
 

 

 

 

 

 

 
 

 

 

Direct Detection of Iron Clusters in L Ferritins through ESI MS 
Experiments 
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Human cytoplasmic ferritins are heteropolymers of H and L 
subunits containing a catalytic ferroxidase center and a nucleation 
site for iron biomineralization, respectively. Here, ESI-MS 
successfully detected labile metal-protein interactions revealing 
the formation of tetra and octa-iron clusters bound to L subunits, 
as previously underscored by X-ray crystallography. 

Ferritin is a key protein in the metabolism of iron.1 With its 24-
mer nanocage structure hosting an internal cavity of 8 nm, 
ferritin stores iron under the form of a ferric biomineral and 
makes it readily bioavailable for cellular uses. At the same time, 
by sequestering free iron, it prevents the formation of harmful 
reactive oxygen species (ROS) that may be generated through 
Fenton chemistry. Ferritin acts as a buffer against iron 
deficiency and iron overload. In humans, ferritins are found 
intracellularly in the cytosol,2 in the mitochondria,3 in the 
nucleus,4–6 and extracellularly in serum7 and cerebrospinal 
fluid.8 Cytoplasmic ferritins are heteropolymers with a variable 
ratio of H (heavy) and L (light) subunits, depending on the type 
of tissue and cell as well as on the actual physio-pathological 
conditions. H subunits contain a catalytic ferroxidase site for the 
fast oxidation of Fe2+ to Fe3+ by O2. L subunits, sharing 53% 
homology with the H ones (Figure S1), lack this catalytic center 
but facilitate the (relatively slow) biomineral formation at 
nucleation sites situated on the inner cage surface. 

Fig. 1. a) Dinuclear ferroxidase site of human H ferritin (PDB id: 4ZJK);9 b) 
nucleation site of human L ferritin (PDB id: 5LG8)10 occupied by a tri-nuclear iron 
cluster; c) and d) 4- and 8-nuclear cluster on the inner surface of human L ferritin 
(PDB id: 6TSJ, 6TSF),11 respectively. For an exact location of these metal centers 
inside the HuHf and HuLf see Figure S2. 

Time-lapse anomalous X-ray diffraction studies on recombinant 
homopolymeric H and L ferritins (HuHf and HuLf, respectively) 
permitted to capture iron-binding events occurring at a series 
of sites throughout the nanocages,9–11 including the ferroxidase 
center in catalytic ferritins and the nucleation site of L ferritins 
(Figure 1). Iron bound to the nucleation sites was observed 
using two different experimental procedures. The freezing of L 
ferritin crystals after exposure to a ferrous solution allowed the 
observation of a (µ3-oxo)Tris[(µ2-peroxo)(µ2-glutamato-
κO:κO‘)](glutamato-κO)(diaquo)triiron(III) cluster, with Glu60, 
Glu61, and Glu64 as iron ligands and with Glu57 shuttling a 
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fourth incoming iron ion toward the cluster (Figure 1b).10 
Repeating the experiment with Fe3+ diffusion led to the 
observation of a similar species, lacking the peroxo moieties, 
and with Glu57 bridging one iron ion of the (µ3-oxo) center and 
a fourth iron ion (Figure 1c).11 Under these experimental 
conditions, at longer exposure times, it was possible to observe 
the growth of this initial cluster to produce an octanuclear 
species where the additional iron ions are poorly interacting 
with the protein side chains (Figure 1d).11 These clusters are 
proposed to represent the initial seeds for the biomineral 
growth, which recent data suggest to proceed via an inner-
surface assisted process.12 The cluster formation is completely 
quenched in the triple mutant E60AE61AE64A. 
We wondered whether the formation of these iron clusters 
might be detected also in solution and confirmed through an 
independent method. Accordingly, we explore here whether ESI 
MS is a suitable tool to characterize the interactions of iron ions 
with the ferritin nanocage and to reveal the formation of the 
above clusters in HuLf and -possibly- of the dinuclear metal 
centre at the ferroxidase sites of HuHf, after iron upload in 
ferritin solutions. 
Indeed, ESI mass spectrometry is an emerging and powerful 
method to study metal-protein interactions.13–16 In particular, 
the use of soft ionization methods offers the opportunity to 
conserve the relatively weak metal to protein coordination 
bonds in the gas phase.17–19 A few ESI MS studies of apo-ferritin 
were previously reported, including human ferritin20,21 and 
horse spleen ferritin.22 The latter is a natural heteropolymer 
with a H/L ratio of 10/1 and was analyzed in its commercial 
form, showing some iron contamination. While the detection of 
the 24-mer cage is quite problematic and challenging from the 
technical point of view owing to its exceedingly large size (ca. 
480 kDa),23 detection of the monomeric species is afforded 
quite straightforwardly, as demonstrated here by the ESI mass 
spectra recorded on human H and L (wild-type and triple 
mutant) ferritins (see below). 
To prove the ability of ferritins to mediate the growth of the Fe 
clusters, the three studied ferritins, i.e. HuHf, HuLf and its 
E60AE61AE64A variant, were exposed to ferrous salts (the 
detailed procedure is reported in the Supporting Information). 
Briefly, all ferritins were deprived of iron taken from the growth 
medium during their expression in E. coli, through extensive 
dialysis in the presence of reductant and chelating agents. The 
resulting apo proteins were rapidly mixed after the addition of 
aliquots, equal to 350 Fe2+ per cage, taken from a stock fresh-
prepared ferrous sulfate solution (in 1 mM HCl to prevent 
instantaneous iron oxidation).24 After 2h of incubation at room 
temperature, the biomineralization process was carried out by 
storing the ferritin samples overnight at 4 °C. Then,  

Fig. 2. Deconvoluted ESI mass spectrum of HuHf 10-6 M loaded with 350 Fe2+ ions 

per protein cage in 2 mM ammonium acetate solution at pH 6.8; 0.5% v/v of formic 

acid was added just before infusion. 

 
centrifugation and ultrafiltration steps were applied to remove 
precipitates and iron ions not taken up by ferritin cages. 
Afterwards, iron treated ferritin samples were buffer 
exchanged into ammonium acetate and characterized through 
high-resolution mass spectrometry. The use of ammonium 
acetate is necessary to maintain the native protein 
conformation even with a volatile and ESI-MS-friendly solution.  
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 Fig. 3. Deconvoluted ESI mass spectrum of HuLf 10-6 M loaded with 350 Fe2+ ions per 
protein cage in 2 mM ammonium acetate solution at pH 6.8; 0.5% v/v of formic acid was 
added just before infusion. 



 

 

 

 

 

 

Moreover, 0.5% v/v of formic acid was added just before 
infusion into the mass spectrometer with the aim to facilitate 
the protein protonation and to increase the signals intensity. 
The spectrum of iron-loaded H ferritin, reported in Figure 2, 
shows an intense peak positioned at 21094.2 Da that is in 
agreement with the amino acid sequence of the ferritin heavy 
chain, deprived of the first Met residue (theoretical mass 
21094.274 Da). A few additional small peaks are observed at 
21110.2, 21126.2 and 21142.2 Da that arise from progressive 
oxidation in solution of the Met residues to methionine 
sulfoxide (see protein sequence in Figure S1).25,26 
However, in this ESI mass spectrum, no signal attributable to Fe-
containing clusters is detected. This finding is consistent with 
the labile nature of the iron at the catalytic ferroxidase centre 
of HuHf, and its lack of the nucleation site.27,28 Analogously, the 
HuLf sample was incubated with the same amount of iron (350 
iron ions per protein cage) and the respective ESI mass 
spectrum recorded (see Figure 3). 
Notably, the mass spectrum of HuLf reveals an interesting 
feature at 20097.2 Da, whose mass nicely corresponds to four 
Fe3+ atoms bound to the protein. 
The lack of signals for adducts of lower Fe/protein stoichiometry 
points out that the binding of these four iron atoms to HuLf is 
cooperative. The adduct assignments were confirmed by direct 
comparison of theoretical isotopic simulations with the 
respective measured isotopic patterns (see the Supporting 
Information). 
 

Fig. 4. Deconvoluted ESI mass spectrum of HuLf triple mutant E60AE61AE64A 10-

6 M loaded with 350 Fe2+ ions per protein cage in 2 mM ammonium acetate 
solution at pH 6.8; 0.5% v/v of formic acid was added just before infusion. 

As a further proof of the occurrence of cooperativity in iron 
binding to light chain ferritin, an additional peak of very low 
intensity can be detected at 20306.2 Da perfectly consistent 
with eight Fe3+ ions bound to ferritin. 
The tetra- and octa- nuclear clusters are consistent with the X-
ray data of Figure 1c,d and Figure S3 (clusters A, B and C). 
Instead, no peaks attributable to the transient tri-iron Z cluster 
of Figure S3 are observed. 
In any case, the most intense peak in Figure 3 (19887.1 Da) 
remains that of the unreacted protein, deprived of the first 
methionine residue. Again, this signal is accompanied by those 
related to the various oxidized forms of the protein (19903.1, 
19919.1 and 19937.1 Da). The presence of this group of signals 
belonging to the unreacted protein indicates a low degree of 
metalation of the HuLf chains under the applied ESI MS 
experimental conditions; quite surprisingly, this behavior 
turned out to be roughly independent of added iron 
concentration (in the range 72-480 Fe/cage). 
Noteworthy, in no case the recorded ESI mass spectra showed 
signals of Fe/protein adducts with stoichiometry lower than 4:1. 
To further prove the existence of iron clusters on the surface of 
HuLf, the same protein solution was incubated for further 15 
min with a slight excess of ethylenediaminetetraacetic acid 
(EDTA); then, the ESI mass spectrum was again acquired. In this 
case, the spectrum showed only the signals of the protein in its 
apo form, while the signals of the iron clusters are lost (see the 
Supporting Information). This means that EDTA, owing to its 
pronounced metal chelating properties, is able to completely 
remove the iron ions from the L ferritin coordination site 
converting the protein to its apo form. On the ground of the 
previous crystallographic results,10,11 we may well hypothesize 
that these iron atoms interact with residues located in the 
nucleation site. 
With the aim to establish if these iron ions are bound to the 
protein portion containing Glu60, Glu61 and Glu64 residues, we 
further analyzed a HuLf E60AE61AE64A variant where the 
substitution of these Glu residues with Ala prevents iron 
binding, as demonstrated by iron-loaded structures solved by X-
ray and kinetic analysis.10,11 Again, the protein was exposed to 
350 Fe2+ equivalents per cage, and the mass spectrum recorded 
(Figure 4). 
As expected, due to the lack of the iron-binding Glu residues, 
the mutant form of HuLf is not able to assist the formation of 
iron clusters; hence the related peaks are not detected in the 
ESI mass spectrum. The only ESI MS signal is due to the 
unreacted protein (19714.1 Da) accompanied by the small 
peaks of its oxidized forms (19730.1, 19746.1 and 19762.0 Da). 



 

 

 

 

 

 

Conclusions 
The adopted ESI MS approach allowed us to characterize in 
depth and comparatively the iron-binding properties of a single 
ferritin subunit. From the obtained ESI mass spectra we can 
infer that the metal clusters in the nucleation sites of HuLf are 
less labile than the di-iron center at the catalytic site of HuHf 
and ESI MS detectable. The low abundance of the iron-species 
in the ESI mass spectra of HuLf might be attributed to various 
non-mutually exclusive effects such as: i) an intrinsic instability 
of the metal center under the solution and ionization conditions 
required for the ESI MS experiment; ii) relevant cooperative 
effects in metal binding arising from the presence of other 
subunits, not yet identified in x-ray structures; iii) an overall 
deprotection of the inner surface upon disruption of the cage 
architecture. In any case, to the best of our knowledge, this is 
the first mass spectrometric evidence for the formation in 
solution of tetra- and octa-iron clusters mediated by the HuLf 
nucleation site, underscoring the relevance of these iron 
clusters for caged biomineral formation. 
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