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Abstract 
Background: The high stability and strong self-assembly properties made ferritins the most used 
proteins for nanotechnological applications. Human ferritins are made of 24 subunits of the H- and L-
type that coassemble in an almost spherical nanocage 12 nm across, delimiting a large cavity. The 
mechanism and kinetics of ferritin self-assembly and why H/L heteropolymers formation is favored 
over the homopolymers remain unclarified.  
Methods: We used the Fluorescence Resonance Energy Transfer (FRET) by binding multiple donor or 
acceptor Alexa Fluor fluorophores on the outer surface of human H and L ferritins and then 
denaturing and reassembling them in different proportions and conditions.  
Results: The FRET-efficiency increase from <0.3 of the disassembled to >0.7 in the reassembled 
allowed to study the self-assembly kinetics. We found that their assembly was complete in about one 
hour, and that the initial rate of self-assembly of H/L heteropolymers was slightly faster than that of 
the H/H homopolymers. Then, by adding various proportions of unlabeled H or L-chains to the FRET 
system we found that the presence of the L-chains displaced the formation of H-H dimers more 
efficiently than that of the H-chains.  
Conclusion: Heterodimeric (H/L) subunit association is preferred during H/L heteropolymers 
formation. The H-chains arrange at distant positions on the heteropolymeric shell until they reach a 
number above eight, when they start to co-localize and the ferroxidase activity of the heteropolymer 
reaches a plateau. 
General significance: This favored formation of H/L heterodimers, which is the initial step in ferritin 
self-assembly, contributes to explain the preferred formation of H/L heteropolymers over the H or L 
homopolymers.  
 
 
Keywords: Ferritin, self-assembly, heteropolymers, homopolymers, fluorescence energy transfer 
(FRET) 
 
Abbreviations: FTH, homopolymer of human ferritin H-chains; FTL, homopolymer of human ferritin 
L-chains; FTHL, heteropolymer of human H- and L-chains; FTMT, homopolymer of human 
mitochondrial chains; AF, alexa fluor; FTH-488, full-labeled FTH with AF488; FTH-555, full-labeled 
FTH with AF555; FTL-555, full labeled FTL with AF555; H-488, H-chain labeled with AF488; H-
555, H-chain labeled with AF555; L-555, L-chain labeled with AF555; FRET, fluorescence resonance 
energy transfer; PAGE, polyacrylamide gel electrophoresis: MALDI-TOF, Matrix-Assisted Laser 
Desorption/Ionization Time-of-Flight Mass Spectrometry. 
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1. Introduction 
 

Most multimeric proteins have the capacity to self-assemble and form functional multi-
subunit protein complexes by spontaneous association of different subunits through multiple 
noncovalent interactions. The mechanism of self-assembly is not fully understood, and can be 
analyzed by the study of simple models. Ferritin is one of these models, and in fact it has properties 
that have been largely exploited in nanotechnology. Ferritin comprises 24 similar subunits that 
assemble into an almost spherical shell to form a dodecahedron characterized by a 432-point 
symmetry 12 nm in diameter (1). Each subunit is composed of a four-helix bundle, with a long loop 
between helices B and C, and a fifth short C-terminal helix E. This basic structure is characteristic, 
unique and conserved in all ferritin types (2). In the 24-mer structure each subunit is flanked by 6 
subunits. One ferritin major property is that it can be easily produced in a recombinant form as a 
highly stable 24-mer protein that can be readily denatured to produce free subunits, and those under 
proper conditions quantitatively self-assemble to reform the stable 24-mer shell. This process has 
been exploited to encapsulate in the cavity molecules of pharmacological and chemical interest 
(3,4,5). This reaction, although highly used has been analyzed in detail only in a few reports (6,7,8) 
and the kinetics of the reassembly have been studied in detail only for ferritins of bacterial origin by 
using X-ray scattering (9). 

An interesting property of ferritin that has been largely overlooked is the capacity to form 
heteropolymers made of different proportions of two or more subunit types on the same shell. In 
particular, the mammalian ferritins are made of two subunit types, H and L, that, although being 
synthetized from different genes, quantitatively coassemble to form hybrid shells without the 
accumulation of H and L homopolymers (10,11). Interestingly, this occurs also in vitro, and despite 
the evidence that L-chain homopolymers have a higher stability than the H-chain ones, when the two 
chains are renatured together they form heteropolymers in which the ratio between the two subunits is 
dictated only by their availability. Thus, it is possible to produce ferritin shells ranging from L24H0 to 
L0H24 with all the intermediates (12,13). The mechanism of this reaction of assembly and how the two 
subunits preferentially interact to form the hybrid 24-mer is unclear. In particular, it would be of 
interest to verify if their distribution in the 24-mer structure is random or it follows a specific pattern 
directed by specific interactions. The 24-mer ferritin can be disassembled by using extreme pH values 
(<2 or >11) and then renatured by returning to neutral pH (14), or it can be fully denatured in acidic 
guanidine hydrochloride and renatured by dilution in renaturing buffer (13,15). The pathway of 
assembly has been initially studied using horse spleen ferritin, suggesting a path with the formation of 
dimers followed by tetramers and other oligomers (16). A study using recombinant H-chain ferritin 
mutants supported the formation of the dimers in the first step of the assembly, followed by 
aggregation around either the 3-fold or the 4-fold axis (17). Recently, that subunit dimers are the first 
intermediates in the self-assembly pathway was supported by using a new technique in which the 
interaction of the subunit dimers was engineered to make it copper-dependent (18). Ferritin 
heteropolymers can also be made by expressing the two chains inside the E. coli, and the rate of 
expression of each chain determines their molar ratio in the final protein shell, without the formation 
of homopolymers (19). However, it remains to be clarified whether, during the formation of 
heteropolymers, the intermediates are subunit heterodimers or homodimers. The understanding of the 
heteropolymers formation may be also of nanotechnological interest as it would permit to predict how 
the specific properties attached to the two chains are distributed within a 24-mer molecule, if they 
may be contiguous or separated, and be exploited for the introduction of multiple functionalities in a 
single molecule. 

Qualitative analysis of protein-protein interactions in vitro is of fundamental importance in 
understanding these complex biochemical processes. Among several methods that are available in this 
context, Fluorescence Resonance Energy Transfer (FRET) technique has been widely used in vitro 
and in vivo to study protein-protein interactions (20,21,22,23,24). Since FRET efficiency is 
proportional to 1/r6, where “r” is the distance between the donor and the acceptor, the FRET signal 
provides a high degree of spatial sensitivity between 2 and 12 nm (7).  

In the present study, we have analyzed the in vitro assembly of ferritin homopolymers made 
of the human H-chain and of H/L heteropolymers after denaturing the ferritin in acidic guanidine HCl 
and renaturing by dilution into renaturation buffer. Labeling the subunits with FRET donor and 
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acceptor fluorophores allowed to track the reassembly process. The results show that the reassembly 
reaction has a half time of 30-40 min, being faster for the H/L heteropolymers than for the H 
homopolymers. Moreover, the study of the effect of various proportions of unlabeled H- and L-chains 
in the energy transfer indicated that the preferential formation of H/L heteropolymers versus the 
corresponding homopolymers is mainly due to the preferential formation of H/L heterodimers over 
homodimers during the process of self-assembly. Finally, we found that the H-chains arrange at 
distant positions on the heteropolymeric ferritin shell until they reach a number above eight, when 
they start to co-localize.  
 
2. Materials and methods 
 
2.1. Recombinant human H-ferritin (FTH), L-ferritin (FTL) and Mitochondrial ferritin (FTMT) 
preparation. 
 
 Recombinant human FTH, FTL and FTMT were prepared as described by Santambrogio et al. 
(2000) (25). Briefly, homopolymers of human H- and L-chains were expressed by E. coli strains 
transformed with the pET12b (FTH and FTMT) and pDS20pTrp (FTL) vectors, which encode for the 
full and correct amino acid sequences of the chains. For FTH and FTMT expression, E. coli strain was 
grown at 37ºC in LB broth and expression induced by 1 mM IPTG for 3 hours. For FTL expression, 
under the Trp promoter, E. coli strain B was grown at 37°C in M9 broth for 7 h. The cells were 
harvested and disrupted by sonication, and the soluble homogenates were heated at 75ºC for 10 min, 
precipitated with ammonium sulfate (520 g/liter), and treated with DNase. The final purification steps 
consisted of gel filtration on a Sepharose 6B column for FTH and FTMT and of gel filtration on 
Sephacryl S-200 for FTL, followed by a DEAE column. All ferritins were electrophoretically pure. 
Protein concentration was determined with BCA reagent (Pierce) using bovine serum albumin as 
standard. 
 
2.2. Cysteine labeling on FTH.  
 
 Human FTH homopolymer was fluorescently labeled at Cys90 using Alexa Fluor 488 C5-
maleimide (Molecular Probes). Briefly, human FTH (10 µM) in 20 mM Tris buffer pH 7.5 was 
reacted with a 400-fold molar excess of Alexa Fluor 488 (4 mM) during 3 hours, in the dark at room 
temperature under gentle agitation. After the labeling reaction, unreacted dye was removed by 
exhaustive dialysis (MWCO 12 kD) using a high retention seamless cellulose tubing membrane 
(Sigma) followed by Sephadex G-25 desalting column (GE Healthcare) and further purified by gel 
filtration chromatography on a Superose-12 column (GE Healthcare). 
 
2.3. Lysine labeling on FTH and FTL.  
 
 Human FTH and FTL homopolymers were fluorescently labeled at Lys86/87 using Alexa 
Fluor 555 NHS-ester (Molecular Probes). Prior to the labeling reaction, FTH and FTL were buffer 
exchanged to 50 mM sodium bicarbonate buffer at pH 8.5, and then reacted with a 400-fold molar 
excess of Alexa Fluor 555 (4 mM) during 3 hours, in the dark at room temperature under gentle 
agitation. Unreacted dye was removed as described for FTH labeling with AF488. 
 
2.4. FTH-488, FTH-555 and FTL-555 characterization.  
 
 The absorbance of the collected chromatographic fractions was read at 280 nm (protein) and 
at 495 or 555 nm for Alexa Fluor 488 or 555, confirming the co-elution of protein and dye. Non-
denaturing 7% gel electrophoresis (PAGE) scanned under UV light prior to Coomassie staining 
showed the co-migration of protein and fluorophore and thus confirmed the covalent binding of the 
Alexa Fluor to the ferritins. Fluorophore to protein (F/P) molar ratios were calculated by UV/vis 
spectroscopy using the known extinction coefficients of the proteins at 280 nm (FTH: e280 = 505,000 
M-1; FTL: e280 = 456,000 M-1), and the fluorophores (AF488: e495 = 71,000 M-1; AF555: e555 = 
150,000 M-1). Absorbance contributions at 280 nm from the fluorophores were subtracted following 
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the instructions provided by the manufacturer 
(https://tools.thermofisher.com/content/sfs/manuals/mp10168.pdf). Fluorophore/Protein values of 
21.7±0.3, 19.1±0.6 and 20.1±0.5 for FTH-488, FTH-555 and FTL-555 respectively, were obtained at 
triplicate samples. 
 
2.5. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry [MALDI-TOF 
MS] analysis.  
 
 MALDI-TOF–MS analysis was performed on AB Sciex 5800 MALDI-TOF/TOF–MS in 
linear ion mode using the matrix SUPER-2,5-Dihydroxybenzoic acid (Super-DHB, Sigma) as 
described by Gianoncelli et al. (26). 
 
2.6. FRET analysis.  
 
 In our FRET system, AF488 (lex= 480 nm; lem= 520 nm) served as the donor while AF555 
(lex= 540 nm; lem= 570 nm) served as the acceptor. Fluorescence measurements were carried out on a 
multimode plate reader (EnSight, Perkin Elmer) under 480 nm excitation wavelength using 100 
excitation flashes and 1 nm slit widths. For each sample two fluorescence emission spectra were 
recorded: (1) the sample was excited at 480 nm (donor excitation) and emitted light was collected 
from 500–700 nm at 1 nm increments; and (2) the sample was excited at 540 nm (acceptor excitation) 
and emitted light was collected from 555–700 nm at 1 nm increments. Experiments were replicated at 
least three times, and the presented data are representative results unless stated otherwise. Efficiency 
of energy transfer was reported as (ratio)A whereby the acceptor (AF555) fluorescence via energy 
transfer is normalized against acceptor fluorescence via direct excitation. (ratio)A parameter is directly 
proportional to FRET efficiency, and changes in (ratio)A across different experimental conditions 
serve as a proxy for conformational changes studies (30,35,36). For each FRET construct, a donor-
only (FTH-488) sample was prepared and its emission spectrum after 480 nm excitation collected. 
This spectrum was normalized to and subtracted from each experimental emission spectrum to 
generate an extracted fluorescence spectrum for the acceptor via energy transfer. The integrated area 
under this curve from 520–700 nm was calculated and divided by the integrated area under the curve 
of a spectrum resulting from direct acceptor (FTH-555 or FTL-555) excitation at 540 nm, resulting in 
(ratio)A, i.e. the enhancement of acceptor fluorescence due to FRET (Supplementary S1B). Predicted 
FRET efficiencies at each subunit distance were calculated using the equation:  E = R0

6 / (R0
6 + r) (Eq. 

1), where E denotes the efficiency of FRET, R0 is the theoretical Förster distance for the fluorophore 
couple (70 Å) and r the distance between the donor and the acceptor (27). 
 
2.7. Ferritin disassembly and reassembly.  
 
 Ferritin disassembly and reassembly reactions were carried out as described by Santambrogio 
and co-workers (13). Briefly, disassembly of the ferritin homopolymers was carried out by 18-hour 
incubation in 6 M Gdn-HCl pH 3.5 for FTH and 8 M Gdn-HCl pH 3.5 for FTL at 4ºC. Unfolded 
chains were then mixed at the desired proportions for 30 min and reassembled back to the 24-meric 
ferritin structure by 10-fold dilution with 0.1 M Tris-HCl pH 7.5, 2 mM TCEP. Samples were let 
refold for 24 hours at 4ºC. 
 
2.8. FRET-based detection of ferritin assembly.  
 
 Energy transfer was analyzed firstly on reassembled ferritins containing an equimolar amount 
of donor and acceptor chains. To do so, full-labeled ferritin homopolymers (FTH-488, FTH-555 and 
FTL-555) were disassembled as described above and mixed in a 1:1 proportion of unfolded chains 
(H-488:H-555 or H-488:L-555, total protein 0.1 µM) at 4ºC in the darkness. After 30 min, the 
denatured mixture was divided in two: one half was 10-fold diluted in 6 M Guanidine Hydrochloride 
pH 7.5 to leave the chains disassembled, and the other half reassembled to the 24-mer structure as 
described before to produce the corresponding full-labeled homopolymers (FTH-488/555, 0.01 µM) 
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and heteropolymers (FTHL-488/555, 0.01 µM) containing both fluorophores at equimolar proportion. 
All samples were prepared in triplicate and allowed to reach the equilibrium for 48 hours before being 
analyzed. After 48 hours, emission spectra of 1) the reassembled full-labeled ferritins (FTH-488/555 
or FTHL488/555); 2) the 1:1 mixture of disassembled chains (H-488:H-555 or H-488:L-555) as well 
as 3) the 1:1 mixture of the native FTH-488 and FTH-555 homopolymers, were recorded under 480 
nm excitation and (ratio)A calculated as described before.  
 
2.9. Kinetics of ferritin self-assembly in homopolymers and heteropolymers.  
 
 The kinetics of ferritin self-assembly were studied by FRET monitoring the emission spectra 
of reassembled ferritins immediately after dilution in the renaturation buffer. Equimolar mixtures of 
unfolded H-488+H-555 chains to yield homopolymers and equimolar mixtures of unfolded H-488+L-
555 for heteropolymers, were reassembled at a final concentration of 0.01 µM and their emission 
spectra under 480 nm excitation immediately recorded every 30 s during the first 3 hours and then 
every hour until a total of 24 hours. In parallel, controls containing the unfolded mixtures (H-488+H-
555; H-488+L-555) as well as equimolar mixtures of native homopolymers (FTH-488+FTH-555; 
FTH-488+FTL-555) at similar concentrations than that of the reassembled, were also monitored on 
time. All samples were prepared and monitored by triplicate. At different times of reaction (5, 30, 120 
and 1440 min), the extent of assembly onto the 24-meric structure was analyzed using 7% non-
denaturing gel electrophoresis in the presence of 0.2% SDS, to inhibit the assembly of the subunits, 
but not enough to disrupt the already formed structure.  
 
2.10. Preparation of full-labeled ferritins containing different donor:acceptor ratios. 
 
  To synthesize full-labeled ferritins containing different proportions of donor:acceptor 
subunits on their structures (5:1, 2:1, 1:1, 1:2, 1:5), a batch of unfolded chain mixtures containing a 
fixed concentration of H-488 (0.06 µM) and increasing proportions of H-555 chains (0.012, 0.03, 
0.06, 0.12 and 0.3 µM) was prepared and then reassembled following the above described protocol. 
Non-denaturing 7% gel electrophoresis scanned with UV light prior to Coomassie staining confirmed 
the reassembly of the homopolymers at the pre-incubated proportions as shown by the ladder pattern 
of electrophoretic migration. Similar protocol was followed but titrating with FTL-555 instead of 
FTH-555 to produce the corresponding heteropolymers (FTHL488/555). All samples were done by 
triplicate and allowed to reach the equilibrium for 48 hours before being analyzed. 
 
2.11. Design of a FRET system capable to track subunit distances on ferritin shells.  
 
 FRET-efficiency is strongly dependent on the distances between a donor-acceptor FRET pair. 
Indeed, the distance between donor and acceptor dyes can be directly calculated from the FRET 
efficiency, but accurately relating these variables requires knowledge of numerous complex 
parameters (36). Without pursuing a more rigorous calculation, we designed a system capable to 
compare the effect of H- and L-chains in the assembly of the H-chains. More specifically, we used 
donor:acceptor H-chain couples (H-488+H-555) as a sensor of proximity when co-assembled with 
unlabeled H- and L-chains. To do so, unlabeled H-chains were titrated at different proportions with a 
mixture containing an equimolar amount (H-488+H-555) chains. We co-assembled 1 couple of 
labeled H (1H-488+1H-555) with 22 unlabeled ones, then 2 couples of labeled H (2H-488+2H-555) 
with 20 unlabeled ones, three copies (3H-488+3H-555) with 18 H, four copies (4H-488+4H-555) with 
16 H, five copies (5H-488+5H-555) with 14 H, and six copies (6H-488+6H-555) with 12 H. Similar 
was done but using not-labeled L-chains titrated with the donor:acceptor H-chain couples (H-488+H-
555), to yield the corresponding H/L heteropolymers containing increasing amounts of fluorescent H-
subunits. Composition of the produced ferritins are listed in Table 1. 
 
2.12. Iron uptake.  
 
 The kinetics of iron uptake were studied as described in (13) using a molar ferritin:iron ration 
of 1:1000. A freshly prepared 100 mM solution of ferrous ammonium sulfate in water was added to 
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0.1 µM apoferritins (50 µg/mL in 0.1 M Tris-HCl buffer pH 6.5 at 25 ºC to a final 0.1 mM 
concentration. The formation of the amber iron product was monitored by the increase of absorbance 
at 310 nm. 
 
3. Results 
 
3.1 Labeling of H and L ferritin homopolymers for FRET analysis. 
 
 We initially explored the possibility to label specific sites on the outer surface of assembled 
ferritin shells by using activated fluorophores. Lysine and cysteine are easily labeled amino acids and 
human ferritin H-chain has 13 Lys and 3 Cys, of which only Lys86, Lys87 and Cys90 are exposed at 
the outer surface of the 24-meric shell and thus accessible to solvent. On the other hand, the human L-
chain has 11 Lys and 1 Cys, of which only the Lys86 and Lys87 (H-chain numbering) are exposed at 
the outer surface and accessible on the 24-meric structure. These residues are placed at the long loop 
connecting helix B and C of each subunit (Fig. 1A). We measured in silico the inter-chain inter-
residue distances between Cys90 and Lys86/Lys87 on an assembled shell, finding that the shortest 
one (2.7 nm) is to the adjacent subunit along the 2-fold axis of a subunit-subunit dimer, and the ones 
to the other five adjacent subunits range from 4.4 to 7.0 nm (Fig. 1B). The optimal distance between 
fluorophores for FRET measurements ranges from 2 to 12 nm and the efficiency of energy transfer 
decreases as 1/r6, where “r” is the distance between the fluorophores (27,28). Given this fact, the 
monitored energy transfer is an average dominated by the closest tags. We chose to use Alexa Fluor 
488 as FRET donor and Alexa Fluor 555 as FRET acceptor, a conjugate couple largely used 
(29,30,31). FRET between this fluorophore pair is efficient in this context since the distance for 50% 
FRET (Förster distance, Ro) is 7.0 nm, compatible with the range 2.7 to 7.0 nm indicated above. Thus, 
in our system the obtained FRET signal from conjugate fluorophores on Cys90 in one subunit and 
Lys86/87 in other subunit would arise mainly from the interaction along the 2-fold axis in the 
formation of subunit dimer, which is considered the first and key intermediate in the self-assembly 
pathway (6,32,33,18). To this aim, we reacted FTH homopolymer with Alexa Fluor 488 C5-
maleimide to label Cys90 and obtain FTH-488, and Alexa Fluor 555-succinimidyl ester with FTH 
homopolymer to label Lys86/87 and obtain FTH-555. In a typical experiment, the FTH 
homopolymeric shell was reacted with an excess of fluorophore for 3 hours at room temperature, 
exhaustively dialyzed to remove unbound dye and then subjected to gel filtration chromatography. 
The covalent binding of the Alexa Fluor to ferritin was verified by the co-elution of protein and 
fluorophore from the column and by the florescence associated with the protein band of assembled 
ferritins on non-denaturing PAGE (Fig. 2, A and B). Fluorophore conjugation did not cause 
aggregation or denaturation, but increased the electrophoretic mobility, consistent with the charge of 
the bound molecules (Fig. 2B). From the UV-Vis absorption spectra (Fig. S1A), the 
Fluorophore/Protein molar ratios were calculated to be 21.7±0.3 for FTH-488 and 19.1±0.6 for FTH-
555 despite the presence of two accessible Lys, suggesting that the number of fluorophores covalently 
bound to exposed Lys or Cys accounted to about one per ferritin subunit. We also treated the FTL 
homopolymeric shell with Alexa Fluor 555-succinimidyl ester to label Lys86/87 and obtain FTL-555 
using the same procedure as for FTH. This resulted in the binding of 20.1±0.5 fluorescent tags per 
ferritin shell, as for FTH, despite the presence of two accessible Lys suggesting that only one of the 
adjacent Lys was labeled under these conditions. To verify this, we performed qualitative MALDI-
TOF mass spectrometry analyses on FTL-555, FTH-488 and FTH-555. The spectra showed for each 
protein the presence of non-labeled species accompanied by a single heavier species with a molecular 
weight difference corresponding with that of a single fluorophore (Fig. S2, and Table S2). Thus, we 
concluded that under this labeling conditions only one of the adjacent Lys was labeled. The 
normalized absorption and emission spectra of FTH-488 (lex = 488 nm, lem = 520 nm) overlaps at 
~520 nm to those of FTH-555 (lex = 555 nm, lem = 570 nm) showing that both probes can serve as a 
donor/acceptor pair in FRET experiments (Fig. 2C). FTL-555 absorption and emission spectra 
behaved similarly than those of FTH-555 (not shown).  
 
3.2 FRET-based detection of ferritin assembly.  
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 Our aim was to study ferritin self-assembly using FRET following the scheme illustrated in 
Figure 3A. The ferritins labeled with the FRET-donor (FTH-488) and FRET-acceptor (FTH-555) 
were disassembled, mixed at proper proportions and the reassembly monitored by FRET. In initial 
experiments, we disassembled the ferritins by incubation at pH 2.0 and reassembly by pH jump to pH 
7.4, but irreversible quenching of fluorescence was observed after incubation at acidic pH, probably 
due to chemical modification of the fluorescent probes, which are reported to be stable at pH ranges 
between 3 and 10 (34). Better results were obtained by denaturing FTH in 6 M guanidine HCl at pH 
3.5 for 18 h, and then renaturing it by 10-fold dilution in 0.1 M Tris-HCl pH 7.5, following the 
protocol described by Santambrogio et al. (1993) (13). Thus, to verify if the co-assembly of subunits 
carrying the FRET donor and acceptor produced evident FRET signal, FTH-488 and FTH-555 
homopolymers were denatured separately, mixed in 1:1 proportion and then reassembled back to the 
24-meric structure. After 48 h, emission spectra under direct excitation of the donor at 480 nm were 
collected. Figure 3B shows that the spectrum of the 1:1 mixture of the native FTH-488 and FTH-555 
shells is similar to that of the same mixture under denaturing conditions (6 M Gdn-HCl, pH 3.5), with 
a dominant emission peak at 520 nm (donor emission). On the other hand, the spectrum of the same 
mixture after renaturation is largely different: the 520 nm emission peak of the donor is decreased, 
whereas a 570 nm peak due to acceptor emission appears. The obtained emission intensity of the 
acceptor is significantly higher than that of controls containing only acceptor excited at 480 nm 
(donor excitation) (Fig. S1B. Red spectrum). The spectral changes upon reassembly indicate the non-
radiative energy transfer (FRET) between Alexa-488 and Alexa-555 due to the proximity of the 
conjugate probes in the ferritin shells, and thus their co-assembly. An obstacle in this system is the 
quantification of the FRET signal, since to the emission peak of the acceptor contribute both the direct 
acceptor emission and the actual FRET emission signal. This is overcome by the (ratio)A parameter, 
which is proportional to FRET efficiency. More specifically, the value (ratio)A is obtained from the 
emission value of the acceptor because of FRET divided by the total emission of the acceptor exited 
directly (Fig. S1C), and thus, changes in (ratio)A serve as a proxy for conformational changes studies 
(30,35,36). Calculated values of (ratio)A, show that when donor and acceptor fluorophores are co-
assembled, a high efficiency inter-subunit energy transfer takes place (Fig. 3D. Blue column). Values 
of 0.7 in FRET efficiencies are obtained in the reassembled ferritin shells with 1:1 donor:acceptor, to 
be compared with 0.2-0.3 FRET efficiency in the unfolded and not co-assembled mixtures (Fig. 3D. 
Grey and black columns). After having shown that the FRET approach is working, we applied it to 
the formation of heteropolymeric ferritin shells made of H- and L-chains. We used the same 
procedure except that we used FTL-555 in place of FTH-555, and that the denaturation of the more 
stable FTL was done in 8 M Gdn-HCl pH 3.5. The spectra of the mixture before and after assembly 
and the relative (ratio)A values, shown in Fig. 3, C and E, are comparable to those obtained for the 
homopolymeric ferritin, indicating that H- and L-chains can coassemble with similar efficiency.  
 
3.3. Kinetics of ferritin self-assembly in homopolymers and heteropolymers.  
 
 Once established the conditions to follow ferritin assembly by FRET, we used them to study 
the kinetics of self-assembly, which has been studied so far mainly by slow electrophoretic 
approaches (16). We started studying the kinetics of FTH homopolymers assembly by mixing 
equimolar mixtures of unfolded H-488:H-555 chains and monitoring the spectra immediately after 
dilution in the renaturation buffer. Emission spectra under 480 nm excitation of triplicate samples 
were recorded every 30 s during the first 3 hours and then every hour until a total of 24 hours and 
from them, (ratio)A was calculated. The time-course plots of the (ratio)A show an exponential increase 
in energy transfer in the first 30 min of reaction reaching a plateau at 2 hours, with a calculated k of 
6.67·10-5 s-1 and t1/2 of 40 min (Fig. 4A. Blue line). The controls containing the mixtures of 
disassembled chains and of the native FTH-488 and FTH-555 homopolymers show negligible 
changes in (ratio)A during the 24 h monitoring (Fig. 4A. Grey and black plots). To verify that the 
spectra reflected ferritin assembly, sample aliquots were taken at different reaction times (5, 30, 120 
and 1440 minutes) and analyzed in non-denaturing PAGE, showing that after 30 min full assembled 
ferritin shells were quantitatively formed. We then performed the same experiments by using the 
acceptor fluorophore 555 bound to the L ferritin to monitor the formation of H/L heteropolymers. The 
kinetics obtained were similar to those of homopolymers, except that the reactions were slightly faster 
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(Fig. 4, B and C. Red plot), with a calculated k of 8.14·10-5 s-1 and t1/2 of 32 min. These results reveal 
the human ferritin self-assembly process over time, showing that the assembly of H/L heteropolymers 
is faster compared to that of H/H homopolymers and that both structures complete their assembly in 
less than one hour. 
 
3.4. FRET to characterize the formation of isoferritin hybrids.  
 
 Next, we analyzed how FRET efficiency is affected by modifying donor:acceptor ratios. 
Constant amounts of unfolded H-488 were added of increasing amounts of unfolded acceptor H-555 
or L-555-chains, reassembled and the spectra collected after 48 h. In the control unfolded mixtures, 
(ratio)A values were about 0.3 at all donor/acceptor proportions (Fig. 5A and B. Grey columns) but 
raised when these mixtures were reassembled (Fig. 5A and B. Blue and red columns). The (ratio)A 
values obtained in the reassembled ferritins were negatively related to the increase of acceptor 
subunits, in accordance with previously reported studies on multiple-acceptor systems where 
insufficient emitting donors yield an insufficient excitation of the acceptors via energy transfer 
(37,38). The absence of this tendency in the corresponding disassembled mixtures confirmed the 
reassembly of the ferritins at the pre-incubated donor:acceptor ratio. Furthermore, of interest was that 
molecules with H- or L-acceptor behaved similarly, confirming once again that the two chains co-
assemble with similar efficiency.  

However, this approach did not explain why H/L heteropolymers formation is preferred over 
the H/H homopolymers. To address this question, we designed a system capable to compare the effect 
of H- and L-chains in the assembly of the H-chains. More specifically, we used donor-acceptor H-
chain couples (H-488 and H-555) as sensors of H-subunit proximity and analyzed how various 
proportions of unlabeled H- and L-chains interfered with this proximity (Fig. 6A. Scheme). We first 
thought to co-assemble few couples of labeled H-chains (H-488+H-555) with various proportion of 
unlabeled H-chains to yield H/H homopolymeric ferritins (Table 1). The intervening unlabeled H-
chains keep the donor and acceptor probes far apart, and by decreasing their proportion the FRET 
signal is predicted to increase linearly if the distribution of the labeled and unlabeled subunits is 
random. We co-assembled one couple of labeled H (1 H-488+1 H-555) with 22 unlabeled ones, then 
two couples of labeled H (2 H-488+2 H-555) with 20 unlabeled ones, three copies (3 H-488+3 H-555) 
with 18 H, four copies (4 H-488+4 H-555) with 16 H, five copies (5 H-488+5 H-555) with 14 H, and 
six copies (6 H-488+6 H-555) with 12 H. After they reached equilibrium at 24 h, triplicated samples 
were analyzed by fluorescence spectroscopy and FRET efficiency expressed as (ratio)A, was 
calculated. The results show that the FRET efficiency increased linearly with the number of 
fluorescent H-subunits in the assembled H/H homopolymeric shells (Fig. 6B and S3A). Since the 
energy transfer (ratio)A is considered an index of subunit proximity, this result indicates a random 
distribution of the fluorescent H-chains not affected by the intervening unlabeled H-chains, what in 
turn results in a linear increase on FRET-efficiency as the fluorescent H-chains crowd the structure. In 
consequence, the obtained FRET-efficiency in H/H homopolymers is only dependent on the number 
of fluorophores present on the shell. 

Then we performed the same experiment by co-assembling the donor-acceptor H-chain 
couples (H-488+H-555) with unlabeled L-chains to yield H/L heteropolymers. In this case the plot of 
(ratio)A was not linear but sigmoid, with negligible changes in FRET efficiency after the addition 4, 6 
and 8 H-chains, and a large increase after 12 H-chains (Fig. 6C and S3B). The low FRET efficiency 
values obtained for the addition of 4, 6 and 8 H-chains are comparable to the basal of H/H 
homopolymer (Fig. 6B) and indicates that the H-chain distribution in the presence of L-chains is not 
random, but it occupies preferential sites in the 24-mer heteropolymeric shell which tend to separate 
the FRET couple. The easiest interpretation is that the L-chains tend to displace the H-chains in the 
formation of the subunit dimers, indicating a preferred heterodimeric (H/L) over homodimeric (H/H) 
association during H/L heteropolymer formation, as strong FRET-efficiencies would be expected if 
H/H homodimers were preferred. 

In an approach to verify this hypothesis we co-assembled the FRET H-couple with unlabeled 
human mitochondrial ferritin chains (FTMT) which physiologically never co-assemble with the 
cytosolic H- and L-chains. The (ratio)A plot vs unlabeled mitochondrial chains was linear as for the 
H/H homopolymers, confirming that they do not displace the H-chains in dimer formation (S4A and 
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B). These results support our hypothesis as FTMT is considered as a H-like ferritin which shares a 
high degree of sequence homology with human H-chain ferritin (79%) and bears also the ferroxidase 
activity (39,40). 

The results shown here indicate that in the formation of the H/L heteropolymers the presence 
of the L-chain push the H-chains far apart, and this may have a functional effect on ferritin shells, 
since the H-chains carry the ferroxidase activity, while the L-chains do not. To approach this, we 
studied the ferroxidase activity of the heteropolymers with the same H/L composition as those shown 
in Figure 6C. The reassembled ferritin preparations at pH 6.5 were added increments of 1000 Fe(II) 
atoms and the initial the variation of the absorbance at 310 nm measured (13). We found that the 
ferroxidase activity increases with the H-chain content until it reaches a plateau at 8 H-chains/shell 
(Fig. 7A and B) in agreement with Santambrogio et al, 1993 (13). Of interest was that the saturation 
was at 8 H chains, which are the heteropolymers in which the H-chains are the most far apart 
according to our FRET measurements (Fig. 6C). This suggests that the steric distribution of the 
ferroxidase activities, i.e. the H-chains, has a role in ferritin heteropolymers functionality. 
 
4. Discussion 
 

The use of ferritin to encapsulate several low molecular weight molecules of pharmacological 
or chemical interest has strongly increased in the recent period (3,4,41). It is based on the observation 
that ferritin can be disassembled at low or high pH and then reassembled in the presence of the 
chemical of interest that will remain trapped inside the large cavity (42,43,44). The system is robust 
and can be applied to ferritin of various origins, including the human and bacterial ones. However, 
little attention has been paired so far to the reassembly reaction, although it is an interesting and 
simple model for the study of protein self-assembly processes. Pioneering studies were done by the 
group of Jaenicke in 1987 studying the commercial horse spleen ferritin (16) and then by 
Santambrogio et al. in 1993 using the recombinant human H ferritin (13). Both concluded that the 
reaction goes to completion in less than an hour, and that the subunit dimer is the first essential step in 
the assembly (16,32,17). More recently the self-assembly reaction of bacterial ferritin EcFtnA has 
been studied by Small Angle-X-ray scattering technique (9), that suggested the existence of 
intermediate oligomers during the reaction and that it was complete in minutes. All these approaches 
considered the assembly of one subunit type to form homopolymers, but one interesting property of 
ferritin is the capacity to form heteropolymers made of different proportions of two subunit types, 
namely the H- and L-chain for mammalian ferritins. Previous work on horse spleen ferritin showed no 
inter-chain FRET when simultaneously labeling with Alexa Fluor dyes at exposed Lysines (45). 
However, the small Lys-Lys distance at adjacent subunits (<1.6 nm) can give raise to self-quenching 
of the fluorescence via fluorophore-fluorophore interactions and thus limit the energy transfer (46). 

Here we showed that the self-assembly reaction of human ferritin can be monitored by FRET 
technique using conjugate fluorophores bound to exposed residues of the folded subunits. Cys90 is 
convenient because is the only thiol exposed at the outer surface of the ferritin shell and is specific of 
the H-chain, and the Lys are convenient because are also exposed and near the 2-fold axis. Moreover, 
the proximity of Cys90 and Lys86/87 in the assembled shell is such (2.7 nm) that the FRET energy 
transfer provides an indication of the formation of subunit dimers carrying the conjugate fluorophores. 
We used the donor fluorophore AF488 attached to H-chain and the acceptor AF555 to either the H- or 
L-chain, what allowed us to produce ferritin H/H homopolymers and H/L heteropolymers containing 
donor and acceptor subunits. The obtained FRET efficiency in the reassembled ferritins agreed with 
the computed one for the formation of subunit dimers (Table S1), and the designed FRET-system was 
able to discern between the assembled and disassembled structures in both ferritin homopolymers and 
heteropolymers. This allowed to follow the kinetics of self-assembly on H/H homopolymers and H/L 
heteropolymers at a 1:1 ratio. The obtained kinetic profiles showed that both structures complete their 
assembly in less than one hour, but the H/L heteropolymer assembly was faster than the H/H 
homopolymers one. This supports the preferential formation of heteropolymers over the 
homopolymers. It should be noted that the kinetics we observed by FRET and confirmed by PAGE 
are slower that those measured by small-angle X-ray scattering of the bacterial ferritin (9). The 
difference may be attributed to the different ferritin types and that SAXRS follows the subunit 
aggregation and cannot distinguish a well-formed shell from an aggregate made of incompletely 
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folded and poorly stable subunits. The FRET signal is distance-dependent and our results have 
demonstrated that it occurs only with fully assembled dimers. 

Another important aspect we approached is about the formation of the heteropolymers, or 
how the H- and L-chains preferentially associate during the assembly in H/L heteropolymers. The 
mechanism of this reaction of assembly is unclear, and it would be of interest to verify if the subunit 
distribution in the 24-mer heteropolymeric structure is random, or it follows a specific pattern directed 
by some specific interactions. We firstly added different proportions of acceptor respect to the donor. 
The results obtained with this approach showed that the two chains coassemble with similar 
efficiency, and the (ratio)A values were proportional to the fluorophore content per shell. More 
informative was the approach in which we analyzed how the addition of non-labeled chains affected 
the FRET between couples of donor and acceptor H-chains at controlled amounts. This showed that 
the addition of the L-chain had a much stronger effect than that of the H-chain in reducing FRET 
signal, and therefore in keeping the H-chain couples separated. This strongly supports the preferred 
formation of heterodimers (H/L) over homodimers (H/H) in a heteropolymeric shell, as high FRET-
efficiencies would be expected if H-chain dimers were preferred. This evidence was simulated in 
silico by using the crystallographic structures of the human H and human L ferritin (PDB ID: 2FHA 
and 2FG4, respectively). Molecular Dynamics (MD) simulations of the H/H dimer (See 
Supplementary Material) showed strong interactions in the region involving Arg79, Ser6 and Gln7, 
close to the N-terminus of one chain, and residues Asp44 and Asp45 of the other (Fig. S5). The N-
terminal tail is 4 residues longer in the H-chain than in the L-chain, and one could argue that it could 
hinder the creation of some of the key contacts that eventually lead to the assembly of the dimer. In 
other terms, a higher loss of entropy is associated to the H/H dimer formation with respect to the H/L 
one. This hypothesis should be supported by further investigation, based on accurate calculations of 
the binding free energies of dimers. Such an analysis is beyond the scope of the present work. 

The FRET patterns of the heteropolymers indicated that the maximum interference of the L-
chains on the H-chains coming together occurred in the 8H/16L hybrid, where the H-chains were 
showed to be placed at distant positions (Fig. 6C). If we assume that in these shells the H are as far 
apart as possible, then each of them should occupy a position at each of the eight 3-fold channels. 
Interestingly the kinetic experiments of Figure 7 show that these shells are the ones with the highest 
capacity of iron oxidation and that a further increase in H-chain content did not increase the rate of 
iron oxidation/incorporation. This observation suggests that participation of a single H-chain at 3-fold 
channel is sufficient for the highest ferritin activity, at least under the conditions of high iron 
increments (1,000 Fe/shell), despite that the residues exposed to the channel are conserved in H and L 
chains. This opens the way to various interpretations, one of which is that the proximity of a single 
ferroxidase center to the channel is sufficient to facilitate iron entry the cavity for its oxidation, and 
the presence of a second or third one would not improve it. Alternatively, the preferred formation of 
the subunit heterodimers may facilitate the activity of iron oxidation/incorporation by putting the two 
major functions of iron oxidation of the H-chain and of iron nucleation of the L-chain in close 
proximity. Altogether the data indicate that the distribution of the ferroxidase activity, i.e. the H-
chains, in the ferritin shells have an impact on their functionality. The in vitro re-assembly may reflect 
the in vivo formation of the isoferritins. If this is the case, then in the liver or in condition of tissue 
iron overload when the L-chain predominates and the H proportion is < 8/24, the specific ferritin 
functionality is reduced, but maybe this is compensated by the abundance of total ferritins. Moreover, 
we observed that when the H subunits were assembled together with the “H-like” FTMT, which holds 
70% identity with H-chain and also has ferroxidase activity, the assembly behaves like a H/H 
homopolymeric ferritin and the patterned arrangement of the H subunits disappears. 
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FIGURE LEGENDS 

TABLE 1. Composition of the produced H/L heteropolymers and H/H homopolymers containing 
different labeled and unlabeled subunit proportions. H-488, H-chain labeled with AF488; H-555, H-
chain labeled with AF555. 

FIGURE 1. Ferritin structure and measured inter-chain distances. A, 24-meric structure of FTH. 
Bottom: Ferritin H- and L-chains (PDB ID: 2FHA, 2FG4, respectively) showing exposed side chains 
of targeted lysines (yellow sticks) and cysteine (red sticks); B, representation of the environment 
surrounding each subunit in a 24-mer shell. One subunit (cyan) can interact with other six subunits 
(blue) through noncovalent interactions. Inter-subunit distances, from Cys90 (red) on reference 
subunit to Lys86/87 (yellow) of the surrounding ones, are shown. Inset, schematic view of the FRET 
system at the 2-fold axes, where inter-subunit distances are reported to be the smallest, with 
fluorophore AF488 attached to Cys90 represented as green star and AF555 attached to Lys86 as 
magenta star. 

FIGURE 2. Labeling of H and L ferritins for FRET analysis. A, gel filtration elution profiles of the 
fluorescently-labeled ferritins. Protein elution was monitored by its absorbance at 280 nm (black line) 
while AF488 or AF555 were monitored at 488 and 555 nm respectively (green and pink lines). 
Coelution of the fluorophore and the protein indicates that they are attached. B, 7% non-denaturing 
PAGE of the purified fluorescent homopolymers showing images of non-stained, UV-scanned and 
finally Coomassie blue stained gel, confirming the covalent binding of the fluorophores to the 
proteins. The slow moving labeled species represent the ferritin shell dimers, which are always 
present in the ferritin preparation. C, Representation of the fluorescent ferritins synthesized and 
normalized excitation and emission spectra of FTH-488 and FTH-555. Extensive spectral overlap 
occurs between the emission of Alexa Fluor 488 and excitation of Alexa Fluor 555, being thus a 
suitable couple for FRET studies. 

FIGURE 3. FRET-based detection of ferritin assembly. A, schematic illustration of the reaction 
carried out for these FRET experiments. Donor FTH-488 is represented as green structures and 
acceptor FTH-555 as pink ones. When there is no coassembly, excitation of donor at 480 nm leads to 
only donor emission peak at 520 nm. When coassembled, excitation at 480 nm leads to acceptor 
emission at 570 nm, due to FRET. B, emission spectra upon donor excitation (480 nm), of 
reassembled full-labeled homopolymers (FTH-488/555, blue graph), disassembled chains (H-488+H-
555, grey spectra) and not coassembled full-labeled homopolymers (FTH-488+FTH-555, black 
graph), evidencing the quenching at the donor emission around 520 nm, together with an increase of 
the acceptor emission at 570 nm only when coassembled. C, emission spectra upon donor excitation 
(480 nm), of reassembled full-labeled heteropolymers (FTHL-488/555, red graph), disassembled 
chains (H-488+L-555, grey spectra) and not coassembled full-labeled shells (FTH-488+FTL-555, 
black graph), evidencing the quenching at the donor emission around 520 nm, together with an 
increase of the acceptor emission at 570 nm when coassembled. D and E, calculated (ratio)A values 
from the above emission spectra, evidencing the pre-requisite of coassembly for having FRET as 
confirmed by high (ratio)A values on the reassembled structures compared to those when disassembled 
or not coassembled. Results are represented as means ± SD of triplicate experiments. 

FIGURE 4. Kinetics of ferritin self-assembly in homopolymers and heteropolymers. A and B, 
kinetics of H/H homopolymeric (blue) and H/L heteropolymeric (red) assembly depicted by (ratio)A. 
An exponential increase on FRET-efficiency is observed for both assemblies until they reach a 
plateau after 2 hours. Rate constant and half-time calculations reveal a faster assembly for the 
heteropolymers. Controls containing disassembled chains (grey) and not coassembled ferritins (black) 
were also monitored showing negligible changes in (ratio)A during time. Aliquots were taken at 
different times of assembly (5, 30, 120 and 1440 minutes) and analyzed in non-denaturing gel 
electrophoresis, confirming that after 30 minutes full assembled shells are already formed for both 
ferritin structures. C, comparison of the kinetics at the first 30 minutes for heteropolymer (red) and 
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homopolymer (blue) evidencing the faster time-course of the heteropolymeric assembly. Results are 
represented as means ± SD of triplicate experiments. 

FIGURE 5. FRET properties of isoferritins containing differents donor:acceptor ratios. A and B, 
(ratio)A values of reassembled and disassembled structures of isoferritins containing increasing 
acceptor ratios. Homopolymeric (blue) and heteropolymeric (red) structures seem to co-assemble with 
similar efficiency and show a (ratio)A pattern that is a fingerprint of the content of acceptor subunits 
present on the shell and that is absent on the homolog disassembled mixtures. Lower Part, non-
denaturing PAGE of the reassembled full-labeled ferritins containing different donor:acceptor ratios, 
scanned under UV light and Coomassie stained, which shows a protein ladder in agreement with their 
subunit composition. Results are represented as means ± SD of triplicate experiments. 

FIGURE 6. Design of a system capable to compare the effect of H- and L-chains in the assembly of 
the H-chain. A, scheme of reaction. A system capable to compare the effect of H- and L-chains in the 
assembly of the H-chains was designed. More specifically, we used donor-acceptor H-chain couples 
(H-488 and H-555, green and magenta structures) as sensors of H-subunit proximity and analyzed 
how various proportions of unlabeled H- and L-chains (grey structures) interfered with this proximity. 
An association of the FRET H subunits in the final shell would yield high FRET-efficiencies while 
low FRET would be expected if placed at distant positions. B, plotting of the (ratio)A values obtained 
for the assembly of different amounts of FRET couples (H-488+H-555) together with unlabeled H-
chains. The FRET-efficiency increases linearly with the number of fluorescent H-subunits indicating 
a random distribution of the fluorescent H-chains not affected by the intervening unlabeled H-chains. 
Bottom, plotting of the increments in (ratio)A with respect to the number of fluorescent subunits per 
shell. C, plotting of the (ratio)A values obtained for the assembly of different amounts of FRET 
couples (H-488+H-555) together with unlabeled L-chains. Negligible changes in FRET after the 
addition of 20, 18 and 16 L-chains, and a large increase after 12 L-chains, indicating that the H-chain 
distribution in the presence of L-chains is not random, but it occupies preferential sites in the 24-mer 
heteropolymeric shell which tend to separate the FRET couple. Bottom, plotting of the increments in 
(ratio)A with respect to the number of fluorescent subunits per shell highlighting the strong jump on 
(ratio)A when more than 8 H-chains/molecule. Results are represented as means ± SD of triplicate 
experiments. 

FIGURE 7. A. Progression plots of iron uptake monitored by absorbance at 310 nm of H/L 
heteropolymers containing a total of 4, 6, 8, 10 and 12 H-chains. Homopolymeric FTH (24 H-chains) 
and control containing Fe(II) in the absence of ferritins are also showed. B. Initial rates of iron uptake 
of the ferritins showed in A. Conditions: 0.1 µM apoferritins, 0.1 M Tris-HCL pH 6.5, 0.1 mM ferrous 
ammonium sulfate, 25 ºC. Results of triplicate experiments are represented as means ± SD. 
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TABLE 1 

Ferritin 
shell type 

 (H-488+H-555) 
chains 

Unlabeled 
L-chains 

Unlabeled  
H-chains 

(H-488+H-555) 
to unlabeled 

ratio 

HETEROPOLYMER 
(H/L) 

4 20 - 1:5 
6 18 - 1:3 
8 16 - 1:2 

10 14 - 1:1.4 
12 12 - 1:1 

HOMOPOLYMER 
(H/H) 

 
 

4 - 20 1:5 
6 - 18 1:3 
8 - 16 1:2 

10 - 14 1:1.4 
12 - 12 1:1 

 
TABLE 1. Composition of the produced H/L heteropolymers and H/H homopolymers containing 
different labeled and unlabeled subunit proportions. H-488, H-chain labeled with AF488; H-555, H-
chain labeled with AF555. 
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FIGURE 1. Ferritin structure and measured inter-chain distances. A, 24-meric structure of FTH. 
Bottom: Ferritin H- and L-chains (PDB ID: 2FHA, 2FG4, respectively) showing exposed side chains 
of targeted lysines (yellow sticks) and cysteine (red sticks); B, representation of the environment 
surrounding each subunit in a 24-mer shell. One subunit (cyan) can interact with other six subunits 
(blue) through noncovalent interactions. Inter-subunit distances, from Cys90 (red) on reference 
subunit to Lys86/87 (yellow) of the surrounding ones, are shown. Inset, schematic view of the FRET 
system at the 2-fold axes, where inter-subunit distances are reported to be the smallest, with 
fluorophore AF488 attached to Cys90 represented as green star and AF555 attached to Lys86 as 
magenta star. 

 
 
 
 
 
 
 
 
 
 
 
 
 



Ferritin self-assembly and heteropolymer formation 
	

19	
	

	

 
 
FIGURE 2. Labeling of H and L ferritins for FRET analysis. A, gel filtration elution profiles of the 
fluorescently-labeled ferritins. Protein elution was monitored by its absorbance at 280 nm (black line) 
while AF488 or AF555 were monitored at 488 and 555 nm respectively (green and pink lines). 
Coelution of the fluorophore and the protein indicates that they are attached. B, 7% non-denaturing 
PAGE of the purified fluorescent homopolymers showing images of non-stained, UV-scanned and 
finally Coomassie blue stained gel, confirming the covalent binding of the fluorophores to the 
proteins. The slow moving labeled species represent the ferritin shell dimers, which are always 
present in the ferritin preparation. C, Representation of the fluorescent ferritins synthesized and 
normalized excitation and emission spectra of FTH-488 and FTH-555. Extensive spectral overlap 
occurs between the emission of Alexa Fluor 488 and excitation of Alexa Fluor 555, being thus a 
suitable couple for FRET studies. 
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FIGURE 3. FRET-based detection of ferritin assembly. A, schematic illustration of the reaction 
carried out for these FRET experiments. Donor FTH-488 is represented as green structures and 
acceptor FTH-555 as pink ones. When there is no coassembly, excitation of donor at 480 nm leads to 
only donor emission peak at 520 nm. When coassembled, excitation at 480 nm leads to acceptor 
emission at 570 nm, due to FRET. B, emission spectra upon donor excitation (480 nm), of 
reassembled full-labeled homopolymers (FTH-488/555, blue graph), disassembled chains (H-488+H-
555, grey spectra) and not coassembled full-labeled homopolymers (FTH-488+FTH-555, black 
graph), evidencing the quenching at the donor emission around 520 nm, together with an increase of 
the acceptor emission at 570 nm only when coassembled. C, emission spectra upon donor excitation 
(480 nm), of reassembled full-labeled heteropolymers (FTHL-488/555, red graph), disassembled 
chains (H-488+L-555, grey spectra) and not coassembled full-labeled shells (FTH-488+FTL-555, 
black graph), evidencing the quenching at the donor emission around 520 nm, together with an 
increase of the acceptor emission at 570 nm when coassembled. D and E, calculated (ratio)A values 
from the above emission spectra, evidencing the pre-requisite of coassembly for having FRET as 
confirmed by high (ratio)A values on the reassembled structures compared to those when disassembled 
or not coassembled. Results are represented as means ± SD of triplicate experiments. 

 



Ferritin self-assembly and heteropolymer formation 
	

21	
	

	

 
 
FIGURE 4. Kinetics of ferritin self-assembly in homopolymers and heteropolymers. A and B, 
kinetics of H/H homopolymeric (blue) and H/L heteropolymeric (red) assembly depicted by (ratio)A. 
An exponential increase on FRET-efficiency is observed for both assemblies until they reach a 
plateau after 2 hours. Rate constant and half-time calculations reveal a faster assembly for the 
heteropolymers. Controls containing disassembled chains (grey) and not coassembled ferritins (black) 
were also monitored showing negligible changes in (ratio)A during time. Aliquots were taken at 
different times of assembly (5, 30, 120 and 1440 minutes) and analyzed in non-denaturing gel 
electrophoresis, confirming that after 30 minutes full assembled shells are already formed for both 
ferritin structures. C, comparison of the kinetics at the first 30 minutes for heteropolymer (red) and 
homopolymer (blue) evidencing the faster time-course of the heteropolymeric assembly. Results are 
represented as means ± SD of triplicate experiments. 
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FIGURE 5. FRET properties of isoferritins containing different donor:acceptor ratios. A and B, 
(ratio)A values of reassembled and disassembled structures of isoferritins containing increasing 
acceptor ratios. Homopolymeric (blue) and heteropolymeric (red) structures seem to co-assemble with 
similar efficiency and show a (ratio)A pattern that is a fingerprint of the content of acceptor subunits 
present on the shell and that is absent on the homolog disassembled mixtures. Lower Part, non-
denaturing PAGE of the reassembled full-labeled ferritins containing different donor:acceptor ratios, 
scanned under UV light and Coomassie stained, which shows a protein ladder in agreement with their 
subunit composition. Results are represented as means ± SD of triplicate experiments. 
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FIGURE 6. Design of a system capable to compare the effect of H- and L-chains in the assembly of 
the H-chain. A, scheme of reaction. A system capable to compare the effect of H- and L-chains in the 
assembly of the H-chains was designed. More specifically, we used donor-acceptor H-chain couples 
(H-488 and H-555, green and magenta structures) as sensors of H-subunit proximity and analyzed 
how various proportions of unlabeled H- and L-chains (grey structures) interfered with this proximity. 
An association of the FRET H subunits in the final shell would yield high FRET-efficiencies while 
low FRET would be expected if placed at distant positions. B, plotting of the (ratio)A values obtained 
for the assembly of different amounts of FRET couples (H-488+H-555) together with unlabeled H-
chains. The FRET-efficiency increases linearly with the number of fluorescent H-subunits indicating 
a random distribution of the fluorescent H-chains not affected by the intervening unlabeled H-chains. 
Bottom, plotting of the increments in (ratio)A with respect to the number of fluorescent subunits per 
shell. C, plotting of the (ratio)A values obtained for the assembly of different amounts of FRET 
couples (H-488+H-555) together with unlabeled L-chains. Negligible changes in FRET after the 
addition of 20, 18 and 16 L-chains, and a large increase after 12 L-chains, indicating that the H-chain 
distribution in the presence of L-chains is not random, but it occupies preferential sites in the 24-mer 
heteropolymeric shell which tend to separate the FRET couple. Bottom, plotting of the increments in 
(ratio)A with respect to the number of fluorescent subunits per shell highlighting the strong jump on 
(ratio)A when more than 8 H-chains/molecule. Results are represented as means ± SD of triplicate 
experiments. 
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FIGURE 7. A. Progression plots of iron uptake monitored by absorbance at 310 nm of H/L 
heteropolymers containing a total of 4, 6, 8, 10 and 12 H-chains. Homopolymeric FTH (24 H-chains) 
and control containing Fe(II) in the absence of ferritins are also showed. B. Initial rates of iron uptake 
of the ferritins showed in A. Conditions: 0.1 µM apoferritins, 0.1 M Tris-HCL pH 6.5, 0.1 mM ferrous 
ammonium sulfate, 25 ºC. Results of triplicate experiments are represented as means ± SD. 

	


