of perturbations in the coordination environment of the cluster
or substitution of the sulfides in the core with selenides [69].

The oxidized [4Fe-4S]>* form consists of a (Fe'"), pair AF-coupled to
a valence-delocalized (Fe?° ), pair, yielding a S, = 1/2 ground state.
Representative Moéssbauer parameters for the (Fe'), pair are 6 ~ 0.29
mm/s and AE, ~ 0.88 mm/s and for the mixed-valent (Fe*> "), pair
8 ~ 0.40 mm/s and AEq ~ 1.03 mm/s (Table 1). The (Fe™), pair repre-
sents the minority spin (positive A's) and the mixed-valent pair the ma-
jority spin (negative A's) [57] and due to ‘spin canting’ the spin coupling
configuration within the cluster is proposed to be S = 7/2 for the
(Fe?> ™), pair AF-coupled to a S = 3 (Fe'™), pair [70].

In a few proteins, such as the Fe-protein of nitrogenase and the acti-
vator component of 2-hydroxyglutaryl-CoA dehydratase [23,58,71], the
all-ferrous [4Fe-4S]° form can be attained employing strong reducing
agents. The Méssbauer spectra of the [4Fe-4S]° reveal a S, = 4 ground
state with weak ZFS parameters (Table 1) and two subspectra with 3:1
intensity ratio. The Méssbauer parameters, & = 0.71 mm/s and AEq =
1.80 mmy/s (75%) and 6 = 0.71 mm/s and AEq = 2.60 mm/s (25%),
are typical of high-spin Fe''S, sites [23].

4. Novel Fe/S clusters
In the following sections, we describe salient features of two recently

described Fe/S clusters, the characterization of which depended signifi-
cantly on Mdssbauer spectroscopy.
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4.1. The redox and conformational plasticity of a novel [4Fe-3S] cluster in
O,-tolerant hydrogenases

Aquifex aeolicus is a microaerobic, hyperthermophilic bacterium that
owes its name (latin: water maker) to its ability to gain energy by cou-
pling H, oxidation to the four-electron O, reduction to H,0 [72,73]. A
membrane-bound [NiFe] hydrogenase (Hase I) is the first enzyme in
this respiration pathway [72]. Hase I is a heterodimeric enzyme
consisting of a subunit harboring the dinuclear [NiFe] active site and a
second smaller subunit carrying three iron-sulfur clusters, which func-
tion as an ‘electron relay’ to the respective redox partners (i.e. cyto-
chrome by). On the basis of their distance from the [NiFe] active site,
these are a) a low-potential all-cysteinate ligated [4Fe-4S] cluster
(proximal), b) a [3Fe-4S] cluster (medial) and c) a low-potential [4Fe-
4S] cluster with three cysteine and one histidine ligands (distal).

Hase I attracted significant attention due to its enhanced O,-tolerance,
in contrast to prototypical hydrogenases of the same subclass that are
(ir)reversibly inhibited under aerobic conditions. The ability of Hase I
to sustain catalytic activity in the presence of O, was reminiscent of a
similar behavior reported for the membrane-bound hydrogenase from
Ralstonia eutropha [75]. Interestingly, both purified enzymes in their
as-isolated states exhibit complex Fe/S cluster signals in contrast to
the expected g ~2.02 quasi-isotropic EPR signal of a [3Fe-4S]' " cluster
[72,75]. This difference postulated the presence of modified Fe/S centers
in these two enzymes. Sequence alignment and site-directed
mutagenesis studies revealed that two additional cysteines are involved
in the ligation of the proximal [4Fe] cluster [76]. A redox-titration mon-
itored by EPR spectroscopy on the A. aeolicus Hase I identified that all
three Fe/S clusters are implicated in four single-electron transfer steps
[77]. Analysis of the complex magnetic interaction patterns in the EPR
spectra supported the hypothesis that the proximal cluster carries out
two successive one-electron transitions in a reversible manner and
within a small potential range (~150 mV vs NHE) [77]. This analysis
revealed that the proximal cluster can access both a superoxidized
state (reminiscent of the [4Fe-4S]> T in HiPIP proteins) and a reduced
state (reminiscent of the [4Fe-4S]'* form in low-potential ferredoxins),
and suggested that it may be the first example of a Fe/S cluster
physiologically accessing oxidation states separated by two electrons.

To unequivocally address the unprecedented redox conversion of
the proximal cluster, Mdssbauer spectroscopy was employed so as to
probe whether oxidation is indeed contained within the metal center.
The system poses a significant challenge for Méssbauer spectroscopy,
because it contains in total twelve Fe sites, the contributions of which
are significantly overlapping. For a complete and concise characteriza-
tion of the system, the studies were focused on the two extreme
redox states: chemically superoxidized (in which the proximal cluster is
in its superoxidized state and the other clusters are in their oxidized
states, respectively) and H,-reduced (in which the proximal cluster is re-
duced by two-electrons and the other cofactors are in their one-electron
reduced forms). The first definitive evidence that the second redox tran-
sition of the proximal cluster is metal-centered was obtained by analysis
of the zero-field spectrum recorded at 160 K on the superoxidized form
of the enzyme (Fig. 4) [77]. This spectrum differed from the one report-
ed for O,-sensitive hydrogenases by two main features: (i) a substan-
tially higher amount of Fe'! that was ascribed to oxidation of the
proximal cluster from the (2 +)-like state with average valence Fe?>+
to the (3 +)-like state (8,, = 0.34 mm/s at 160 K, being in the range
of those reported for HiPIP-like cubane clusters) and (ii) a subspectrum
corresponding to one Fe ion with an isomer shift of 0.46 mm/s and an
unusually large quadrupole splitting AEq = 2.41 mm/s, indicating an
unusual ligand environment. At the same time this study was published,
the crystal structure of the superoxidized form of an O,-tolerant
hydrogenase from Hydrogenothermus marinus was released [ 78], reveal-
ing a distorted cubane cluster in the proximal position that can be for-
mally described as a [4Fe-3S] cluster, in which one of the inorganic
sulfide ligands has been replaced by one of the extra cysteine ligands.
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Fig. 4. 160-K/zero-field Mossbauer spectra of the reduced (top) and superoxidized (bot-
tom) form of the A. aeolicus Hase 1. The so-called unique site has been highlighted with
purple shading. The remaining components in the spectra correspond to the relative dis-
tribution of ferric, ferrous and mixed-valent sites. Note that the site with unique spectro-
scopic properties is different in the two redox states. For details refer to ref [74].

In accordance with the predictions from the Mdssbauer studies, one
of the Fe-sites harbored an atypical amide coordination originating
from the tandem CC motif specific for this type of O,-tolerant enzymes
(unique site, top Fig. 4). Further global analysis of the low-temperature
(4.2 K) and applied magnetic field Mdssbauer spectra, combined with
density functional (DFT) calculations and the crystallographic informa-
tion available, led to the complete characterization of the distribution of
Fe valences and spin-coupling schemes for the iron-sulfur clusters in
Hase I [74]. In particular, the Mdssbauer parameters, and the magnitude
and sign of the A-tensors surprisingly demonstrate that the electron-
ic structure of the [4Fe-3S] core in its three oxidation states closely
resembles that of the conventional [4Fe-4S] clusters, albeit with dis-
tinct differences for some individual iron sites, as reflected in the
large magnitude of the EFG and the localization of valences (Fig. 4)
[74,79].

4.2. The [3Fe]-cluster intermediate in lipoyl synthase (LipA)

The members of the large and emerging superfamily of “radical-
SAM” (RS) enzymes [5,80-83] utilize a reduced [4Fe-4S]'* cluster
that is coordinated by a conserved CX3CX,C motif to reductively cleave
the co-substrate, S-adenosyl-L-methionine, to L-methionine and a 5'-
deoxyadenos-5'-yl radical (5’-dA¢). The 5’-dAs intermediate then reacts
with the substrate by abstracting a hydrogen atom from the target C-H
bond of the substrate. The RS enzyme lipoyl synthase (LipA) catalyzes
the final step in the biosynthesis of the lipoyl cofactor [83,84]. This reac-
tion involves the sequential insertion of two sulfur atoms into the
unactivated C-H bonds at C6 and C8 of an octanoyl chain appended to
the e-amino group of a specific lysyl residue of a lipoyl carrier protein,
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one of which is the H protein of the glycine cleavage system [85]. A com-
bination of site-directed mutagenesis studies, and Mdssbauer- and EPR-
spectroscopic experiments, together with metal analyses, revealed that
LipA harbors two spectroscopically indistinguishable [4Fe-4S]* " clus-
ters in its as-isolated state [86]. The first [4Fe-4S] cluster is coordinated
by the signature CX5CX,C motif of the RS enzymes and is used for reduc-
tive generation of the 5’-dAe. The second [4Fe-4S] cluster, denoted as the
auxiliary cluster, is coordinated by the three cysteines of a CX4CX5C motif,
which is conserved amongst LipAs from various species, as well as a serine
found in a conserved RSSY motif [87]. It was proposed that the auxiliary
|4Fe-4S] cluster in LipA is the source of the sulfur atoms to be inserted
into the substrate, because formation of product does not require an exog-
enous sulfur source and because of the similarity of LipA to the RS enzyme
biotin synthase (BioB), which catalyzes insertion of one sulfur atom into
two aliphatic C-H bonds at C6 and C9 of dethiobiotin [88]. Importantly,
BioB also harbors two Fe/S clusters, a [4Fe-4S] and a [2Fe-2S] cluster
[38,96]. The [2Fe-2S] cluster in BioB is the source of the inserted sulfur
[61,89,90].

The reaction mechanism of LipA is proposed to proceed in two dis-
tinct steps [91,92]. The first step involves generation of 5’-dA- at the
RS [4Fe-4S] cluster, followed by abstraction of a hydrogen atom from
C6 of the substrate's octanoyl fatty-acyl chain by the 5’-dAs. Subsequent
attack of the ensuing substrate radical on one of the p;-sulfido ligands of
the auxiliary cluster yields the 6-mercapto-octanoyl intermediate [84].
The second step involves generation of another 5’-dAe from a second
molecule of SAM at the RS [4Fe-4S] cluster, attack of the 5'-dAs on C8
of the monothiolated intermediate to generate the C8 substrate radical,
and attack of the latter on a second sulfide of the auxiliary Fe/S cluster to
form the lipoyl cofactor.

The proposed monothiolated intermediate in the LipA reaction was
recently trapped and characterized by reacting Escherichia coli (Ec)
LipA in the presence of the octanoyl-H protein-derived peptide sub-
strate with one equivalent of SAM in the presence of dithionite reduc-
tant [93]. Under these SAM-limited conditions the reaction is only
allowed to proceed to the monothiolated intermediate form, in which
the octanoyl substrate is found to be chemically crosslinked to LipA
via an iron-sulfur cluster. Mossbauer spectroscopic characterization of
the intermediate reveals that the auxiliary [4Fe-4S] cluster is converted
to a 3Fe cluster with spectroscopic properties strikingly similar to those
observed for reduced, cuboidal [3Fe-4S]° clusters (vide infra) [93]. When
this intermediate is reacted further with an additional equivalent of
SAM, formation of lipoyl product is observed with concomitant disassem-
bly of the [3Fe] cluster-containing intermediate and conversion to Fe"' in
solution, thus demonstrating its kinetic and chemical competence. Alter-
natively, the same [3Fe] cluster species with identical properties could
also be observed in LipAs from Ec and from Thermus thermophilus by
using an 8,8,8-trideuterated octanoyl substrate isotopolog [93], which is
known to suppress formation of lipoyl product, due to a large deuterium
kinetic isotope effect on C8-H cleavage [91].

The 4.2-K/53-mT Madssbauer spectrum of the as-isolated Ec LipA
control sample exhibits a quadrupole doublet with parameters 6 =
0.45 mm/s and AEq = 1.18 mm/s, characteristic of [4Fe-4S]?> ™ clusters
(Fig. 5A). By contrast, the spectrum of the monothiolated intermediate
is markedly different and contains components that are dependent on
the presence or absence of a weak 53-mT magnetic field (Fig. 5B and
C), suggesting the presence of a new species with a paramagnetic,
integer-spin ground state. The [0-53] mT difference spectrum
(Fig. 5D), in which the contribution of the other components is can-
celled, reflects the field strength dependence of the spectrum of the in-
termediate. The zero-field reference spectrum of the paramagnetic
intermediate [Fig. 5E, vertical bars, generated by adding back the 53-
mT reference spectrum (Fig. 5D, solid line)] consists of two quadrupole
doublets in a 2:1 intensity ratio with parameters typical of a mixed-
valent (Fe?>>™), pair and a Fe'" site, respectively. The 2:1 intensity
ratio and the typical Mossbauer parameters suggest a trinuclear cluster
composed of a high-spin Fe'" (S = 5/2) coupled to a mixed-valent
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Fig. 5. Mossbauer spectra of the as-purified LipA at 53 mT (A), of the cross-linked
monothiolated intermediate at zero-field (B) and at 53 mT (C). The [0-53] mT difference
spectrum demonstrates the presence of a [3Fe] paramagnetic cluster (D) and the generated
reference quadrupole doublet spectrum of the [3Fe] cluster shows the 2:1 stoichiometry.
Applied field is parallel to the 'y beam. Adapted from ref [93].

(Fe?> ™), pair (S = 9/2). The parameters of the LipA [3Fe] cluster inter-
mediate are strikingly similar to those of cuboidal [3Fe-4S]° clusters,
which have a S;,; = 2 ground state arising from AF coupling of the Fe'™
site to the (Fe?>”™),. We proposed that formation of the [3Fe] cluster in-
volves attack of the substrate C-6+ on one of the sulfide ligands of the
auxiliary [4Fe-4S]>™ cluster. In this process, one of the electrons of the
lone electron pair of the attacked sulfur is formally used to form the
new C-S bond, while the other is added to one of the (Fe?” ™), units to
formally create a (Fe""), unit. We designate this cluster as [4Fe-3S-
1RSJ? . In terms of its electronic structure, we anticipate that it contains
a mixed-valent (Fe>>™), unit and a (Fe"), unit, as in reduced [4Fe-
48] clusters. Note that the cluster has one fewer negative charge, be-
cause one of the bridging sulfides has been replaced with the thiolate of
the 6-mercaptooctanoyl intermediate. In order to reach the experimen-
tally observed [3Fe]-cluster with one Fe™ and one (Fe*°*), unit, the
cluster needs to lose one Fe'' and an additional electron. We designate
this cluster as [3Fe-3S-1RS] . Note that this conversion is formally anal-
ogous to the oxidative disassembly of [4Fe-4S]?> " clusters to [3Fe-4S] "
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clusters. Loss of Fe'' and an electron without further structural rear-
rangement to yield an approximately cuboidal geometry for the [3Fe-
3S-1RS]* cluster would also be in accord with the experimentally ob-
served electronic structure, because the necessary orbital pathways for
double exchange within the (Fe?>*), unit and magnetic superexchange
between the three Fe ions would be present in that geometry.

The other species contributing to the Mdssbauer spectra include
‘regular’ [4Fe-4S]>™ clusters and [4Fe-4S]*>™ clusters with two site-
differentiated sites (SAM- or methionine-bound), attributed to the RS
cluster, as well as high-spin Fe', which emanates from the Fe' liberated
upon disassembly of the auxiliary cluster [93].

5. Characterization of Fe/S clusters by whole-cell/organelle
Maossbauer spectroscopy

The type and stoichiometry of Fe/S cofactors are typically deter-
mined on purified proteins, i.e. under in vitro conditions. Various Fe/S
cluster forms, however, can often easily interconvert or degrade, thus
raising the question of whether the Fe/S cofactor composition in puri-
fied Fe/S proteins is a consequence of the purification procedure.
Mossbauer spectroscopy on samples of whole cells or whole organelles
may provide additional, complementary information about composi-
tion and distribution of the Fe-containing species. However, this ap-
proach also has some caveats. In addition to the features of the (Fe/S)
protein to be studied, Mdssbauer spectroscopy is approximately equally
sensitive to all other >”Fe-labeled centers contained in the sample, and
therefore the spectra typically exhibit several broad components
reflecting the “background” of numerous Fe species. Thus, identification
of authentic signals associated with the protein of interest may be diffi-
cult. Comparison of spectra of whole-cell samples before and after over-
expression of the target protein often aids in the analysis of the spectra
and identification of the signals of the protein to be studied. It is impor-
tant, however, to keep in mind that the distribution of background Fe
species may change in response to overexpression of the target protein.
In the following, we summarize selected studies on the application of
this methodology.

The fumarate nitrate reductase (FNR) transcription regulator acts as
an O,-sensor in Ec [94]. It was shown by Mdssbauer spectroscopy on the
purified FNR regulator that it harbors a [4Fe-4S] cluster, which upon ex-
posure to O, converts to a [2Fe-2S] cluster. However, it was not known
whether this process occurs in vivo. By employing Mdssbauer spectros-
copy on whole cells containing overexpressed FNR, it was demonstrated
that the [4Fe-4S]*> T to [2Fe-2S]*™ interconversion upon exposure to O,
indeed takes place in vivo. In addition, the [4Fe-4S]** cluster is partly
regenerated upon removal of O,. The spectra of cells in which FNR
was not induced were used as a reference for other Fe containing pro-
teins that can be present at high amounts and were then subtracted
from the spectra of the FNR overexpressing cells, thus separating the
contribution of solely the Fe/S clusters of the transcription factor.

Biotin synthase (BioB) is a RS enzyme that catalyzes the ultimate
step in the biosynthesis of biotin, viz the insertion of sulfur into the
unactivated C6-H and C9-H bonds of dethiobiotin. Before it was firmly
established that BioB harbors one [4Fe-4S]| and one [2Fe-2S] cluster, it
was not clear whether the [2Fe-2S] cluster observed upon purification
under anaerobic conditions is an authentic cofactor of BioB, or whether
it is the degradation product of a [4Fe-4S] cluster [38,95,96]. Two inde-
pendent whole-cell Mdssbauer studies on BioB demonstrated that the
[2Fe-2S] cluster is indeed formed in vivo [97,98].

The RS enzyme pyruvate formate lyase activating enzyme (PFL-AE)
abstracts the pro-S hydrogen atom from a specific glycine residue on
PFL using a SAM-derived 5'-dAe, yielding an O,-sensitive glycyl radical
[99,100]. It was shown by Mossbauer spectroscopy that anaerobically
purified PFL-AE contains a mixture of Fe/S cluster types ([2Fe-2S]**, cu-
boidal [3Fe-4S]™, linear [3Fe-4S]™, and [4Fe-4S]>™") [44,101], which
upon treatment with dithionite convert to a mixture of [4Fe-4S]' */2,
To examine the potential physiological relevance of the interconversion

of [4Fe-4S]?™ to [2Fe-2S]>™ in vivo, i.e. regulation of PFL activity in
response to O, levels, Mossbauer spectroscopy on whole cells expressing
PFL-AE demonstrated that the [4Fe-4S]**-to-[2Fe-2S]** interconversion
occurs in vivo [102]. In addition, it was observed that the [4Fe-4S]*> ™ clus-
ter in the cells has a partially valence-localized Fe; unit, suggesting bind-
ing of a small molecule to the unique non-cysteine-coordinated site of the
[4Fe-4S] cluster.

Mossbauer spectroscopy can be combined with EPR spectroscopy
and analytical methods (inductively coupled plasma atomic emission
spectroscopy, ICP-AES) in order to study the Fe speciation in cells and
organelles. Such an approach has been adopted for the study of the Fe
distribution in mitochondria, which are the ‘kernels’ for the cellular Fe
trafficking [103]. This combined study demonstrated how Fe is mobi-
lized to be inserted into proteins and how the relative concentrations
of Fe-containing proteins (heme, non-heme and Fe/S-containing pro-
teins) are modulated in yeast cells during the different metabolic phases
(respiration, fermentation).

6. Outlook and conclusions

Méssbauer spectroscopy has unarguably set the stage for under-
standing the electronic structure of polynuclear Fe/S clusters, which
has been itself pivotal for establishing the fundamental mechanisms
that dictate their conformational, electronic and redox plasticity. It is
an invaluable tool and by far the most informative method when the
nuclearity and redox states of Fe/S cofactors in uncharacterized proteins
need to be determined. The importance of this technique is particularly
accentuated in studies of novel Fe/S cofactors that go against hitherto
accepted paradigms occurring in more ‘classical’ clusters and allows for
the characterization of the electronic structure of these cofactors, other-
wise inaccessible by other methods. Though the complexity of the
Méossbauer spectra increases with increasing the number of Fe species, se-
lective >’Fe labeling and coupling to other spectroscopic techniques such
as EPR, EXAFS, and resonance Raman spectroscopies, offers a unique
handle for the study of Fe/S clusters.
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