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Ferritin molecular cages are marvelous 24-mer supramolecu-
lar architectures that enable massive iron storage (>2000 iron
atoms) within their inner cavity. This cavity is connected to the
outer environment by two channels at C3 and C4 symmetry axes
of the assembly. Ferritins can also be exploited as carriers for in
vivo imaging and therapeutic applications, owing to their capa-
bility to effectively protect synthetic non-endogenous agents
within the cage cavity and deliver them to targeted tissue cells
without stimulating adverse immune responses. Recently, X-ray
crystal structures of Fe2�-loaded ferritins provided important
information on the pathways followed by iron ions toward the
ferritin cavity and the catalytic centers within the protein. How-
ever, the specific mechanisms enabling Fe2� uptake through
wild-type and mutant ferritin channels is largely unknown. To
shed light on this question, we report extensive molecular
dynamics simulations, site-directed mutagenesis, and kinetic
measurements that characterize the transport properties and
translocation mechanism of Fe2� through the two ferritin chan-
nels, using the wild-type bullfrog Rana catesbeiana H� protein
and some of its variants as case studies. We describe the struc-
tural features that determine Fe2� translocation with atomistic
detail, and we propose a putative mechanism for Fe2� transport
through the channel at the C3 symmetry axis, which is the only
iron-permeable channel in vertebrate ferritins. Our findings
have important implications for understanding how ion perme-
ation occurs, and further how it may be controlled via purposely
engineered channels for novel biomedical applications based on
ferritin.

Twenty-four-mer ferritins are ubiquitous iron storage pro-
teins that share a common architecture: a protein nanocage (see
Fig. 1A) assembled from subunits made up by a 4-helix bundle
(helices H1–H4) structure completed by a short C-terminal
helix, H5, and a long loop connecting helices H2 and H3. This

protein shell surrounds an 8-nm inner cage connected to the
external environment by two different types of channels: eight
channels in correspondence with the four 3-fold (C3, see Fig.
1B) symmetry axes and six channels in correspondence with the
three 4-fold (C4, see Fig. 1C) symmetry axes of the octahedral
point symmetry of the cage (1, 2). Despite many similarities
across ferritins expressed in different species, the interiors of
the C3 and C4 channels are quite variable, showing substantial
differences in terms of hydrophobicity/hydrophilicity and elec-
tric charge distributions when comparing vertebrate ferritins
with those from plants, bacteria, or archaea (3, 4). In turn, the
specific chemical nature of these channels directly affects their
transport properties and determines the preferred pathways
followed by ferrous ions from the exterior of the cage to the
catalytic ferroxidase center within the internal cavity. In verte-
brate ferritins, for example, the C4 channels (about 12 Å in
length) are relatively narrow and mainly hydrophobic, because
of the residues belonging to the four H5 helices shaping the
pore (5). On the other hand, the C3 channels (about 15 Å in
length), which are formed by the N-terminal end of the H4
helices and the C-terminal end of the H3 helices, are wider and
negatively charged (6, 7). As a result, only C3 channels are
reported as viable pathways for ferrous iron uptake by verte-
brate ferritins, whereas substitution of one or more channel
residues may result in significant reduction of iron uptake and
ferroxidase activity (8 –11). Conversely, iron transit through
the vertebrate C4 channels has been achieved by replacing neu-
tral residues with negative ones at their bottom end, thus mim-
icking wild-type C3 channels (8). This experimental evidence
has suggested that the presence of carboxylates at the inner
edge of wild-type C3 channels, as well as engineered at the inner
edge of C4 channels, determines a favorable electric field for
driving Fe2� into the cage. Accordingly, high-resolution X-ray
crystal structures (12, 13) have shown two ferrous hexa-aqua
ions within vertebrate C3 channels, but only one iron ion within
the C4 channels coordinated by four His-169 N�2, a water mol-
ecule, and a chloride anion (see Fig. 1C).

Nevertheless, many aspects concerning iron translocation
through wild-type and mutant ferritin channels are not well
understood. For example, it has to be confirmed whether Fe2�

ions do translocate as fully hydrated ions, as suggested by X-ray
structures. A previous theoretical study (5) based on a contin-
uous dielectric model predicted the presence of up to three iron

* This work was supported by the Ministero dell’Istruzione, dell’Università e
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ions within the wild-type C3 channel. However, this result par-
tially contrasts recent experiments (12, 13). The effect of pore
size in addition to electrostatics, the number of ions simultane-
ously permeating each channel, and the role of cooperativity for
ion transport are other important aspects that require elucida-
tion. Addressing the above questions is of paramount impor-
tance not only for understanding the natural function of these
peculiar protein nanocages, but also for developing new strate-
gies for the inclusion of imaging probes, drugs, and theranostic
agents into ferritin-based nanocarriers. Indeed, in wild-type
vertebrate ferritins, free diffusion through the cage is basically
limited to water and small cationic ions that can enter the cage
through the C3 channels (14, 15). Besides, modulation of chan-
nel hydrophilicity has been proposed to be a key factor for
developing highly sensitive magnetic probes based on paramag-
netic metal ions, because of the influence on water exchange
with bulk (16, 17). For these reasons, a better understanding of
the molecular basis of ion transport through ferritin channels
may prove extremely useful to guide the design of specific
mutants endowed with transport properties suited for tailored
substrates, thus boosting the development of biologically
inspired nanodevices to accomplish specific tasks exploiting
new or enhanced functionalities.

Here, we present a thorough molecular dynamics study of the
wild-type bullfrog Rana catesbeiana H� ferritin, a well known
model for vertebrate ferritins (18), and some of its channel vari-
ants that allow us to better assess, at atomistic level, the role of
electrostatics and describe some aspects of the Fe2� transloca-
tion process that are fundamental for ferritin biology. In partic-
ular, the C3 channel ferritin variants include a single mutant
(E130A, hereafter referred to as C3SM)3 and a triple mutant
(D127A/E130A/S131A, hereafter referred to as C3TM), dis-
playing a gradual increase of hydrophobic character of the pore;
the C4 channel variant is a triple mutant (M161D/L165D/
H169D, hereafter referred to as C4TM) that, conversely, intro-
duces acidic residues into an otherwise mostly hydrophobic
pore (see Ref. 8 for more details). Although some kinetic data on
C3SM, C3TM, and C4TM were already available in the litera-
ture (8, 19), here, we directly compare, for the first time, their
behaviorduringsingleandmultiplecatalyticcycles.Kineticmea-
surements of all the above variants, in which the iron inward
flux is monitored by following the rate of formation of reaction
intermediates at the ferroxidase center and ferric-precursors of
the biomineral, furnish the experimental validation of our com-
putational results. Altogether, these systems provide a suitable
spectrum of ferritin channels for studying in some detail how
iron transport occurs and to gain further insights on how to
possibly control it.

Results

Structural Characteristics of the C3 Channel—The main
structural features of the C3 channel, both native and mutant
species, and the stability and solvent coordination of the per-

meating iron ions were investigated through extensive molec-
ular dynamics simulations. In addition, we tested the effect of
the presence and the absence of Fe2� within the channel,
because the X-ray crystal structure (Protein Data Bank (PDB)
ID: 4MJY) displays two Fe2� aqua ions occupying nearby sites
in the channel interior (Fig. 1, B and D). The effect of mutation
on the structural features of the C3 channel was examined by
estimating the channel radius along a longitudinal direction (i.e.
Z-coordinate; see supplemental Fig. S1).

In the wild-type C3 channel (C3WT), visual inspection
revealed that both Fe2� aqua ions remained stable in approxi-
mately the same sites observed in the crystal structure,
throughout the simulation. On the contrary, in the single
mutant system, only one Fe2� aqua ion, initially located in the
more internal site (i.e. closer to the cavity), was maintained,
whereas the other was soon released into the environment. In
the C3TM system, the triple alanine substitution resulted in
the fast displacement of Fe2� from both sites, because of the
acquired hydrophobic character of this constricted region.

Some interesting features emerged from the comparative
analysis of the C3 channel dimension in all considered systems.
First, the profile of the channel radius along the pore of C3WT
(Fig. 2, A and A�) showed noticeable differences in the absence
or presence of Fe2�, especially in the vicinity of the acidic resi-
dues (Asp-127 and Glu-130). In the absence of iron, the pore
size was observed to have a larger variance than in the presence
of the two iron ions. In the latter case, both the radius profile
and the location of the two Fe2� ions nicely matched those
obtained from the X-ray structure (Fig. 2A�). In C3SM (Fig. 2, B
and B�), the presence or absence of the single stable Fe2� ion
had a smaller influence on the channel dimension, which over-
all appeared wider than in wild type. In C3TM, the C3 channel
is even wider than in the previous system, due to substitutions
with the relatively smaller alanine residues. These results indi-
cate that Asp-127 and Glu-130 alter their orientations in the
presence of Fe2� ions (supplemental Fig. S2).

Hydration of wild-type and mutant C3 channels was ana-
lyzed in terms of solvent density along the channel. In C3WT,
the channel is well hydrated (Fig. 3, A and A�) and shows struc-
tured and stable water molecules coordinated by both Fe2� ions
(i.e. six water molecules around each ion). These results show
that ferrous iron ions tend to retain their first solvation shell
within the channel, in accordance with X-ray crystal structures
(12, 13, 20). In C3SM, channel hydration was observed to
change in the absence (Fig. 3B) and presence (Fig. 3B�) of Fe2�,
where in the latter case the channel is sparsely hydrated. How-
ever, at the internal Fe2� site, a water cluster around the ion,
similarly to the wild-type model, was observed. In C3TM, the
channel is basically occluded to water, as expected, because of
the substantial increase in channel hydrophobicity.

Fe2� Localization within the C3 Channel—To characterize
the binding sites of Fe2� along the C3 channel, additional sim-
ulations of the C3WT and C3SM models were performed and
the spatial occupancy of iron ions and carboxylic groups
belonging to Asp-127 and Glu-130 was evaluated (Fig. 4). To
this end, in some cases, we removed one or both Fe2� ions
within the ferritin channel from the initial configuration, and
we allowed new Fe2� ion entries from the solution, in contrast

3 Throughout this study, the following designations are used for ferritin vari-
ants and wild type: C3SM, E130A single mutant; C3TM, D127A/E130A/
S131A triple mutant; C4TM, M161D/L165D/H169D triple mutant; C3WT,
wild-type C3 channel; C4WT, wild-type C4 channel.
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to previous simulations where external Fe2� ion positions were
kept frozen. In all cases, we observed that, when present, Fe2� is
firmly bound as a hexa-aqua ion in correspondence with acidic
residues, and hence, well localized within the channel. As a
result, we could not observe the spontaneous release or trans-
location of Fe2�, once inserted into the C3WT or C3SM sys-
tem. In the C3WT model, the distribution of iron occupancy
matched well the positions observed in the X-ray structure (Fig.
4A), with the Fe2� ion located farther from the cavity, only
slightly shifted with respect to its crystal position. On average,
the iron-iron distance was about 6.25 Å. When the Fe2� ion at
the more internal site was removed, thus leaving only one ion
in the channel, a further inward shift (�0.4 Å) in the average
position of the externally located Fe2� was observed (Fig. 4A�).
Interestingly, when additional iron ions were added to the bulk
solution and left free to move, one Fe2� ion was found to
occupy the internal site, thus restoring the previous crystal-like
arrangement of two Fe2� ions (Fig. 4A�). In C3SM, structural
fluctuations in the spatial distribution of the carboxylic group
of Asp-127 were observed as a result of E130A mutation (Fig.
4B), and concurrently, there was a downward shift in the loca-
tion of Fe2� at the internal site as compared with the wild-type
channel. When the C3SM channel was initially cleared from
Fe2�, a new iron ion was found to occupy the same internal site
after �15 ns, reproducing very similar spatial distributions (Fig.

4B�). In summary, our simulations revealed the strong prefer-
ence for two Fe2� ions by the wild-type C3 channel and only
one Fe2� in the case of the single mutant, whereas the triple
mutant channel displayed no Fe2� inside. Moreover, the loca-
tions of iron aqua ions along the C3 channel were shown to be
sensitive to mutations, thus providing important insights to
interpret functional studies and to define structural mecha-
nisms for iron uptake.

Structural Characteristics of the C4 Channel—The channel
radius along the wild-type C4 (C4WT) model showed a nar-
rower profile (Fig. 5) with respect to the C3 channel. This was
expected because the side chains of the residues shaping the
channel (Met-161, Leu-165, and His-169) are mostly projected
toward the channel center (Fig. 1E) because of favorable hydro-
phobic interactions. As a result, the channel appeared overall
constricted. The crystallographic Fe2� ion, initially coordi-
nated by His-169, was soon displaced into the solution in our
simulation. In the crystal structure, Fe2� is also coordinated by
a chloride ion, which is absent in our simulations (see “Experi-
mental Procedures”). In the triple mutant (C4TM), substitu-
tions with negatively charged aspartates significantly increased
the channel dimension (Fig. 5), as a consequence of charge-
charge repulsion. Besides, the spontaneous entry of one Fe2�

into the channel from the exterior vestibule confirmed that iron
uptake is triggered by electrostatic effects. As described in the

FIGURE 1. Ferritin structural elements. A, X-ray crystal structure of frog H� ferritin (PDB ID: 4MJY). One of the ferroxidase cavities, with irons bound to the
dinuclear catalytic site, is circled. B and C, three-dimensional arrangement of the C3 (B) and C4 (C) channels. D and E, magnified views of C3 (D) and C4 (E)
channels. Residues subjected to mutation are shown as colored balls and sticks, Fe2� ions within the channel, as observed in the X-ray structure, are in orange,
and water oxygen is in red.
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Introduction, recent experimental results demonstrated iron
uptake in the triple mutant C4 channel, after switching off the
uptake via the C3 channel (8). Hydration of wild-type and
mutant C4 channels showed a marked difference in water den-
sity along the channel (Fig. 6). In the wild-type model, the C4
channel was void of water molecules due to the highly hydro-
phobic environment and constricted space. On the other hand,
the introduction of negatively charged residues led to a densely
hydrated C4 channel, and the larger available space permitted
the intake of the ferrous iron with its full solvation shell (Fig. 6).

Free Energy Barriers for Iron Translocation through C3 and
C4 Channels—Free energy barriers for the translocation of a
single Fe2� ion through wild-type and mutant C3 and C4 chan-
nels were evaluated by computing the potential of mean force
(PMF).4 The Fe2� position along the channel axis (i.e. Z-coor-
dinate) was adopted as the PMF coordinate (supplemental Fig.
S1). The PMF profile for the wild-type C3 model (C3WT)
showed a first local minimum at Z � �0.5 Å, as proceeding
from the outer environment toward the ferritin cavity, and a
global minimum at Z � 5.3 Å (Fig. 7), in perfect correspondence
with the favorable Fe2� locations previously identified. Indeed,
the spatial occupancies of Fe2� ions obtained from the C3WT
simulation are exactly distributed around the computed PMF

minima. The two minima are separated by an energy barrier
(about 5 kcal/mol) located around Z � 1.0 Å inward with
respect to the external binding site (Fig. 7). This corresponds to
position Glu-130 along the channel, and we noted that such an
energetic cost arose from the loss of one water molecule, from
six to about five, within the first hydration shell of Fe2� (sup-
plemental Fig. S3), only partially compensated by Coulomb
interactions with the negatively charged glutamate ring. As
expected, the PMF profile revealed a strong attractive character
of the C3 channel interior for ferrous iron (escaping barriers are
�15 kcal/mol). In C3SM, the overall PMF profile appeared flat-
tened, with the exception of a noticeable energy barrier in cor-
respondence with the mutation site (i.e. E130A; 1 	 Z 	 2),
where the PMF resulted in an increase of about 15 kcal/mol as
compared with the wild-type channel. Afterward, a gradual
PMF downhill is observed. Such a large barrier explains the
displacement of Fe2� from the external site in C3SM simula-
tion, upon the loss of the favorable electrostatics. In the C3TM
model, the PMF displayed a very repulsive barrier for the iron
ion approaching the channel center; therefore, an opposite sce-
nario could be predicted for iron uptake with respect to the
wild-type channel. Conversion of the negatively charged resi-
dues into hydrophobic ones made the C3 channel rather imper-
meable to ions, thus leading to the total displacement of Fe2�

from the channel. These results are in good agreement with the
experimental evidence on the influence of mutations on iron

4 The abbreviations used are: PMF, potential of mean force; DFP, diferric-per-
oxo; DFO(H), diferric-oxo/hydroxo.

FIGURE 2. C3 channel dimension analysis. Shown is a profile of the channel radius along the C3 channel (i.e. Z-coordinate). Black lines represent the minimum
and maximum observed radius size, whereas the red line is the average. In panels A, B, and C, simulations with no Fe2� ions in the channel. In panels A� and B�,
simulations with Fe2� ions in the channel; the average Fe2� ion positions are represented as colored dots. In panel A�, the green line is the radius size as observed
in the X-ray structure, and in panels A� and B�, the vertical dashed lines are Fe2� ion positions as observed in the X-ray structure.
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uptake (8). In both variants (i.e. C3SM and C3TM), Fe2� main-
tained its full hydration layer (supplemental Fig. S3) while mov-
ing inside the channel (i.e. six water molecules), consistently to
a larger pore radius (Fig. 2).

In C4WT, the barrier for ion translocation is extremely high
(Fig. 7) because the wild-type C4 channel is spanned by hydro-
phobic residues. Hence, iron uptake is unlikely to occur
through this pathway, in agreement with experimental findings
(8, 12). On the contrary, in the triple mutant (C4TM), substitu-
tions with aspartates enabled strong electrostatic interactions
and a wider pore than wild type, thus favoring Fe2� hexa-aqua
ion translocation.

Despite the favorable PMF profile of C3WT, one may won-
der whether Fe2� transport rate could be enhanced by any sort
of ion cooperativity effect, considering the deep energy minima
characterizing the two ferrous iron sites as observed above. To
this end, we have tested experimentally the possible role of Fe2�

concentration on iron uptake, as reported below.
Kinetic Analysis of Iron Uptake of Ferritin Variants versus

Wild Type—From an experimental point of view, the efficiency
of iron transit through ferritin channels can be monitored by
measuring the kinetics of the catalytic oxidation reaction

occurring at the ferroxidase sites within the cavity. In fact, hin-
dered iron translocation results in an inefficient delivery of the
Fe2� substrate to the ferroxidase sites and therefore into an
inhibited catalytic reaction. The catalytic reaction can be mon-
itored through the formation of transient diferric-peroxo (DFP)
intermediates, with maximum absorbance at 650 nm, and difer-
ric-oxo/hydroxo (DFO(H)) species, precursors of the biomin-
eral, that absorb at 350 nm (21). In the case of the C3 channel,
single-turnover catalysis (2 Fe2�/subunit) was progressively
quenched upon substitution of the carboxylate residues, as
demonstrated by the data reported in Fig. 8, where the rate of
formation of the DFP and DFO(H) species decreases in the
order WT � E130A � D127A/E130A/S131A.

It is reported that, at a high Fe2�/cage ratio in WT cages, a
slower direct oxidation of ferrous ions on the surface of the
biomineral core adds to the fast enzymatic oxidation at the
ferroxidase center (3). Transit through the channels is obvi-
ously expected to also modulate the rate of oxidation at the
biomineral surface. Here, experiments with a higher Fe2�/sub-
unit ratio (namely, 20 Fe2�/subunit) were performed (Fig. 9).
Under these conditions of multiple ferroxidase turnover and
possible biomineral surface self-oxidation, the overall reaction

FIGURE 3. C3 channel hydration analysis. Shown is the density of water molecules along the C3 channel. The left panels depict the channel hydration in the
absence of Fe2�. The right panels depict the channel hydration in the presence of Fe2� ions. Individual ferritin subunits constituting the channel are colored
differently. Fe2� ions are shown as colored spheres.
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rate in the C3TM is drastically reduced (down to �30%) with
respect to C3WT, whereas the effect in the C3SM is relatively
small (�70%). This observation appears in very good agree-
ment with free energy calculations reported above.

In addition, other studies have reported the possible interac-
tion of metal ions with Cys-126 residues located at the entrance
of C3 channels (22), and the interaction with Fe2� has also been
inferred (23). Our data (supplemental Figs. S4 and S5) clearly
showed that there are no significant differences in the reaction
rates measured with 2 Fe2�/subunit nor with 20 Fe2�/subunit,
upon C126A mutation. As a consequence, we may conclude
that iron uptake is not significantly assisted by Cys-126.

Discussion

Our in silico study fully supports recent high-resolution
X-ray structures that demonstrated a doubly occupied native
C3 channel by iron hexa-aqua ions (i.e. R. catesbeiana H� ferri-
tin (12) and human H ferritin (13)). By enabling thermal fluctu-
ations and the surrounding aqueous environment in our simu-
lations, we observe that the two hydrated Fe2� ions are firmly
bound within the 3-fold channel by forming favorable electro-
static interactions with negatively charged side chains (i.e. Asp-
127 and Glu-130), while keeping the same microsolvation
observed in the crystal. Not only does such a molecular config-
uration reproduce the experimentally resolved structures fairly
well, but it also provides a possible key step for deciphering the
iron uptake mechanism, as discussed below. Our atomistic sim-
ulations suggest that the channel size and length do not allow
the stable binding of additional iron ions with respect to those

FIGURE 5. C4 channel dimension analysis. The channel radius profile is
shown as a function of Z-coordinate. Data represent the minimum and max-
imum radius values (black lines) along with the time average (red line). The
filled circle indicates the average position of the Fe2� ion that entered the
mutant C4 channel during the dynamics.

FIGURE 4. Fe2� ions and protein carboxylic groups localization. Shown is the spatial occupancy of Fe2� ions and protein carboxylic groups along the C3
channel pathway in C3WT (A–A�) and C3SM (B, B�). A, Fe2� ions at the external site (purple), internal site (blue), C� centroid of Asp-127 (green), and C� centroid
of Glu-130 (magenta). Dist., distribution. A�, simulation initiated after moving Fe2� ions at the internal site into the bulk. A�, simulation initiated with increased
concentration of bulk Fe2� ions. B, Fe2� ions at internal site (blue) and C� centroid of Asp-127 (green). B�, simulation initiated after moving Fe2� ion in the
internal site into the bulk. The dotted lines represent the position of Fe2� ion in the X-ray structure of the WT protein.
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found in the crystal, in contrast to a previous theoretical study
(5) reporting up to three iron ions within the wild-type C3
channel, which probably resulted because of the lack of atom-
istic detail in that study.

On the other hand, we confirm the crucial role played by
electrostatics in modulating the transport properties of ferritin
channels. Concerning the wild-type C3 and C4 channels, as
found in vertebrate ferritins, the computed free energy profiles

of Fe2� translocation provide a thermodynamic ground to
understand why only the C3 channel represents a viable iron
entryway, as already proposed on the basis of mutagenesis stud-
ies involving residues inside the C3 channels (3). Here, the pro-
gressive introduction of hydrophobic residues into the C3
channel lumen, as obtained in the E130A and D127A/E130A/
S131A ferritin variants, is reflected into a steep rise of the
energy barrier against Fe2� transit, a result consistently vali-
dated by our kinetic experiments following iron catalytic oxi-
dation. It is worth noting that, from the structural viewpoint,
substitutions by alanine lead to an overall increase of C3 pore
size, because of the less bulky side chains. However, the aug-
mented pore dimension does not compensate for the loss of
favorable electrostatic interactions. A similar picture is con-
firmed when, conversely, charged residues are introduced in
the mostly hydrophobic C4 channel, as obtained going from the
wild type to the triple mutant (C4TM).

Moreover, we notice a close correlation between hydropho-
bicity and solvent density within the channels, even in the
absence of any iron ion. This result appears as another mani-
festation of how ion permeation through constricted channels
may be modulated by the formation/disruption of hydrophobic
interactions, a well known effect already described in the con-
text of membrane protein channels (24 –27). Interestingly, our
simulations indicate that Fe2� transit into wild-type C3 and
triple mutant C4 (C4TM) channels occurs basically as an
almost fully hydrated ionic species (i.e. hexa-aqua ion); in the
case of C3WT, only one water molecule is lost while passing
through the most constricted region of the pore. These results,
although they have to be considered with caution due to inher-
ent approximations in our modeling, do support the view that
ferrous iron does travel as aqua ions from the outer environ-
ment to the ferroxidase catalytic centers within the ferritin
cage, as observed in X-ray crystal structures. Additionally, the
present kinetics data exclude any involvement of Cys-126, a
solvent-exposed residue located on the ferritin shell close to the
C3 channel entrance, in the iron uptake process, contrary to
previous suggestions (23). Concerning the 4-fold channel, the
larger number of negative charges and the wider pore size of
C4TM with respect to C3WT account for the higher iron
uptake rate observed in the former ferritin variant (8).

FIGURE 6. C4 channel hydration analysis. Shown is the grid density of water molecules along the C4 channel. The four individual subunits constituting the
channel are colored differently. The purple sphere indicates the Fe2� ion.

FIGURE 7. Free energy of Fe2� translocation. A and B, free energy profiles
for single Fe2� ion translocation through C3 (A) and C4 (B) channels. A, data
for C3WT, C3SM, and C3TM are shown in black, red, and green, respectively.
The distribution shows the spatial occupancy of Fe2� ions at external and
internal sites in the C3WT model. B, data for C4WT and C4TM are shown in
black and red. The inset plot depicts an enlarged view of the PMF profile for the
C4TM system.

Fe2� Translocation through Ferritin Channels

DECEMBER 2, 2016 • VOLUME 291 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 25623

 at SC
U

O
L

A
 N

O
R

M
A

L
E

 SU
PE

R
IO

R
E

 on D
ecem

ber 15, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Furthermore, our free energy analysis provides evidence that
can be recast in terms of mechanistic prescriptions for iron
translocation. In particular, the single-ion potential of mean
force highlights the presence of two favorable binding sites for
iron aqua ions along the C3 channel. These sites are in good
agreement with Fe2� localization in the doubly occupied chan-
nel, as observed in equilibrium molecular dynamics simulations
and crystal structures. However, the escaping potentials from
these local energy minima do appear incompatible with an
effective “single-ion” translocation process. Therefore, we posit
that a “multi-ion” cooperative effect takes place by smoothing
out these energy barriers, thus favoring the flow of Fe2� ions
along the channel, in analogy to what has been observed in
other well known biochannels (e.g. voltage-dependent K�

channels (28)). In support of this hypothesis, we observe a non-
linear increase of the initial rate of DFP formation at an increas-
ing Fe2�/subunit ratio in wild-type ferritin (Figs. 8 and 9). Such
a non-linear trend can easily be rationalized if one takes into
consideration the possibility of two different ion transport
mechanisms at low and high Fe2�/subunit ratios, with a multi-
ion mechanism being activated at a high Fe2�/subunit ratio.
This multi-ion mechanism would also explain the apparently
counterintuitive kinetics data recently reported (8) on a ferritin
variant equipped with all active channels (i.e. eight C3WT and
six C4TM channels) at low Fe2�/subunit ratios: the rates of
reaction as well as the total amount of formed products with 2
Fe2�/subunit dropped to 30% of wild-type values (i.e. eight
C3WT and six C4WT channels) and about 5% of C3TM/C4TM
variant (i.e. eight C3TM and six C4TM channels), whereas with
4 Fe2�/subunit, the initial reaction rate was 1.5 times faster
than in the wild-type ferritin. Altogether, these results support
the view that a minimum number of iron ions are needed in

each ferritin channel to enable an efficient ionic flow, thus sug-
gesting a “functional” role for the doubly occupied C3 channel
configuration. One might speculate that the need of multiple
iron ions to activate the metal transport across the channels
reflects the biological need to initiate biomineralization only at
high iron concentrations.

Indeed, as a further step toward a complete understanding of
Fe2� transport through the wild-type C3 channel, we postulate
a simple translocation mechanism that cyclically involves this
intermediate configuration, observed via X-ray crystallogra-
phy, and that consists of an alternating sequence of a doubly
occupied (2 Fe2� ions) state and a singly occupied (1 Fe2� ion)
channel intermediate state, as illustrated in Scheme 1 (Pathway
A). One may also envisage a putative mechanism in which iron
ions displace one another in a concerted fashion, as if pushed by
an entering Fe2� ion (Scheme 1, Pathway B), as suggested in a
previous study (29). However, test simulations aiming to repro-
duce the latter scenario provided an unsatisfactory outcome,
showing no ion displacement in response to a Fe2� ion being
pulled from the outer environment into the channel. Nonethe-
less, more information is required to fully demonstrate the
translocation mechanism followed by Fe2� aqua ions (for
example, the possible role of negative counterions in assisting
iron passage from the ferritin channels into the cavity), and
some questions still remain open. Accordingly, we believe that
a key factor to understand what drives the iron translocation
process is represented by the exact, but yet unknown, electro-
chemical conditions at which it operates within the cellular
environment.

Finally, the present study highlights the versatility of ferritin
channels to achieve desirable transport properties. This prop-
erty is particularly relevant for those nano-biotechnological

FIGURE 8. Iron uptake rate measurements at 2 Fe2�/subunit ratio. The C3 channel properties modulate activity in structurally intact ferritin cage variants.
A and B, formation of DFP intermediate (A650 nm) (A) and DFO(H) (A350 nm) (B) products after the addition of 2 Fe2�/subunit to wild-type (blue), C3SM (red), and
C3TM (green) variants. The lower panels show enlargements of the first 0.5 s to highlight the differences in the initial rates. Shown is a set of curves (mean 
 S.D.)
of a representative experiment from at least three experiments, each one performed in triplicate. Abs, absorbance.
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applications (14) where encapsulation of non-natural agents,
such as molecules, metal particles, or ionic species, into the
ferritin interior is realized through diffusion, eventually fol-
lowed by intra-cage synthesis or self-assembly, but not through
the disassembly and reassembly of the ferritin cage itself. In this
regard, purposely engineered channels may favor or block
molecular transport into ferritin by playing with suitable steric
and electrostatic effects. As an example, an ion selectivity filter,
such as those commonly found in ion-selective membrane
channels, can be re-created into the ferritin channels to allow
the specific uptake of given ionic species from bulk solutions.
This idea may be coupled with current strategies for the direct
mineralization of nanoscale materials inside the intact cage
(14), thus achieving a high control of both particle size and
nature. The same approach could be perhaps exploited to
sequester given ionic species from solutions where multiple
salts are dissolved, with the purpose, for example, of recovering

noble and precious metal ions. Another interesting possibility
would be to embed within the ferritin cage a pH probe to mon-
itor the local acidity of the environment, especially in cell imag-
ing applications. To this end, one may think to assess the
exchange rate of protonated water as a function of channel
characteristics. Interestingly, one may envisage the introduc-
tion of light-activated and controllable gating mechanisms,
such as those that have been employed in various membrane
channel applications (30, 31). In conclusion, our study provides
a successful example of a computational approach that can be
employed for the design of ferritin nanocages for novel biomed-
ical or nano-technological applications in which the perme-
ation or release of ionic species could be modulated at will
through modeling-aided protein engineering.

Experimental Procedures

Molecular Dynamics Simulations—High-resolution X-ray
crystallographic structures of R. catesbeiana H� ferritin have
recently been resolved at different time intervals after exposing
the ferritin crystals to ferrous salt (12). Among others, the
structure of the H54Q mutant (PDB ID: 4MJY), resolved after
60 min of exposure time, was selected to model the ferritin
protein channels. This choice was motivated by the better res-
olution of Fe2� aqua ions within the C3 channel in this struc-
ture with respect to the wild-type structure, even if C3 and C4
channel residues are basically identical in the two cases. Then,
Gln-54 was substituted with histidine to model the wild-type
protein. To reduce the computational cost, the starting models
for the C3WT and C4WT channels were generated by consid-
ering only the subunits that constitute the channel pathway and
immediate neighboring subunits, which give rise to subunit
dimers via extended surface contacts along C2 symmetry axes,

FIGURE 9. Iron uptake rate measurements at 20 Fe2�/subunit ratio. Top,
reaction progress at a high iron:protein ratio (20 Fe2�/subunit; 480 Fe2�/
cage) in wild-type (blue), C3SM (red), and C3TM (green) variants monitored as
DFO(H) product (A350 nm) formation. The central panel shows an enlargement
of the first 200 s. Upper and lower panels, a set of curves (mean 
 S.D.) of a
representative experiment of at least three (upper panels), each one per-
formed in triplicate, and the corresponding scatter plots of the average initial
rates (lower panel). *, significantly different from the corresponding value in
wild type; p 	 0.05. Abs, absorbance.

SCHEME 1. Fe2� translocation mechanisms through the C3 channel.
Shown are putative translocation mechanisms of Fe2� through the wild-type
C3 ferritin channel. In Pathway A, singly and doubly occupied channel states
alternate with each other. Starting from the doubly occupied state, one Fe2�

ion is released into the cavity from the channel, dragged by an electrochem-
ical gradient, and the remaining Fe2� ion is shifted inward, leading to the
singly occupied intermediate. Then, a new Fe2� ion is introduced into the
channel from the environment, thus restoring the initial state. In Pathway B,
Fe2� ions displace one another inwardly, as pushed by one Fe2� entry. When
tested in simulation, such a mechanism proved to be unfeasible, and no ion
displacement occurred even if the entry ion was subject to an unrealistically
large pulling force.
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as shown in Fig. 1, B and C. Starting structures were immersed
in an orthogonal TIP3P water box that extended up to 14 Å
from the protein van der Waals surface. In the C3WT system,
Fe2� aqua ions located in the C3 channel (Fig. 1D) were
retained, and in the C4WT system, the iron-aqueous adduct at
the internal vestibule of the C4 channel (Fig. 1E) was retained.
Further, ferrous iron ions bound at the ferroxidase sites of the
subunits were retained. Other crystallographic ionic species
were removed (e.g. Cl�). Finally, Na� ions were added to ensure
system electroneutrality. All simulations were carried out with
the NAMD program (version 2.10), using the Amber ff14SB
force field for protein and CM parameters for iron (32, 33).
Starting systems were equilibrated following a multi-step pro-
tocol: (i) two rounds of minimizations (6000 iterations) and
dynamics (300 ps, �t � 1 fs) of water molecules and Na� ions in
the bulk, keeping the protein and iron ions restrained (k � 2
kcal/mol Å2), (ii) minimization of the whole system (15,000
iterations), (iii) heating up to 303 K in the NVT ensemble (500
ps, �t � 1 fs), and (iv) final equilibration in the NPT ensemble (2
ns, �t � 2 fs). The production phase was then initiated, during
which a mild restraining potential (k � 0.5 kcal/mol Å2) was
applied to C� atoms of residues beyond 30 Å from the geomet-
ric centroid of C3/C4 channels to preserve overall topological
symmetry. Snapshots were collected at intervals of 10 ps. Sim-
ulation settings included periodic boundary conditions, 2-fs
time step for numerical integration, 12 Å cut-off for non-
bonded interactions using a switching function from 10 to 12 Å,
constraining bonds involving hydrogens with SHAKE (34), esti-
mation of long-range electrostatics using the particle mesh
Ewald (35) method, and temperature regulation with Langevin
coupling using a collision frequency of 1.0 ps�1 (36). Simula-
tions of the C3SM, C3TM, and C4TM systems were started
from an equilibrated snapshot (�10 ns) of the corresponding
wild-type systems after introducing the mutations in silico. The
solvent environment was retained in all cases to avoid extensive
re-equilibration. A summary of the simulated models is
reported in supplemental Table S1. A further test simulation
was carried out in which a Fe2� ion was pulled from the outer
environment into the C3WT channel to study its effect on the
Fe2� aqua ions located in the C3 channel (a Fe2� ion was pulled
for about 20 Å along the C3 channel to reach the internal cavity
using a rate of 2 Å/ns and a spring force constant of 5 kcal/mol
Å2). Trajectories were analyzed with the HOLE program (37)
and in-house codes written using the MDAnalysis library (38).
Channel radius was estimated considering only the heavy atoms of
residues shaping the pore. Figures and graphs were generated with
the UCSF-chimera (39) and matplotlib (40) software.

Free Energy Calculations—The PMF profile for the translo-
cation of Fe2� ion along C3 and C4 channels was estimated
using adaptive biasing force simulation methodology (41, 42).
The method estimates the average force on a testing particle
along a predefined transition coordinate (�). The average force
is collected in bins along � and updated during the simulation.
An adaptive biasing potential, equivalent and opposite to the
average force, is applied after a defined number of samples in a
bin to overcome any barrier along �. Herein, the PMF profile for
a single Fe2� ion translocation was estimated along the channel
axis i.e. Z-coordinate (supplemental Fig. S1). Other Fe2� and

Na� ions in the bulk were restrained to avoid their entry into
the channel. For C3 systems, adaptative biasing force simula-
tions were performed in five windows of 3 Å length and 0.2 Å
bin size, covering the full channel length of 15 Å. For C4 sys-
tems, four windows of 3 Å length and 0.2 Å bin size, spanning a
total length of 12 Å, were used. The biasing potential was
applied after 800 samples. The starting snapshot for each win-
dow was extracted from the preceding ones to mimic sampling
in overlapping windows. Simulation for each window was car-
ried out for 25 ns.

Mutagenesis—Site-directed amino acid substitution in
R. catesbeiana H� ferritin protein cages was generated by PCR,
with expression plasmid pET-3a R. catesbeiana H� ferritin
DNA as template, using the QuikChange II site-directed
mutagenesis kit (Stratagene). The DNA in the coding regions in
all the protein expression vectors was analyzed for sequence
confirmation (Primm Srl, Milan, Italy).

Protein Expression—pET-3a constructs encoding R. catesbei-
ana H� WT ferritin and its variants were transformed into Esch-
erichia coli BL21(DE3) pLysS cells, which were subsequently
cultured in LB medium containing ampicillin (0.1 mg/ml) and
chloramphenicol (34 �g/ml). Cells were grown at 37 °C, until
A600 nm reached 0.6 – 0.8, and subsequently induced with iso-
propyl 1-thio-�-D-galactopyranoside (1 mM final concentra-
tion) for 4 h. Recombinant ferritins were purified from the har-
vested cells, as described previously (43). Briefly, cells were
sonicated, and the cell-free extract obtained after centrifuga-
tion (40 min, 40,000 rpm, 4 °C) was incubated for 15 min at
65 °C as the first purification step. After removal of the aggre-
gated proteins (15 min, 40,000 rpm, 4 °C), the supernatant solu-
tion was dialyzed against 20 mM Tris-HCl, pH 7.5; applied to a
Q-Sepharose column in the same buffer; and eluted with a lin-
ear NaCl gradient of 0 –1 M in Tris 20 mM, pH7.5. Fractions
containing ferritin, identified by Coomassie Brilliant Blue stain-
ing of SDS-PAGE gels, were combined and further purified by
size exclusion chromatography using a Superdex 200 HiLoad
16/60 column. All variants had wild-type elution patterns.

Stopped-flow Kinetics—Single-turnover catalysis (48 Fe2�

ions per ferritin cage, two Fe2� ions per subunit), in R. catesbei-
ana H� ferritin, wild type or with amino acid substitutions, was
monitored as the change in A650 nm (DFP) or A350 nm (DFO(H))
after rapid mixing (less than 10 ms) of equal volumes of 100 �M

protein subunits (4.16 �M protein cages) in 200 mM MOPS, 200
mM NaCl, pH 7.0, with freshly prepared solutions of 200 �M

ferrous sulfate in 1 mM HCl in a UV-visible stopped-flow spec-
trophotometer (SX.18MV stopped-flow reaction analyzer,
Applied Photophysics, Leatherhead, UK). Routinely, 4000 data
points were collected during the first 10 s. Initial rates of DFP
and DFO(H) species formation were determined from the lin-
ear fitting of the initial phases of the 650- and 350-nm traces
(0.01– 0.03 s). The reaction progress at a high iron:protein ratio
was followed after the addition of 20 Fe2� ions per subunit as
the change of A350 nm using rapid mixing (less than 10 ms) of 50
�M protein subunits (2.08 �M protein cages) in 200 mM MOPS,
200 mM NaCl, pH 7.0, with an equal volume of freshly prepared
1 mM ferrous sulfate in 1 mM HCl; the same UV-visible stopped-
flow spectrophotometer was used, and 4000 data points were
routinely collected in 1000 s (44, 45). Rates of DFO(H) miner-
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alization were calculated from the linear fitting of the initial
phases of the 350-nm traces.
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corresponding longitudinal Z-axis. 
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layer of Fe2+ as a function of Z-coordinate. 

Figure S4. Wild-type vs C126A iron-uptake rate, single turnover reaction. Kinetics of 

intermediate and products formation in WT and C126A ferritin by rapid-mixing, UV–vis 

spectroscopy following the addition of 2 Fe2+ /subunit. 

Figure S5.  Wild-type vs C126A reaction progress at high iron:protein ratio. Kinetics of 

products formation in WT and C126A ferritin by rapid-mixing, UV–vis spectroscopy at high 

iron:protein ratio (20 Fe2+ /subunit). 

 

  



 
 
 
Table S1: Summary of simulated ferritin channel models 

Model Description Time (ns) 
C3WT* Wild type C3 channel 100 
C3SM* Single mutant C3 (E130A) 100 
C3TM Triple mutant C3  (D127A,E130A,S131A) 100 
C4WT Wild type C4 channel  100 
C4TM Triple mutant C4 (M161D,L165D,H169D) 100 
 

*Simulated both in the presence and absence of Fe2+ ions in the channel 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 
 

 
 
 
 
 
 
Figure S1. C3 and C4 ferritin channels. Pictorial representations of the channel radius estimation 

and transition coordinate for PMF profile. The reference point (i.e., Z=0) in C3 systems was set to 

the Cα centroid of C126 and in C4 systems was set to the Cα centroid of L165. 

 

 

 

 

 

 

 

  



 

 

Figure S2. C3 channel radius analysis. Ferritin channel radius as a function of Z-coordinate 

issuing from the C3WT and C3SM simulations, in presence (red) and absence (black) of Fe2+ ions. 

Filled circles show the average positions of Fe2+ ions during the MD simulation.  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure S3. Water coordination around Fe2+. Water coordination number in the first hydration 

layer of Fe2+ as a function of Z-coordinate, as issuing from C3WT, C3SM and C3TM PMF 

simulations.  

 

 

 

 

  



 
 

 

 

 

 

Figure S4. Wild-type vs C126A iron-uptake rate, single turnover reaction. Kinetics of products 

formation in wild-type (blue) and C126A (red) ferritin by rapid-mixing, UV–vis spectroscopy 

following the addition of 2 Fe2+/subunit. Formation of (A) DFP intermediate (A650 nm) and (B) 

DFO(H) products (A350 nm); the lower panels show enlargements of the first second to highlight the 

likeness in the initial rates. Each graph shows a set of curves (mean±SD) of a representative 

experiment of three.  

 

  



 

 

 

 

Figure S5.  Wild-type vs C126A reaction progress at high iron:protein ratio. Kinetics of 

products formation in wild-type (blue) and C126A (red) ferritin by rapid-mixing, UV–vis 

spectroscopy at high iron:protein ratio (20 Fe2+/subunit; 480 Fe2+/cage) monitored as DFO(H) 

products (A350 nm) formation.  
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