
A mutant light chain ferritin that causes neurodegeneration has
enhanced propensity toward oxidative damage

Martin A. Baraibar1,3, Ana G. Barbeito1,4, Barry B. Muhoberac2, and Ruben Vidal1
1Department of Pathology and Laboratory Medicine, Indiana Alzheimer Disease Center, Indiana
University School of Medicine, Indianapolis, IN, 46202, USA
2Department of Chemistry & Chemical Biology, Indiana University-Purdue University Indianapolis,
Indianapolis, IN, 46202, USA

Abstract
Intracellular inclusion bodies (IBs) containing ferritin and iron accumulation are hallmarks of
hereditary ferritinopathy (HF). This neurodegenerative disease is caused by mutations in the
coding sequence of the ferritin light chain (FTL) gene that generate FTL polypeptides with a C-
terminus that is altered in amino acid sequence and length. Previous studies of ferritin formed with
p.Phe167SerfsX26 mutant FTL (Mt-FTL) subunits found disordered 4-fold pores, iron
mishandling, and pro-aggregative behavior, as well as a general increase in cellular oxidative
stress when expressed in vivo. Herein we demonstrate that Mt-FTL is also a target of iron-
catalyzed oxidative damage in vitro and in vivo. Incubation of recombinant Mt-FTL ferritin with
physiological concentrations of iron and ascorbate resulted in shell structural disruption and
polypeptide cleavage not seen with the wild type, as well as a 2.5-fold increase in carbonyl group
formation. However, Mt-FTL shell disruption and polypeptide cleavage were completely inhibited
by addition of the radical trap 5,5-dimethyl-1-pyrroline N-oxide. These results indicate an
enhanced propensity of Mt-FTL toward free radical-induced, oxidative damage in vitro. We also
found evidence of extensive carbonylation in IBs from a patient with HF together with isolation of
a C-terminal Mt-FTL fragment, which are both indicative of oxidative ferritin damage in vivo.
Our data demonstrate an enhanced propensity of mutant ferritin to undergo iron-catalyzed,
oxidative damage and support this as a mechanism causing disruption of ferritin structure and iron
mishandling that contributes to the pathology of HF.
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INTRODUCTION
Iron is the most abundant transition metal in biological systems. The ability of iron to
change its oxidation state and reduction potential through ligand binding enables it to serve
multifunctional roles. However, the same physiochemical properties that allow iron to be
crucial to many fundamental cellular reactions also may involve it in destructive
modification of proteins (1). Specifically, Fenton- and Haber-Weiss-type reactions generate
reactive oxygen species (ROS), which attack proteins and cause them to undergo iron-
catalyzed, oxidative damage. The hydroxyl radical (HO•), superoxide radical anion (O2•−),
and hydrogen peroxide (H2O2) can all be produced in aqueous solutions of iron salts (2, 3),
depending on the absence, presence and identity of chelating ligands. Even metalloenzymes
that normally perform redox reactions can “misfire” producing ROS. Virtually all amino
acids are potential targets for such damage, but due to high reactivity, the HO• reacts mainly
near the iron binding sites of proteins where it is generated (4). Iron-catalyzed, oxidative
damage can result in carbonylated amino acid side chains, cleavage of the protein peptide
bond, and even covalent crosslinking (5, 6), of which any of these could diminish protein
function. Carbonylation and crossinking could, if sufficient, also hinder protein clearance
and cause cellular accumulation (7, 8). In addition, the hydroxyl radical-generating system
of iron and ascorbate has been used as a site-specific probe of iron binding to proteins
through polypeptide cleavage near the binding site by causing formation of polypeptide
fragments of predictable lengths. The finding of oxidative damage to proteins by reactive
ROS in many neurodegenerative diseases such as Alzheimer disease (AD), Parkinson
disease (PD) and Huntington disease (HD) has led to the hypothesis that oxidative stress
plays a major role in the pathogenesis of these diseases (9–15).

Most of the iron found in living organisms is tightly complexed to proteins. Ferritin, the
main intracellular iron storage protein, plays a central role in cellular iron metabolism (16).
It is considered also part of the cellular antioxidant response due to its ability to store and
transform potentially toxic ferrous (Fe(II)) iron into a bioavailable but non-toxic ferric
(Fe(III)) form. Mammalian ferritin is a 24-mer heteropolymer (~480 kDa) that forms a
spherical shell composed of two subunit types originating from ferritin light chain (FTL) and
heavy chain (FTH1) polypeptides. Although close to identical in overall conformation, both
subunit types have only an ~50% sequence homology and show diverse functional roles.
The FTH1 subunit (~21 kDa) has the ferroxidase active site which catalyzes the oxidation of
Fe(II) to Fe(III), whereas the FTL subunit (~20 kDa) plays an important role in iron
nucleation to form the Fe(III) oxy core and in protein stability (16). The two ferritin
polypeptides are folded into a bundle of 4 long parallel α helices (A, B, C, D) and a short C-
terminal α helix (E). In the 24-mer the subunits are structurally related by 4-, 3-, and 2-fold
symmetry axes and pack tightly together except at the 3-and 4-fold axes where there are
small pores traversing the shell, with the C-terminal helix (helix E) outlining the 4-fold pore.
Because of the conformational equivalence, the FTL and FTH1 subunits can combine at
different ratios preserving the 3-dimensional structure of the 24-mer and offering the
possibility of regulating independently the iron storage capacity and the number of catalytic
sites (16–21).

Nucleotide duplications in exon 4 of the FTL gene (22–27) are associated with a fatal
autosomal dominant neurodegenerative disease named Neuroferritinopathy (22) or
hereditary ferritinopathy (HF) (23, 24, 28). HF affects the central nervous system (CNS)
presenting clinically as an extra-pyramidal movement disorder accompanied by cognitive
and behavioral disturbances which start between the third and sixth decade of life.
Neuropathologically, the disease is characterized by the presence of intracellular ferritin
inclusion bodies (IBs) and iron accumulation in glia and neurons throughout the CNS and
also in other organ systems such as liver, kidney and skin (23, 24). Thus far, all known
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nucleotide duplications in the FTL gene give rise to the generation of FTL polypeptides that
are altered in length and amino acid C-terminal sequence to different extents depending on
the specific mutation (28, 29).

We previously presented structural and functional studies on ferritin containing the mutant
FTL p.Phe167SerfsX26 (Mt-FTL) polypeptide derived from the FTL(498–499)InsTC (c.
497_498dupTC) mutation (30–32), in which the last 9 amino acids of the wild-type FTL
(Wt-FTL) polypeptide (FERLTLKHD) are replaced by an unrelated sequence of 25 residues
(SSKGSLSSTTKSLLSPATSEGPLAK). Mt-FTL subunits lack the C-terminal E-helix,
which causes severe disordering of ferritin 4-fold pores (31), leading to iron mishandling
and enhanced iron-mediated aggregation of the ferritin 24-mer in vitro (30–32). Transgenic
mice expressing the p.Phe167SerfsX26 mutant polypeptide exhibit several pathological
features of HF, including the presence of ferritin-containing IBs in neurons and glia in the
CNS, and in cells of other organ systems (33). The mouse model also shows abnormal iron
metabolism and increased oxidative stress leading to a general increase in protein oxidative
damage, which can also be observed independently in a study of fibroblasts derived from a
patient with HF (34, 35).

Here, we describe for the first time the increased 24-mer shell disruption, polypeptide
cleavage, and carbonylation of Mt- versus Wt-FTL recombinant ferritins caused by addition
of physiological concentrations of iron and ascorbate. This study differs from those
previously done on Mt-FTL by employing very low iron concentrations and the redox
cycling of iron by reductant. Oxidative damage was prevented by the addition of the free
radical trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO), which implies iron-catalyzed,
radical formation as the causative mechanism disrupting mutant ferritin structure and
function. The significance of these in vitro observations is enhanced by finding extensive
protein carbonylation in ferritin IBs from a HF patient, as well as the isolation of an ~14k
Da C-terminal Mt-FTL fragment from the IBs. Taken together, our data strongly support
iron-catalyzed oxidation of mutant ferritin leading to irreversible structural damage and iron
mishandling as a contributing factor to the pathology of HF.

MATERIALS AND METHODS
Recombinant ferritin

Wt- and Mt-FTL polypeptides were expressed in E. Coli, purified, and assembled into
ferritin homopolymers (24-mers) as we described previously (30). Protein concentration was
determined using the BCA reagent (Pierce) with bovine serum albumin (BSA) as standard.
For iron removal, recombinant homopolymers were incubated with 1% thioglycollic acid,
pH 5.5, and 2,2'-bipyridine as previously described (30, 36). Homopolymers (5 mg/ml) were
dissolved in 100 mM Hepes buffer (pH 7.4) that was treated with Chelex ion exchange resin
(Bio-Rad) to remove transition metals usually found in aqueous buffer as contaminants.

Fe/Asc-treatment of recombinant ferritin
Recombinant Wt- and Mt-FTL apoferritin homopolymers (0.5 µM) were separately
incubated in 100 mM Hepes buffer (pH 7.4) with freshly prepared 2 mM ascorbate and
ferrous ammonium sulphate (2, 4, 6 and 8 µM) previously diluted in 10 mM HCl. When
used, high purity DMPO (50 mM) (Alexis) was added to the reaction mixture. Incubation of
these reaction mixtures was performed in the dark at 24°C for 1 h. The iron/ascorbate (Fe/
Asc)-treated homopolymers were then analyzed by native electrophoresis and western
blotting, or used for carbonyl content assays as described below.
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Electrophoresis and western blots
The ferritin reaction mixtures were resolved in 3–8% native gels (Invitrogen) or 4–20%
gradient SDS-PAGE (Pierce). Proteins were stained with SimplyBlue (Invitrogen), or
electro-blotted onto nitrocellulose membranes (Amersham Biosciences). Western blots using
polyclonal antibodies 1283 (Mt-FTL C-terminus) or 1278 (Wt-FTL C-terminus) were
performed as described previously (23, 30). Membranes were then incubated with
peroxidase-conjugated secondary antibodies (1:5000; GE Healthcare) for 1 h. Membranes
were developed using the ECL chemiluminescent detection system (GE Healthcare).

Detection of protein carbonyl formation in recombinant ferritin
After Fe/Asc treatment of ferritin in vitro, protein carbonyl groups were detected by western
blot (37) using the Oxyblot protein oxidation kit (Millipore) according to the manufacturer
instructions. Briefly, samples were derivatized with 2,4-dinitrophenylhydrazine (DNP-H) for
15 min at room temperature. Afterwards, the neutralization solution was added. Samples
were then separated by 4–20% gradient SDS-PAGE (Pierce) and transferred onto
nitrocellulose membranes (Amersham Biosciences). Membranes were blocked for 1 h in 70
mM PBS, 0.1% tween 20, and 5% nonfat dry milk, followed by 1 h incubation with rabbit
anti-dinitrophenyl (anti-DNP) antibodies at 1:200. After washing, membranes were
incubated with peroxidase-conjugated secondary antibody (GE Healthcare) for 1 h, washed,
and developed using the ECL chemiluminescent detection system.

Protein carbonyl quantification in recombinant ferritin
Protein carbonyl concentration was measured by ELISA as described previously (38), using
a commercial kit (Biocell) following the manufacturer instructions. Briefly, after Fe/Asc
treatment and derivatization as described above, 3 µg of Wt- and Mt-FTL homopolymers
were diluted in 300 µl of buffer containing 10 mM sodium carbonate and 150 mM NaCl (pH
9.0). Samples were adsorbed to Nunc Immuno Maxisorp Plates overnight. Wells were
blocked with the diluted blocking solution (200 µl/well) for 2 h at room temperature. The
diluted anti-DNP-biotin-antibody solution (200 µl per well) was added and incubated for 1 h
at 37°C. After washing, 200 µl of the solution containing streptavidin-horseradish
peroxidase was added and incubated for an additional hour at room temperature. After
extensive washing, 200 µl per well of the chromatin reagent was added. After 10 min, the
reaction was stopped with 100 µl of the stopping reagent and absorbance was recorded at
450 nm using a BioTek EL800 microplate reader (BioTek Instruments, Inc). The assay was
repeated three times for each iron concentration. A six-point standard curve assayed in
triplicate of reduced and oxidized BSA was included with each plate. A blank for DNP
reagent in PBS without protein was subtracted from all other absorbance values.

Isolation of ferritin IBs from brain
Inclusion bodies were isolated from post-mortem tissue from an individual with HF as
described previously (23). Briefly, fresh frozen samples from the putamen were dissected,
minced into 1 to 3 mm pieces and placed in Dulbecco’s PBS (D-PBS; Sigma) and protease
inhibitors (Complete; Roche Molecular Biochemical) on ice. Tissue was then washed by re-
suspension in D-PBS and clarified by centrifugation. The soluble material was stored as
soluble fraction. The insoluble material was re-suspended and digested with collagenase and
DNase I. After digestion, the insoluble undigested material was subjected to 3 cycles of
detergent wash. The insoluble material was then solubilized in formic acid, centrifuged, and
the supernatant dried under nitrogen gas to form the insoluble fraction.
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Carbonyl detection in brain
Carbonyl detection was performed on paraffin-embedded sections of a patient with HF (23)
as described previously (39). Briefly, brain sections were sequentially deparaffinized in
xylene and rehydrated in descending ethanol, followed by blocking of endogenous
peroxidase. For DNP labeling, sections were incubated with 0.1% DNP-H (Sigma) in 2 N
HCl for 1 h at room temperature. Sections were rinsed in buffer containing 50 mM Tris-HCl
and 150 mM NaCl (pH 7.6) (TBS), followed by blocking of non-specific binding sites for 1
h at room temperature in 10% normal goat serum (NGS) in TBS. After rinsing, sections
were incubated with monoclonal antibody (LO-DNP-2; Zymed) against dinitrophenyl
dinitrophenol (1:100) in 1% NGS/TBS for 16 h at 4°C. Sections were then rinsed with 1%
NGS/TBS followed by detection using a secondary biotinylated goat anti-rat antibody and
streptavidin–horseradish peroxidase (BD Biosciences). Development of the sections was
directly monitored under an ×10 objective. Slides were counter-stained with hematoxylin
and images were captured by a digital camera coupled to a Leica DM4000B microscope
(Leica Microsystems). The specificity of the antibodies was verified by omitting the DNP-H
incubation step.

RESULTS
Enhanced Fe/Asc-mediated shell disruption and polypeptide cleavage of recombinant
mutant ferritin

Because ferritin that contain Mt-FTL subunits has a reduced ability to incorporate and
nucleate iron relative to the corresponding wild type (30–32), we determined whether
addition of iron and ascorbate together could catalyze oxidative modification of Mt-FTL.
The Fe/Asc treatment led to a significant decrease in the amount of 24-mers Mt-FTL
homopolymers as observed by native electrophoresis in an iron concentration-dependent
manner (Fig. 1A). No significant change in the amount of 24-mers of Mt-FTL
homopolymers was observed when the protein was incubated with iron or ascorbate
separately. Furthermore, Wt-FTL homopolymers did not show any significant change in the
amount of 24-mers when incubated under the same conditions as the mutant (Fig. 1B). In
addition to the band corresponding to 24-mers, native gels also showed a lower band,
apparently originating from the disrupted 24-mer shells, that correlated with increasing iron
concentration with Mt-FTL (Fig. 1A, arrow) but not with Wt-FTL homopolymers (Fig. 1B).
When the experiment was repeated under identical conditions and proteins were examined
on SDS-PAGE, we observed along with the full-length Mt-FTL polypeptide (~21 kDa), the
presence of C-terminal fragments of ~14 and ~6 kDa (Fig. 1C, arrowheads). An additional
band was also seen at ~27 kDa (Fig. 1C) suggesting covalent crosslinking between full-
length Mt-FTL polypeptides (~21 kDa) and fragments of ~6 kDa. In agreement with the
results shown in Fig. 1B, no fragments were observed when Wt-FTL homopolymers were
analyzed under identical conditions on SDS-PAGE (Fig. 1D). The ~ 40 kDa band seen with
SDS-PAGE in Fig 1C is often found in purified Mt-FTL homopolymer preparations and can
be attributed to a dimeric form of the polypeptide (23).

Radical trap prevents shell disruption and polypeptide cleavage of recombinant mutant
ferrtin

The nitroxide radical trap DMPO can trap both hydroxyl and protein free radicals in vitro
and in vivo (40), thus preventing or at least localizing overall protein oxidative damage. We
have previously shown that systemic administration of DMPO to FTL-transgenic mice leads
to the generation of DMPO adducts associated with ferritin IBs (34). Addition of DMPO to
the Fe/Asc-containing reaction mixture completely prevented Mt-FTL 24-mer shell
disruption and polypeptide cleavage at all iron concentrations used previously, as revealed
by non-denaturing electrophoresis (Fig. 2A) and SDS PAGE (Fig. 2B). The denaturing gel
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showed bands corresponding to monomers (~21 kDa) and dimers (~42 kDa) of Mt-FTL
subunits (Fig. 2B), but no bands of lower molecular weight fragments as were observed
when DMPO was absent (Fig. 1C).

Enhanced Fe/Asc-mediated carbonyl formation in recombinant mutant ferritin
Carbonylation of recombinant Wt- and Mt-FTL homopolymers was examined to determine
any difference in propensity for iron-catalyzed oxidation by exposure to iron with ascorbate.
Quantitative analysis of protein carbonylation by ELISA showed a statically significant,
iron-dependent increase in carbonyl group formation in recombinant Mt-FTL homopolymers
compared to Wt-FTL homopolymers (Fig. 3A). Analysis of the samples by western blot
after SDS-PAGE showed strong immunoreactivity against carbonylated residues in the Mt-
FTL full-length polypeptide (~21 kDa) and a C-terminal fragment of ~14 kDa (Fig. 3B)
compared to a weak immunoreactive signal in full-length Wt-FTL (not shown), localizing
more specifically the enhanced propensity in the mutant.

Carbonylation and polypeptide cleavage in ferritin IBs from HF brain
The presence of oxidative damage in Mt-FTL in vivo was assessed by
immunohistochemistry. No immunostaining was observed when the tissue was not labeled
with DNP (Fig. 4A). Carbonyl group immunopositivity was observed in ferritin IBs after
labeling with DNP (Fig. 4B, arrows). To further characterize ferritin aggregates, IBs were
isolated as previously described (23, 33), purified into soluble and insoluble fractions, run
on SDS-PAGE, and blotted against an antibody specific for the C-terminus of Mt-FTL (23).
While both soluble and insoluble fractions contained full-length Mt-FTL polypeptide (~21
kDa), only the insoluble fraction showed the presence of a Mt-FTL C-terminal fragment of
~14 kDa (Fig. 4C, arrow). An ~14 kDa C-terminal polypeptide was also observed with Fe/
Asc treatment of recombinant Mt-FTL homopolymers as described above.

DISCUSSON
Hereditary ferritinopathy is caused by expression of a mutant form of the FTL polypeptide
and is characterized pathologically by accumulation of iron and formation of intracellular
IBs containing ferritin (29). Proper cellular iron handling and storage, which includes the
controlled oxidation of Fe(II), is the role of ferritin itself and any misfunction may cause
iron mishandling, which can lead to pathological consequences. Ferritin that contains the
Mt-FTL subunit is unable to appropriately sequester and store iron in vitro and apparently
also in vivo as evident by increased levels of iron in brain from Mt-FTL transgenic mice
(34) and fibroblasts from a patient with HF (35). Previously we had proposed that in HF,
this altered iron metabolism caused a compensatory over-production of ferritin polypeptides,
which contributed to the formation of ferritin aggregates sequestered into IBs (28).
Biochemical analysis of IBs and the use of antibodies raised to detect specifically the C-
terminus of mutant and wild type FTL, demonstrated that IBs contain all three ferritin
polypeptides (Mt-FTL, Wt-FTL and FTH1) (23), both in patients with HF and in a
transgenic model (23, 33) implying involvement further than just that of the mutant
polypeptide. The enhanced aggregation and precipitation of ferritin 24-mers that contained
Mt-FTL over those with Wt-FTL subunits was demonstrated previously in vitro under
routine iron-loading conditions using Fe (II) of ~1 mM concentration without additional
added reductant, and such studies were explained by aggregation of ferritin 24-mers through
iron bridging of mutant, unraveled C-termini (30). Considering both the overproduction of
ferritin and increased iron levels in HF, this mechanism is consistent with a process
contributing to the formation of IBs. However, other mechanisms proceeding in parallel may
also contribute to IB formation and ferritin loss of function.
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The current study examined differences in behavior between mutant and wild type
recombinant ferritins, but under the substantially different reaction conditions of low
micromolar iron concentrations and excess available reductant. The iron concentrations
chosen were low physiological (41) and the ascorbate concentration was slightly below the
average of that in the brain (42). Our work clearly uncovered an enhanced propensity of Mt-
FTL over Wt-FTL homopolymers toward iron-catalyzed damage in the form of 24-mer shell
disruption, carbonyl formation, polypeptide cleavage, and some covalent crosslinking. These
forms of damage are self-consistent in that protein charge change and decreased motional
constraints during carbonylation and polypeptide cleavage are expected to contribute to
protein structural disruption. The observed shell disruption of Mt-FTL and not Wt-FTL
homopolymers is significant in that this clearly can lead to dysfunctional iron storage, but it
is also surprising in that the ferritin 24-mer is in general a very stable structure and tolerant
to perturbations such as denaturant exposure, high temperature, and even minor proteolysis
(30). Furthermore the FTL subunit is designed to aid in overall ferritin 24-mer stability and
to protect ferritin from the aforementioned iron loading-induced aggregation (30), and it is
the FTH1 subunit that is generally found to be susceptible to backbone cleavage during
turnover (43). These factors amplify the negative cellular consequences of Mt-FTL subunit
overproduction and incorporation into the ferritin 24-mers. Importantly, addition of the
radical trap DMPO to the Fe/Asc reaction mixture prevented completely the Mt-FTL
homopolymers from undergoing shell disruption and polypeptide cleavage, which directly
implicates iron-catalyzed, radical generation as the causative agent for ferritin damage.
Specifically, DMPO is a well-known nitroxide spin trap that reacts with a variety of radicals
like HO• in solution preventing them from reacting and modifying protein (44).
Furthermore, radicals that have been transferred to the protein form DMPO–protein radical
adducts preventing polypeptide cleavage and crosslinking. Prevention of shell collapse and
polypeptide cleavage by DMPO is consistent with its action as a radical trap both of HO• in
solution and of protein-based radicals. The latter is in agreement with our previous in vivo
data showing the presence of trapped radicals after systemic administration of DMPO to Mt-
FTL transgenic mice (34). Here, ferritin-DMPO adducts were localized in inclusions as
judged by immunohistochemistry and were detected on western blots after
immunoprecipitation of adducts from tissue samples (34).

The current study employed iron concentrations sub-stoichiometric to the number of ferritin
subunits. Under these conditions, iron should associate with a limited number of tight-
binding protein sites, which could in principle be on the ferritin shell outer surface or the
interior. Radical generation and damage should favor specific sites of iron association that
are accessible both to iron and the more bulky ascorbate. Each ferritin subunit contains two
helices (B and D) that face toward the interior of the shell with a portion of the latter
forming the interior of the 3-fold pore, and metal binding is known to occur on sites along
both of these helices in FTL by X-ray diffraction (45). The iron nucleation site is located on
the B helix (approximately residue 60) of each FTL subunit and is composed of 4 glutamic
acid residues containing carboxylic acids, which are strong iron binders (46). Formation of
HO• and polypeptide cleavage at the nucleation site residues would result in an ~14 kDa C-
terminal fragment as we observed by SDS PAGE. The observed ~6 kDa C-terminal
fragment could result from HO• diffusion to and cleavage in the D helix at a site in close
proximity to the nucleation site (approximately residue 140), or it could result by direct iron
binding to carboxylic acids, HO• generation, and cleavage near residue 140, because of the
three carboxylic acid residues in a row there. Alternatively, there are pore and shell
carboxylic acids between residues 130 and 140 on the D helix that could serve as iron
binding sites for HO• generation. In any case, the length of both observed ferritin fragments
can be accounted for by iron binding to the Mt-FTL homopolymer at known metal binding
sites. Polypeptide cleavage at these sites with Mt-FTL but not Wt-FTL homopolymers is
also consistent with more restricted access by ascorbate to the shell interior with Wt-FTL
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homopolymers, but less restriction with the mutant. Here the disordered Mt-FTL 4-fold
pores would allow ascorbate into the shell interior to redox cycle the iron and freely generate
HO• in contrast to the pores of Wt-FTL, which are relatively small, i.e., ~2 Å for the 4-fold
and ~3.4 Å for the 3-fold pores (47). Since the potential cleavage site(s) is located N-
terminus from the altered C-terminus of Mt-FTL polypeptides, we hypothesize that
polypeptide cleavage may occur in all mutant forms of FTL associated with HF and may
play a role in the pathogenesis of HF (29).

The finding of enhanced propensity for Mt-FTL homopolymers to undergo iron-catalyzed,
oxidative damage suggested that similar results might be found in IBs from HF brain.
Increased levels of protein carbonyls have been found with many neurodegenerative
diseases such as AD and PD, and often correlate well with the progression of the disease (9–
11, 44, 48–50). We found that the IBs from human HF brain exhibited extensive
carbonylation in agreement with our in vitro Mt-FTL results. Our data support our previous
finding of extensive protein oxidation in the brain of Mt-FTL transgenic mice (34). These
data are significant for the pathogenesis of HF because highly carbonylated proteins are
more resistant to proteolytic degradation by the ubiquitin-proteasome system (51, 52) and
likely to accumulate. In addition, an ~14 kDa C-terminal fragment was isolated from the
insoluble fraction purified from IBs from the HF patient paralleling the C-terminal cleavage
product produced from Mt-FTL homopolymers with Fe/Asc treatment. Our in vitro and in
vivo results when taken together suggest that IBs contain in part iron catalyzed, oxidatively
damaged mutant ferritin from the structurally disrupted shells and cleavage fragments
characterized here, in addition to aggregated shells caused by iron bridging of the C-termini,
as described earlier (23, 30).

In conclusion, we have (1) demonstrated an enhanced propensity for Mt-FTL homopolymers
to undergo iron-catalyzed, oxidative damage from exposure to low concentrations of iron
(with ascorbate), (2) found markers for oxidative damage in HF brain, and (3) identified a
Mt-FTL ~14 kDa C-terminal fragment both in vitro with Fe/Asc-treated recombinant
ferritin, and in vivo from IBs from a HF patient. Apparently, Mt-FTL is highly vulnerable to
iron-catalyzed oxidation at physiological concentrations of iron, leading to shell disruption
and carbonylation, and thus to both the inability to appropriately store iron and the
production of modified protein, which is in general difficult to clear. These molecular level
insights into the pathogenesis of HF may provide important clues into the role of ferritin and
iron in more common neurodegenerative diseases such as AD, PD and HD and may increase
our knowledge of the cellular metabolism of ferritin in the brain in health and disease.

Highlights

Mutations in ferritin light chain gene make the molecule susceptible to oxidation

The oxidation of mutant ferritin causes loss of ferritin structure

Iron-catalyzed oxidation of mutant ferritin causes polypeptide cleavage

Oxidative modifications may contribute inclusion body formation and neuropathology

Oxidative damage of mutant ferritin is a novel pathogenic mechanism in ferritinopathy
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ABBREVIATIONS
The abbreviations used are:

ROS reactive oxygen species

AD Alzheimer disease

PD Parkinson disease

HD Huntington disease

FTL ferritin light chain

FTH1 ferritin heavy chain

Wt-FTL wild–type ferritin light chain

Mt-FTL mutant ferritin light chain

CNS central nervous system

IBs inclusion bodies

DMPO 5,5-dimethyl-1-pyrroline N-oxide

BSA bovine serum albumin

DNP-H 2,4-dinitrophenylhydrazine

DNP dinotrophenyl

TBS Tris-buffered saline

NGS normal goat serum

Fe/Asc iron and ascorbate.
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Figure 1. Shell disruption and polypeptide cleavage of recombinant Mt-FTL homopolymers in
the presence of iron and ascorbate
Wt- and Mt-FTL apoferritin homopolymers (0.5 µM) were incubated with increasing
concentrations of ferrous ammonium sulphate (2, 4, 6 and 8 µM) in Hepes buffer (100 mM,
pH 7) in the presence of ascorbate (2 mM) for 1 h in the dark at 24°C. Homopolymers (0.5
µM) were also incubated with iron (8 µM) but without ascorbate (lane 1), and with ascorbate
(2 mM) without iron (lane 2). Native-PAGE of Mt-FTL (A) and Wt-FTL (B) homopolymers
stained with Coomasie blue. Western blot analysis of Mt-FTL homopolymers (C) and Wt-
FTL homopolymers (D) after SDS-PAGE using an antibody specific for the C-terminus of
Mt-and Wt-FTL (23).
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Figure 2. Prevention of shell disruption and polypeptide cleavage of recombinant Mt- FTL
homopolymers by DMPO
Mt-FTL apoferritin homopolymers (0.5 µM) were incubated with increasing concentrations
of iron (2, 4, 6 and 8 µM) in the presence of ascorbate (2 mM) and DMPO (50 mM).
Samples were electrophoresed with native PAGE and stained with Coomasie blue (A) or in
SDS-PAGE and blotted using an antibody specific for the C-terminus of Mt-FTL (B).
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Figure 3. Protein carbonyl group formation in recombinant ferritin by treatment with iron and
ascorbate
Wt- and Mt-FTL apoferritin homopolymers (0.5 µM) were incubated with increasing
concentrations of iron (0, 1, 2, and 4 µM) in the presence of ascorbate (2 mM) and then
derivatized with DNP-H. Carbonyl content was quantified by ELISA. Asterisks indicate
statistically significant differences (p<0.05) between Mt- and Wt-FTL carbonyls content
(A). Carbonyl groups were detected on Mt-FTL samples by western blot after SDS-PAGE
using an antibody specific for DNP As controls, recombinant ferritins were incubated with
iron (4 uM) and ascorbate (2 mM) but not treated with DNPH (lane 1) (B).
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Figure 4. Protein carbonylation and Mt-FTL polypeptide cleavage in IBs from a HF patient
carrying the c.497_498dupTC mutation
Immunohistochemistry for carbonyl group detection was performed in post-mortem brain
tissue from a patient with HF, in which sections were not treated (A) or treated (B) with
DNP-H. Carbonyl immunoreactivity was found co-localized with ferritin IBs (arrows). Bar:
25 µm. Western blot analysis (C) after SDS-PAGE of insoluble (lane 1) and soluble (lane 2)
fractions obtained from IBs isolated from the putamen of the same patient blotted using an
antibody specific for the C-terminus of Mt-FTL (23). The arrow indicates the presence of an
~14 kDa Mt-FTL C-terminal fragment visible only in the insoluble fraction.
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