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A B S T R A C T

The application of mass spectrometric methodologies has revolutionised biological chemistry, from identification 
through to structural and conformational studies of proteins and other macromolecules. Native mass spec
trometry (MS), in which proteins retain their native structure, is a rapidly growing field. This is particularly the 
case for studies of metalloproteins, where non-covalently bound cofactors remain bound following ionisation. 
Such metalloproteins include those that contain an iron‑sulfur (Fe–S) cluster and, despite their fragility and O2 
sensitivity, they have been a particular focus for applications of native MS because of its capacity to accurately 
monitor mass changes that reveal chemical changes at the cluster. Here we review recent advances in these 
applications of native MS, which, together with data from more traditionally applied biophysical methods, have 
yielded a remarkable breadth of information about the Fe–S species present, and provided key mechanistic 
insight not only for Fe–S cluster proteins themselves, but also their assembly.

1. Introduction

Iron‑sulfur (Fe–S) clusters are defined as complexes of iron (Fe2+ or 
Fe3+) and sulfide (S2− ) ions, of variable nuclearity. Their significance 
stems from their widespread distribution throughout life, where they 
fulfil a myriad of functions as co-factors of proteins [1–3]. They are 
conjectured to be the most ancient of all protein co-factors, evolving 
prior to photosynthesis in an anaerobic world in which soluble iron (as 
Fe2+) and sulfur (as S2− ) were abundant. Indeed, some have speculated 
that chemistry involving Fe–S species may have played a central role in 
the origin of life [4].

1.1. Structure and properties of iron‑sulfur clusters

The two most common Fe–S clusters in biology are the [2Fe–2S] 
and [4Fe-4S] clusters. The [2Fe–2S] cluster is the simplest of Fe–S 
clusters, consisting of a [Fe2(μ2-S)2] unit arranged as a rhomb, where the 
two iron ions are coordinated by two additional ligands from the pro
tein, Fig. 1, in the form of the side chains of certain residues. The thiolate 
(RS− ) side chain of cysteine most commonly serves this role, but other 
residues are occasionally found to serve as cluster ligands, including 
aspartate/glutamate (RCOO− ), histidine (-N=) and serine (RO− ) [5–8]. 
The [4Fe–4S] cluster is a cuboid consisting of two interlaced tetrahedra 

of irons and sulfides (Fig. 1), with each iron coordinated by one other 
ligand. Again, for protein-bound clusters, this is commonly a cysteine 
thiolate, but, as for [2Fe–2S] clusters, other amino acid residues 
sometimes serve as ligands, and in some cases a non-protein ligand is 
found [6,8]. The [3Fe–4S] cluster, which equates to a [4Fe–4S] cluster 
lacking an iron at one of its vertices, is found in a limited number of 
cases.

The different geometric arrangements and protein coordination of 
[2Fe-2S] and [4Fe-4S] clusters have important consequences for the 
protein environment surrounding the cluster. In all cases, the irons are 
tetrahedral; for [2Fe–2S] clusters, two of the four ligands to each iron 
are provided by the protein and are perpendicular to the [Fe2(μ2-S)2] 
rhomb. Thus, the protein ligands all lie in the same plane. Conversely, 
for [4Fe–4S] clusters, only one (or up to one) of the four ligands to each 
iron is provided by the protein, and so these are in a tetrahedral 
arrangement, echoing the arrangement of the irons themselves. The 
important point, here, is that while four amino acid side chains (typi
cally) coordinate both [2Fe-2S] and [4Fe-4S] clusters, the arrangement 
of those ligands is very different, and so the type of cluster bound has 
important structural consequences for the protein. Thus, an Fe-S-binding 
motif may be capable of binding either a [4Fe–4S] or a [2Fe–2S] 
cluster, but it cannot switch between cluster types without a change in 
protein conformation. In addition to the above Fe–S clusters, more 
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exotic iron- and sulfide-containing clusters exist, but we will not 
consider those further here.

Fe–S clusters exhibit complex electronic and magnetic properties, 
involving electron delocalization and the sulfide bridge-mediated 
coupling of spins on different iron ions. A result of this is that clusters 
can be found in a limited number of charged states, with the protein 
environment typically limiting it to, usually, two oxidation states. The 
+2/+1 states of both [2Fe-2S] and [4Fe-4S] clusters are most common 
for electron transfer proteins [8], though the latter also sometime 
operate over the +3/+2 couple [10]. Observation of a single oxidation 
state clearly indicates a function other than electron transfer for the 
cluster. UV–visible absorbance spectra are dominated by transitions due 
to ligand to metal charge transfer, resulting in distinct (oxidation state- 
dependent) spectra for [2Fe–2S] and [4Fe-4S]. Absorbance intensity of 
[2Fe-2S] clusters extend further into the visible than that for [4Fe–4S], 
resulting in a red-brown colour, while those of [4Fe-4S] clusters are 
straw brown, darkening to green-brown in highly concentrated solutions 
[11].

Magnetic coupling of the spins of paramagnetic iron ions very often 
results in diamagnetic (S = 0) or low value (S = ½) spin states [8,12–14] 
giving electron paramagnetic resonance and Mössbauer spectra that are 
typically highly characteristic of the cluster type [15,16]. Other spec
troscopic methods can also provide information on cluster type and, in 
some cases, coordination. Resonance Raman, for example, reports 
cluster-specific vibrations that give information on the cluster type as 
well as coordinating ligands [17]. Nuclear resonance vibrational spec
troscopy (NRVS) also provides vibrational information that is specific to 
the cluster iron and its coordination [18]. All of these methods have 
proved to be very useful in studies of Fe–S cluster proteins. In general, 
all involve measurements of highly concentrated samples in the frozen 
state, and, in the case of Mössbauer and NRVS, 57Fe-labelling of the 
clusters. Thus, these methods do not readily lend themselves to kinetic 
measurements of reactions involving Fe–S clusters.

1.2. Biological functions of protein-associated iron‑sulfur clusters

Fe–S clusters perform essential functions in a wide variety of pro
cesses, including respiration, photosynthesis, and nucleic acid meta
bolism [19]. The first Fe–S cluster proteins discovered, in the 1960s, 
were ferredoxins that function in electron transfer. While this is a key 
role, several other functions of Fe–S clusters have since been discov
ered, including as catalysts of both non-redox reactions and redox re
actions. In the former, the cluster acts as a Lewis acid, e.g. in aconitase, 
[20]. In the latter, reactions that involve electron transfer in addition to 
chemical transformations are catalysed by, e.g., radical SAM enzymes. 

Here, the cluster participates in radical chemistry to facilitate methyl
ation and other transformations [21]). There are some examples of en
zymes, such as biotin synthase and lipoic acid synthase, in which an 
Fe–S cluster functions to provide sulfur for a biosynthetic process [22]. 
Besides catalysis, there are an increasing number of Fe–S cluster pro
teins that function in gene regulation. Here, the cluster functions as a 
sensor for one or more key environmental molecules that signal, for 
example, nutritional or redox status or stress (oxidative or nitrosative) 
[23].

1.3. Reactivity of protein-associated iron‑sulfur clusters

The evolution of Fe–S clusters occurred in an anaerobic world in 
which iron and sulfur were plentiful. The oxygenation of the atmosphere 
presented a huge challenge in that Fe–S clusters are in general inher
ently chemically reactive, and highly susceptible to damage under aer
obic conditions as a result of reaction with O2. In addition to this, 
following oxygenation, both iron and sulfur became much less 
bioavailable due to oxidation; in particular, the most stable form of iron 
under aerobic/aqueous conditions, Fe3+, is highly insoluble. That Fe–S 
clusters were not ‘abandoned’ as cofactors during evolution is a testa
ment to their unique properties/capabilities, which could not (at least 
broadly) be easily replaced by more bioavailable and robust 
alternatives.

Under conditions of aerobic respiration, which are not generally 
considered particularly ‘stressful’, the demand for Fe–S clusters in 
bacteria is significantly higher than under anaerobic or micro-aerobic 
conditions [24], reflecting their reactivity with O2. Fe–S cluster 
biogenesis machineries, such as SUF, evolved to ensure that cluster 
supply could be met under aerobic conditions, and even under iron 
limitation and/or conditions of oxidative stress [25].

The reactivity of Fe–S clusters has also been exploited during evo
lution to enable organisms to sense their environments, from various 
stresses to nutritional status. For example, in many bacteria, the pres
ence/absence of O2 is sensed by an Fe–S cluster-containing regulatory 
protein, FNR, where direct reaction of O2 with the cluster is the basis of 
the sensing reaction [26]. Another key sensing reaction occurs between 
Fe–S clusters and nitric oxide, an indicator of nitrosative stress. Again, 
in many bacteria, NO is sensed by an Fe–S cluster regulator, e.g. NsrR 
[27]. In these cases, where the cluster functions as a sensor, reaction at 
the cluster results in transduction of the signal to effect a protein 
conformational change that is triggered by a rearrangement of Fe–S 
cluster ligand residues. This, in turn, affects the interaction of the reg
ulatory protein with its cognate partner, which for bacterial regulators, 
is a specific DNA operator sequence. For higher eukaryotes, including 

Fig. 1. Commonly found protein-associated iron‑sulfur clusters. Structures of [2Fe-2S], [3Fe–4S] and [4Fe-4S] iron‑sulfur clusters (PDB: 6HSD, 2VKR, 5N07). Iron, 
sulfide and ligands (Cys, Asp, His, and Glu residues) are indicated, along with the mass of the cluster. Structural images in this review were produced using UCSF 
ChimeraX [9] or Discovery studio (Dassualt Systèms Biovia Corp).
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humans, the cognate partner may be mRNA (e.g. IRP1 [28]). FNR and 
NsrR, as well as other examples of Fe–S cluster regulators, are discussed 
in detail in this review.

1.4. Mass spectrometry of iron‑sulfur cluster proteins

Electrospray ionisation (ESI) and matrix-assisted laser desorption 
ionisation (MALDI) are widely applied to studies of macromolecules 
because they are soft ionisation sources that do not impart high energies 
to analyte molecules and thus do not result in significant fragmentation. 
ESI is distinct in that it does not require addition of a matrix or drying of 
samples and is carried out on samples in solution. Most applications of 
ESI involve acidic solvents that preserve sample molecules intact but not 
their native structure. However, by selecting aqueous, volatile buffer 
systems at or close to neutral pH for studies of biologically relevant 
samples, it is possible to do both and thus to gain additional information 
about structure or the formation of complexes of different types.

The above approach is often described as ‘native MS’ and we will use 
this term here; the literature contains an array of alternative terminol
ogy (e.g. native spray, non-covalent, non-denaturing, macromolecular 
or supra-molecular) that describes the same basic approach to ESI-MS in 
which non-covalent interactions are preserved [29,30]. Improvements 
in instrument resolution and sensitivity mean that native MS is now 
commonly applied for accurate mass determination of proteins, protein 
complexes, and studies of interactions of proteins with small molecules, 
lipids, sugars and nucleic acids, as well as protein structural changes 
[31–37].

ESI-MS of metalloproteins (encompassing ‘native’ as well as more 
traditional approaches but where the metal remained bound) has in 
some cases provided valuable insight into the metal centre [38–49]. Due 
to their reactivity, Fe–S cluster proteins have been generally more 
difficult to study by ESI-MS. Fe–S clusters are unstable at low pH and 
were degraded under the acidic conditions of early ESI-MS experiments. 
Some early successes using aqueous buffers were generally confined to 
the most stable Fe–S proteins; for example, the high potential 
iron‑sulfur protein (HiPIP) from Chromatium tepidum exhibited three 
distinct charge states (+5 to +7) corresponding to the [4Fe–4S] cluster- 
bound form, indicating the experimental conditions were sufficiently 
mild so as to preserve the fragile Fe–S bonds [50]. The generally good 
stability of ferredoxins of both [2Fe-2S] and [4Fe-4S] cluster types, 
particularly around neutral pH, meant that they were ideal protein 
systems for the establishing a set of conditions for the investigation of 
other, less stable Fe–S cluster proteins [51], and they continued to be 
useful test subjects when exploring the capabilities of more modern ESI- 
MS instruments [52–54].

More recently, further advances in instrument sensitivity and 
resolving power together with improved methods for handing highly 
sensitive Fe–S cluster proteins have led to applications of native MS to a 
wider range of Fe–S proteins, and particularly those that function as 
regulatory proteins. In part, this is because the clusters of such proteins 
undergo chemical reactions at their clusters as part of their sensing 
mechanisms, resulting in mass changes. While methods such as 
Mössbauer, resonance Raman and electron paramagnetic resonance 
(EPR) spectroscopies can provide key information about the nature of 
Fe–S clusters, they have more limited capacity to elucidate Fe–S 
cluster reaction mechanisms. As illustrated in this review, native MS is 
extremely powerful in this regard, because it can simultaneously follow 
all species (original cluster, cluster products and intermediates).

1.4.1. Practical considerations for native mass spectrometry of iron‑sulfur 
cluster proteins

It is useful here to outline some of the practical considerations when 
conducting native MS studies of Fe–S cluster proteins. Firstly, it is 
worthwhile to direct effort into optimising over-expression conditions to 
maximise in vivo cluster incorporation [55,56]. Isolation of the protein 
should also be optimised to achieve the highest possible purity, and 

resulting samples analysed by standard LC-MS to confirm the absence of 
contaminants and to verify that the mass of the apo protein matches that 
predicted [57].

In some cases, isolated proteins exhibit low cluster loading. Indeed, it 
is the case that some Fe–S proteins, particularly those expressed het
erologously in E. coli, appear to be poor clients for the native Isc/Suf 
Fe–S assembly machineries, or are so reactive that only apo proteins are 
obtained [55,58]. In such cases, in vitro methods of cluster insertion can 
be used to achieve satisfactory cluster incorporation. Two principal 
methods are available: first, a semi-biomimetic approach that employs a 
cysteine desulfurase (e.g. NifS, IscS) to generate in situ sulfide ions from 
cysteine substrate; second is a purely chemical approach that involves 
the addition of S2− ions (as Na2S or Li2S) to the apo-protein solution. 
Both approaches also involve addition of Fe2+/Fe3+ ions (as (NH4)2Fe 
(SO4)2 or FeCl3, respectively) and reductant (commonly DTT) [55,59]. 
In most cases, in vitro cluster reconstitutions can faithfully assemble the 
native Fe–S cluster, but caution should be exercised, because erroneous 
results are possible [60]. Spectroscopic properties should, where 
possible, be compared to the Fe–S cluster(s) inserted by in vivo systems 
[55]. Furthermore, it’s important to keep chemical artefacts (such as 
adventitiously bound Fe/S species) to a minimum.

Prior to performing native MS all non-volatile salts and buffer 
components must be removed from samples and substituted with vola
tile ‘buffer’ components [57,61,62]. Solutions of ammonium acetate are 
commonly employed for native MS, but other volatiles, such as ammo
nium formate, may also be used [57,61–65]. Failure to remove non- 
volatiles results in poor ionisation. The buffer conditions often have to 
be optimised in order to maximise ionisation for native MS studies; as a 
starting point, we typically use 250 mM ammonium acetate, pH 8.0, and 
adjust from there [57]. Ionisation efficiency is not uniform, and the 
presence of readily ionisable contaminants can lead to suppression of 
analyte ionisation; thus, it is very important that the sample is as pure as 
possible and thoroughly exchanged into the appropriate volatile buffer.

Ionisation can usually be further optimised by ‘tuning’ instrument 
parameters [57]. For example, with an instrument equipped with an ESI 
source and a Time of Flight (TOF) mass analyser (Fig. 2), the source, ion 
transfer, and TOF parameters can all be adjusted to maximise signal 
intensity and resolving power, while also keeping to a minimum any 
damage to the Fe–S cluster(s) or protein-protein interactions due to in- 
source or collisional damage [57,61,62].

1.4.2. Interpretation of mass spectrometry data for iron‑sulfur cluster 
proteins

Ions entering the mass analyser are not resolved according to their 
mass, but rather their mass-to-charge ratio (m/z). Time-of-flight prop
erties for an ion is proportional to the square root of the mass of the ion; 
thus, ions of lower m/z value reach the detector sooner than higher m/z 
value ions (of greater mass if charge is the same). For a TOF-equipped 
instrument, the time elapsed between the acceleration pulse and ion 
detection (t) is measured and, along with acceleration voltage (V) and 
length of the drift region (d), is used to determine the m/z value of the 
detected ion(s) according to: 

m/z = 2eV
(

t2

d2

)

(1) 

where m is the mass of the ion, z is the number of charges on the ion and 
e is the electron charge. In general, when compared to denatured/ 
unfolded proteins, folded proteins have comparably fewer residues that 
are readily accessible to the ion generation process. Thus, when native 
MS and LC-MS spectra for the same protein are compared, the former 
typically exhibit few charge states with lower total charge values. In 
some cases, the native MS spectrum might reveal a mix of charge state 
envelopes due to folded and (partially) unfolded conformations, 
reflecting the same above characteristics.

Protein mass can be readily calculated from the m/z spectrum, 
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particularly if all the charge on the ion (generated by positive mode ESI) 
results from an excess of protons (or a deficit of protons in negative 
mode). For apo proteins (via LC-MS or native MS), these masses are 
determined from the m/z spectrum according to: 

m/z = [M + zH]

/

z (2) 

where M is the molecular mass of the protein, H is the mass of the proton 
and z is the charge of the ion. The analysis of metalloproteins is more 
complex because the metal containing cofactors are themselves usually 
charged, and thus contribute to the overall ion charge; thus, not all of the 
charge is derived from additional protons, and the charge of the cofactor 
must be considered in order to accurately determine the mass from the 
m/z spectrum.

For an Fe–S cluster protein, the peaks correspond to: 

m/z = [M + [FeS]x + (z − x)H ]

/

z (3) 

where M is the molecular mass of the protein, [Fe–S] is the mass of the 
iron sulfur cluster with x charge, H is the mass of the proton and z is the 
charge of the ion. In this equation, the charge of the cluster (x), de
creases the number of protons required to obtain an ion with z charges. 
Post deconvolution (e.g. using Unidec, [66]), the observed neutral mass 
is usually off-set from the predicted mass by a mass equivalent to the 
charge of the cluster: 

Mobs =
[
M+([FeS] − x ) (4) 

For example, if a protein with mass M binds a [2Fe–2S]2+ cluster, 
the relevant peak (Mobs) in the deconvoluted neutral mass spectrum for 
the holo protein will be observed at: 

Mobs = (M+(176 − 2) ) (5) 

The same principle applies to [4Fe-4S]2+ clusters and any cluster 
intermediates [47,54,67].

Identifying the origin of signals in the mass spectrum may not be 
straightforward. Usually, this is not done based only on MS data; data 
from spectroscopic and other bioanalytical techniques are used to 
inform assignment. Even then, it may be hard to distinguish between 
species of similar mass. In such cases, stable isotope substitution data are 
crucial for unambiguous confirmation of the assignment of peaks to 

particular reactants, intermediates, and products. We have previously 
described a general set of conditions that are suitable for the preparation 
of isotopically enriched (>99 %) Fe–S clusters from 34S, 57Fe or 
34S/57Fe [56,67–70]. With such enriched samples, the differences be
tween natural abundance and enriched sample MS spectra reveal the 
identity of the species. For example, a mass difference of ~ + 8 Da 
(natural abundance versus 34S enriched) is expected for a [4Fe–4S] 
cluster, in which each sulfide has a mass offset by +2 Da in the enriched 
sample. Reactions with NO (mass of 30 Da), resulting in cluster nitro
sylation may be particularly problematic in terms of assignment, 
because a gain of one NO molecules is difficult to distinguish from gain 
of two NO and a loss of one sulfide. Use of 15NO and/or 34S enrichment 
permits unambiguous assignment [68,71].

Here, we summarise recent advances in the application of native MS 
in studies of Fe–S cluster proteins, including several regulators, and the 
scaffold protein of the Isc Fe–S biogenesis machinery. These studies 
demonstrate the capacity of this approach to provide novel insight that 
cannot be easily otherwise obtained.

2. Native MS as a tool for determining Fe–S cluster type

2.1. Common spectroscopic methods for determining Fe–S cluster type

Whether or not an Fe–S cluster is present in a purified protein 
sample can be quickly assessed using little more than an absorbance 
spectrophotometer. Spectra of [4Fe-4S] and [2Fe-2S] clusters are 
generally distinct in appearance, and can provide an indication of cluster 
type [59,72]. However, the broad and overlapping bands, as well as 
dependence on (variable) coordinating ligands, means that absorbance 
spectra alone do not provide conclusive evidence.

The asymmetric fold of the protein generally confers optical activity 
on Fe–S cluster electronic transitions, resulting in a circular dichroism 
(CD) band pattern that is characteristic of the cluster and its environ
ment. While the CD pattern of related Fe–S proteins is usually similar 
(e.g. Section 3.3), the CD pattern alone may not be useful in identifying 
cluster type [73,74]. Other techniques, such as magnetic CD (MCD), 
resonance Raman, nuclear vibrational resonance (NRVS), Mössbauer 
and EPR spectroscopies are useful to establish cluster type (see Section 
1.1). A combination of two or more such methods typically provides 
unambiguous assignment.

Fig. 2. Schematic representation of a Q-TOF mass spectrometer. Schematic representation of a A) a typical micro-Q-TOF and B) a newer hybrid Q-TOF featuring ion 
mobility spectroscopy (IMS) capability. The mass spectrometer consists of four essential components that function in ionisation (e.g the source), ion transfer (e.g. 
funnel or step-wave), analysis which is coupled to the TOF stage (e.g. dual quadrupole arrangement or quadrupole-ion mobility stage, in A) and B) respectively), and 
detection (located in the TOF stage). Collision induced dissociation (CID) typically occurs in the source (isCID) via the cone or the analytical stage via a dedicated 
collision cell (shown in A), or as part of the IMS region (shown in B). The blue line represents the path taken by ions through the instrument. The field-free drift region 
(s) are indicated by a dashed blue line. Both types of mass spectrometer are capable of native MS, and have been used in some of the studies mentioned in the 
proceeding sections. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. Determining Fe–S cluster type using native MS alongside other 
biophysical methods

Native MS can now be added to (near or at the top of) this list of 
techniques. In comparison to spectroscopic techniques mentioned, 
native MS is significantly less demanding in terms of sample (≤ 20 μM), 
can be applied without isotopic enrichment (at least for cluster identi
fication), and can resolve all Fe–S cluster species present in the sample, 
irrespective of oxidation state, in one experiment. For this reason, native 
MS is routinely used in our lab, alongside spectroscopic methods, to 
determine the nature of clusters present in Fe–S proteins.

2.2.1. S. venezuelae RsrR
Native MS has been commonly applied in studies of clusters bound to 

members of the Rrf2 superfamily of bacterial transcriptional regulators 
[75,76]. For example, although the S. venezuelae protein Sven6563 
(RsrR) was originally proposed to be a homolog of NsrR, anaerobic 
preparations of RsrR revealed quite different optical properties, with a 
weak pink colour [77] (Fig. 3A). The initial native mass spectrum 
revealed both monomeric and dimeric forms of the protein (Fig. 3B), 
reflecting the well-known phenomenon of partial dissociation of dimeric 
proteins in the gas phase [67,78,79]. In most cases, this has proved 
advantageous because of the resulting simplification of peak assign
ments, where possible ambiguity arising from the presence of two sub
units that might contain different Fe–S species is avoided.

In the monomeric region, a peak at 17,363 Da together with a 
notable peak at +176 Da corresponded to the presence of apo RsrR and 
[2Fe-2S] RsrR, respectively (Fig. 3C). The dimer region contained a peak 
at 34,726 Da that corresponded to the presence of apo RsrR homodimer. 
Two additional peaks at +176 and + 352 Da indicated the presence of a 
dimer with one [2Fe–2S] and two [2Fe-2S] clusters (or potentially a 
dimer with one [4Fe–4S] cluster), respectively (Fig. 3D). The absence of 
a [4Fe–4S] cluster peak (at +352 Da) in the monomer region strongly 

indicated that RsrR dimers contain one [2Fe–2S] per monomer, 
consistent with the subsequent crystal structure of RsrR (Fig. 3B, inset) 
[6,77]. This revealed asymmetric coordination of each [2Fe-2S] cluster 
at the monomer-monomer interface, involving two Cys residues from 
one subunit and His and Glu residues from the other (see [2Fe–2S] in 
Fig. 1). This was the first example of cluster coordination involving three 
different types of amino acid side chains [6].

Having established that RsrR harbours a [2Fe–2S] cluster with 
unique coordination, it was demonstrated that binding of RsrR to pro
moter sequences is modulated by the redox status of the [2Fe–2S] 
cluster. Through a combination of chemical modification/LC-MS, site- 
directed mutagenesis, X-ray crystallography and computational studies, 
it was shown that upon reduction of the [2Fe–2S]2+ cluster to the 
[2Fe–2S]+ form, Trp9 undergoes a 100◦ rotation into a cavity that is 
created upon protonation of His33 (close to the cluster, but not coor
dinating). The resulting conformational change in the DNA-binding 
domain abolishes DNA binding [6,80]. Given the above observations, 
Sven6563 was named RsrR, for Redox sensitive response Regulator 
[6,77,80].

2.2.2. Nuclear receptor coactivator 4 (NCOA4) protein
A further example of native MS being used to determine cluster type, 

concerns the enigmatic nuclear receptor coactivator 4 (NCOA4) protein. 
Proteomic studies identified NCOA4 as a facilitating factor involved in 
the degradation of ferritin, and concomitant release of Fe ions to the 
cytosol [81,82]. Kuno et al [83], found that NCOA4 assists in the de
livery of ferritin molecules to the lysosome and that the O2 level de
termines the fate of ferritin in an NCOA4-dependent manner. When 
purified, NCOA4 exhibited spectroscopic properties consistent with an 
Fe–S cluster cofactor, which under O2-limiting conditions made NCOA4 
susceptible to degradation by HERC2, and no longer capable of facili
tating ferritin degradation [83,84]. Recently, Zhao et al showed that the 
C-terminal, cysteine-rich ferritin-binding domain of NCOA4 binds an 

Fig. 3. Characterisation of RsrR. A) Absorption spectrum of [2Fe-2S] RsrR as isolated ‘pink’ form (black line), oxidised (red line) and reduced (grey line); inset is the 
absorption spectrum in more detail. λmax for the oxidised form is indicated. B) Full range native deconvoluted MS spectrum of RsrR indicates the presence of dimeric 
and monomeric forms of RsrR; inset shows subsequent crystal structure of RsrR (PDB: 6HSD) [6]. C) and D) show the monomeric and dimeric regions of the mass 
spectrum in more detail. The data indicate one [2Fe–2S] cluster per monomer, consistent with structural observations [6,77]. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

J.C. Crack and N.E. Le Brun                                                                                                                                                                                                                 BBA - Molecular Cell Research 1872 (2025) 119865 

5 



Fe–S cluster with spectroscopic and native MS properties consistent 
with the presence of a [3Fe–4S] cluster. Although NCOA4 is naturally 
multimeric, the process of ionisation resulted, as above, in the separa
tion of NCOA4 into monomers, simplifying the assignment of associated 
Fe–S species. Thus, under iron limitation, Fe–S cluster assembly be
comes deficient and NCOA4 fails to acquire a cluster, inhibiting NCOA4 
degradation by HERC2 [84,85]. The improved stability of NCOA4 then 
facilitates the targeting of ferritin to the lysosome and its subsequent 
degradation, resulting in release of Fe ions. The increase of available 
iron restores Fe–S cluster assembly such that NCOA4 is again suscep
tible to HERC2-mediated degradation [85].

2.2.3. The FixABCX protein complex of A. vinelandii
A further example of the application of native MS is studies of the 

FixABCX protein complex of A. vinelandii, which bifurcates electrons 
derived from NADH towards the nitrogenase enzyme or other cellular 
processes. FixABCX is a multi-cofactor protein complex, binding multi
ple molecules of FAD, in addition to Fe–S clusters. FixA, FixB and FixC 
are each predicted to bind a single FAD molecule, while the Fe–S 
clusters are associated with FixX. Native MS in combination with spec
troscopic techniques was utilised to characterise the FixABCX complex 
[86]. During ionisation, the FixABCX complex dissociated to give 
distinct FixAB and FixCX sub-complexes. FixAB had a molecular mass of 
71,415 Da (determined from the deconvoluted neutral mass spectrum), 
corresponding to the predicted mass of FixAB with two bound FAD 
molecules (predicted mass 71,414 Da). The FixCX sub-complex had a 
molecular mass of 60,310 Da, which is slightly greater than predicted for 
FixCX with a bound FAD and two [4Fe-4S] clusters, 59,933 Da. It was 
noted that the difference in mass, +377 Da, is close to the expected mass 
of riboflavin, suggesting that this cofactor may be associated with the 
complex. From these, and other observations, it was shown that elec
trons derived from NADH arrive on the FAD cofactor of FixA, where 
bifurcation occurs: the first electron arriving on FixA is diverted to to
wards the FAD cofactors of FixBC, while subsequent electrons are 
directed to the [4Fe–4S] clusters of FixX, and are destined for nitro
genase only when electrons accumulate on FAD cofactors of FixCD prior 
to transfer to coenzyme Q [86].

Overall, the studies highlighted in Section 2 show the power of 
native MS to identify the nature of the cluster(s) associated with a 
particular protein. This approach is particularly powerful when com
bined with spectroscopic methods, e.g. EPR, Mössbauer, resonance 
Raman or MCD.

3. Native MS of Fe–S cluster-containing regulatory proteins

As illustrated in Section 2, native MS uniquely provides accurate 
mass measurements of species in which non-covalent interactions are 
preserved. Native MS can also report on intermediate species in both 
thermodynamic and kinetic experiments. Here, we provide selected 
examples where native MS has been used to follow cluster conversion, 
allowing for the elucidation of molecular events. It has also been used to 
probe protein-protein interactions and study the process of Fe–S cluster 
assembly.

3.1. O2 sensing by Fe–S cluster proteins: FNR, a master regulator of the 
aerobic-anaerobic respiratory switch

Among the best studied Fe–S cluster regulators is the Fumarate and 
Nitrate Reduction (FNR) regulator from E. coli, which belongs to the 
larger CRP/FNR protein family of dimeric transcriptional regulators. 
These function in sensing important environmental changes, such as 
gaseous signalling molecules (e.g, O2, NO, CO), redox balance, or 
nutrient availability (e.g cAMP) [87–92]. Prior to work on FNR, 
[4Fe–4S] to [2Fe-2S] cluster conversions typically required the pres
ence of chelators, detergents, or other non-physiological reagents [93]. 
In the case of E. coli FNR, studies employing Mössbauer spectroscopy 

showed that FNR acquired a [4Fe–4S] cluster under anaerobic condi
tions, and that it undergoes conversion to a [2Fe–2S] cluster in 
response to dissolved O2, with an accompanying loss of DNA binding 
[94,95].

The presence of the [4Fe–4S] cluster is intimately connected to FNR 
function, as it promotes a conformational arrangement that minimises 
inter-subunit charge repulsion that otherwise render FNR a monomer. 
The resulting [4Fe–4S] FNR dimer binds DNA site-specifically, and, in 
some cases, contacts the transcriptional machinery leading to activation 
[96,97]. The process of cluster conversion is not simple, as indicated by 
discovery of a [3Fe–4S]1+ intermediate (Fig. 4A), and persulfide- 
coordinated [2Fe-2S] forms (Fig. 4B) [17,55,97–99]. Structural char
acterisation of FNR, as for many O2-sensitive Fe–S cluster proteins 
proved to be extremely challenging. This was eventually achieved in 
2015 through the crystal structure of Allivibrio fischeri (Af) [4Fe–4S] 
FNR (87 % identity to E. coli FNR) [100]. Prior to this, models based on 
the structure of CRP and a series of E. coli FNR mutants that exhibited 
significant differences in cluster stability (and thus gene regulation) 
when exposed to O2 were the basis for understanding the role of the 
[4Fe–4S] cluster in controlling FNR function [101]. Substitution of 
Leu28 with His (L28H), or Ser24 with Phe (S24F) was subsequently 
found to improve the tolerance of the [4Fe–4S] cluster towards O2, with 
L28H > S24F > wild type FNR (wtFNR) [102,103].

3.1.1. Understanding cluster conversion and O2 sensing through native MS 
and spectroscopic methods

To gain further insights in the hidden complexity of O2-mediated 
cluster conversion, we turned to native MS because of its ability to 
simultaneously resolve all Fe–S cluster species present in the sample 
irrespective of oxidation state or optical/vibrational properties. The 
S24F FNR variant was employed because it retains the same mechanism 
of conversion, via a [3Fe–4S]1+ intermediate, as observed for wtFNR, 
but reacts more slowly with O2 [104]. Thus, the properties of S24F are 
better suited to time-resolved native MS studies than the significantly 
faster reacting wtFNR [55,99,104]. L28H, by contrast, exhibits an even- 
greater O2 resistance than S24F, meaning that intermediates of cluster 
conversion are not readily detectable [67,105].

Under anaerobic conditions the deconvoluted neutral mass spectrum 
in the dimeric region primarily featured [4Fe-4S] S24F FNR homo-dimer 
(59,796 Da), consistent with previous solution studies [106]. Exposure 
to O2 resulted in low intensity peaks due to dimers containing at least 
one [3Fe–4S] cluster, indicating that cluster conversion coordinated 
dissociation into FNR monomers. The monomeric region of the spec
trum, featuring [4Fe–4S] S24F FNR (29,898 Da), was used to greatly 
simplify cluster assignment (as explained in Section 2.2.1.). Reaction 
with O2 yielded the previously reported [3Fe-4S], [2Fe–2S], and 
persulfide-coordinated forms of [2Fe-2S] S24F FNR, but also unveiled a 
previously unknown [3Fe-3S] intermediate, along with persulfide ad
ducts of apo FNR [67] (Fig. 4C). A small molecule [3Fe–3S]3+ cluster 
complex, in which the Fe and S ions are arranged in planar alternating 
ring structure, suggested that such an intermediate could be sufficiently 
stable to enable observation [107]. In fact, hints that such a species 
might exist within a protein environment were reported in an ESI 
Fourier transform ion cyclotron resonance MS study of Pyrococcus fur
iosus [3Fe-4S] FdI [54].

Kinetics of the O2-mediated [4Fe-4S] S24F FNR cluster conversion 
reaction were established by time-resolved native MS. Signals associated 
with protein-bound cluster intermediates gained maximum intensity 
after ~15–30 min, while persulfide adducts of apo FNR continued to 
gain intensity up to ~30–50 min post O2 exposure [67]. Global analysis 
of MS kinetic data showed that the first step of conversion involves the 
ejection of Fe2+ from the [4Fe–4S] cluster to form a [3Fe–4S] cluster 
(Fig. 4D), in line with previous spectroscopic studies. Although O2 me
diates the cluster conversion, initiated through the loss of an Fe2+, it 
does not result in the formation of a stable O2-derived complex. The 
details of this step are not entirely clear. The O2 reaction could proceed 
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via direct oxidation of the cluster to an unstable [4Fe–4S]3+ form from 
which Fe2+ ion is ejected, yielding the observed [3Fe-4S]1+ species; 
alternatively, the Fe2+ might first dissociate, resulting in a [3Fe–4S]0 

cluster that is readily oxidised by O2. We note that, in the crystal 
structure of [4Fe-4S] AfFNR, the electron density around Cys20 is sub
stantially weaker than for the other cluster ligands (Cys23, 29, 122), 
differentiating this Cys20-Fe ion pair from the others of the cluster 
[100]. This could indicate that a weak interaction between Cys20 and 
the cluster facilitates a RirA-like [4Fe–4S]2+ ⟷ [3Fe–4S]0 + Fe2+

equilibrium [67,70]. However, we note that, unlike RirA, the 
[4Fe–4S]2+ of FNR is relatively insensitive to the presence of both Fe2+

and Fe3+ chelators [55], indicating that, if Fe2+ does dissociate as the 
first step, it is not accessible to non-physiological chelators.

The [3Fe–4S]1+ intermediate is only transiently stable; loss of S2−

generates a [3Fe–3S] intermediate, the decay of which is the-rate 
limiting step in the overall [3Fe–4S]1+ to [2Fe-2S]2+ conversion pro
cess [67]. Adoption of a planar arrangement of the [3Fe–3S] cluster 
intermediate, as in the [3Fe–3S] small molecule complex, would pro
vide a clear indication of how the tetrahedral array of Cys ligands to the 
[4Fe–4S] cluster transitions to a planar arrangement of the same li
gands to the [2Fe–2S] form [67,107].

Both single and double persulfide-coordinated [2Fe-2S] species 
([2Fe–2S](S) and [2Fe-2S](S)2,respectively) were also observed, 
consistent resonance Raman spectroscopy. Importantly, kinetic data 
showed that these do not form after the [2Fe–2S] cluster (Fig. 4E) 
[17,67], but instead simultaneously with it, demonstrating that sulfide 

oxidation occurs at the same time as cluster conversion. Thus, the 
[3Fe–3S] cluster can degrade to generate both [2Fe-2S](S) and [2Fe- 
2S] clusters, and, similarly, the [2Fe–2S](S)2 form is derived from the 
[3Fe–4S] cluster, possibly via a [3Fe–3S](S) intermediate. This in
dicates an oxidative branch of the main [4Fe-4S]2+ to [2Fe-2S]2+ cluster 
conversion pathway, rather than the incorporation of S0 post-cluster 
conversion (Fig. 4F). As noted above (Section 1.4), 34S/57Fe isotope 
substitution data provided unambiguous confirmation of cluster species 
by native MS, and thus, the FNR mechanism summarised here [67].

3.1.2. New structural insights into FNR cluster conversion
The structure of [4Fe-4S] AfFNR revealed how the FeS cluster con

trols dimerization and also highlighted an unexpected link between the 
Fe–S cluster-binding domain and the ability of FNR to activate tran
scription (see [108,109]). Insights gained from the structure of [4Fe-4S] 
AfFNR have been correlated with existing substantial in vitro and in vivo 
data available for E. coli FNR [100,105,108,109]. The cluster-stabilizing 
effect of L28H and S24F substitutions, both located on the cluster- 
binding loop, favour Cys20 as the most likely candidate for initiating 
Fe loss in response to O2. The recent crystal structure of L28H [4Fe-4S] 
AfFNR provides further valuable insights [105]. Here the L28H substi
tution leads to formation of a cation-π interaction between His28 and 
Arg184, which stabilizes the cluster-binding loop and hinders loop 
flexibility. A similar limitation of loop flexibility may also occur in S24F 
FNR. Loop flexibility and cluster reactivity appears to be intimately 
linked, and to be a crucial component of the outer sphere reaction of O2 

Fig. 4. Spectroscopic characterisation of [4Fe-4S] FNR reveals mechanism of cluster conversion. A) EPR spectra of FNR at increasing time after O2 exposure reveal 
the presence of an [3Fe-4S]1+ intermediate. B) Resonance Raman spectra of resulting [2Fe–2S] FNR with naturally abundant (black line) and 34S enriched (red line) 
samples. The spectra indicate a persulfide ligated [2Fe-2S] cluster. C) Native MS of [4Fe-4S] S24F FNR before (black line) and after (red line) exposure to oxygen, 
results in the formation of several protein-bound clusters, as indicated. D) Relative abundances of [4Fe-4S] (black squares), [3Fe–4S] (yellow triangles), [2Fe–2S], 
apo (white circles) and E) [2Fe–4S] species as a function of time after O2 exposure. Global fitting to the experimental data using the reaction scheme depicted in D) is 
shown in D and E by solid lines. Dashed lines in E show the response of [4Fe-4S], [3Fe–4S] and [2Fe-2S] clusters for easy comparison [17,67,99]. F) A summary of 
the FNR cluster conversion mechanism discussed here. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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with the [4Fe–4S] cluster. Interestingly, loop flexibility appears to be 
less important for the inner sphere reaction of FNR with nitric oxide 
(NO), which is also physiologically relevant [110]. L28H FNR, which as 
mentioned is significantly affected in terms of its sensitivity to O2 is 
largely unaffected in its reaction with NO, and, therefore, in comparison 
to wtFNR exhibits a greater relative specificity towards NO over O2 

[105].

3.2. NO sensing by Fe–S cluster proteins: NsrR, a regulator of nitrosative 
stress

The nitric oxide (NO)-sensitive repressor NsrR is found in most gram- 

Fig. 5. Spectroscopic characterisation of [4Fe-4S] NsrR reveals mechanism of cluster nitrosylation. A) Native MS spectra of [4Fe-4S] NsrR with O2 and DTT recorded 
at 0 min (black line); 15, 30, 45, 55 min (grey lines) and 65 min (red line) post exposure. Prior to the addition of DTT, no [2Fe-2S] clusters were observed. Inset, DNA- 
binding properties of forms of NsrR are shown. DNA containing the hmpA1 promoter sequence was treated with [4Fe-4S] (0, 8, 60 nM), [2Fe–2S] (64 nM), or apo 
NsrR (64 nM); only [4Fe-4S] NsrR bound to the DNA [11]. B) LC-MS peaks following reaction of [4Fe-4S] NsrR with NO, corresponding to [Fe2(NO)4] and 
[Fe2(NO)4(S)], +232 and + 264 Da, respectively (black line). 15NO (blue line) and 57Fe isotope (red line) shifts unambiguously identify NO containing species [71]. 
C) Native MS reveals mono- and dinitrosyl complexes of [4Fe-4S] NsrR as the first intermediates of cluster nitrosylation. Native MS data before and after the addition 
of 11 NO per [4Fe–4S] cluster, showing formation of D) DNIC-, RRE- and E) RBS-like species (as indicated). F) Mechanistic scheme for the nitrosylation of [4Fe-4S] 
NsrR [68]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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negative proteobacteria, with members of the Enterobacteriaceae 
genera of gamma-proteobacteria particularly represented. NsrR also 
occurs in gram-positive bacteria of the actinobacteria (primarily Strep
tomycetale and Corynebacteriale) and Firmicutes (mainly Bacilli) 
genera. Thus, NsrR appears to be advantageous to a wide range of 
bacteria occupying different niches, suggesting nitrosative stress is a 
common feature of microbial life [111]. Like RsrR, NsrR also belongs to 
the Rrf2 transcriptional regulator super family and, where studied, 
regulates a suite of genes primarily involved in NO detoxification 
[11,112–114]. This most commonly involves regulation of the hmp gene, 
which encodes a flavohemoglobin that converts NO to NO3

− under 
(micro)aerobic conditions [115]. In Streptomyces coelicolor (Sc), HmpA1 
and NsrR function together to maintain NO homeostasis and attenuate 
downstream responses (e.g antibiotic production) to this important 
signalling molecule [116–118].

3.2.1. A cautionary tale about the determination of cluster type
Although initially thought to bind a [2Fe–2S] cluster, subsequent 

purifications of ScNsrR under strict anaerobic conditions resulted in 
protein containing a [4Fe–4S] cluster that was strikingly unreactive 
towards O2 [119,120]. Commonly used ‘protective’ low molecular 
weight thiols (e.g. dithiothreitol (DTT) and beta-mercaptoethanol 
(BME) were found to bind to the [4Fe–4S] cluster of NsrR, as previ
ously observed for Bacillus subitils NsrR, significantly affecting the CD 
spectrum of the [4Fe–4S] cluster [11,121]. Subsequent exposure to O2 
resulted in absorption and CD spectra resembling those initially reported 
for [2Fe–2S] ScNsrR. Through a combination of native MS, resonance 
Raman and Mössbauer spectroscopies, it was possible to obtain defini
tive proof for the existence of the [4Fe–4S] cluster in anaerobic NsrR 
samples (Fig. 5A, black line) [11]. This was confirmed by the crystal 
structure, which revealed that the cluster is coordinated at the interface 
of the subunits of the dimer by three Cys residues (generally conserved 
in Fe–S cluster-binding Rrf2 regulators) from one monomer and an Asp 
residue from the other (see [4Fe–4S] in Fig. 1) [122]. Native MS was 
further employed to follow the reaction of [4Fe-4S] NsrR with DTT in 
the presence of O2, directly demonstrating conversion to [2Fe-2S] NsrR 
(Fig. 5A). Subsequent reanalysis of DNA binding showed that [4Fe–4S] 
NsrR recognised all regulated protomers (nsrR, hmpA1, hmpA2), but 
[2Fe–2S] and apo NsrR did not (Fig. 5A, inset) [11].

3.2.2. Spectroscopic approaches to studies of protein-bound iron-nitrosyls
EPR spectroscopy has been typically used to study the effects of NO 

on Fe–S clusters. These studies often pointed to dinitrosyl complexes 
(DNIC) species as the principal products of nitrosylation [123,124]. 
However, quantification of EPR signals showed that in many cases the 
DNIC signal accounted for only a small portion of the iron initially 
present in the Fe–S clusters [125]. Other forms of spectroscopy, 
including optical (absorbance, CD, etc.), X-ray absorption, Mössbauer, 
resonance Raman, infra-red (IR) and nuclear vibration resonance 
(NRVS) have all been used to investigate the nitrosylation process. These 
studies have provided a useful insight into, principally, the end products 
of the nitrosylation reaction, indicating that iron-nitrosyl species similar 
to the well characterised small molecule DNIC, RRE and RBS complexes 
are formed [126,127].

Studies of a site-differentiated model complex using IR, EPR, NMR, 
X-ray crystallography and mass spectrometry [128] provided valuable 
insights into the nitrosylation of [4Fe-4S] model clusters. Reaction 
proceeded via the formation of a novel tetranitrosyl [4Fe–4S] cluster, 
[Fe4S4(NO)4]− (S = ½), prior to the formation of RBS species, 
[Fe4S3(NO)7]. The MS data indicated the formation of a diverse range of 
iron nitrosyls, principally [Fe4S4(NO)1–4]− and [Fe4S3(NO)1–7]− [128]. 
Determination of the mechanism of the reaction of NO with [4Fe-4S] 
NsrR presented a significant challenge because of the rapid rate of re
action and difficulty in distinguishing the nature of the iron-nitrosyl 
intermediates and products formed [129].

NRVS is not restricted by the selection rules that dominate IR and 

Raman spectroscopy, and as a result can reveal all vibrational modes of 
57Fe nuclei and associated atoms [127,130]. In the case of 57Fe-enriched 
NsrR, a combination of Mössbauer and NRVS was used along with 14/ 

15NO and 32/34S (cluster sulfide) isotope substitutions, revealing that 
nitrosylation resulted in the production of species related to RBS and 
RRE, together with small amounts of DNIC. The RBS species was 
somewhat unusual because no 32S/34S shifts were observed in the NVRS 
spectra. Subsequent DFT simulations of the NRVS data indicated the 
existence of a novel RBS species in which one or more of the 34S sulfide 
ions had been substituted by a naturally abundant 32S protein thiolate, e. 
g. Cys, to give an RBS-like species, tentatively termed a Roussins’ black 
ester. DTF calculations also provided evidence for cysteine persulfide- 
ligated forms of RRE and RBS-like species [131].

3.2.3. Application of MS to studies of protein-bound iron-nitrosyls
Clear evidence for RRE and persulfide RRE species bound to NsrR 

was obtained by LC-MS. Why such species were able to survive under 
denaturing conditions of LC-MS is not clear but may indicate a relative 
structural robustness of RRE compared to Fe–S clusters (Fig. 5B) 
[71,124]. Furthermore, it is noteworthy that reaction of multiple NO 
molecules to Fe–S clusters typically results in coordination and electron 
transfer, leading to the oxidation of cluster sulfide to sulfane (S0) [125], 
and the consequent observation of persulfide-coordinated RBS-like 
species.

The reaction of NsrR with NO is an extremely rapid, multiphasic, 
non-concerted process involving multiple NO molecules per cluster, 
prior to the formation of stable RRE, RBS-like and DNIC species 
[68,71,131]. For thermodynamic NO titration experiments, the source 
of NO was dipropylenetriamine (DPTA) NONOate, which slowly liber
ates 2 molecules of NO via a first order process [132]. Under defined 
conditions (of pH and temperature) NO availability is rate-limiting, 
permitting an in situ titration of [4Fe-4S] NsrR samples with NO, 
monitored by native MS [68] (Fig. 5C). As noted above, the monomer
ization of dimeric NsrR during ionisation and 57Fe, 34S, 34S/57Fe isotope 
substitution was used to simplify data interpretation.

Monomeric [4Fe-4S] NsrR (at 17,824 Da) gradually decayed as the 
NO concentration increased, and was accompanied by an increase in 
intensity at 17,854 Da, a mass increase of +30 Da, consistent with the 
coordination of a single NO (+30 Da) molecule by the [4Fe–4S] cluster 
[68] (Fig. 5C). Independent evidence for a stable model [4Fe–4S](NO) 
species was recently reported [133]. A second species very likely cor
responding to the coordination of two NO molecules (+60 Da) was also 
observed to increase in intensity [68]. Species corresponding to [4Fe-4S] 
(NO)1–2 were also observed in biomimetic studies [128], but it was 
unclear whether these were stable species or the result of ionisation- 
induced damage to the tetranitrosyl species. 34S and 57Fe isotope sub
stitution data supported the assignment of the +30 Da peak as [4Fe-4S] 
(NO) and not a species with an additional sulfur. Overlapping species 
prevented an unambiguous assignment of the +60 Da adduct as [4Fe- 
4S](NO)2 [68].

At higher [NO]:[4Fe–4S] ratios (≥ 4), NsrR-bound iron-nitrosyls 
corresponding to DNIC, RRE and RBS-like species were detected. 
Though some DNIC (17,588 Da, [Fe(NO)2]) formation was observed 
immediately upon addition of NO, DNICs, including persulfide- 
coordinated RRE species (17,736 Da, [Fe2(NO)4(S0)]), were formed at 
[NO]:[4Fe–4S] ratios ≥6, in line with earlier LC-MS observations 
(Fig. 5D) [68,71]. A family of RBS-like species with the general formula 
[Fe4(S)3(NO)x], where x = 3–6 (Fig. 5E), were also detected, consistent 
with previous NRVS and MS measurements [68,128,131]. It was noted 
that, while RBS itself, [Fe4(S)3(NO)7], was not formed, a species, 
[Fe4(S)2(NO)7, a possible intermediate in the conversion of RRE to RBS, 
was detected [68,134]. All RRE and RBS-like species detected by native 
MS experiments increased markedly above [NO]:[4Fe–4S] ≥ 6 and 
exhibited a similar intensity profile, suggesting possible RRE to RBS 
interconversion, or breakdown of higher mass nitrosyl species 
[68,134,135].
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Thus, native MS data in combination with structural and biophysical 
data for NsrR have provided a detailed picture of Fe–S cluster nitro
ylation (Fig. 5F) [11,68,71,122,129,136]. Further investigations are 
underway to understand better which of these iron-nitrosyl in
termediates are physiologically important in the reaction of NO directly 
with NsrR-DNA complexes.

3.3. Iron sensing by Fe–S proteins: RirA, a global iron regulator of 
rhizobia

The global iron regulator RirA, found primarily in alpha- 
proteobacteria, is also a member of the Rrf2 super family. It performs 
a role analogous to E. coli IscR in regulating Fe–S cluster assembly, in 
addition to iron acquisition [25,137,138]. Based on homology with IscR, 
and later NsrR, it was hypothesized that RirA may utilise an Fe–S 

cluster, and anaerobic purification of RirA following heterologous 
expression in E. coli resulted in broad absorbance across the near UV and 
visible regions indicative of a mix of [2Fe-2S] and [4Fe-4S] clusters, as 
previously observed for NsrR [11,58,119]. Post-purification cluster 
reconstitution resulted in an absorbance spectrum indicative of a 
[4Fe–4S] cluster [58].

The [4Fe–4S] cluster ligated by RirA was found to be particularly 
prone to losing iron, especially during gel filtration (Fig. 6A). In com
bination with EPR, gel filtration was found to give rise to transiently 
stable [3Fe–4S]1+ cluster, suggesting an equilibrium between [4Fe- 
4S]2+ and [3Fe-4S]1+ forms, prior to the appearance of [2Fe-2S] RirA 
species [58]. The [4Fe–4S] form of RirA (and possibly [3Fe-4S] RirA 
[139]) binds tightly to regulated DNA sequences, consistent with it 
functioning to repress expression. Under low iron conditions, the 
[4Fe–4S] cluster of RirA degrades to a [2Fe–2S] form (Fig. 6B), which 

Fig. 6. Mass spectrometric characterisation of [4Fe-4S] RirA reveals mechanism of iron sensing. Native MS spectra of [4Fe-4S] RirA A) before and B) after low iron 
mediated cluster conversion. Inset in B) shows the effect on DNA binding. DNA containing the fhuA promoter sequence was treated with [4Fe-4S] (0, 209, 418 nM), 
[2Fe–2S] (417 nM), and Apo-RirA (422 nM). Both [4Fe-4S] and [2Fe-2S] RirA bind DNA but have differing affinities [58]. C) Time resolved native MS spectra, 
recorded during low iron mediated cluster conversion recorded at 0 (black line), 4 (grey line) and 30 min (red line) following exposure to low iron conditions; 
mechanistically important species are labelled. D) Relative abundances of [4Fe-4S] (black squares), [3Fe–4S] (yellow triangles), [2Fe–2S] (red circles) and E) 
[3Fe–3S] (blue triangles) as a function of time after exposure. Solid lines in D and E represent fits of the experimental data using the reaction scheme depicted in F). 
The blue and pink boxes indicate the iron and O2 sensing steps, respectively. Dashed arrows indicate minor pathways; grey dashed arrows indicate a likely artefact of 
ionisation. Dashed lines in E show fits of [4Fe-4S], [3Fe–4S] and [2Fe-2S] data to enable comparison [70]. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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binds much less tightly to DNA. The [2Fe–2S] cluster eventually de
grades to apo RirA, which has little affinity for DNA and thus no longer 
represses expression (Fig. 6B, inset) [58].

3.3.1. Elucidation of the RirA iron-sensing mechanism using native MS
The native MS spectrum of RirA contained a peak at 35,585 Da 

corresponding to the [4Fe–4S] RirA homodimer, as well as a secondary, 
lower mass peak due to a dimer containing one [3Fe–4S] and one 
[4Fe–4S] cluster. The monomeric region (arising from partial dissoci
ation during ionisation [78]) contained an intense peak at 17,792 Da 
due to [4Fe-4S] RirA but several well-resolved peaks were also observed 
due to RirA containing [4Fe–3S], [3Fe–4S], [3Fe–3S], [3Fe–2S] and 
[2Fe-2S] clusters. The detection of a [3Fe–4S] form of RirA following 
desalting (in preparation for native MS) was consistent with the above 
gel filtration and EPR observations (Fig. 6A) [58,70].

Native MS analysis of [4Fe-4S] RirA under anaerobic, low-iron 
conditions indicated that, after 30 min, [4Fe–4S] RirA was replaced 
by [2Fe] and [2Fe-2S] RirA (at 17,550 and 17,615 Da, respectively, 
Fig. 6B). RirA homodimers containing mixtures of [4Fe-4S], [3Fe–4S], 
[3Fe–3S] and [2Fe–3S] were observed, consistent with conversion of 
[4Fe–4S] into [2Fe–2S] clusters over this time period. Native MS was 
then used in real time to monitor cluster degradation following exposure 
to low iron (through addition of an iron chelator). [4Fe–4S] RirA 
gradually decayed away and new peaks due to formation of protein- 
bound [4Fe-3S], [3Fe–4S], [3Fe–3S], [3Fe–S], [2Fe–2S] and [2Fe- 
2S] (17,856–17,762 Da) cluster breakdown species were formed. 
These subsequently decayed to yield apo RirA (with sulfur adducts) 
(Fig. 6C). Using the program Dynafit, MS and EPR data were fitted in 
order to generate a mechanistic model, see Fig. 6E [70].

The same cluster intermediates were observed under low-iron con
ditions in the presence of O2, but several steps of the reaction down
stream of the [3Fe–4S]0/1+ intermediate occurred at an enhanced rate. 
Overall, observations indicated that, irrespective of the presence of O2, 
the initial step corresponds to the reversible loss of an Fe2+ ion from the 
[4Fe–4S] cluster to form the [3Fe–4S]0 cluster, reminiscent of aconi
tase in terms of cluster stability [20]. This first intermediate is suscep
tible to oxidation by O2 [58,70]. Hence, Eq. (6) represents the iron- 
sensing reaction. 

[4Fe − 4S]2+ ⇔ [3Fe − 4S]0 + Fe2+ (6) 

Thus, when iron is limiting, the [3Fe–4S]0 cluster would be ex
pected to accumulate as the reverse association of Fe2+ with the 
[3Fe–4S] cluster would be unfavourable due to low Fe2+ availability. 
The relatively unstable [3Fe–4S]0 intermediate undergoes a rear
rangement to generate a [2Fe–2S] cluster, leading to the de-repression 

of RirA-regulated genes. If this is correct, then the affinity of Fe2+ for the 
[3Fe–4S]0 cluster should be in the physiological range, and this was 
found to be the case, with a Kd of ~3 μM. The susceptibility of [3Fe-4S]0 

to O2-mediated oxidation (to [3Fe-4S]1+) can be viewed as the key step 
in the proposed mechanism of O2 sensing (Fig. 6F), because cluster 
degradation occurs more rapidly when O2 is present [58,70,73].

3.3.2. The fourth ligand to the RirA [4Fe–4S] cluster
A key question about RirA is why is the RirA [4Fe–4S] cluster so 

susceptible to loss of an iron and subsequent degradation? Phylogenetic 
analysis of the Rrf2 family revealed a close relationship between the 
RirA and NsrR clades [140]. As discussed in Section 3.2, the [4Fe–4S] 
cluster of NsrR is coordinated by three Cys residues and one Asp (at 
position 8) from the other subunit of the dimer [122]. Homology 
modelling of RirA, based on the NsrR structure [73], highlighted that 
Asn8, the RirA residue equivalent to Asp8 of NsrR, is in the correct 
location to potentially coordinate the cluster, but is predicted to be 
pointing away from the cluster (Fig. 7A). Importantly, Asn is not a 
recognised ligand of Fe–S clusters, leading to the proposal that RirA 
may have only three amino acid residue ligands (the three conserved Cys 
residues) [70,73]. Substitution of Asn8 with Asp resulted in a variant 
protein with a visible CD spectrum very similar to that of NsrR (Fig. 7B), 
suggesting that the N8D variant of RirA has cluster coordination very 
similar to that of NsrR [73]. Furthermore, the cluster of the variant was 
much more stable than that of the wild-type protein (Fig. 7C), and was 
no longer sensitive to iron chelators. The variant protein retained high 
affinity DNA-binding activity and in vivo experiments with a Rhizobium 
leguminosarum rirA− mutant strain complemented with a gene encoding 
N8D RirA demonstrated that it functioned as a repressor of iron uptake 
but had lost the ability to sense iron levels [73]. Thus, collective ob
servations of the wild-type and N8D variant proteins support the sug
gestion that the site-differentiated iron of the cluster (i.e. the one not 
coordinated by a Cys thiolate) is labile and may not be coordinated by 
the protein at all. Efforts towards a high-resolution structure of the 
protein are ongoing, while other spectroscopic methods, such as reso
nance Raman, could be used in the future to probe the nature of the 
fourth ligand in the absence of structural data.

4. Wbl-like (Wbl) proteins: non-canonical Fe–S cluster 
regulators

The WhiB-like (Wbl) family of proteins are found exclusively in 
Actinobacteria and associated viruses [141–143]. Wbl proteins are 
known to play key roles in the virulence and antibiotic resistance of 
pathogenic Mycobacteria and Corynebacteria species (e.g, 

Fig. 7. The N8D variant of RirA contains a stable, NsrR-like [4Fe–4S] cluster. A) Structural model of [4Fe-4S] RirA based on [4Fe-4S] NsrR. The side chain of Asn8 is 
predicted to face away from the cluster to avoid clashes with either Arg12 or the cluster. The illustrated conformation is stabilised by a H-bond to the carbonyl of 
Thr4. B) CD spectra of reconstituted wild-type (WT) RirA, and the as-isolated variant N8D. The spectrum of S. coelicolor NsrR is also shown for comparison. C) Mass 
spectrum of the monomeric region of N8D RirA (with 100 eV in source collision induced dissociation applied) showing apo and [4Fe-4S] N8D RirA, with no observed 
cluster degradation species. The equivalent spectrum of wild-type RirA is shown in grey for comparison.

J.C. Crack and N.E. Le Brun                                                                                                                                                                                                                 BBA - Molecular Cell Research 1872 (2025) 119865 

11 



M. tuberculosis, C. diphtheriae), but are equally important in the physi
ology of non-pathogenic actinobacteria species [141,144]. Where 
studied, Wbl proteins have been shown to bind an O2 and/or NO sen
sitive [4Fe–4S] cluster [142,145–154] and can be separated into five 
distinct classes (I – V), with WhiB1, WhiB2, WhiB3, WhiB4 and WhiB7 
being the archetypal member of each class, respectively. M. tuberculosis 
WhiB1 (MtWhiB1), S. coelicolor WhiB (class II, ScWhiB), and WhiD (class 
III) from S. coelicolor (ScWhiD) and S. venezuelae (SvWhiD) display CD 
properties very similar to each other (Fig. 8A), consistent with the high 
degree of sequence conservation within this protein family [141]. 
Although broadly annotated as DNA-binding transcriptional regulators, 
only WhiB7-like class V proteins contain a recognisable AT-hook DNA- 
binding motif [141,148,155].

4.1. Role of Wbl proteins in regulating transcription

MtWhiB1 is essential for cell viability in vivo. In vitro, [4Fe–4S] 
WhiB1 does not recognise the whiB1 promotor (Fig. 8B, inset), but 
[4Fe–4S] WhiB1 readily binds to the principal housekeeping sigma 
factor (σA) in a cluster-dependent manner (Fig. 8B) [147,150,154]. In 
contrast, apo WhiB1 binds to the whiB1 promotor (Fig. 8B, inset), among 
others, inhibiting transcription, even in the presence of the cognate 
transcriptional activator [150,156]. M. tuberculosis WhiB3 (termed 
WhiD in Streptomyces sp.) contributes to the survival and pathogenesis of 
M. tuberculosis but is dispensable for growth [149,157]. Like most Wbl 
proteins, [4Fe–4S] WhiB3 also binds to the principal sigma factor (σA), 
regulating the expression of genes involved in the biosynthesis of lipids 
(e.g. tri-acylglycerol) and polyketides in response to activated macro
phages, leading to the suggestion that WhiB3 acts as a sensor of reactive 
O2 or NO species [149,153,157]. More recent structural studies have 
revealed that Wbl:σA complexes share a common molecular interface 
and possess a newly defined Arg-rich C-terminal DNA-binding motif, 
while cyo-EM structures show how Wbl-proteins interact with DNA and 
the transcription machinery to elicit transcription [148,153,154,158].

4.2. Native MS studies of Wbl:SigA complexes and the effects of 
nitrosylation

The interaction of Wbl proteins with the C-terminal domain of σA 

(σA-CTD) has been studied by native MS. Both MtWhiB1 and SvWhiD 
demonstrated [4Fe-4S] cluster-dependent 1:1 complex formation with 
σA–CTD (Fig. 8C), consistent with structural observations (Fig. 8C, inset) 
[152–154]. These complexes showed little (WhiD) or no (WhiB1) 
sensitivity to O2, but reacted rapidly with NO, resulting in loss of the 
Wbl:σA-CTD complex. These observations are consistent with a role for 
these proteins in NO sensing (Fig. 8D) [125,147,151].

Native MS showed that reaction of uncomplexed [4Fe-4S] WhiD with 
NO led to loss of the [4Fe–4S] cluster, as observed for NsrR. However, 
the two proteins exhibited very different decay behaviour. For WhiD, the 
[4Fe–4S] species was gradually lost through the titration, and was 
completely absent only at [NO]:[4Fe–4S] ≥ 10, consistent with earlier 
spectroscopic studies. This is indicative of a reaction mechanism where 
NO-reacted clusters are more susceptible to further reaction with NO 
than unreacted clusters. Peaks at +30 Da, +60 Da relative to [4Fe-4S] 
WhiD, were detected over a broad ratio of NO:[4Fe-4S] cluster, up to 
the point where the [4Fe–4S] WhiD peak was lost (Fig. 8E). (57Fe/34S 
isotope shift analyses were consistent with formation of [4Fe–4S](NO) 
and [4Fe–4S](NO)2 intermediates [68]. At higher levels of NO, an 
additional peak at +120 Da, possibly due to a putative tetra-nitrosylated 
cluster, [4Fe–4S](NO)4, was also observed (Fig. 8E). This appeared to 
transition into a RBS-like species, reminiscent of observations made for 
small molecule clusters model compounds [68,128].

5. Fe–S cluster biogenesis: insights from mass spectrometry

Although iron‑sulfur clusters can spontaneously assemble, living 

organisms require multi-protein machineries that synthesise Fe–S 
clusters de novo and deliver them to client proteins [159,160]. E. coli has 
two Fe–S biogenesis machineries, the Isc (iscRSUA-hscAB-fdx-iscX) and 
Suf (SufABCDSE) systems. These are respectively employed under con
ditions of normal growth and oxidative stress/iron limitation [161,162]. 
Minimalist Fe–S assembly systems (MIS) are also found in some or
ganisms, and likely evolved before their more complex multi-protein 
counterparts. MIS systems typically comprise of a cysteine desulfurase 
and a scaffold protein on which the cluster is built, with iron acquisition 
being an inherent property of the desulfurase-scaffold complex (e.g. 
IscSU) [163,164]. For example, the human pathogen Helicobacter pylori 
has such a minimalist Fe–S assembly system (NifSU), which is essential 
for viability and is functionally exchangeable with the E. coli IscSU 
proteins [165].

The desulfurase (IscS) and scaffold (IscU) of the Isc system have been 
extensively studied. Crystal structures of various bacterial IscS and IscU 
proteins, alone and or in complex with each other (PDB: 3LVM, 3LVL, 
3LVJ, 4EB7. 4 EB5, 2L4X) have provided key insights into the mecha
nism of intramolecular sulfur transfer and associated protein-protein 
interactions that underpin the Fe–S assembly process [166–169]. 
Briefly, IscS is a cysteine desulfurase, which employs a pyridoxal phos
phate (PLP) cofactor to catalyse the conversion of L-cysteine to L- 
alanine, releasing sulfane (S0). The S0 is stored as a persulfide on a 
conserved cysteine residue of IscS. In concert with the scaffold protein 
(IscU), a [2Fe–2S] cluster is initially assembled on IscU, prior to the 
cluster being delivered to apo protein clients [161]. IscS also provides S0 

to other cellular processes requiring sulfur (e.g. TusA), and its activity is 
subject to allosteric regulation by accessory proteins, e.g. IscX and CyaY 
[169,170]. The binding site of these accessory proteins (e.g. IscX, CyaY, 
TusA) overlap with each other and another important protein, Fdx, 
which provides reducing equivalents needed to reduce S0 to sulfide S2−

(Fig. 9A) [171,172].

5.1. Native MS studies of ISC Fe–S cluster biogenesis

The interaction of IscS with IscU and/or accessory proteins (IscA, 
HscAB, Fdx, IscX, CyaY) has been studied by various techniques (prin
cipally NMR and crystallography). While many of the stable complexes 
have been elucidated, higher order, possibly transient complexes 
involving IscSU and one or more accessory proteins may exist [173]. 
Native MS has been employed to study such complexes involving IscS, 
including the sequential formation of (IscS)2(IscU) and (IscS)2(IscU)2 
complexes at increasing concentrations of IscU relative to IscS 
[174,175], and complex formation between IscS and two other proteins: 
IscU and IscX (e.g. Fig. 9B) [171] or IscU and CyaY [173]. These studies 
confirmed that IscU does not compete with CyaY or IscX for IscS 
[171,173]. Native MS also confirmed the preference of (IscS)2 for apo 
CyaY over Fe-CyaY, consistent with solution studies. Taken together, the 
native MS observations indicate that dimeric IscS harbours two inde
pendent binding sites for IscU (Kd of ~3 μM), together with two further 
binding sites for accessory proteins (e.g CyaY, IscX), consistent with 
previous observations (Fig. 9B) [168,169,171,174,175].

Native MS has also been used to probe mechanistic aspects of Fe–S 
assembly on the IscSU complex. Major challenges exist for the applica
tion of this technique in this context, most notably the efficient ionisa
tion of large IscS-IscU complexes (~105 to 120 kDa) and achieving 
sufficient resolution to enable binding of single atoms (e.g 32S, 34S, 56Fe, 
57Fe) to these large complexes to be detected. For this reason, studies 
have thus far been confined to the detection of Fe–S species associated 
with IscU (Fig. 9C) [174,175].

Native MS of as-isolated IscU demonstrated one Zn2+ ion bound per 
IscU monomer (Zn-IscU), consistent with previous observations (Fig. 9C, 
black line). Various biophysical approaches have shown IscU to be a 
dynamic protein that can exist in different conformational states in vitro; 
principally the structured (S) and disordered (D) states [176,177]. The 
S-state of IscU is stabilised by Zn2+ and this ion is resistant to 
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Fig. 8. Spectroscopic and mass spectrometric characterisation of Wbl proteins and complexes. A) CD spectra of WhiB1, ScWhiB (unpublished data), ScWhiD and 
SvWhiD [145,150,151]. B) Native MS spectrum of His-tagged [4Fe-4S] WhiB1; inset shows the effect on DNA binding [147,150]. DNA containing the whiB1 promoter 
sequence was treated with increasing amounts of apo and [4Fe-4S] WhiB1; only apo WhiB1 bound to the DNA [150]. C) Native MS of [4Fe-4S] WhiB:His-σA-CTD 
complex, a partial disassembly into constituent parts [147]; inset shows crystal structure of [4Fe-4S] WhiB:His-σA-CTD complex (PDB: 6ONO) [154]. D) Native MS 
shows [4Fe-4S] WhiB:His-σA-CTD complex disassembly in response to NO [147]. E) Detection of mono-, di- and tetra-nitrosyl forms of uncomplexed [4Fe-4S] 
ScWhiD [68].
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displacement by Fe2+ ions or physiologically relevant low molecular 
weight thiols (e.g. L-Cys, GSH), resulting in a significantly lower rate of 
[2Fe-2S] cluster formation on IscU [174,175,178]. Importantly, the 
presence of Zn2+ ions bound to IscU does not adversely affect its asso
ciation with IscS, and both (IscU)2(IscS)2 and (IscU)(IscS)2 complexes 
were readily observed by native MS [174,175].

Treatment of IscSU complexes with L-cysteine promotes the removal 

of Zn2+ ions from Zn-IscU, through the IscS-mediated formation of S0/ 
S2− [174,175]. This process occurs even in the absence of Fe2+ ions, 
where Fe–S assembly cannot proceed [174]. Thus, transfer of the per
sulfide formed on IscS-Cys328 to IscU may trigger the displacement of 
Zn2+, perhaps by altering the binding environment to reduce the affinity 
of the site for Zn2+ [174,175,179]. We note that recent ion mobility 
native MS studies indicated that, upon binding to IscS, the S-state of Zn- 

Fig. 9. Mass spectrometric characterisation of Isc proteins and complexes. A) Ribbon diagram representing (IscS)2(IscU)2 in complex with accessory proteins (e.g. 
TusA, IscX, CyaY or Fdx,); PLP and [2Fe-2S] cofactors indicated in space filling mode (PDB: 4EB5, 3LVJ) [168,169]. B) Native MS data showing the binding of (IscU) 
to pre-formed (IscS)2(IscX)1–2 complexes (yellow line), resulting in higher order complexes (black line), including (IscS)2(IscX)2(IscU)2. (unpublished data). C) Time- 
resolved native MS of the biomimetic reconstitution reaction in the un-complexed IscU region. The starting and final spectra are black (0 min) and red (25 min), 
respectively, intervening spectra are grey (10 min); major species as indicated [174]. D) Non-IscS-mediated reconstitution reaction reveals assembly intermediates of 
[2Fe-2S] IscU. Spectra were recorded at 0.3, 1.2, and 1.8 min from the start of the reaction, major species are as indicated [174]. E) Kinetic behaviour of intermediate 
species Note that the gradual loss of [2Fe-2S] IscU, as noted elsewhere, is consistent with the increased lability of the [2Fe–2S] cluster in native MS buffers 
[174,175,179]. F) Scheme describing the concerted mechanism of [2Fe-2S] assembly on IscU in complex with IscS. Exact details of S- and Fe- binding/transfer are 
based on literature [174,175,179,184–186]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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IscU shifts towards the D-state, adopting an intermediary conformation 
that facilitates Zn2+ displacement [179]. We also note that for the IscU- 
like protein SufU from M. tuberculosis, a bound Zn2+ ion plays an 
important role in the S0/S2− transfer reaction between the cysteine 
desulfurase (SufS) and SufU [180]. Thus, Fe2+ binding does not appear 
to be a pre-requisite for S0 transfer [174].

Time-resolved native MS has also been used to probe the formation 
of intermediates species. Lin et al [175] studied the formation of in
termediates on un-complexed IscU (produced through in source disas
sociation of the (IscU)2(IscS)2 complex) during Fe–S assembly. Low 
quantities of [Fe], [Fe2], [Fe–S], [S] and [S2] forms of IscU were found 
to rapidly form, and then declined as the [2Fe–2S] IscU product was 
formed [175]. Our own, independent reconstitutions, employing cata
lytic quantities of IscS, were also monitored by time-resolved native MS. 
The intensity of un-complexed Zn-IscU (or apo IscU) decreased, with a 
concomitant increase in the amount of [2Fe-2S] IscU, but significant 
Fe–S intermediates were not observed on IscU (Fig. 9C) [174], sug
gesting that assembly occurs in a concerted manner. However, sub- 
optimal S0 transfer to IscU via a low molecular weight IscS mimic (see 
[174] for details) did reveal peaks consistent with the presence of IscU- 
bound [S], [Fe–S], [Fe–2S] and [2Fe-2S] (Fig. 9D). The kinetic data 
indicated that [S] species form first, followed by [Fe-S] and [Fe-2S], and 
then, finally, the [2Fe–2S] cluster (Fig. 9E), and were in agreement 
with observations that S transfer could occur in the absence of iron 
[174].

Taken together, these native MS studies indicate that the FeS as
sembly carried out by the IscSU complex is a largely concerted process, 
with respect to IscU, such that partly assembled, intermediary Fe–S 
clusters do not readily accumulate and are thus hard to detect (on un- 
complexed IscU). The studies also indicate that order of Fe2+ binding 
or sulfur transfer does not appear to matter in vitro (Fig. 9F) [174,179]. 
Instead, they indicate that Zn2+ ions provide stability, potentially pro
tecting un-complexed IscU until a binding site becomes available on IscS 
[174,175,179]. Thus, cluster assembly on IscU is controlled by sulfur 
availability, with sulfur transfer leading to Zn2+ displacement and is 
thus a key step [174]. This proposal is also consistent with role of CyaY 
in the allosteric regulation of IscS desulfurase activity [180].

Comparable protein-protein interactions are similarly important for 
the human ISC FeS cluster biogenesis system [160]. Here, native MS has 
been used investigate the post-assembly process of Fe–S cluster traf
ficking towards client proteins. The data provides evidence for a 
[2Fe–2S]-cluster-bridged form of homodimeric glutaredoxin 5 
(GLRX5), as well as the existence of a GLRX5:BolA-like protein 3 
(BOLA3) heterodimer. In the presence of a client protein, a ferredoxin 
(FDX2), GLRX5 formed a unique hetrodimeric (FDX2:GLRX5:[2Fe–2S]: 
GSH), that provides important new insight into process of Fe–S traf
ficking and delivery [181].

5.2. New approaches to identifying Fe–S proteins involved in assembly, 
trafficking and delivery

Strategies to monitor Fe–S cluster assembly, trafficking and delivery 
in the cytosol are now emerging. Recently, a powerful proteomic LC-MS 
methodology, known as isotopic tandem orthogonal proteolysis-activity 
based protein profiling (IsoTOP-ABPP) was reported [72]. Briefly, 
IscoTOP-ABPP can be used to quantitatively monitor changes in the 
reactivity of cysteine residues towards a cysteine thiolate-reactive probe 
(e.g. iodoacetamide-alkyne) within the proteome of an organism 
[182,183]. Interrogation of the proteome of E. coli using this approach 
resulted in identification of known Fe–S proteins (e.g FNR, BioB, Fdx), 
known participants in Fe–S assembly, trafficking, and delivery (e.g. 
IscU, SufA, ErpA), in addition to previously uncharacterised Fe–S pro
teins (e.g. TrhP) [72]. This technique has great potential and may 
become useful tool in the study of eukaryotic Fe–S assembly, traf
ficking, and delivery.

6. Outlook

Applications of native MS to metalloprotein systems, and particu
larly Fe–S cluster proteins, have expanded greatly in recent years, 
partly driven by the increasing availability of relatively low-cost high- 
resolution instrumentation, and through the development of method
ologies that permit routine handling of difficult to work with (e.g. O2- 
sensitive) proteins to be studied. Ground-breaking time-dependent 
native MS measurements have provided unprecedented resolution of 
complex reaction mechanisms in which the Fe–S cluster is the site of 
physiologically relevant chemical changes. The power of the technique 
lies in its capacity to detect and identify all protein-associated Fe–S 
species simultaneously, and track their relative concentrations over 
time, using protein samples of micromolar concentration. It is most 
effective when used in combination with spectroscopic and structural 
methods, which can provide chemical and oxidation state information 
that provides key context for the mass information provided by native 
MS.

Current limitations relate to difficulties in optimising conditions and 
instrument parameters for efficient ionisation. For example, selection of 
an appropriate volatile buffer, its concentration, and pH to enable for
mation of ions whilst retaining tertiary/quaternary structure varies ac
cording to the protein sample. This bottleneck means that native MS 
studies are not routine and require a significant investment of time and, 
of course, good access to a suitable instrument. A further current limi
tation relates to limits of resolution at high m/z values. Thus, large 
proteins or protein complexes that do not readily ionise, or acquire 
significant charge, may be difficult to detect with sufficient resolution. 
While this does not significantly affect ability to detect protein com
plexes (and thus to determine stoichiometry), which involve large 
changes in mass (i.e. multiple kDa differences between different com
plexes), it does limit ability to detect relatively small (tens of Da) mass 
changes that accompany chemical reactions, for example, at the active 
site of a protein. Ever advancing improvements in methodologies, 
instrumentation hardware and associated software constantly push back 
the boundaries of what is possible, opening up larger proteins systems to 
investigation by native MS. Indeed, we expect to see a significant 
broadening in application of native MS in the next few years.

Some MS approaches and technologies that we expect to have a 
significant impact for metalloprotein studies include ion mobility sep
aration. This increasingly useful technique permits ions of identical m/z 
to be resolved according to their cross-sectional area (shape) [187]. 
Thus, it is possible to separate different conformations of proteins. This 
additional means to separate/isolate specific ions also enables low in
tensity ions, that would otherwise be lost in the baseline of a conven
tional measurement, to be detected, effectively increasing the sensitivity 
of native MS measurements. This opens up possibilities to detect very 
low abundance intermediates of Fe–S cluster reactivity. Another area 
that we expect to become more important as methodologies are devel
oped and improved is the application of native MS to cells, i.e. without 
the need for extensive protein purification [188,189]. This presents 
many challenges in terms of achieving ionisation, but there are already 
reports of successful measurements from cell lysates or whole cells 
[190].

In summary, tremendous recent progress has been made in the 
application of native MS to a range of Fe–S sulfur cluster proteins and to 
studies of their assembly. Native MS is rapidly becoming an essential 
tool for mechanistic studies because of its ability to resolve closely 
related cluster species that cannot be distinguished by other methods.
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