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Native mass spectrometry is an emerging technique in biology that gives the
possibility to study noncovalently bound complexes with high sensitivity
and accuracy. It thus allows the characterization of macromolecular assem-
blies, assessing their mass and stoichiometries and mapping the interacting
surfaces. In this review, we discuss the application of native mass spectrom-
etry to dynamic molecular machines based on multiple weak interactions.
In the study of these machines, it is crucial to understand which and under
which conditions various complexes form at any time point. We focus on
the specific example of the iron—sulfur cluster biogenesis machine because
this is an archetype of a dynamic machine that requires very specific and
demanding experimental conditions, such as anaerobicity and the need of
retaining the fold of marginally folded proteins. We describe the advan-
tages, challenges and current limitations of the technique by providing
examples from our own experience and suggesting possible future solutions.

Introduction

Mass spectrometry (MS) is a powerful technique that
can measure the mass of molecules with high accuracy,
sensitivity, resolution and speed [1]. When samples are
analysed by MS, they are ionized, separated according
to their mass-to-charge ratio (m/z) and detected. MS
was first developed as early as in 1912 [2] and then
applied for a long time mostly for analytic purpose to
establish or confirm the identity of a compound or a
mixture of molecules. Biological applications were
allowed only in the late 1980s thanks to the develop-
ment of soft ionization methods as electrospray ioniza-
tion (ESI) [3,4] and matrix-assisted laser desorption/
ionization (MALDI) [5,6]. ESI in particular led to the
possibility, in the ‘90s and around the turning of the
millennium, of performing experiments under native
conditions (for an early classical review, see Last and
Robinson, 1999 [7]). What is now usually referred to

Abbreviations

as ‘native MS’ thus enables the characterization of
macromolecular assemblies without their disassembly
[8].

Using native MS, it is in principle possible to deter-
mine with high resolution and selectivity the stoi-
chiometry of assembly components [9-13], map direct
interactions between subunits and provide information
about the mechanism of formation of macromolecular
assemblies [14]. Native MS can also provide informa-
tion on the dynamic behaviour of complexes and
assess the presence of distinct forms that could detect
allostery [15,16]. Another exciting application is the
possibility to follow the kinetics of a reaction by incu-
bating mixtures of differently labelled forms of nonco-
valent complexes (e.g. labelled with *H or '*C and
'>N) [17,18]. As for all MS applications, native MS
has the additional advantage to be undemanding

DTT, dithiothreitol; E. coli, Escherichia coli; ESI, electrospray ionization; FeS, iron—sulfur; isc, iron-sulfur cluster; MALDI, matrix-assisted laser
desorption/ionization; MS, mass spectrometry; Q-TOF, nano-ESI quadrupole time-of-flight; Tris, (hydroxymethyl) aminomethane.

2428

The FEBS Journal (2020) 2428-2439 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-2980-442X
https://orcid.org/0000-0002-2980-442X
https://orcid.org/0000-0002-2980-442X
https://orcid.org/0000-0002-5910-4707
https://orcid.org/0000-0002-5910-4707
https://orcid.org/0000-0002-5910-4707
https://orcid.org/0000-0002-3047-654X
https://orcid.org/0000-0002-3047-654X
https://orcid.org/0000-0002-3047-654X
mailto:
http://creativecommons.org/licenses/by/4.0/

R. Puglisi et al.

about sample quantities: few picomoles of sample are
sufficient for obtaining the mass of even large macro-
molecular assemblies with an error of a few daltons.

Investigating macromolecular complexes requires cus-
tomized mass spectrometers, because assemblies with
molecular masses above 60 kDa generate ions with m/z
ratios above 4000 that exceed the detection limit of stan-
dard instruments. Around the 2000, major hardware
modifications allowed the detection of noncovalent
assemblies using nano-ESI quadrupole time-of-flight (Q-
TOF) mass spectrometers ([19,20]). Besides nano-ESI-Q-
TOF instruments, Fourier transform (FT)-based mass
spectrometers have also successfully been used to study
noncovalent interactions. In particular, Orbitrap instru-
ments, which were introduced in the year 2000 ([21,22]),
show excellent resolution and accuracy that allows trans-
mission of heavy ions up to an m/z of 40 000 ([23]).

Native MS has been applied to complex machines
such as the ribosome [24-27], viruses [28-33] and mem-
brane proteins [34-40]. These examples concern sys-
tems that are relatively well defined and are in some
sense ‘static complexes’. However, native MS can also
be applied to study dynamical molecular machines
formed by multiple weak and mutually exclusive inter-
actions [41,42].

Here, we discuss, as a representative example, the
application of native MS to the core machine for iron—
sulfur (FeS) cluster biogenesis in E. coli. This specific
example was not chosen by chance: one of the early
native MS studies of a molecular assembly concerns
precisely a FeS protein, E. coli biotin synthetase [43].
This protein was demonstrated to exist in solution as a
mixture of monomer, dimer and tetramer and to be
bound to a FeS cluster. We thus thought FeS clusters
appropriate as a paradigm of the more general theme.
Recently, native MS has been applied to the study of
FeS binding proteins by an increasing number of
groups who have confirmed its applicability [44,45]
and its great value to extract mechanistic details [46].

We analyse the advantages, problems and challenges
proposed by native MS for the investigation of FeS
cluster biogenesis based on our own experience in view
of a wider perspective that goes beyond the specific
application. We demonstrate that, while uniquely sui-
ted for the general purpose, further developments may
be needed to make native MS fully applicable to the
study of this challenging pathway.

General overview of the FeS cluster
biogenesis machine

Iron—sulfur cluster biogenesis is a representative exam-
ple of a dynamic biological machine, which strongly
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relies on the formation and dissociation of different
interactions. Also present in the inorganic world, FeS
clusters are essential components of the cell since they
are attached to proteins and have structural or redox
roles [47]. In bacteria, the components are encoded in
the isc operon and have high sequence homology to
the eukaryotic ones (Fig. 1) [48]. The Isc machine
comprises a number of essential proteins present
among a promoter, a desulfurase IscS, a scaffold pro-
tein IscU, a putative alternative scaffold protein IscA,
a ferredoxin that provides electrons FdX and two
chaperone proteins HscB and HscA.

The IscS is a pyridoxal phosphate (PLP) binding
enzyme that catalyses the conversion of L-cysteine into
L-alanine and generates sulfur subsequently trans-
ferred to IscU [49] or to other proteins belonging to
other metabolic pathways [50,51]. It forms a complex
with IscU, a small protein that transiently binds the
cluster and passes it on to further acceptors. IscA is an
alternative scaffold. Ferredoxin provides electrons for
the FeS formation process. The two chaperones HscA
and HscB are thought to assist cluster transfer [52].
Also involved in the machine is CyaY (frataxin in
eukaryotes), an iron binding protein that is outside the
operon. This protein has been widely studied because
in humans it is associated with Friedreich’s ataxia [53].
It was firstly associated with the isc operon through
interaction with HscB [54] and later on confirmed by
pull-down experiments [55,56]. CyaY participates in
FeS cluster formation as a regulator of the reaction
speed [56,57].

Other ancillary proteins are selectively present in
prokaryotes or in eukaryotes. Among them is YfhJ
(also called IscX) that is specific for prokaryotes. This
protein was suggested to be with frataxin, a regulator
of the IscS activity depending on the iron concentra-
tion [58] (Fig. 2). Intriguingly, YfhJ, Fdx and CyaY
compete for the same site on IscS [57,59-61] and the
binding affinity to IscS is modulated by the presence
of iron cations.

Strengths of using native MS for the
study of the Isc system

Several are the challenges in the study of the FeS clus-
ter core machine. While the Isc proteins and their
interaction affinities are relatively well known, proving
the existence and characterizing transient intermediates
is a major challenge. Yet, this knowledge is indispens-
able for reconstructing the sequence of events occur-
ring in cluster assembly and determining possible
allosteric regulations. These multiple interactions are
more complex also because many of the components
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Fig. 1. Schematic representation of the isc operon from Escherichia coli. 1t is composed of the genes encoding for the transcription
regulator IscR, the desulfurase IscS, the scaffold protein IscU, IscA, a ferredoxin FdX, and two chaperone proteins HscB and HscA, and
Yfhd. CyaY, the bacterial orthologue of frataxin, is encoded by a gene external to the isc operon.
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Fig. 2. Schematic representation of the FeS
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can be in more than one state (e.g. metal-bound/free,
cluster-bound/free, ATP/ADP-bound/free and reduced/
oxidized) (Fig. 3 and Table 1). The analysis of all the
species formed thus requires a technique able to detect
at the same time all the possible complexes in a range
of molecular weights of 100-200 KDa (Table 2) and
having different affinities ranging from 1 to 30 pm [62]
(Fig. 4). It is here where native MS appears superior
to most alternative techniques since it is able to retain
protein structure, folding and interactions and detect
the formation of transient complexes up to a molecular
weight of MDa with a typical accuracy of a few Da.
Only small amounts of samples are needed (5-10 um),
different ratios of the partners can be investigated, and
no specific labels are necessary thus making the tech-
nique noninvasive. We also noticed that it is so sensi-
tive to permit observation of minor species. We could,
for instance, detect not only the IscS dimer, which is
the dominant species in solution, but also the presence
of an IscS tetramer and of a minor hexameric form
(Fig. 5). The IscS tetramer could be detected also in
size-exclusion chromatography and by small-angle
scattering. Since the concentrations used in these stud-
ies are in the same order of magnitude observed for

s |
| Hsea |

cluster pathway of assembly. IscS converts
cysteine into alanine and provides the sulfur
to IscU. In the presence of the electron
donor, FdX, and an iron donor, the FeS
cluster forms on IscU. This process seems
to be regulated by frataxin, CyaY, and
probably Yfhd. The chaperone system of
HscA and HscB assists the transfer of the
FeS cluster from IscU to an apo-acceptor.

d34SNVUL

the same proteins in the cell [63], it is possible that
these species may form under specific conditions, but
their biological relevance is probably limited.

An essential control: retention of the
enzymatic activity of the Isc system

Native MS experiments are usually performed using
volatile buffers such as ammonium acetate [64,65],
ethylenediammonium diacetate or alkylammonium
acetate buffers [66]. Unlike other types of ESI-MS
analysis, neither acidic conditions nor organic solvents
are used. Typically, the buffer is exchanged immedi-
ately prior to native MS analysis [67]. The use of a
volatile buffer might nevertheless represent a challenge
for proteins that are marginally stable or not monodis-
persed as some of the components of the Isc system.
Therefore, an essential control is to assess whether the
enzymatic activity and cluster formation are affected
by the experimental conditions dictated by the tech-
nique such as the presence and absence of ammonium
acetate. This must be done under strict anaerobic con-
ditions in a chamber kept under nitrogen atmosphere.
The reaction can be followed by absorbance
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Fig. 3. Summary of the main components of the /sc system in bacteria. Most of the Isc proteins involved in the FeS cluster biogenesis
exist in different free and complexed forms bound to cofactors and/or ions that are essential for folding or function. When the structure of a
specific form from Escherichia coli was not present in PDB, we modelled it from close orthologues to provide a visual impression of where
the cofactor would be bound. The figure was produced using the pymoL software (https://pymol.org/2/).

Table 1. Summary of the molecular weights of Isc proteins and
their cofactors

Protein MW (Da) Metal/Cofactor Metal/Cofactor MW (Da)
IscR 17 337 2Fe2S 176
IscS 45 089 PLP 247
IscU 13 849 Zn%* 65
2Fe2S 176
IscA 11 556 2Fe2S 176
HscA 65 652 ADP 427
ATP 507
HscB 20 138
FdX 12 331 2Fe2S 176
4Fe4S 352
Ythd 7732 Fe?'/Fe’" 56
CyaY 12 231 Fe?'/Fe® 56
spectroscopy following absorbance variations at

458 nm or 406 nm and/or circular dichroism in the
range 300-600 nm as a function of time. Typical condi-
tions for the reactions are 3 mM DTT, 50 uM IscU,
1 uM TIscS and 25 uM Fe(NHy),(SOy4), preincubated
for 30 min in 20 mM Tris/HCl at pH 8 and 150 mm
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Table 2. Isc complexes and molecular weights expected by mixing
the desulfurase IscS with the scaffold protein IscU and frataxin
CyaY, as example of the complexity of the system

Mixture Complexes expected MW (Da)
IscS (IscS), 90 178
IscS + IscU (IscS),(IscU) 104 027
(IscS)a(lscU), 117 876
IscS + IscU + CyaY (IscS),(IscU)(CyaY) 116 258
(IscS),(IscU)(CyaY), 128 489
(IscS),(IscU),(CyaY) 130 107
(IscS),(IscU),(CyaY), 142 338

NaCl [56]. The reaction is then initiated by adding
250 uM of the substrate L-cysteine. The addition of
CyaY (typically between 3 uM and 10 uM) inhibits
the reaction [57]. In our hands, the system containing
IscS, IscU and CyaY remains active in ammonium
acetate provided that the buffer concentration does
not exceed 50 mM (Fig. 6). Retention of the enzymatic
activity also confirms that the experimental conditions
do not alter protein structure.

2431
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What can native MIS report on the Isc
system?

In this section, we shall discuss various aspects of the
study of the FeS cluster biogenesis machine that native
MS can assist.

Using native MS to assess stoichiometry and
symmetry

The IscS forms an obligate symmetric dimer composed
of two identical 45 kDa subunits. At the interface
between them, there is a cleft characterized by a posi-
tive charged surface due to the presence of three con-
served arginines. This surface is a privileged site of
interaction for protein negatively charged such as
CyaY [57], YfhJ [58,59] and Fdx [61]. Furthermore, it
was shown that IscS is able to host HscB in the same
pocket [68]. The same binding site is present on the
symmetric site; thus, IscS can bind two molecules (of
the same protein or two different proteins) at the same
time. This opens the likely possibility of an allosteric
regulation of the IscS desulfurase activity. In addition,
each subunit of IscS is also able to bind IscU forming

2432
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Fig. 4. The Isc proteins map a complex
network of interactions. Each arrow
evidences an already-certified direct
molecular interaction between proteins that
has been confirmed by more than one
technique and reported by independent
groups

8 Iscs,

g IscS;

Fig. 5. Control experiments to establish the
feasibility and the sensitivity of the MS
technique. (A) Native MS spectrum of 5 uM
IscS in 2560 MM ammonium acetate at pH
8. (B) Blow up of Figure 5A in the window
6500 to 10 000 m/z. Native MS revealed
the presence of a minor group of peaks at
higher m/z corresponding to the hexamer of
IscS in addition to the signals corresponding
to IscS dimer and tetramer.

9000

a complex with the stoichiometry of 1:1, meaning that
the dimer binds two molecules of IscU. Native MS
was applied to investigate whether IscS and other part-
ners (e.g. CyaY) could form heterocomplexes in the
presence or absence of IscU. In our studies, we typi-
cally injected a mixture of 5 pM IscS, 5 uM IscU and
increasing molar ratios of CyaY ranging from 5 to
15 uM. We observed signals typical of the single com-
ponents together with signals corresponding to nonco-
valent assemblies (Fig. 7). Data analyses indicated the
presence of binary species, which could be identified as
IscS,-IscU, IscS,-IscU,, IscS,-Cyay, IscS,-CyaY, and
CyaY-IscU together with the heterocomplexes IscS,-
IscU-CyaY, IscS,-IscU,-CyaY, IscS,-IscU-CyaY, and
IscS,-IscU,-CyaY,. This evidence also confirmed that
binding of IscU to IscS does not compete with CyaY
binding confirming previous studies [57].

Validating unexpected interactions

In our investigation of the Isc system by native MS, we
also detected unexpected species such as complexes not
previously described. For instance, we observed an
IscU-CyaY interaction (Fig. 8A): this has been

The FEBS Journal (2020) 2428-2439 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



R. Puglisi et al.

mdeg (440 nm)
(4]

noAc
——NH4Ac

0 500 1000 1500 2000 2500 3000
Time (s)

Fig. 6. Kinetics of FeS cluster formation followed by absorbance
spectra. Iron—sulfur clusters have a typical absorbance spectrum
whose appearance demonstrates cluster formation. The enzymatic
assay requires the presence of a source of sulfur (Cys), iron (iron
ammonium sulfate), a desulfurase enzyme (IscS), a scaffold protein
on which the cluster forms (IscU) and a reducing agent (DTT). The
experiment was carried out using 50 uM IscU in the presence of
1 uM IscS, 250 uM Cys, 25 pM Fe(NH4)2(SO4)2 and 3 mM DTT in
20 mM Tris/HCI at pH 8, 150 mM NaCl at pH 8 (blue) or in 50 mm
ammonium acetate at pH 8 (red).

repeatedly described between eukaryotic IscU and fra-
taxin but not for the prokaryotic proteins [57,69]. A key
question is thus whether these interactions are biologi-
cally significant. In these doubtful cases, it is essential to
use alternative techniques to validate the interactions
independently. Approaches complementary to native
MS may include NMR, ITC and/or cross-linking. Each
of these techniques has drawbacks, but consistent
results obtained by different approaches may together
validate the significance of newly disclosed interactions.

Native MS preserves the binding of prosthetic
groups

Some of the Isc components have constitutive binding
partners such as prosthetic groups or ions. They are
either essential for function (as it is PLP for IscS or
ATP for HscA) or for fold stability (as it is zinc for
IscU). It is widely accepted, for instance, that the reac-
tion mechanism catalysed by IscS follows the rules
proposed for the A. vinelandii homologue NIFS. In
this mechanism, PLP would be essential for substrate
activation through binding to the cysteine and forming
an external aldimine base of Schiff prone to undergo a
nucleophilic attack to liberate sulfur [70,71]. Addition-
ally, it was described that IscS remains enzymatically
active only as long as it is bound to PLP [72]. There-
fore, observing PLP on the desulfurase is essential to
ensure correct folding of the enzyme and its activity.
IscU can bind a zinc metal ion in the same active
site, which is responsible for hosting the cluster. This
cation is thought to stabilize the folded form [73]. The

Native mass spectrometry in iron-sulfur cluster biogenesis

IscS

oD

Fig. 7. Potential artefacts of the technique. The MS spectrum
shows species observed by native MS by mixing IscS 5 uM with
IscU 5 uM and increasing concentration of CyaY up to 15 uM in
250 mM ammonium acetate at pH 8.

presence of zinc does not alter the interaction with
IscS and increases FeS cluster formation [74]. Eukary-
otic frataxin and bacterial CyaY have been shown to
form stable, although relatively weak, Fe?" and Fe®*
complexes with a stoichiometry of up to six to seven
iron ions [75,76]. Also, YfhJ binds to iron in both its
forms Fe?* and Fe®", through a negatively charged
surface [77], and the surface responsible for the iron
binding is the same which recognizes IscS.

We could prove that native MS preserves binding of
all of these prosthetic groups to the respective protein:
we clearly observed two molecules of PLP bound to
the IscS dimer (Fig. 8B). We were also able to discrim-
inate between iron-loaded and iron-free CyaY species
(Fig. 8C). In other cases, especially when more than
one protein was injected, many signals were present in
a limited m/z range, making the data interpretation
arduous. In these cases, it was not possible to deter-
mine whether loaded species or free ones were involved
in binding (Fig. 8§D).

The challenge of working under anaerobic
conditions

FeS clusters are a special type of prosthetic groups
that may require specific experimental setting. They
can be highly sensitive to oxygen [78] as oxygen species
can convert them to unstable forms that rapidly
decompose. This is particularly relevant for proteins of
the core machine such as IscU that is able to bind FeS
clusters but only in a weak and transient way. Under
aerobic conditions, the cluster on IscU disassembles in
a few minutes as it is testified by the absorbance
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Fig. 8. Exemplificative spectra. (A) Native
MS spectrum of 5 uM IscU and 15 uM
(b CyaY in 250 mM ammonium acetate at pH
8. We observed the signals belonging to
the free proteins and to a new species
corresponding to the complex CyaY-IscU.
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spectrum or, more simply, by the disappearance of the
dark red colour that characterizes the cluster-loaded
protein [72]. This is the reason why all the studies on
the FeS cluster formation on this scaffold are carried
out under strict anaerobic conditions. Unfortunately,
the achievement of these conditions is often impracti-
cal or difficult with certain biophysical techniques.
This is the case of the ion source in the native mass
spectrometer that is not oxygen-free. On the contrary,
mass analysers and detectors are under vacuum. We
could probably state that O, exposure during the MS
experiments may not be a problem because when the
sample is infused into the ionization source, there is
insufficient time for reaction to occur with any O, pre-
sent prior to ionization/introduction of low pressure.
So far, we studied the interactions among Isc proteins

2434

5500 that it is a dimer bound to two PLP
molecules (with a total molecular weight of
91 073 Da). (C) In the presence of NH4Fe
(SO4)5, native MS showed CyaY in both its
forms free and bound Fe®" with two NH**.
(D) By mixing CyaY and IscS in the
presence of NH;Fe(SO4),, a new species
(CyaY-IscS, complex) is observed
comparing to the spectrum of IscS alone.
Unfortunately, the technique does not have
enough resolution to determine whether
CyaY binds IscS in the iron-loaded or iron-
free form. (E) Native MS spectrum of 5 uM
IscU in 260 mM ammonium acetate at pH
8 revealed only one distribution of peaks.

in an aerobic environment and thus in the absence of
the FeS clusters.

An alternative solution is to carry out the measure-
ments on mutants that have higher affinity for the
cluster. A mutant of IscU, for instance, that replaces a
conserved aspartate to alanine (IscUD39A in E. coli
IscU) loses the cluster slowly and can thus be used for
the purpose [79]. This behaviour was explained by the
elimination of a competition between the aspartate
and a close-by histidine: since both aspartate and his-
tidine can chelate the cluster in a mutually exclusive
fashion, mutation of one of the two residues leads to
cluster stabilization [80]. In the past, we have indeed
been able to observe a 2Fe2S cluster on the IscU
mutant within hours from its anaerobic purification.
In the future, we aim to build a dry box around the
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Federation of European Biochemical Societies



R. Puglisi et al.

injection entrance of the spectrometer to be able to
load the sample on the ESI needle and mount it on
the source without exposure to oxygen. This will
undoubtedly require some skill, but this step, even if
delicate and cumbersome, will increase the potential
applications of the instrument to oxygen-sensitive pro-
teins.

Observing marginally stable protein
conformations by MS

Proteins can assume multiple conformations depending
on interactions, environmental conditions or intrinsic
marginal stability [81]. Interconversion between con-
formations may be at the heart of their function. This
is the case for at least one of the proteins involved in
core FeS assembly, IscU. When produced by overex-
pression in E. coli, IscU is present in solution as an
equilibrium between two distinct forms: a structured
conformation (S-state) and a partially dynamically dis-
ordered form (D-state) [82]. The S-state is stabilized by
zinc, which binds in the same site that coordinates the
cluster. When bound to IscS, IscU is in the S-state
[59,83] but the D-state was suggested to be relevant
for cluster release. In the constitutive presence of zinc,
a higher rate of cluster formation is observed, consis-
tent with the presence of a more stable fold on which
the cluster is assembled with the lower energetic cost
[74]. In our hands and in our instrumental conditions,
it was hard to distinguish between the two forms by
native MS: we observed only one Gaussian distribu-
tion of signals (Fig. 8E).

More sophisticated experiments should be designed
to probe for the presence of different conformations,
such as coupling native MS with ion mobility (IM),
which separates ions based on their differential mobil-
ity through a buffer gas [84,85]. Another approach is
to use hydrogen/deuterium exchange (HDX) MS
[86,87]. In this approach, folded conformations would
have comparably fewer labile hydrogens readily acces-
sible to the solvent and available for exchange than
the unfolded conformation [88]. This generates differ-
ences between two populations, which could be
assessed by MS.

Conclusions

We have reviewed how native MS, a technique in use
for several years but still relatively underexploited, can
be adapted to the study of the FeS cluster biogenesis
core machine. We discussed in detail the advantages
and limitations of the technique applied to this specific
system. We found that native MS offers several unique

Native mass spectrometry in iron-sulfur cluster biogenesis

advantages over other techniques that range from the
exquisite sensitivity, to the possibility to observe multi-
ple states of the same protein within the instrumental
resolution, to the possibility of looking at complex
mixtures over a large mass range. This is of para-
mount importance for transient machines in which
identification of the different complexes formed at dif-
ferent stages of the pathway matters, introducing a
temporal dimension to the investigation.

In the context of a specific problem discussed here,
a main current limitation remains certainly the diffi-
culty to carry out the whole experiment anaerobically.
Overcoming this aspect will require either ad hoc local
solutions or a more general policy of the manufactur-
ers, which could however not currently be justified
given the limited numbers of users who might need
these conditions. This might easily change in the
future with the spreading of the technique. Another
aspect that will require some consideration is the bio-
logical significance of minor species observed in some
spectra, which will require comparison with measure-
ments carried out by other techniques such as NMR
or ITC. This step should anyway always be carried
out as no technique can be trusted by its own.
Despite these limitations, native MS undoubtedly con-
stitutes an effective and powerful tool to be added to
the already large range of biophysical techniques in
place for the study of FeS cluster biogenesis. Its wider
application to other similarly challenging machines
may lead to a considerable step forward in our under-
standing of complex molecular processes in near
future.
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