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Mutations in the coding sequence of the ferritin light chain
(FTL) gene cause a neurodegenerative disease known as neuro-
ferritinopathy or hereditary ferritinopathy, which is charac-
terized by the presence of intracellular inclusion bodies con-
taining the mutant FTL polypeptide and by abnormal
accumulation of iron in the brain. Here, we describe the x-ray
crystallographic structure and report functional studies of
ferritin homopolymers formed from the mutant FTL polypep-
tide p.Phe167SerfsX26, which has a C terminus that is altered in
amino acid sequence and length. The structure was determined
and refined to 2.85 Å resolution and was very similar to the wild
type between residues Ile-5 and Arg-154. However, instead of
the E-helices normally present inwild type ferritin, theC-termi-
nal sequences of all 24 mutant subunits showed substantial
amounts of disorder, leading to multiple C-terminal polypep-
tide conformations and a large disruption of the normally tiny
4-fold axis pores. Functional studies underscored the impor-
tance of the mutant C-terminal sequence in iron-induced pre-
cipitation and revealed ironmishandling by solublemutant FTL
homopolymers in that only wild type incorporated iron when in
direct competition in solution with mutant ferritin. Even with-
out competition, the amount of iron incorporation over the first
few minutes differed severalfold. Our data suggest that disrup-
tion at the 4-fold pores may lead to direct iron mishandling
through attenuated iron incorporation by the soluble form of
mutant ferritin and that the disorderedC-terminal polypeptides
may play a major role in iron-induced precipitation and forma-
tion of ferritin inclusion bodies in hereditary ferritinopathy.

In humans, nucleotide insertions in the coding sequence of
the ferritin light chain (FTL)4 gene (1–6) are associated with an
autosomal dominant neurodegenerative disease named neuro-
ferritinopathy (1) or hereditary ferritinopathy (HF) (2, 7). Clin-
ically, HF is characterized by an abnormal involuntary move-
ment disorder and cognitive decline. Neuropathologically, the
disease is characterized by the presence of intracellular ferritin
inclusion bodies and iron accumulation principally in the cen-
tral nervous system (8).With one exception (9), all reportedHF
causing mutations are insertions in exon 4 of the FTL gene
(1–6) that cause a frameshift leading to FTL polypeptides of
increased length and altered C-terminal sequence.
In mammals, ferritin is the main intracellular iron storage

protein and plays an essential role in iron homeostasis as well as
detoxification (10). Different organ systems fine-tune ferritin
function by producing heteropolymers composed of different
ratios of light (FTL) and heavy chain (FTH1) polypeptides (10–
12), which are �50% identical in amino acid sequence and of
similar length. Ferritin heteropolymers are formed from the
self- assembly of FTL and FTH1 subunits into 24-mer spherical
shells ranging from 450 to 500 kDa in mass with an external
diameter of 12 nm and an internal nanocavity of 8 nm. The
latter is the storage location of up to 4,500 iron atoms as a
hydrated ferric oxidemineral core (13, 14), which results from a
combination of protein-based oxidation and inorganic aqueous
iron chemistry. Thus, highly insoluble ferric iron can be stored
and prevented from interacting with other proteins and pep-
tides, as well as from undergoing uncontrolled redox reactions.
FTL and FTH1 subunits consist of a bundle of four parallel

�-helices (A–D), a long extended loop (connecting helices B
and C), and a C terminus with a short �-helix (E), which is
involved in important stabilizing interactions around the 4-fold
symmetry axes (11, 15, 16). Although both subunit types share a
high degree of conformational similarity, they have diverse
functional roles due to particular amino acid sequence differ-
ences; FTL enhances iron nucleation and protein stability,
whereas FTH1 performs ferroxidase activity, which causes the
oxidation of ferrous iron as the first step in the iron nucleation
and mineralization processes (11). Interestingly, homopoly-
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mers composed of FTL subunits alone have iron incorporation
ability, although at a substantially reduced rate from hetero-
polymers containing both FTL and FTH1 subunits (11). The
subunits are structurally related by 4-, 3-, and 2-fold symmetry
axes (4-3-2 symmetry) and pack tightly together except at the 3-
and 4-fold axes where there are narrow pores traversing the
shell. Residues around the eight 3-fold pores are predominantly
hydrophilic and have been proposed as themain entry route for
iron and the sites for ferrous iron oxidation (11). However, the
six 4-fold pores aremainly hydrophobic and smaller; it has been
suggested that they provide an exit pathway for protons during
iron mineralization (17).
We previously presented spectroscopic and biochemical

studies of recombinant mutant FTL homopolymers (24-mer)
assembled from the p.Phe167SerfsX26 polypeptide (Fig. 1),
which has 9 substitutions and a 16-amino acid extension on its
C terminus (18). Here, we present the x-ray crystallographic
structure of homopolymers of the mutant FTL polypeptide at
2.85 Å resolution, as well as further functional studies.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Recombi-
nant Ferritins—Human wild type (WT-FTL) and the
p.Phe167SerfsX26 mutant (MT-FTL) ferritin light chain
polypeptides were expressed and purified as homopolymers
(24-mer) as described previously (18). A stop codon was intro-
duced in codon 167 (Ser) by PCR to generate the p.S167X, a
C-terminally truncated FTL polypeptide (TRUN-FTL). PCR
amplification of a human FTL cDNA was performed using the
upstream primer F1 5�-TGG ATC CAT CGA AGG TCG TAT
GAG CTC CCA GAT T-3� and the downstream primer R2
5�-TTGATGTCTCGAGTTAGAGATACTCGCC-3�. The
cDNA was introduced into the pET-28a(�) expression vector
(Novagen, EMDChemicals Inc.) between the BamHI and XhoI
sites, downstream from and in-framewith the sequence encod-
ing an N-terminal His6 tag. To eliminate the His6 tag (included
in the expression vector), the sequence of the vector was mod-
ified by introducing the recognition sequence for cleavage by
Factor Xa (GE Healthcare) before the coding sequence of the

FTL gene. The construct was con-
firmed by DNA sequencing in both
directions and transformed into
BL21 (DE3) Escherichia coli
(Invitrogen). Expression and purifi-
cation of the truncated homopoly-
mers followed the same procedure
described previously (18). Protein
concentration was determined
using the BCA reagent (Pierce) with
bovine serum albumin as standard.
For iron removal (apoferritin pro-
duction), recombinant ferritin ho-
mopolymers were incubated with
1% thioglycollic acid, pH 5.5, and
2,2�-bipyridine, followed by dialysis
against 0.1 M phosphate buffer, pH
7.4, as described previously (19).
After this procedure, less than five

atoms of iron per ferritin 24-mer were consistently achieved, as
determined by the colorimetric ferrozine-based assay for the
quantification of iron (20).
Crystallization and Structure Determination of Homopoly-

mers of Mutant Ferritin—Crystals of MT-FTL homopolymers
were grown from apoprotein solutions concentrated to 4.5
mg/ml in 0.1 MMES buffer, pH 6.5, and equilibrated with solu-
tions containing the same buffer with 5% of polyethylene glycol
6000 (w/v) and 2% of ethylene glycol (w/v). The crystals grew as
large irregular plates, which diffracted weakly on our home
x-ray source. The diffraction data were collected at the Struc-
tural Biology Center beamline 19-ID located at the Advanced
Photon Source within the Argonne National Laboratory to a
resolution limit of 2.85 Å. The structure was solved through a
combination of automated andmanual molecular replacement
using wild type human FTL homopolymers (24 subunits) as the
search model and the data to 4 Å. The program AMoRe (21)
found three independent 24-mers in the triclinic cell without
difficulty, but additional solutions were not sufficiently sepa-
rated from the initial three for automated placement. This par-
tial model for the asymmetric unit was used to calculate
�A-weighted 2Fo � Fc electron density maps and an additional
three 24-merswere located through direct inspection andman-
ual docking into the resulting electron density in regions where
sufficient volume was available through crystal packing analy-
ses. Consequently, six independent copies of the 24-mer com-
posed the asymmetric unit. After inspection of the initial elec-
tron density maps indicated disordering or large structural
shifts from residue 154 onward, all subunits were truncated at
residue 155until sufficientFo�Fc and 2Fo�Fc electrondensity
was present to build additional residues into the model. All
structural models were refined with the software Crystallogra-
phy and NMR System (CNS) (22) using noncrystallographic
symmetry restraints on all atoms with a weight of 25 kcal/mol
for the first few rounds of refinement and subsequently only on
the main chain atoms with a weight of 10 kcal/mol for residues
6–153 in each subunit during the later rounds of refinement.
The size of this structure required modification of the CNS
source code to accommodate the 144 noncrystallographic sym-

FIGURE 1. Sequence alignment of WT- and MT-FTL (p.Phe167SerfsX26) polypeptides. The five �-helical
domains (A–E) of the WT-FTL subunit are shown above their respective sequences (Protein Data Bank code
2fg4). The MT-FTL polypeptide has a C terminus that is altered in sequence and length starting at residue
Phe-167. The truncated FTL polypeptide p.S167X (TRUN-FTL) has a sequence identical to the WT-FTL polypep-
tide until it terminates at Leu-166 (amino acids 1–166).
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metry operators and the more than 187,000 non-hydrogen
atoms present in the structure. Because of disordering and lack
of well defined electron density at the C termini of the 144
chains, 1 chain terminated at Arg-154, 15 at Leu-155, 14 at
Gly-156, 2 at Gly-157, 14 at Pro-158, 21 at Glu-159, 38 at Ala-
160, 19 at Gly-161, 0 at Leu-162 and Gly-163, 7 at Glu-164, and
13 at Tyr-165. All visualization and rebuilding of the structure
were accomplished using the program Coot (23).
Characterization of the Solubility of Apoferritins with

Increasing Iron Loading—Following routine iron-loading pro-
cedures detailed elsewhere (19, 24, 25), freshly prepared ferrous
ammonium sulfate in 10 mM HCl was aerobically mixed with
either WT-, MT-, or TRUN-FTL apoferritin homopolymers in
0.1 M Hepes buffer, pH 7.4, to produce final concentrations
from 0.5 to 4.0 mM iron and 1 �M homopolymer. The solution
was incubated for 2 h at room temperature and then centri-
fuged at 10,000 � g for 15 min. The supernatants were elec-
trophoresed on nondenaturing 3–8% polyacrylamide gels
(Invitrogen) and stained for protein with Coomassie Blue.
Spectrophotometric Characterization of Initial Iron Incorpo-

ration into Apoferritins—FTL homopolymers in 0.1 M Hepes
buffer, pH 7.0, were aerobically mixed with freshly made fer-
rous ammonium sulfate to produce final concentrations of 1
mM iron and 1 �M homopolymer. Iron incorporation/hydroly-
sis was monitored at room temperature by the increase in
absorption at 310 nm for the first 550 s aftermixing (19, 24, 26).
Ferrous ammonium sulfatemixedwith buffer alonewas used as
a control. Samples were run by triplicates in each experiment.
Statistical analysiswas done usingGraphPadPrismversion 4.03
(GraphPad Software, San Diego).
Direct Competition between WT- and MT-FTL Apoferritins

for Iron Incorporation—Approximately equalmolar amounts of
WT- andMT-FTLhomopolymersweremixed together in 0.1M

Hepes buffer, pH7.0. This solutionwas thenmixedwith ferrous
ammonium sulfate (resulting in final concentrations of 0.1 mM

iron and 0.1 �M homopolymer) and then incubated aerobically
for 30 min at room temperature. After centrifugation at
10,000 � g for 10 min, the supernatants were electrophoresed
on nondenaturing gels and stained for protein with Coomassie
Blue or for iron incorporation with Prussian blue (26, 27).

RESULTS

Crystallographic Structure of Mutant Homopolymers Exhib-
ited a Large but Localized Change—The structure of human
MT-FTL 24-mer apoprotein was solved and refined to 2.85 Å
resolution with good overall stereochemistry. Crystallographic
statistics are reported in Table 1. MT-FTL subunits assembled
into well formed spherical shells (Fig. 2A) of dimension and
shape very similar to theWT-FTL homopolymers. The 4-helix
bundle (helices A–D) was maintained in the mutant with sub-
unit structure very similar to the WT-FTL between residues
Ile-5 and Arg-154 (Fig. 2B). The subunit dimer interfaces, as
well as the dimer-to-dimer contacts, were basically unchanged.
Individual subunits aligned with root mean square deviation
values of 0.4 Å, and whole 24 subunit arrangements aligned
with root mean square values of 0.5 Å for the C� positions of
residues Arg-6 to Leu-152. The only major exception to this
overall structural similarity was in the C terminus. The struc-

ture of the eight 3-fold pores was similar in themutant andwild
type homopolymers. MT-FTL homopolymers exhibited one
bound metal ion, which was tentatively assigned as Ca2�,
within each of the eight pores. Although no metal was added
during crystallization, the factor Xa digestion buffer used dur-
ing the removal of the His tag contained 1 mM CaCl2. Each of
the three pore-forming subunits donated one Asp-128 and one
Glu-131 resulting in a six-coordinate metal site close to the
interior surface of the protein. The Cys-127, which can assume
two conformations through rotation, was rotated away from its
metal binding conformation in the mutant as is found in a sub-
set of the conformations in theWT-FTL (16), and the pore itself
was slightly broader in themutant than the wild type. Although
the residues of the metal nucleation site were evident, the
assignment of nearby electron density to bound metal versus
water was unclear and left unassigned.
The N termini and most notably the C termini of the MT-

FTL homopolymer subunits differed markedly in structure
from the wild type. Importantly, the E-helices, which form the
4-fold pores, were not observed in the electron density map in
all subunits of themutant. In addition, the path of residues from
Leu-155 throughTyr-165 differed considerably from that of the
wild type when it was observed. For example, in one mutant
pore the short loops connecting the ends of the D-helices and
the beginning of the E-helices in thewild typewere shifted�90°
in the mutant (Fig. 2C). Residues Gly-156 to Lys-191 were gen-
erally disordered with approximately half of the 144 character-
ized subunits exhibiting interpretable electron density data up
to residue Glu-159. Several subunits only provided interpreta-
ble electron density data up to residue Leu-155, although others
continued on to Tyr-165. This structural rearrangement can be
seen with the wild type C-terminal E-helix (blue) and three
examples of the visible portions of the C termini from different
mutant subunits (Fig. 2B). The D-helix remained unchanged in
structure and position, even in those subunits in which inter-
pretable electron density data ended at Leu-155, just 1 residue
from the end of the D-helix. After Tyr-165, the last 26 amino
acids remained unaccounted for crystallographically in all 144
subunits, and thus mutant C termini were longer than repre-
sented by Fig. 2B. We observed remarkable disruption and var-

TABLE 1
X-ray diffraction data and refinement statistics

Data collection
Space group P1 (triclinic)
Cell dimensions a � 212 Å, b � 234 Å, c � 250 Å

� � 95°, � � 115°, � � 115°
Resolution 50.0-2.85 Å
Total observations 1,993,627
Unique reflections 846,572
Completeness 94.2% (62.9%)a
�I�/��i� 9.7 (1.9)a
Rmerge 0.080 (0.32)a

Refinement
Rfree/Rwork 0.291/0.249 (0.47/0.42)a
Average main chain NCSb
r.m.s.d.b (residues 9–158) 0.25 Å
r.m.s.d. ideal bonds 0.008 Å
r.m.s.d. ideal angles 1.20 Å
Protein atoms in model 184,525
Bound metal ions 48
Bound water molecules 2745

a Values in parentheses are for the highest resolution shell (2.95-2.85 Å).
b NCS is noncrystallographic symmetry; r.m.s.d. is root mean square deviation.
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iability at the 4-fold pores, which can be appreciated with a
10-Å thick slice through four of the six 4-fold pores of the wild
type andmutant (Fig. 3,A andB).Whereas the pores are narrow
and densely packed in the wild type, they were of variable struc-
ture and size in the mutant. Such disruption and variability
were not generally evident throughout the mutant as made
clear by a slice sampling the spherical structure perpendicular
to the 3-fold axis (Fig. 3,C andD). This 4-fold pore variability is
further accentuated by the differential positioning of the C-ter-
minal polypeptides in different subunits of themutant (Fig. 2B).
As a consequence of the structural changes, the hydrophobic
pores normally formed by the tight association of four E-helices
around each 4-fold symmetry axis in the WT-FTL homopoly-
mer were totally disrupted in the mutant.
From a crystallographic point of view, the lack of a single

stable conformation at the C terminus gives the appearance of
increased size pores surrounding the 4-fold axes in the struc-
ture (Figs. 2 and 3). However, because the C termini are present
in the mutant protein, a more accurate view of the 4-fold pores
would be an assembly of conformational states that are rapidly
exchanging and ultimately lead to a leaky and unstable pore
structure. With the absence of interpretable electron density
data after Leu-155, there were subunits with 36 unaccounted
for C-terminal residues, which could, if extended, be over 125Å
in length. The C-terminal residues when pointed outwards
could extend significantly into solution and when pointed

inwards could reach any point
within the shell interior, i.e. the
nucleation sites (or ferroxidase sites
in the heteropolymer).
Deletion of the Mutant C-termi-

nal Sequence Prevented Iron Load-
ing-induced Precipitation—To de-
termine whether protrusion of the
MT-FTL C terminus above the pro-
tein shell had a role in solubility (28)
or iron-induced precipitation, we
compared the iron loading of apo-
ferritin homopolymers of WT-,
MT-, and TRUN-FTL. TRUN-FTL,
a truncated form of FTL (p.S167X)
with all mutated residues removed,
assembled as an apoprotein homo-
polymer (24-mer), as verified by gel
electrophoresis. Each homopolymer
was incubated aerobically with
increasing amounts of iron up to a
maximum loading ratio of 4000:1
iron:homopolymer (24-mer) (Fig. 4).
In contrast to MT-FTL homopoly-
mers, which began to precipitate
around 1500:1 (18), both the WT-
and TRUN-FTL homopolymers
remained in solution up to a
4000:1 ratio. Thus, removal of the
mutant portion of the C ter-
minus prevented iron-induced
precipitation.

Mutant Homopolymers Had Decreased Initial Iron Incorpo-
ration Versus WT-FTL—To determine early alterations in iron
incorporation, we measured the increase in absorbance at 310
nm over the first few minutes after aerobically mixing ferrous
iron with apoferritin (Fig. 5). The rate of amber color develop-
ment forMT-FTL ferritin was substantially less than that of the
WT-FTL, and at 500 s, the total absorbance of the mutant was
only �20% of the wild type. An absorbance increase at 310 nm
is routinely interpreted as incorporation/nucleation of iron
within the ferritin shell, although it contains a hydrolysis com-
ponent (29). The absorbance increase due to mixing ferrous
iron with buffer alone was relatively minor and was included in
the figure for comparison. Thus, MT-FTL showed pronounced
alteration of iron handling through both initial uptake rate and
cumulative iron incorporation inside the shell when examined
over the first few minutes after mixing.
Mutant Homopolymers Did Not Incorporate Iron in the Pres-

ence of WT-FTL—We performed a modified assay in which
both ferritin apoproteins were in the same solution competing
for the incorporation of added iron (in a ratio of 1000:1 iron:
homopolymer) with a 30-min incubation time (Fig. 6).When in
separate solutions, bothWT- andMT-FTL homopolymers had
significant ability to incorporate iron (iron stain panel), but
when in competition, therewas complete absence of iron incor-
poration byMT-FTL. It should be noted that this absence is not
due to iron-induced precipitation of MT-FTL in that no pellet

FIGURE 2. Ribbon representations of WT- and MT-FTL homopolymer crystallographic structures. A, over-
lay of the complete ferritin homopolymeric (24-subunit) structures of both WT- (blue) and MT-FTL (green)
viewed down one of the 4-fold axes. B, overlay of the subunit structure of WT- (blue) and MT-FTL with different
lengths of ordered C-terminal residues (yellow, Leu-155; red, Glu-159; green, Tyr-165), as observed crystallo-
graphically. The E-helix is missing in the mutant, and conformational differences between WT- and MT-FTL reach
back to the D-helix (residue Leu-155), as detailed in the text. An additional 26 amino acids extend from Tyr-165, but
were not observed in the electron density map and are not represented here. C, example of the omit �A-weighted
2Fo � Fc electron density contoured at one standard deviation surrounding one of the 4-fold axes in the mutant
ferritin structure. The WT- (blue) and MT-FTL (green) structures are represented using a ribbon diagram for better
clarity to view the changes in direction of the polypeptide chain in this region. A and B were produced using
SPDB-Viewer and rendered with Pov-Ray. C was produced using PyMol for Windows (34).

Molecular Basis of Hereditary Ferritinopathy

JANUARY 15, 2010 • VOLUME 285 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 1953



was found in the centrifugation step for either FTL homopoly-
mers (not shown). These results highlight the importance of
direct ironmishandling bymutant ferritinwithout the effects of
the iron-induced precipitation.

DISCUSSION

Herewe report the x-ray crystallographic structure and func-
tional studies of human ferritin homopolymers assembled from
amutant light chain variant (p.Phe167SerfsX26) that causes the
neurodegenerative disease HF. Only recently have detailed
crystallographic structures of human WT-FTL homopolymer
become available (16), andherein is described the first structure

of one of six C-terminal insertional mutations in the FTL
polypeptide associated with this disease.
MT-FTL subunits formed a spherical shell that was overall

very similar to the wild type (30). Internal glutamic acid resi-
dues that form the iron nucleation site were visible and avail-
able formetal coordination. The 3-fold pores were basically the
same. The main difference in structure betweenWT- andMT-
FTL homopolymers was the lack of E-helices, which have a
stabilizing influence on the 24-mer structure through inter-
subunit interactions among trans- and adjacent pairs of E-heli-
ces, as well as through intra-subunit interactions back to their
respective subunits (31). The loss of E-helices and the presence
of substantial amounts of disorder in the C terminus of the
MT-FTL polypeptides lead to a significant disruption of the
4-fold axes pores. Interestingly, the mutation caused a confor-
mational difference reaching back to the amino acid immedi-
ately after the end of theD-helix (Leu-155) even though the first
mutated amino acid occurred at position 167 (F167S).
Although only a 10% difference in iron incorporation was

observed over 2 h of iron loading (18), when iron incorporation
into soluble ferritinwas examined over a short time interval and
with direct competition between the wild type and mutant as
might be found in HF patients, MT-FTL homopolymers
showed �80% decrease in iron incorporation for over the first

FIGURE 3. Cross-sectional representations of WT- (A and C) and MT-FTL (B
and D) crystallographic structures. Each view represents a 10-Å thick slice
through the middle of the 24-subunit assembly. A and B have the local 4-fold
axes running horizontally and vertically and the local 2-fold axes running
diagonally. C and D is a view down one of the 3-fold axes. Large but variable
structural disruption is found along the 4-fold axes of the pores of the mutant
but not the wild type. The C termini extended from Tyr-165 were not
observed in the electron density map and are not represented here. A–D were
produced using PyMol for Windows (34).

FIGURE 4. Iron loading-induced precipitation of MT-FTL homopolymers.
Ferrous ammonium sulfate was added to WT-, TRUN-, and MT-FTL apoferritin
homopolymers separately in 0.1 M Hepes, pH 7.0, and incubated for 2 h at
24 °C. Iron concentrations ranged from 0.0 to 4.0 mM with homopolymer fixed
at 1 �M. Samples were centrifuged for 15 min at 10,000 � g, and soluble
fractions were loaded onto native gels (3– 8%) and stained with Coomassie
Blue. With increasing iron concentration, MT-FTL homopolymers started to
precipitate, whereas WT- and TRUN-FTL remained in solution.

FIGURE 5. Progression plots for iron incorporation into WT- and MT-FTL
homopolymers. Ferrous ammonium sulfate was mixed with either WT- or
MT-FTL apoferritins separately in 0.1 M Hepes, pH 7.0, and iron incorporation/
nucleation was monitored at 24 °C by the increase in absorbance at 310 nm.
Iron concentration was 1 mM, and homopolymer was 1 �M. Plots show the
mean 	 S.E. as error bars of triplicate experiments. Iron incorporation was
substantially reduced in the mutant homopolymers. The blank monitors iron
hydrolysis in the absence of protein.

FIGURE 6. Competition between WT- and MT-FTL homopolymers for iron
incorporation. WT- and MT-FTL apoferritins alone or mixed together in
equimolar amounts (WT-FTL � MT-FTL) were incubated with ferrous ammo-
nium sulfate in 0.1 M Hepes, pH 7.0, for 30 min at 24 °C. Iron concentration was
0.1 mM, and homopolymer was 0.1 �M. After centrifugation, samples were
separated by electrophoresis in native gels (3– 8%). Gels were stained with
Coomassie Blue (Protein Staining) and Prussian blue (Iron Staining). No iron
incorporation was found for the mutant when it was in direct competition
with the wild type.
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500 s of the assay, and only the wild type incorporated iron
when both mutant and wild type ferritin were together in solu-
tion.We suggest that iron mineral may begin to attach to the
interior of the shell or iron may start to aggregate in combi-
nation with some portion of mutant C-terminal polypeptides
to block mineral exit through the disordered 4-fold pores,
with the result of some net iron accumulating over time.
These data reveal a substantial problem with iron storage by
soluble mutant ferritin that may be associated with the
observed large disruption of the 4-fold pore, pointing toward
the complexity of the ferritin portion of the overall ironman-
agement process with respect to HF and to the need for
further study using animal models to complement in vitro
work (32, 33).
Based on limited proteolysis and iron chelation data, we

previously proposed that disordered C-terminal polypep-
tides in the mutant caused iron loading-induced precipita-
tion of ferritin through iron bridging (18). The finding that
truncation of the mutant C terminus prevented iron-in-
duced precipitation further supports the notion that the C
terminus of MT-FTL is an essential structural component of
an exterior iron-binding site, which leads to in vitro precip-
itation and perhaps to inclusion body formation in HF. The
disordered MT-FTL C terminus contains several ligands
that can bind iron under appropriate conditions as follows:
the terminal carboxylate, the glutamates, the tyrosinate, and
perhaps even the serine and threonine hydroxyls and peptide
backbone groups. Iron bridging and aggregation do not seem
to involve covalent cross-linking via oxidation because we
have not observed highmolecular weight aggregates on SDS-
PAGE from inclusion bodies isolated from patients with HF
nor from transgenic mice (2, 32, 33) under nonreducing con-
ditions. Furthermore, ferritin aggregates from transgenic
mice and from recombinant MT-FTL were resolubilized
using iron chelators in vivo and in vitro (18).
In conclusion, we have demonstrated the following: (i)

substantial disruption and variability of the 4-fold pores in
mutant FTL homopolymers through E-helix unraveling with
little or no other change in 24-mer structure, and (ii) iron
mishandling by soluble mutant FTL homopolymers. These
results are consistent with the deregulation of cellular iron
metabolism (ferritin loss of function) and overproduction of
ferritin polypeptides (a positive feedback loop) observed in
HF (8, 32, 33). Excess iron and ferritin would trigger the
formation of ferritin aggregates, which may physically inter-
fere with normal cellular functions (gain of a toxic function).
It is hoped that these molecular level insights into the patho-
genesis of HF will help in the development of therapies that
may be able to either slow or halt its progression.
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