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Supramolecular protein polymers using mini-ferritin Dps as the 
building block 
M. Raquel Pacheco,‡a João P. Jacinto,‡a Daniela Penas,a Tomás Calmeiro,b Ana V. Almeidaa, Míriam 
Colaçoa, Elvira Fortunato,b Nykola C. Jones,c Søren V. Hoffmann,c M. Manuela A. Pereira,d Pedro 
Tavaresa and Alice S. Pereiraa 

A missense mutant of a Dps protein (DNA-binding protein from starved cells) from Marinobacter hydrocarbonoclasticus was 
used as a building block to develop a new supramolecular assembly complex which enhances the iron uptake, a physiological 
function of this mini-ferritin. The missense mutation was conducted in an exposed and flexible region of the N-terminal, 
wherein a threonine residue in position 10 was replaced by a cysteine residue (DpsT10C). This step enabled a click chemistry 
approach to the variant DpsT10C, where a thiol-ene coupling occurs. Two methods and two types of linker were used 
resulting in two different mini-ferritin supramolecular polymers, which have maintained secondary structure and native iron 
uptake physiological function. Electrophoretic assays and mass spectrometry were utilized to confirm that both 
functionalization and coupling reactions occured as predicted. The secondary structure has been investigated by circular 
dichroism and synchrotron radiation circular dichroism. Size and morphology were obtained by dynamic light scattering, 
atomic force microscopy and size exclusion chromatography, respectively. The iron uptake of the synthesized protein 
polymers was confirmed by UV-Vis spectroscopy loading assays.

Introduction 
Protein cages are hollow nanoparticles which have a multitude 
of applications in nanobiotechnology.1–3 They can be used as 
vessels for chemical reactions,4,5 as precursors for the synthesis 
of nanostructured materials6 or as drug delivery systems.7,8 
Dps (DNA-binding protein from starved cells) proteins, also 
named mini-ferritins, are bacterial proteins from the ferritin 
family that protect DNA from oxidative stress by reversible 
storage of oxidized iron species.9 Dps proteins are globular 
homopolymers, composed of 12 equal subunits folded into 
four-helix bundles that self-assemble into an almost spherical 
shape. The shell-like structure has a diameter of approximately 
8-9 nm, with a spherical hollow cavity with approximately 4-5 
nm in diameter.10 
Due to their well-defined structure and size, protein cages from 
the ferritin family are exceptional building blocks for the 
synthesis of supramolecular nanostructures that are non-toxic, 

biodegradable, and stable under a wide range of conditions 
such as temperature and pH.11 Contrary to synthetic 
nanocapsules or lipidic compartments, these proteins can also 
be chemically or genetically modified at specific amino acid 
residues.12 
Ferritin proteins have been used to produce hybrid 
biomaterials, such as a crystalline structure produced from 
classic ferritins (another subfamily of ferritins composed by 24 
subunits) cross-linked by glutaraldehyde13 or Au 
nanoparticles;14 coordination polymers formed by modified Dps 
with chelating agents at the external surface and Fe(II) as the 
coordinated metal ion;15 and filaments composed by classic 
ferritins and poly-(α, L-lysine).16  Additionally, ferritin nanocages 
have been recently used to construct 2D superlattices mediated 
by disulfide bonds, or protein-based metal-organic 
frameworks17,18. In the first case, polymerization was triggered 
by oxidation reactions, whereas in the second study protein 
molecules were bound via metal coordination. 
The design of novel supramolecular nanoarchitectures using 
proteins as building units is useful to expand and modulate their 
intrinsic natural activities,11 in the case of proteins from the 
ferritin family, fast oxidation of free toxic ferrous iron and its 
storage in a ferric mineral form (biomineralization) or cellular 
detoxification.19 It is also important to mention that, in addition 
to Fe, ferritin proteins can also take up other heavy metals, such 
as Pb,20 Cu21 or Cd.22 Protein-based functional supramolecular 
polymers may also be used as efficient factories for the 
synthesis of various monodispersed quantum dots, which can 
be applied in photocatalysis,23 or several biotechnology 
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applications,1 as an alternative to synthetic organic or inorganic 
scaffolds/cages.24  
In the present work, we demonstrate for the first time, that 
mini-ferritin protein can be used as building blocks to produce 
long linear supramolecular protein chains, longer than 1 μm, 
that may have interesting properties for development in 
emerging nanotechnology applications. Protein polymerization 
was achieved by cross-linking DpsT10C molecules with two 
different linkers using click chemistry, resulting in two distinct 
supramolecular protein structures. Both types of protein-
polymer structures exhibited the natural Dps iron uptake 
activity. These supramolecular protein-polymers can be used as 

porous material with enhanced reactivity and selectivity, for 
different applications, as bioremediation or catalysis.25,26 Dps 
protein from Marinobacter (M.) hydrocarbonoclasticus27 was 
first genetically modified to introduce a single cysteine residue 
at position 10 (here named DpsT10C), an exposed and flexible 
region at the N-terminus of each 12 subunits. This residue was 
used to selectively click ligate an alkene linker to form a 
thioether bond (thiol-ene coupling). In this reaction, a thiyl 
radical was generated by the photoinitiator lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) upon UV light 
irradiation.28,29 The radical was then added to the alkene double 
bond, creating a new thioether bond in the anti-Markovnikov 

Figure 1 – Schematics for the two synthetic approaches to generate supramolecular protein structures by coupling DpsT10C protein molecules with two different linkers. For 
illustration purposes, reactions are shown in only one of the 12 existing sulfhydryl groups in each protein molecule. Sulphur atoms of cysteine residues are shown in yellow, carbon 
atoms in grey and oxygen atoms in red (for simplicity hydrogen atoms are not shown). The DpsT10C structure was created using SWISS-MODEL server.45–49 
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product and a carbon radical, which abstracted a hydrogen 
atom from another sulfhydryl group and completed the radical 
cycle. Two synthetic approaches were used to functionalize Dps 
protein molecules and generate Dps polymers. In the first, the 
DpsT10C variant was S-allylated with 3-bromoprop-1-ene in  
 
 
a moderate basic buffer and subsequently coupled to DpsT10C 
by a thiol-ene coupling cross-linking two protein molecules 
through a -(CH2)3- group. In the second, the DpsT10C variant 
was directly incubated with 1,2-bis(allyloxy)ethane and the 
photoinitiator, LAP, under UV irradiation, in a single step 
reaction, to form a -(CH2)3O(CH2)2O(CH2)3- bridge between 
DpsT10C protein molecules. 3-bromoprop-1-ene was previously 
used to derivatize cysteine and homocysteine residues of H3.3 
histone short peptide constructs (residues 23−34),30 while 1,2-
bis(allyloxy)ethane was employed as staple between the two 
cysteine residues in the peptide YCKEACAL, using thiol-ene 
coupling.26 

Results and discussion 
S-allylation of DpsT10C with 3-bromoprop-1-ene aimed to 
introduce a double bond that allowed further thiol-ene coupling 
with the free sulfhydryl groups in DpsT10C protein molecules. 
Alternatively, DpsT10C protein molecules were coupled to each 
other, through a -(CH2)3O(CH2)2O(CH2)3- linker in a one-step 
radical reaction with 1,2-bis(allyloxy)ethane. Both strategies are 
illustrated in Figure 1. 
Progress of S-allylation and thiol-ene coupling reactions was 
monitored by quantifying free sulfhydryl groups in the reaction 
mixture. The starting DpsT10C protein experimentally 
accounted for 10.8 ± 1.4 sulfhydryls from a total of 12 groups 
present in the protein molecule, validating the experimental 
procedure to reduce and quantify -SH groups. In the first 
reaction, the S-allylation of DpsT10C with 3-bromoprop-1-ene, 
84.2% of all -SH groups had reacted after 15 min, based on the 

quantification of 1.65 free sulfhydryl groups per DpsT10C 
protein molecule.  
However, in the coupling reaction of T10C-CH2CHCH2 with 
DpsT10C protein to yield a T10C-(CH2)3-T10C cross-linked 
structure, the percentage of reacted sulfhydryl groups 
increased almost linearly over time up to 60 min (Figure 2 – 

Figure 3 – SDS-PAGE results for samples of DpsT10C (A), T10C-CH2CHCH2 (B) and T10C-
(CH2)3-T10C (C) proteins. In each panel monomeric protein and dimeric protein bands 
(marked by letters M and D, left) and densitometric quantification (right) are shown. On 
top, -ß and +ß signals indicate if the result was obtained in the absence or presence of 
added β-mercaptoethanol.  

Figure 1 – Progress of coupling reactions to form T10C-(CH2)3-T10C (black circles) and 
T10C-(CH2)3O(CH2)2O(CH2)3-T10C (white circles) supramolecular structures, monitored 
by quantification of sulfhydryl groups. 
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black circles), reaching 41.9% of reacted groups after 120 min. 
The lower yield and longer reaction time can be due to steric 
hindrance of bulky protein units.  
When DpsT10C proteins were reacted with the 1,2-
bis(allyloxy)ethane in a single step to form T10C-
(CH2)3O(CH2)2O(CH2)3-T10C cross-linked structures, the 
percentage of sulfhydryl groups reached a plateau after 60 min, 
with 61.9% of reacted sulfhydryl groups at the end of the 
reaction (Figure 2 – white circles). This higher reactivity 
compared to the previous coupling reaction may be justified by 
the presence of longer linker allowing a more stable 
conformation by reducing steric hindrance. 
In order to confirm S-allylation, coupling of DpsT10C protein 
molecules and formation of supramolecular protein structures, 
all products were analyzed by SDS-PAGE (Figure 3). In reducing 
denaturating conditions (lane labelled +ß in Figure 3A), the 
DpsT10C multimer dissociates and a single protein monomer 
band, with an apparent molecular mass around 17 kDa, was 
observed (band labelled M in Figure 3). In the absence of β-
mercaptoethanol (non-reducing conditions, lanes labelled -ß in 
Figure 3), a residual dimer band with an apparent molecular 
mass of ∼30 kDa was also visible (band labelled D in Figure 3) 
and attributed to the formation of bonds between two 
monomers due to the oxidation of sulfhydryl groups or to thiol-
ene coupling. For the DpsT10C protein (Figure 3A) the dimer 
band completely disappeared in reducing conditions (lane 
labelled +ß in Figure 3A), indicating that disulfide bridges 
between monomers were reduced. The T10C-CH2CHCH2 
protein showed a smaller amount of dimeric species (lane 
labelled -ß in Figure 3B) probably due to the fact that fewer 
cysteine residues were now available to form disulfide bridges 
due to S-allylation. The dimeric species band was also lost upon 
the use of reducing conditions (lane labelled +ß in Figure 3B). 
The results were strikingly different for the T10C-(CH2)3-T10C 
protein polymer that showed a stronger dimer band, that did 
not disappear when treated with β-mercaptoethanol (Figure 

3C). In fact, ca. 60% of the dimer band intensity remained in 
reducing conditions corresponding to dimers that are bridged 
due to the successful coupling of DpsT10C protein with T10C-
CH2CHCH2. The electrophoretic results for the coupling product 
T10C-(CH2)3O(CH2)2O(CH2)3-T10C were similar to those described 
for the product T10C-(CH2)3-T10C, with formation of non-reducible 
dimers (data not shown).  
Products of the S-allylation, T10C-CH2CHCH2, and coupling reaction, 
T10C-(CH2)3-T10C, were further characterized by MALDI-TOF MS to 
assess the allylation of sulfhydryl groups in DpsT10C and further 
linkage of two distinct protein molecules forming covalent dimers. As 
expected, the mass spectrum showed an increase by 40.07 Da factor 
due to the S-allylation, bonding of the CH2CH=CH2 group to the 
sulfhydryl group of the cysteine residue in both protein populations 
(see ESI). 
In order to assess the secondary structure and the thermal 
stability of protein polymers, a sample of T10C-
(CH2)3O(CH2)2O(CH2)3-T10C was analyzed by circular 
dichroism spectroscopy and data compared with the DpsT10C 
protein (Figure 4). The spectra are identical in the acquired 
energy ranges and show negative peaks at 210 and 221 nm, as 
well as an intensive positive peak at 193 nm which are indicative 
of predominant α-helical secondary structure31. A more 
detailed analysis was carried out on data obtained by 
synchrotron radiation circular dichroism (SRCD) spectroscopy 
using the DichroWeb32,33 server, using CDSSTR method and 
SP175 reference data set (optimized to 190-240 nm)34,35. SRCD 
data is particularly valuable because it contains a higher 
information content with the possibility for data collection at 
high energies (e.g. in the range of 175 to 195 nm) as well as the 
high signal-to-noise levels obtained as compared to laboratory-
based, benchtop circular dichroism (CD) spectrometers. 
DichroWeb analysis showed that the T10C-

Figure 4 – Circular Dichroism spectra obtained at 25 °C for DpsT10C protein (white 
circles, CD data) and T10C-(CH2)3O(CH2)2O(CH2)3-T10C polymer (black circles, SRCD).  

Figure 5 - Thermal denaturation studies of DpsT10C protein (white triangles, CD data) 
and T10C-(CH2)3O(CH2)2O(CH2)3-T10C polymer (white circles, CD data, and black 
circles, SRCD data). Thermal denaturation curves are derived from signal intensity at 
221 nm versus temperature with proper baseline subtraction. Solid lines are the result 
of curve fitting procedure described in ESI.  
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(CH2)3O(CH2)2O(CH2)3-T10C polymer retains the secondary 
structure of the DpsT10C 
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Figure 6 − AFM topographic and phase images in liquid medium of DpsT10C protein and supramolecular structures, products of the coupling reactions, T10C-(CH2)3-
T10C and T10C-(CH2)3O(CH2)2O(CH2)3-T10C supramolecular structures. The images presented on the right correspond to three-dimensional representations and close-
ups of the rectangular sections marked on the left images. 
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precursor protein with a modelled 80% of α-helices as 
compared to 76% as predicted by DSSP method using the 2struc  
server.36 CD and SRCD data obtained during thermal 
denaturation studies showed a difference in denaturation 
profiles (Figure 5). Using measurements at 221 nm it was 
possible to obtain Tm values of 61.1 ± 0.5 oC and 53.3 ± 0.5 oC 
for DpsT10C and T10C-(CH2)3O(CH2)2O(CH2)3-T10C polymer. 
These values emphasize the destabilization of the latter as 
related to the former. Another noticeable difference are the 
values obtained for ∆Hm, which is almost reduced to half in the 
T10C-(CH2)3O(CH2)2O(CH2)3-T10C polymer (58.2 ± 0.6 
kcal/mol vs 101.4 ± 0.4 kcal/mol obtained for DpsT10C). A 
possible interpretation for this difference is the expected 
collaborative effect on the disruption of hydrogen bonding, and 
other non-covalent molecular interactions37, in addition to a 
more favorable hydration of the denatured state for the 
polymeric T10C-(CH2)3O(CH2)2O(CH2)3-T10C protein.  
To measure the size distribution of the formed structures, the 
T10C-(CH2)3O(CH2)2O(CH2)3-T10C protein polymer was 
analyzed by dynamic light scattering (DLS) and compared with 
results obtained for the DpsT10C protein (Table 1). DpsT10C had 
a hydrodynamic diameter of 8.61 nm with a SD of 0.80 nm, 
which is in agreement with the ca. 9 nm diameter reported in 
the literature for these proteins.38,39 The hydrodynamic 
diameter of T10C-(CH2)3O(CH2)2O(CH2)3-T10C polymer shifted 
to larger sizes,  ca. 35 nm, with a polydispersity index higher 
than the one observed for DpsT10C samples, indicating a 
heterogeneous size distribution of structures (see histogram 
representation of particle size distribution on ESI). 

 

Table 1. Hydrodynamic diameter and polydispersity indexes (PDI) of T10C-
(CH2)3O(CH2)2O(CH2)3-T10C and DpsT10C, determined by DLS. 

Sample Hydrodynamic 
diameter 

(x̅ (SD), nm) 

PDI 
(x̅ (SD)) 

DpsT10C 8.61 (0.80) 0.353 (0.19) 

T10C-(CH2)3O(CH2)2O(CH2)3-
T10C 34.60 (4.54) 0.614 (0.12) 

   
Atomic force microscopy (AFM) images in liquid media were 
collected to analyze the morphology of T10C-(CH2)3-T10C and -
(CH2)3O(CH2)2O(CH2)3-T10C supramolecular structures and 
compared with DpsT10C (Figure 6). DpsT10C protein molecules 
appeared as spherical particles (upper images in Figure 6). 
Cross-linking protein molecules with both linkers (-(CH2)3- and   
-(CH2)3O(CH2)2O(CH2)3-) resulted in the formation of long 
protein chains with globular DpsT10C molecules as tandem 
repeats. In the case of the T10C-(CH2)3-T10C protein structure, 
worm-like chains seemed shorter (ca. 0.5 μm) and wider than 
T10C-(CH2)3O(CH2)2O(CH2)3-T10C ones that could reach 
micrometers in length. A repetitive pattern has also been 
observed in other high molecular weight engineered protein 
structures, namely the titin-mimetic protein macromonomers, 
produced by supramolecular polymerization linked by disulfide 

bonds.40 These polymeric structures presented an average 
molecular weight of around 0.5 MDa, the largest protein 
structure so far developed. Another example is the long protein 
nanowires (up to 128 nm in length and a height of 4.8 nm) of 
glutathione S-transferase dimers linked by cucurbit[8]uril and a 
tripeptide FGG-tag that exhibited antioxidant activity.41  
In our study the longest observed T10C-(CH2)3O(CH2)2O(CH2)3-
T10C protein polymer was composed of protein units (DpsT10C 
oligomers) of about 15 kDa/nm, a high-density protein 
structure, which accounted for up to 15 MDa in total molecular 
mass. The diameter, ca. 50-55 nm, of the long structures seems 
to indicate that chains can further interact with each other and 
self-assemble into large tridimensional structures. Figure 6 also 
shows that due to their high concentration, both types of 
protein-based chains appeared as bundles, forming a 
widespread network. 
To confirm the high molecular mass of T10C-
(CH2)3O(CH2)2O(CH2)3-T10C product was applied into a size 
exclusion chromatography (SEC) column (see ESI). A major band 
was eluted with the void volume of the column (above 600 kDa), 

Figure 7 − Iron uptake by T10C-(CH2)3O(CH2)2O(CH2)3-T10C (A) and T10C-(CH2)3-T10C (B) 
protein structures in the presence of H2O2. Each spectrum represents an addition of 48 
Fe(II)/protein. The insets show the increase in absorbance at 350 nm as a function of 
total Fe(II)/protein ratio. Black circles represent the increase for coupled products and 
open circles the corresponding increase for the DpsT10C protein. 
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consistent with the expected high molecular mass of the long 
protein polymers. 
The iron uptake enzymatic activity of T10C-(CH2)3-T10C and 
T10C-(CH2)3O(CH2)2O(CH2)3-T10C protein structures was 
compared with DpsT10C, reacting the proteins with ferrous ions 
in the presence of an excess of H2O2, in 50 mM MOPS buffer, 
pH = 7.0, 50 mM NaCl as previously described.42 The increase of 
absorbance at 350 nm (ΔAbs 350 nm), characteristic of 
oxo/hydroxo-ferric species, was plotted as a function of the 
molar ratio Fe(II)/dodecameric proteins in solution (Fe/Protein) 
as presented in Figure 7. 
The iron uptake assays revealed that both types of 
supramolecular structures, products of the coupling reactions, 
were enzymatically active, since the absorbance at 350 nm 
increased with increasing amounts of added iron, indicating the 
uptake and oxidation of ferrous ions in solutions (ferroxidation 
reaction).42,43 Since no precipitation was observed during the 
assay, one can conclude that the oxidized iron was stored inside 
the protein nanocavity, in the form of a mineral (mineralization 
reaction).42,43 Comparing the iron storage capacity of both 
samples, it seems that while T10C-(CH2)3-T10C was able to 
store up to ∼375 Fe per protein molecule in the supramolecular 
structure, less than free DpsT10C protein (white circles on 
Figure 7B), the product T10C-(CH2)3O(CH2)2O(CH2)3-T10C was 
able to oxidize and accommodate more than 530 Fe per 
DpsT10C molecule in the supramolecular structure, showing a 
quasi-linear dependence with added iron. This result can be 
attributed to a higher catalytic efficiency of this supramolecular 
protein structure (higher ferroxidation and/or mineralization 
rate) or formation of different ferric species, with distinct molar 
extinction coefficients. Although densely packed, the polymeric 
structures are still porous, with different channels in each Dps 
protein building block, connecting the inner cavity to the 
outside. In both types of structures, we observed associations 
of the long protein polymers in complexes that show empty 
cavities between the chains (Figure 6). The substrates, Fe2+ ions 
and H2O2/O2, can diffuse through these channels and cavities 
and bind to amino acids and be translocated to the active sites 
where the oxidation occurs. Once oxidized the ferric species are 
translocated to the inner cavity for storage in the mineral form. 

Conclusions 
To our knowledge, we report, for the first time, the 
development of enzymatically active high molecular weight 
functional polymeric structures with Dps protein used as a 
building block. In fact, these structures were able to oxidize 
ferrous iron and incorporate the ferric form inside Dps protein 
molecules. Such interpretation is supported by the fact that 
polymer synthesis did not disrupt the protein secondary 
structure, thus enabling the proper assembly for the native 
dodecameric nanocage structure. These protein-based linear 
polymers were synthesized through thiol-ene coupling of Dps 
molecules, a prokaryotic protein nanocage belonging to the 
ferritin family. The formation of well-ordered long polymeric 
structures formed by covalently bound globular proteins is 
challenging and limited.44 The high degree of protein 

polymerization is observed in nature and is important for their 
physical and mechanical properties, as toughness, elasticity and 
strength.  
The length of the synthesized protein polymers was dependent 
on the type of linker used on the coupling reaction, suggesting 
that a longer linker allowed the formation of longer protein 
polymers.  
This work paves the way for the possibility to obtain materials 
that may be used for bioremediation or catalysis, or as a starting 
point to further explore the synthesis of protein-based 
biomaterials with improved mechanical properties. 
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