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Herein we describe a method for the efficient production (~90% fluorination) of 5-F-Trp human H ferritin via the 
selective incorporation of 19F into the side chain of W93 using 5-fluoroindole as the fluorinated precursor of the 
amino acid. Human H ferritin is a nanocage composed of 24 identical subunits, each containing a single Trp 
belonging to a loop exposed on the external surface of the protein nanocage. This makes 5-F-Trp a potential 
probe for the study of intermolecular interactions in solution by exploiting its intrinsic fluorescence. More 
interestingly, albeit the large size of the cage (12 nm external diameter, ~500 kDa molecular mass) we observe a 
broad but well defined NMR 19F resonance that can be used for the dual purpose of detecting solution inter-
molecular interactions via chemical shift perturbation mapping and monitoring the uptake of ferritin by cells 
treated with ferritin-based drug carriers, the latter being an application area of increasing importance.   

In this Communication, we present the encounter between two 
chemical entities: fluorine, which is one of the smallest atoms of the 
periodic table, and ferritin, which is one of the largest proteins of bio-
inorganic relevance. 

Fluorine has an atomic radius of 0.64 Å and a van der Waals radius of 
1.47 Å, both of which make it a good substitute for hydrogen. Its nuclide, 
19F, has interesting NMR properties: 100% natural abundance, I = 1/2 
and high gyromagnetic ratio (γ = 25.18 107 rad T− 1 s− 1). The resulting 
high relative sensitivity (83.3% vs. 1H) and the lack of naturally 
occurring fluorinated compounds make it a valuable probe. Incorpora-
tion of fluorinated amino acids in proteins is receiving growing interest 
for its broad use in solution, solid-state and in-cell NMR experiments, as 
nicely reviewed by A. Gronenborn [1]. 19F chemical shift is very sensi-
tive to its environment, so its incorporation into proteins becomes very 
useful for the monitoring of intermolecular interactions and conforma-
tional changes, although the contributions to the chemical shift are not 
fully theoretically interpretable. As suggested by the same author: “To 
make progress toward a more thorough understanding, we need to populate a 
database of fluorinated protein structures alongside the experimentally 

measured 19F chemical shifts, interfaced with theory-based computational 
efforts” [1]. 

The second actor in our system is recombinant human H ferritin 
(HuHf, hereafter), a homopolymeric nanocage of about 500 kDa [2,3] 
(Fig. 1). After the discovery that ferritins with abundance of H-chains are 
recognized by Transferrin Receptor 1 (TfR1), which is overexpressed on 
the surface of many cancer cells [4,5], recombinant human H-ferritin 
has been increasingly used as a nanocarrier for targeted drug delivery 
[6–8]. Ferritin is a multifunctional nanoplatform; its internal cavity is 
optimal to host different chemical entities (from small organic and 
inorganic molecules to biominerals) and can be easily functionalized on 
the external surface with a variety of metal ions, fluorophores, polymers, 
peptides, etc. [8–12]. Additionally, HuHf is stable at high temperature 
and extreme pH (conditions that expand the range of possible proced-
ures for efficient encapsulation and surface modification). Finally, it is 
reported to be a biocompatible system with low immunogenicity [13]. 

19F can be easily incorporated at specific labelling sites, such as Trp 
residues [14,15]. Each human-H subunit has a single tryptophan (W93) 
on the solvent exposed BC-loop, for a total of 24 Trp residues for protein 
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cage [16] (Fig. 1B and Table S1). Ferritin labelling was achieved by 
selective incorporation of 19F into the side chains of Trp residues 
exploiting a fluorinated precursor (5-fluoroindole), that successfully 
generates the 5-F-Trp derivative, Scheme 1 [17,18]. 

The fluorinated recombinant homopolymeric human-H ferritin (19F- 
HuHf) was expressed in E. coli cells by adapting the established protocol 
for wild type (WT) ferritin production [3,19]. Briefly, the pEt-9a plasmid 
bearing the human-H ferritin gene, was transformed into BL21(DE3)- 
pLysS E. coli cells. Bacteria were grown in a M9 minimal medium at 
37 ◦C until the OD600 nm reached a value of 0.6–0.8. Then, 5-fluoroindole 
was added to the culture with a final concentration of 60 mg/L and 
incubated for 15′ before the induction of ferritin overexpression with 1 
mM IPTG followed by an overnight growth at 25 ◦C. The purification of 
the protein was performed by heating of the cell lysate at 65 ◦C for 15′

and through two consecutive chromatographic steps i.e., anionic ex-
change and size exclusion chromatography. With this protocol the 
overall yield of protein production increased up to 89 mg/L with a 90% 
purity (compared to an average yield of 40 mg/L for the expression of 
WT in rich medium). In Fig. 2A the size exclusion chromatography 
shows that 19F-HuHf has the same elution pattern of the WT protein, 
with a single peak referable to the 24mer assembled cage, thus indi-
cating its correct self-assembly. Far-UV circular dichroism confirmed the 
correct folding in terms of secondary structure (Fig. 2B). The labeling 
efficiency was estimated via ESI-MS (Fig. 2C and Figs. S1), which 
measures single subunits [20], demonstrating the optimal performance 
of the adopted protocol with almost 90% of 19F-labeled chains. This 
result is in line with literature data reporting an incorporation efficiency 
of the order of 80–95% for the expression of other proteins in E. coli. 
[17,18]. 

As already reported [21–24], the highly symmetric structure of ho-
mopolymeric ferritins represents an obvious simplification for their 
NMR spectra, where the number of detectable signals equals that ex-
pected for a single subunit. Instead, the high molecular mass causes very 
short T2 and large linewidths. Thus, 1H resonances display linewidth 
beyond detection, while signals of reasonable linewidths can be 
retrieved for low-gyromagnetic nuclei such 13C. The state-of-the-art 
experiment for the detection of ferritin side chains in solution is the 

13C-13C NOESY experiment [21–26], which gains intensity due to the 
long tumbling time and relatively long T1 values associated to the 12-nm 
cage. Here, we use 5-F-Trp HuHf to demonstrate that 19F NMR of ferritin 
is feasible, despite its size. Spectra were acquired at 298 K on a Bruker 
Avance III spectrometer operating at 14.1 Tesla equipped with a SEL 1H 
High Power 5 mm probe, using a zg pulse sequence, with a recycle time 
of 3 s and an acquisition time of 0.57 s. 19F-HuHf gives rise to a broad 
resonance at − 126.12 ppm, with a linewidth of about 700 Hz (Fig. S2), 
with respect to a linewidth of 25 Hz of the free 19F-5-fluoroindole 
(Fig. 3A). The lower limit of detection was determined by recording 
spectra at different concentrations; with our experimental settlement it 
is of the order of 5 μM in cage concentration (Fig. 3A). 

Additionally, 5-F-Trp is a useful fluorescent probe [27]. While the 
absorbance spectrum of 19F-HuHF is essentially superimposable to the 
reference spectrum of the WT protein, 19F-HuHf features highly 
enhanced fluorescence with a slightly red shifted emission (λexc 295 nm, 
λem 334 nm) with respect to the intrinsic fluorescence emission of HuHf 
(λexc 295 nm, λem 327 nm), Fig. 2D. While tryptophan decays from its 
fluorescent excited state via multiple pathways, 5-F-Trp exhibits mon-
oexponential decay kinetics, which simplifies the analysis [28], 
conferring a consequent higher quantum yield [29]; but the sensitivity 
of the fluorescence wavelength to the environment solvent polarity is 
essentially the same as that of Trp [29]. Therefore, 5-F-Trp incorporated 
in HuHf can be a useful tool for monitoring the interaction of ferritin 
with partner molecules or characterizing the conformational changes 
occurring in specific protein variants/derivatives. 

19F NMR signals have been proposed as sensitive reporters of the 
local environment, with a large chemical shift dynamic range (~400 

Fig. 1. Nanocage structure of human H-ferritin. A) Cross section of the nanocage showing the large inner cavity. The cage architecture derives from the self-assembly 
of 24 subunits. (B) Cartoon structure of the H subunit: 4 long-antiparallel α-helices (named A-D), forming a bundle, with a 5th short C-terminal helix (named E), tilted 
of about 60◦ with respect to the bundle axis and a solvent exposed loop connecting B and C helices (named BC loop). Each subunit contains a single Trp (W93) 
highlighted as blue sticks. C90 and C102 are shown in cyan sticks. C) The nanocage is highly symmetric (O- or 432-symmetry). At the 4-fold axes, four subunits come 
in contact generating six C4-hydrophobic channels; at the 3-fold axes, three subunits encounter, forming eight C3-hydrophilic channels; both channel types connect 
the external bulk with the inner cavity. At the 2-fold axes, two antiparallel subunits interact (head to tail orientation), with the BC loops along the C2 axis. Drawn 
using Pymol software and PDB file 4Y08. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Scheme 1. Structure of 5-fluoroindole (left) and of 5-fluoro-tryptophan (right).  
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ppm vs. ~12 ppm for 1H) [30]. Literature examples [31–35] report 
chemical shift changes in the range between 0.1 and 1.5 ppm for both 
protein-protein and protein-small molecules interactions. Despite the 
very large linewidth of the 19F NMR signal of HuHf, we expect to 
monitor shift ≥0.2 ppm (as demonstrated in the simulation of Fig. S3). 
Here, we provide a proof of concept that can be considered a prototype 
for further studies aimed at monitoring the human H ferritin-mediated 
delivery of metal-based drugs. To this aim we incubated 19F-HuHf 
with Thimerosal, which contains a mercury(II) ion coordinated to a 
thiolate and an ethyl group (Fig. S4); in the presence of Cys residues, it 
can bind to the protein as ethylmercury. Human H ferritin contains two 
solvent exposed Cys (C90 and C102), both in the proximity of Trp93 
(Fig. 1B), and addition of stoichiometric amounts of Thimerosal causes 
the partial formation of a HuHf-ethylmercury adduct with an increment 
of 229 Da, as monitored by ESI-MS. In solution, we observe two distinct 
19F NMR signals for the free and bound HuHf, consistently with a slow 
exchange regime on the 19F chemical shift time scale (Fig. 3B), which 

differ for >1 ppm. With the 1:1 ratio we can estimate the presence of 
about 37% of the bound form by NMR, which compares well with the 
36% evaluated by ESI-MS. 

Additionally, the absence of any background 19F in biological sam-
ples makes 19F-HuHF visible in complex mixtures, including cells lysates 
(as demonstrated by others for different proteins [35,36]). Here we 
show that 5 μM cage in a cell lysate provides a peak that in terms of shift, 
linewidth, and S/N is comparable to that in solution at the same con-
centration (Fig. S5). 

On the basis of these two examples, we can anticipate that 19F NMR 
of 19F-HuHf will be a useful tool in characterizing the cellular uptake of 
ferritin-based nanocarriers and to monitor the release of metallodrugs 
bound to the cage. 

Another focal aspect of our study is the comparison of 19F vs. 13C 
labelling of ferritin for NMR purposes. The production of uniformly 
labeled 13C ferritin is relatively easy [21–26] but, in order to overcome 
the problem of short T2 associated with slow molecular tumbling in 

Fig. 2. Characterization of 19F-HuHf. A) Size exclusion chromatography analysis of 19F-HuHf (orange trace) and WT HuHf (black trace). B) Circular dichroism 
spectra of 19F-HuHf (orange trace) and WT HuHf (black trace). C) Deconvoluted ESI MS spectrum of the purified 19F-HuHf 5 × 10− 6 M in 20 mM ammonium acetate 
solution at pH 6.8, 1% v/v of formic acid added just before infusion. Consistently with what reported for the WT [20], the 19F-HuHf monomer is present also in two 
oxidized forms (see Fig. S1); in the inset the percentage of 19F-HuHf subunits and the WT HuHf subunits is shown. D) Combined UV–visible absorbance (λexc = 280 
nm; HuHf and 19F-HuHf 1 μM in 20 mM TRIS, pH 7.5) and fluorescence emission-spectra of 19F-HuHf (λem = 334 nm, orange trace) and WT HuHf (λem = 327 nm, 
black trace), 4 μM/cage in 20 mM TRIS pH 7.5, with 295 nm excitation emission. 
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solution, it should be coupled to perdeuteration, thus making NMR 
samples extremely costly. It has, however, the great advantage of 
providing atomic resolution information on all protein side chains (with 
some limitations on the aromatic residues) [21–23]. Conversely, 13C 
chemical shift is not particularly sensitive to conformational or micro-
environmental properties, so 13C-based chemical shift perturbation 
mapping is not the best approach for structural analyses. Instead, the 19F 
spectrum here reported was acquired on a fully protonated background 
(without 1H saturation). As a drawback, it only monitors a given residue 
on each subunit, but it seems to be a sensitive reporter of the local 
changes. The ability to detect signals down to a concentration of 5 μM (a 
lower limit that could be improved with the use of dedicated probes) 
even in crowded solutions (Fig. S5) paves the way to the use of the 19F 
signal as the reporter of the presence of up-taken ferritin in cell lysates 
(or extracts from sub-cellular compartments) in studies aimed at char-
acterizing the delivery of drugs mediated by HuHf, a context where 13C- 
labeling is useless due to strong background signal for the natural 
abundance (1.1%) [37]. 

Finally, the approach here proposed for HuHf could be extended to 
the homopolymeric human L ferritin, which can be used as an alterna-
tive nanocarrier to be internalized by those tumor cells overexpressing 
Scavenger receptor class A member 5 (SCARA5) [38]; human L-ferritin 
also has a Trp at the corresponding position in its subunits [39,40]. 
Similar considerations apply to any other Trp-containing ferritin. 

A postscript about Ann 

I met Ann Walker as she was one of the pioneers in the field of 
paramagnetic NMR who belonged to the generation and international 
group of colleagues with whom Ivano Bertini had close scientific and 
personal relationships. Ann was a constant presence at the many con-
gresses on bioinorganic NMR organized in Florence in “Ivano’s era” and 
visited our laboratory several times. She was the recipient of the 2001 
Luigi Sacconi Medal of the Inorganic Chemistry Division of the Italian 
Chemical Society, with Ivano as one of the main supporters of her 
candidacy. 

Thanks to these several opportunities of encounter and for the joint 
interest in NMR of heme proteins, I had the chance to develop a personal 
relationship with Ann. She kindly invited me to visit her lab at the 
University of Arizona, and, simultaneously, she warmly hosted me 

together with my family at her home in the summer of 2010 and guided 
us around in the Sonoran Desert. Together with Ivano, I met Ann in 
person for the last time for the celebration of her 70th birthday organized 
at the ACS 241st National Meeting in Anaheim in March 2011. 

Reflecting on the story of our friendship, I think this is an example of 
how common scientific interests can lay the foundations for intergen-
erational ties that go beyond geographical borders. 
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