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Naturally occurring phytoferritin is a heteropolymer consis-
ting of two different H-type subunits, H-1 and H-2. Prior to this
study, however, the function of the two subunits in oxidative
deposition of iron in ferritin was unknown. The data show that,
upon aerobic addition of 48–200 Fe2�/shell to apoferritin, iron
oxidation occurs only at the diiron ferroxidase center of recom-
binant H1 (rH-1). In addition to the diiron ferroxidase mecha-
nism, such oxidation is catalyzed by the extension peptide (a
specific domain found in phytoferritin) of rH-2, because theH-1
subunit is able to remove Fe3� from the center to the inner cav-
ity better than the H-2 subunit. These findings support the idea
that the H-1 and H-2 subunits play different roles in iron min-
eralization in protein. Interestingly, at medium iron loading
(200 irons/shell), wild-type (WT) soybean seed ferritin (SSF)
exhibits a stronger activity in catalyzing iron oxidation (1.10 �

0.13 �M iron/subunit/s) than rH-1 (0.59 � 0.07 �M iron/sub-
unit/s) and rH-2 (0.48 � 0.04 �M iron/subunit/s), demonstrat-
ing that a synergistic interaction exists between theH-1 andH-2
subunits in SSF during iron mineralization. Such synergistic
interaction becomes considerably stronger at high iron loading
(400 irons/shell) as indicated by the observation that the iron
oxidation activity of WT SSF is �10 times larger than those of
rH-1 and rH-2. This helps elucidate the widespread occurrence
of heteropolymeric ferritins in plants.

Iron and oxygen chemistry, in a variety of non-heme diiron
proteins, has drawn considerable attention because of their
various roles in reversible O2 binding for respiration in
hemerythrin, oxidation and desaturation of organic substrates
in methane monooxygenase, R2 subunit of ribonucleotide
reductase, stearoyl-acyl carrier protein �-9 desaturase, as well
as the detoxification and concentration of iron in Dps and fer-

ritin (1–6). Diiron centers have similar structural motifs con-
taining a combination of carboxylate and histidine ligands that
either bind or bridge the two metal ions of the dinuclear active
site. Although the dinuclear centers of the protein are very sim-
ilar in structure, each of the proteins fulfills a different biologi-
cal function that appears to be mediated by the nature of the
first and second coordination sphere of the diiron center.
Ferritins are a special class of diiron proteins that play a role

in both iron housekeeping and iron detoxification. They are
widely distributed in animals, plants, and bacteria (but not in
yeast) and are typically composed of 24 similar or identical sub-
units assembled into a shell-like structure. In vertebrates, fer-
ritins consist of two types of subunits, H and L, respectively.
The two types have about 55% identity in amino acid sequence.
The ratio of the two kinds of subunits in the native protein
varies according to the nature and the function of the tissue (1,
2). The H-type subunit of vertebrate ferritins contains a
dinuclear iron “ferroxidase site” at which the rapid oxidation of
Fe2� to Fe3� by dioxygen occurs; subsequent hydrolysis of the
Fe3� and its migration away from the ferroxidase site leads to
formation of the Fe3� mineral core. Unlike the H-subunit, the
L-subunit lacks a ferroxidase center but has a greater negative
charge; in the assembled ferritin, the negative charge presents
itself on the interior surface as clusters of acidic residues (Glu
andAsp) that comprise themineral nucleation site (6). Ferritins
from lower vertebrates, such as bullfrogs and fish, contain a
third subunit type, named the M(H�) chain, which harbors the
residues forming both the ferroxidase center and the nucleation
site (1, 7). In contrast, two different types of ferritins are found
in bacteria, often within the same cell. These are the bacterio-
ferritins and the bacterial ferritins, which are chemically, struc-
turally, and functionally different. All subunits from these two
ferritins are of theH chain type; they are not particularly similar
to eukaryotic H-chain ferritins in terms of overall sequence
similarity (�20% identity), but conservedwithin them are some
of the key residues that constitute the catalytic ferroxidase cen-
ter (1, 2).
Compared with animal ferritin, phytoferritin exhibits dis-

tinctive structural features. First, only the H-type subunit has
been identified in phytoferritin thus far, and it shares �40%
sequence identity with the animal H-subunit. Second, the
H-type subunit in mature phytoferritin contains a specific
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extension peptide (EP)4 at its N-terminal sequence (8–11). In
the case of soybean seed ferritin (SSF), each EP domain is com-
posed of �30 amino acid residues. The crystal structure of
recombinant SSF shows that the EP is located on the exterior
surface of protein and stabilizes the entire oligomeric confor-
mation of phytoferritin by its interaction with a neighboring
subunit on the shell surface (12). Recent studies of our group
reveal the role of the EP during iron oxidative deposition in
phytoferritin as the second binding and ferroxidase center that
contributes to mineralization of the iron core at high iron load-
ing of ferritin (�48 irons/shell) (13). On the other hand, the EP
exhibits a significant serine protease-like activity (14), which is
responsible for protein autodegradation during seed germina-
tion (14–16). Associated with the degradation is faster iron
release from ferritin to meet the requirements of seedling
growth (14). Third, naturally occurring phytoferritin is usually
composed of two different H-type subunits. For example, ferri-
tin from soybean and pea seeds consists of H-1 and H-2 sub-
units sharing �80% amino acid sequence identity (8–10, 17).
This specific feature of phytoferritin raises the inevitable ques-
tion of what functions the two subunits serve in phytoferritin.
Addressing this question is integral to understanding the rela-
tionship between the structure and function of phytoferritin.
The present study is the first to investigate the roles of the

H-1 and H-2 subunits in SSF for oxidative deposition of iron in
protein. At low iron loading of apoferritin (�48 irons/protein
shell, 2 irons/subunit), no protein association occurs with both
recombinant soybean seed H-1 (rH-1) and H-2 (rH-2) ferritins,
indicating that iron oxidation occurs only through the diiron
ferroxidase mechanism (13). Once the binding capacity of the
24 ferroxidase centers (48 irons/shell) is exceeded, the oxidative
addition of Fe2� to the aporH-2 to form Fe3� causes protein
aggregation, whereas such protein association is not observed
in its analog, rH-1, until the amount of added iron is increased
to 300 Fe2�/protein shell. This finding suggests that the H-1
subunit has considerably higher regeneration activity (indica-
tive of the ability to turn Fe3� over from the diiron ferroxidase
centers to the inner cavity) compared with H-2. Indeed, regen-
eration activity measurements show that rH-1 removes Fe3�

from the ferroxidase center to the inner cavitymuch faster than
rH-2. However, rH-2 is able to transfer iron from the outer
surface to inside the protein better than rH-1. Thus, the two
subunits exhibit different mechanisms to cope with iron oxida-
tive deposition in protein at high iron flux into ferritin: the
diiron ferroxidation mechanism for rH-1 versus the EP oxida-
tionmechanism for rH-2. Moreover, a combination of H-1 and
H-2 subunits in WT SSF results in stronger catalytic activity in
iron mineralization than that of each of the two recombinant
proteins because of a synergistic interaction between the two
subunits.

EXPERIMENTAL PROCEDURES

Preparation of WT SSF, rH-1, rH-2, and rH-1H-2—SSF was
purified as recently described (8, 13). rH-1 was prepared
according to reported methods (8, 18). The expression plasmid
for rH-2 was constructed by inserting the H-2 cDNA into the
NcoI/BamHI site of pET21d using a PCR-based method. The
constructs were then introduced into Escherichia coli strain
BL21 (DE3). The positive transformants of each construct were
grown at 37 °C on LB medium supplemented with 50 mg/liter
carbenicillin, and protein expression was induced with 100 �M

isopropyl �-D-1-thiogalactopyranoside when the cell density
reached an A600 of 0.6 (18). Both rH-1 and rH-2 were purified
using the same methods described above for native SSF. Apo-
ferritin was prepared as previously described (19, 20). The con-
centrations of all types of ferritin were determined according
to the Lowry method with BSA as a standard sample. Recom-
binant heteropolymer rH-1H-2 was constructed by mixing
dissociated H-1 and H-2 subunits in a 1:1 ratio and reassem-
bled by slowly raising the pH to 7 according to a reported
method (21, 22).
Preparation of rH-1, rH-2, and WT SSF with EP Deleted—

The preparations of EP-deleted rH-1, rH-2, and WT SSF were
carried out as described recently (13, 14). Purified holophyto-
ferritin (3.0 mg) was added to 0.24 ml of Alcalase 2.4 L
(Novozymes, Denmark) and incubated at 60 °C for 5 min, fol-
lowed by phenylmethanesulfonyl fluoride at a final concentra-
tion of 2 mM to stop the proteolysis reaction. The resultant
solution was diluted 500-fold with distilled water and then
ultrafiltered to its initial concentration using an YM-100mem-
brane (Millipore Corp., Bedford, MA). Finally, SDS-PAGE was
performed to examine the purity of the protein under reducing
conditions using 15%minislab gels. TheN-terminal amino acid
sequences of each subunit treated with the enzyme were also
determined.
The molecular weights of all ferritin samples were estimated

by PAGE using a 4–15% polyacrylamide gradient gel run at 30
V for 15 h at 4 °C andwith Tris-HCl (25mM, pH 8.3) as running
buffer. SDS-PAGE was performed under reducing conditions
using 15% minislab gels according to a reported method (23).
Gels were stained with Coomassie Brilliant Blue R-250.
Sequence of N-terminal Amino Acid—The amino acid

sequence of the N terminus was determined on a pro-
tein sequencer (Procise� 491, Applied Biosystems) using auto-
mated Edman degradation. After SDS-PAGE, the protein was
transferred to a polyvinylidene difluoridemembrane (Millipore
Corp.) and stained with Coomassie Brilliant Blue R-250. The
two subunits were eluted from the membrane, and the
sequence of the 10 amino acids at the N terminus was deter-
mined for each subunit.
Reactions between EP and Fe3�—EP-1 with sequence ASTV-

PLTGVIFEPFEEVKKSELAVPT (corresponding to the EP from
the H-1 subunit) and EP-2 with sequence ASNAPAPLAGV-
IFEPFQELKKDYLAVPI (corresponding to the EP from theH-2
subunit) were purchased from Scilight Biotechnology (Beijing,
China). Purity was more than 95% as indicated by HPLC and
mass spectroscopy. A solution of FeCl3 (70 mM) was freshly
prepared in pH 2.0 double-distilled H2O. Reaction between the

4 The abbreviations used are: EP, extension peptide; EP-1, extension peptide
of 26.5-kDa subunit of soybean seed ferritin; EP-2, extension peptide of
28.0-kDa subunit of soybean seed ferritin; rH-2, recombinant soybean seed
H-2 chain ferritin; rH-1, recombinant soybean seed H-1 chain ferritin; rH-3,
recombinant soybean seed H-3 chain ferritin; rH-1H-2, recombinant H-1
and H-2 soybean seed ferritin; PSF, pea seed ferritin; SSF, soybean seed
ferritin; apoSSF, apo-soybean seed ferritin; DLS, dynamic light scattering.
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EP and Fe3� was carried out as follows. 2 �l of FeCl3 was added
to 100 �l of EP-1 (140 �M) in 5 mM Mops at pH 7.0, and the
resultant solution was incubated overnight at 4 °C. Subse-
quently, the solution was mixed with 0.1% (v/v) trifluoroacetic
acid and �-cyano-4-hydroxycinnamic acid (10 mg/ml) prior to
MALDI-TOF-MS analyses. All mass spectra of MALDI-
TOF-MS were obtained on a Bruker Ultraflex III TOF/TOF
(Bruker Daltonik GmbH, Germany) in positive ion mode at an
accelerating voltage of 20 kVwith a nitrogen laser set at 337 nm
(14, 17).
Stopped-flow Light Scattering and Dynamic Light Scattering

Experiments—Stopped-flow light scattering measurement ex-
periments were performed with a Hi-Tech SFA-20 M appara-
tus in conjunction with a Cary Eclipse spectrofluorimeter (Var-
ian). Both excitation and emission wavelengths were set to 680
nm, and the time-dependent change in scattering light was set
to a 90° angle, perpendicular to the beam, and recorded as pre-
viously reported (13). All quoted concentrations are final con-
centrations after mixing the two reagents. All iron solutions
were freshly prepared with pH 2.0 water.
The dynamic light scattering (DLS)measurements were per-

formed at 25 °C using a Viscotekmodel 802 dynamic light scat-
tering instrument (Viscotek Europe Ltd.) as described recently
(13). The hydrodynamic radius (RH) was calculated with the
regularization histogram method using the spheres model,
fromwhich an apparent molecular mass was estimated accord-
ing to a standard curve calibrated from known globular pro-
teins. OmniSIZE 2.0 software was used to calculate the size
distribution of aggregated protein from the addition of iron.
Unless stated otherwise, all samples were allowed to stand for
1 h prior to DLS measurements to ensure that the association
reactions were complete.
Fluorescence Quenching with Fe2� Oxidative Deposition in

Ferritin—The fluorescence-quenching kinetic experiments
were performed with a pneumatic drive Hi-Tech SFA-20 M
stopped-flow accessory interfaced to a Cary Eclipse spec-
trofluorimeter (Varian) as described previously (24). The dead
time of the stopped-flow fluorimeter apparatuswas determined
to be 9.2 � 0.4 ms using the N-acetyltryptophanamide and
N-bromosuccinimide test reaction (25). The dead times con-
sider both the mixing time and software delay of the instru-
ment. The ratio of protein to iron is 1:48, and protein concen-
tration is 0.5 �M. Measurements were carried out at 25 °C in
0.15 M NaCl and 100 mM Mops at pH 7.0. Path lengths for
excitation and emission were 1.0 and 0.2 cm at wavelengths of
280 and 325 nm, respectively. A slit width of 5 nm for both
excitation and emission was used.
Fe2� Oxidative Deposition in Ferritin—The fast kinetics

experiments were conducted by measuring absorbance at 300
nm using the Hi-Tech SFA-20 M stopped-flow accessory on a
Varian Cary 50 spectrophotometer (Varian) at 25 °C. Equal
140-�l volumes of a weakly acidic FeSO4 solution (0.192–1.6
mM) and buffered apoferritin solution (4.0 �M) were mixed at
25 °C in the thermostatted sample compartment containing a
280-�l quartz stopped-flow cuvette with 1-cm optical path
length. All quoted concentrations were final concentrations
aftermixing the two reagents. Fe2� oxidation wasmonitored at
300 nm. Data were acquired every 12.5 ms (the shortest acqui-

sition time possible with the Cary 50). The spectrophotometer
was operated in single beam mode and zeroed prior to each
kinetic run with a cuvette containing apoferritin in buffer. The
initial rates of iron oxidation measured as �-oxo complex for-
mation were obtained from the linear A1 term of a third order
polynomial curve fitted to the experimental data as reported
previously (13).
Statistical Analysis—All statistical analyses were performed

using the software Statistical Program for Social Sciences Anal-
ysis System (SPSS Inc.). An analysis of variance andTukey’s test
were carried out with a confidence level of 95% (p� 0.05). Each
value represents the average of at least three independent
measurements.

RESULTS

Protein Association Property in rH-1, rH-2, WT SSF, and
rH-1H-2—Laser light scattering is a widely applied technique
for studying biomolecules in a solution because it can provide
information about the size and conformation of proteins and
their aggregation state as well as their ability to crystallize (13,
26–28). To shed light on the role of theH-1 andH-2 subunits in
SSF for iron oxidative deposition in phytoferritin, we first con-
ducted dynamic and stopped-flow light scattering experiments
with H-1 soybean seed ferritin (rH-1) and its analog, rH-2. The
stopped-flow experiments were performed with either Fe2� or
Fe3�, rapidly mixed with the aporH-2 and rH-1 under aerobic
conditions, respectively (Figs. 1 and 2). Light scattering
changed minimally within the 50-s time frame of the experi-
ment when �48 iron/shell were mixed with the rH-2 apopro-
teins (as also found using H2O in place of the iron solution). In
contrast, the light scattering intensity increased markedly
because of protein aggregation when the aporH-2 was rapidly
mixed aerobically with a series of Fe2� solutions to give ratios
from 96 to 200 Fe2�/shell (Fig. 1A), and the rise in the initial
rate, �0, is first order with respect to iron concentration (Table
1). These results suggest that protein-protein association is
driven by binding of the additional iron on the exterior surface
of the protein shell because the 24 dinuclear ferroxidase centers
of rH-2 have amaximal binding capacity of 48 iron ions and are
located in the interior of the protein (13).
Stopped-flow light scattering experiments were also carried

out to determine whether Fe2� or Fe3� is responsible for the
observed protein aggregation. A rapid increase in intensity (�0 �
12.31 � 0.34 �Y/s) is observed when Fe3� is directly added to
aporH-2 (96 Fe3�/shell), whereas light scattering intensity
slowly increases under the same conditions (�0 � 1.65 � 0.07
�Y/s) when Fe2� is mixed aerobically with aporH-2 to produce
Fe3�. The protein association reaction induced by Fe3� is com-
pleted within �0.5 s, whereas the reaction requires �20 s to
complete when Fe2� is used instead of Fe3�. By contrast, the
anaerobic addition of Fe2� causes no change in scattering light
intensity (data not shown). Thus, Fe3� facilitates protein-pro-
tein association, not Fe2�. A similar observation was obtained
with PSF (13).
Protein association facilitated by iron was also investigated

by DLS under the same conditions used in the stopped-flow
light scattering experiment. Two populations with RH values of
8.0 and 66.7 nm are evident in the scattered light intensity dis-
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tribution curve of the aporH-2 sample (Fig. 1C). The corre-
spondingmass distribution curve (supplemental Fig. S1) shows
that the population centered at 8.0 nm is rich in monomers,
accounting for about 99.9% of the total (supplemental Table S1),
whereas the secondpopulation havingRH� 66.7 nmrepresents
a very small amount (0.1%) of aggregates composed of �134
monomers (supplemental Table S1). This result indicates that
at pH 7.0, essentially all of the aporH-2 molecules exist in a
dissociated state. By contrast, the size distribution is markedly

altered toward large aggregates upon aerobic introduction of 96
Fe2�/shell to aporH-2 (Fig. 1C). The populationwithRH � 72.4
nm represents �36.0% of the total and corresponds to a large
aggregate of �164 monomers (supplemental Table S1). As the
added iron is increased to 144 Fe2�/shell, the population with
RH � 93.7 nm accounts for about 98.3% of the total, indicating
that most of the rH-2 molecules participate in protein associa-
tion upon treatment with iron. These findings are in accord
with the stopped-flow results shown in Fig. 1, A and B.

FIGURE 1. A, time course of rH-2 aggregation during Fe2� oxidation. B, time
course of rH-2 or EP-deleted rH-2 aggregation upon the addition of Fe2� or
Fe3�. The curve represents an average of six experimental measurements.
C, relative scattered light intensity distribution curves for aporH-2 and
aporH-2 plus Fe2� ion. Conditions were as follows: [aporH-2] � 0.5 �M in 100
mM Mops (pH 7.0), 24 –100 �M FeSO4, 25 °C.

FIGURE 2. A, time course of rH-1 aggregation during Fe2� oxidation. B, time
course of rH-1 or EP-deleted rH-1 aggregation upon the addition of Fe2� or
Fe3�. The curve represents an average of six experimental measurements.
C, relative scattered light intensity distribution curves for aporH-1 and
aporH-1 plus Fe2� ion. Conditions were as follows: [aporH-1] � 0.5 �M in 100
mM Mops (pH 7.0), 24 –250 �M FeSO4, 25 °C.
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The EP domains located on the exterior surface of PSF mol-
ecules serve as a second ferroxidase center and are involved in
iron mineralization, which contains initial Fe2� oxidation and
Fe3� translocation from the outer protein surface to the inner
cavity through EP-regulated protein association (13). To eluci-
date whether the EP domains in theH-2 subunit (EP-2) play the
same role, EP-deleted rH-2 was mixed aerobically with differ-
ent solutions of Fe2� or Fe3� under the same experimental
conditions used for rH-2. Results show that no protein associ-
ation occurs in all tested samples (Fig. 1B), confirming the idea
that EP-2 acts in a manner similar to that of the EP from PSF
(13).
Similarly, light scattering intensity is essentially unchanged

within 550 s, when �48 Fe2�/shell were shot against aporH-1
(Fig. 2A). Surprisingly, when the amount of iron added ranged
from 48 to 200 Fe2�/shell, the light scattering intensity exhibits
minimal change within the 550-s time frame of the experiment,
indicating that no iron is bound to the outer surface. Thus, rH-1
appears to have the larger regeneration activity of its ferroxi-
dase centers, which corresponds to the ability of the protein to
remove iron from the ferroxidase centers in the inner cavity
(see below). By contrast, light scattering intensity significantly
increases as a result of protein aggregation when aporH-1 was
rapidly mixed aerobically with a series of Fe2� solutions in
ratios from 300 to 500 Fe2�/shell, with the rate and magnitude
of the increase being a strong function of the Fe2�/shell ratio
(Fig. 2A and Table 1). Such protein association was also con-
firmed byDLS results (Fig. 2C). At 200 Fe2�/shell loading of the
protein, the mass populations with a large size center at both
58.5 and 341 nm, representing only 3.8 and 0.5%, respectively,
of the total (supplemental Fig. S2 and Table S2). This indicates
that no significant protein association under this experimental
condition is observed. However, at high iron flux into the pro-
tein (400 Fe2�/shell), the mass population at both 96.2 and 356
nm accounts for �59% of the total, demonstrating that protein
association occurs in rH-2 to a great extent, confirming the
observations from the stopped-flow light scattering experi-
ments (Fig. 2A).

In parallel experiments, Fe3�was added to aporH-1with two
different ratios (48 and 96 Fe3�/shell). There is no increase in
the intensity of scattered light upon the addition of 48 Fe3�/
shell (not shown), indicating that the diiron ferroxidase sites
likewise accommodate 48 ferric ions, one ferric ion per site. By
contrast, light scattering intensity considerably and rapidly

increases upon 96 Fe3�/shell addition (Fig. 2B). Thus, the
diiron ferroxidase sites in the H-1 subunit are not able to
remove these monoferric complexes from the cavity as effec-
tively as they do with the diferric complexes formed by Fe2�

oxidation, reflecting the discrepancy between the absorption of
Fe2� and Fe3� by the protein.

Similarly, upon removal of the EPofH-1 (EP-1), protein asso-
ciation disappears with rH-1 under the same experimental con-
ditions (Fig. 2B), indicating that EP-1 is an essential structural
component for protein association caused by either Fe3� or
Fe2� added aerobically. Notably, the kinetic curve for the aer-
obic addition of Fe2� to aporH-1 is sigmoidal, the initial lag
phase of which is characteristic of slow iron oxidation by oxy-
gen on the outer surface of protein (13), a finding indicative of
the lower catalyzing activity of EP-1 compared with the EP-2.
To gain insight into why EP-2 exhibits higher activity than

EP-1, the interaction of the two EPs with iron was studied by
MALDI-TOF-MS. The MS profile of the intact EP-1 shows a
single peak at m/z 2790.12 Da (data not shown), indicating a
singly charged peptide monomer [M � H]�, which is in good
agreement with the predicted molecular mass, 2790.24 Da.
Upon treatment with FeCl3, three new peaks appear at m/z
2812.11, 2844.04, and 2897.97 Da, which correspond to EP-1�
Na�, EP-1 � Fe3�, and EP-1 � 2 Fe3�, respectively (Fig. 3A).
Thus, EP-1 can bind up to 2 ferric ions/molecule. Except for a
peak at m/z 3000.37 Da corresponding to the EP-2 � H�, the
MS profile of EP-2 exhibits four peaks atm/z 3054.59 Da (EP-2
plus Fe3�), 3108.99 Da (EP-2 plus 2 Fe3�), 3162.62 (EP-2 plus 3
Fe3�), and 3215.99 (EP-2 plus 4 Fe3�) after treatment with
FeCl3 under the same experimental conditions. This indicates
that EP-2 is able to bind a maximum of 4 ferric ions/molecule
(Fig. 3B). Therefore, the observed difference in the catalyzing
activity between the two EPs may be derived from their differ-
ent binding capacities with ferric ions.
To better understand the roles of theH-1 andH-2 subunits in

protein association, the same stopped-flow light scattering and
DLS experimentswere carried outwithWTSSF, and results are
shown in Fig. 4. Similar to rH-1 and rH-2, no protein associa-
tion occurswithWTSSF at low iron loading of ferritin, whereas
a flux of intermediate iron into SSF causes protein association
(Fig. 4A). The protein association induced by the direct addi-
tion of Fe3� is considerably faster than that induced by the
aerobic addition of Fe2� (Fig. 4B), again demonstrating that
Fe3�, not Fe2�, triggers the protein aggregation. Such a process
was likewise confirmed by DLS results (Fig. 4C), and the corre-
sponding mass distribution curve and parameters are given in
supplemental Fig. S3 and Table S3, respectively. Similar results
were obtainedwith the recombinant H-1 andH-2 soybean seed
ferritin (rH-1H-2) (supplemental Fig. S4, A and B), consistent
with the above observation. Thus, both WT SSF and rH-1H-2
exhibit assembly behavior similar to that of rH-2 rather than
rH-1. However, upon the addition of 144 Fe2�/shell, the mass
population at 88.0 nm in SSF is only �38.2% of the total
(supplemental Fig. S3 and Table S3), a value significantly
smaller than that in rH-2 (98.3%), indicating that the degree of
protein association in SSF is lower than that in rH-2. Taken
together, a combination of the H-1 and H-2 subunits in either
SSF or rH-1H-2 appears to result in an increase in the regener-

TABLE 1
Initial rates of protein association obtained from Figs 1, 2, and 4 and
supplemental Fig. S4

Fe2�/shell
Initial rate

rH-1 rH-2 SSF rH-1H-2

�Y/s
48 0.03 � 0.01a 0.02 � 0.01a 0.02 � 0.01a 0.04 � 0.02a
96 0.02 � 0.01b 1.65 � 0.07a 0.80 � 0.03c 0.91 � 0.07c

144 0.03 � 0.01b 2.66 � 0.13a 1.59 � 0.06c 1.21 � 0.04c
200 0.04 � 0.01b 4.69 � 0.11a 3.84 � 0.08c 3.57 � 0.14c
300 0.12 � 0.02
400 0.23 � 0.02
450 0.30 � 0.03
500 0.35 � 0.03

a–c Values followed by the same letter are not significantly different according to the
least significant difference test (p � 0.05).
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ation activity of the diiron ferroxidase centers in SSF but does
not cause an activity as large as that in rH-1.
Regeneration Activities of rH-1, rH-2, and WT SSF—No pro-

tein association occurred when aporH-1 was mixed with a
series of Fe2� solutions with ratios between 48 and 200 Fe2�/
shell, indicating that all added ferrous ions enter into the pro-

tein shell, probably because of the
stronger regeneration activity of its
diiron ferroxidase centers than that
of rH-2 and SSF (the regeneration
activity reflecting the ability of pro-
tein to remove Fe3� from the diiron
ferroxidase centers to the inner cav-
ity). To confirm this idea, the regen-
eration activities of rH-1, rH-2, and
SSF were measured, and results are
shown in Fig. 5A. A single Fe2�

addition corresponds to half-satu-
ration of the ferroxidase centers (i.e.
24 Fe2�/protein for each ferritin).
The initial rates were normalized to
the initial rate observed for the first
injection. Generally, rH-1 exhibits
the strongest activity among the
three proteins, whereas the activity
of rH-2 is weakest. For example,
there is a sharp drop in initial rate on
the third injection into rH-2 right
after an iron/protein stoichiometry
corresponding to the saturation of
the diiron ferroxidase centers. By
contrast, after the third injection,
the regeneration activity of rH-1
still retains �90% of its original
value. The ninth injection leads to
only a 43% decrease in the regener-
ation activity for rH-2, whereas the
same injection induces a 65%
decrease for rH-1. The regeneration
activity of SSF is midway between
that of rH-1 and rH-2, which
decreases by �57% after the ninth
injection. These results provide a
satisfactory explanation on why
protein association occurs in rH-2
andWTSSFbut not in rH-1 atmod-
erate iron flux.
Fluorescence-quenching kinetic

experiments were carried out ac-
cording to a reported method (24,
29), in which iron solutions (48
added per shell) were shot against
the three apoferritins (Fig. 5B). The
intrinsic fluorescence of aporH-1,
rH-2, or WT SSF was not quenched
when the protein was rapidly mixed
with an Fe2� solution (48 irons/shell)
anaerobically (data not shown). By

contrast, the fluorescence is considerably quenched when each
of the proteins was aerobically shot against Fe2�, indicating
that the observed fluorescence quenching stems from iron oxi-
dation but not ferrous ion binding. However, the three proteins
exhibitdifferentkineticquenchingbehaviors.Theintrinsic fluo-
rescence in rH-2 is quenched rapidly, reaches a constant value

FIGURE 3. MS profiles of EP-1 (A) and EP-2 (B) treated with FeCl3 (Fe3�/EP ratio � 10:1) acquired by
MALDI-TOF-MS. Conditions were as follows: [EP-1 or EP-2] � 140 �M in 5 mM Mops, pH 7.0.
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of about half of the original signal after 15–20 s, and then
increases more slowly until it attains about 55% of the initial
intensity at around 2950 s. In a different manner, the fluores-
cence in rH-1 recovers markedly faster than that in rH-2 and
retains about 100%of the initial intensity at 2000 s. The first fast
fluorescence-quenching phase corresponds to Fe2� oxidation
at the ferroxidase centers, whereas the second phase of slow

fluorescence recovery represents the transfer of Fe3� from the
diiron ferroxidase centers to the cavity (24, 29). Thus, the fluo-
rescence results again support the conclusion that the H-1 sub-
unit is able to turn over Fe3� from the diiron ferroxidase centers
to the cavity better than H-2. The rate of the fluorescence
recovery in SSF is slower than that in rH-1 but faster than in
rH-2, a result also in good agreementwith the abovementioned
observation (Fig. 5A).
Reversibility of rH-1, rH-2, and WT SSF Association/

Dissociation—To determine whether ferritin association dur-
ing oxidative deposition of iron is reversible, a stopped-flow
experiment was carried out in which 400 Fe2�/shell were rap-
idly mixed aerobically with aporH-1, aporH-2, and apoSSF.
Results are shown in Fig. 6. Generally, all kinetic curves consist
of two phases, namely the rapid initial rise in light scattering
intensity, followed by a slow decrease to its original value. The
first phase corresponds to protein association, whereas the sec-
ond is due to protein dissociation as described recently (13).
Therefore, protein association induced by the aerobic addition

FIGURE 4. A, time course of WT SSF aggregation during Fe2� oxidation. B, time
course of WT SSF or EP-deleted SSF aggregation upon the addition of Fe2� or
Fe3�. The curve represents an average of six experimental measurements.
C, relative scattered light intensity distribution curves for apoSSF and apoSSF
plus Fe2� ion. Conditions were as follows: [WT SSF] � 0.5 �M in 100 mM Mops
(pH 7.0), 24 –100 �M FeSO4, 25 °C.

FIGURE 5. A, regeneration of oxidation activities in rH-1, rH-2, and WT SSF as
normalized initial rates. Each injection is half-saturation of the ferroxidase
sites, 1 Fe2�/site. Conditions were as follows: [aporH-1, aporH-2, or WT
apoSSF] � 2.0 �M in 0.15 M NaCl and 100 mM Mops, pH 7.0, 25 °C, time inter-
vals between injections 3 min. Error bars, S.E. B, change of relative fluores-
cence intensity of apoferritin after the aerobic addition of 48 Fe2� atoms/
shell. Conditions were as follows: �ex � 280 nm, �em � 325 nm, [aporH-1,
aporH-2, or WT apoSSF] � 0.5 �M in 0.15 M NaCl and 0.1 M Mops, pH 7.0, 25 °C.
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of Fe2� is a reversible process in the three proteins. DLS mea-
surements confirm the reversibility of protein association/dis-
sociation induced by iron (supplemental Fig. S5).

Based on a recent report (13), the rate of protein dissociation
positively correlates with the ability of phytoferritin to move

Fe3� from the outer surface of the protein to its inner cavity.
Protein dissociation occurs with aporH-2 over a period of 150
min (Fig. 6A), whereas this process is completedwithin 300min
for aporH-1 (Fig. 6B), indicating that rH-2 is able to transfer
Fe3� from the protein outer surface to the cavity better than
rH-1. Interestingly, protein aggregates dissociate completely
within 100 min for SSF (Fig. 6C), much faster than for rH-2,
indicating that there is a positively synergistic interaction
between the H-1 and H-2 subunits in iron translocation from
the outer surface of the protein to the cavity.
To elucidate whether the same synergistic interaction also

occurs in protein dissociation upon direct treatment with Fe3�,
a stopped-flow experiment was undertaken in which 144 Fe3�/
shell were rapidly shot against aporH-1, aporH-2, and apoSSF
(Fig. 7). Similarly, complete dissociation is observed with all
samples prepared by the direct addition of Fe3�, although it is
markedly slower than that induced by the aerobic addition of
Fe2� (Fig. 6). Dissociation in rH-2 is completed within 300 min
(Fig. 7A), which is significantly faster than that in rH-1 (500
min) (Fig. 7B), indicating that the H-2 subunit exhibits a stron-
ger activity in transferring Fe3� to the cavity than H-1. This
result is in accordance with that obtained by the aerobic addi-
tion of Fe2� to apoprotein. By contrast, complete protein dis-
sociation in SSF occurswithin 100min (Fig. 7C), a process again
much faster than that in rH-1 and rH-2, confirming the above
mentioned synergistic interaction between the two subunits in
SSF.
Iron Oxidative Deposition in rH-1, rH-2, WT SSF, and

rH-1H-2—UV absorption in the 300–330 nm spectral region
has been traditionally used to monitor the formation of Fe3�

species during oxidative deposition of iron in the ferritins (13,
17, 20, 30, 31). Spectrophotometric kinetic measurements of
iron deposition in rH-1, rH-2,WT SSF, and rH-1H-2were con-
ducted to evaluate the role of the H-1 and H-2 subunits in the
formation of the mineral core of ferritin at different iron load-
ings (48, 200, and 400 irons/protein). The stopped-flow kinetic
traces were obtained at 300 nm upon the addition of 48, 200, or
400 Fe2�/shell to the four protein samples under the same con-
ditions as those in the light scattering experiments shown in
Fig. 8. Unlike the above kinetic curves shown in Figs. 1, 2, 3, 6,
and 7, the stopped-flow UV-visible kinetic traces are very
smooth, suggesting that no insoluble protein aggregates form
during iron oxidative deposition in protein. Otherwise, the
noise in the curves caused by light scattering from the forma-
tion of protein or FeOOH particles would be observed as
described previously (32). Additionally, all curves are hyper-
bolic, consistent with protein catalysis of iron oxidation (33, 34)
and with these proteins having fully intact H-chain ferroxidase
sites.
At low iron loading (48 Fe2�/shell), the initial rate of iron

oxidation catalyzed by rH-1 (1.02 � 0.05 �M iron/subunit/s) is
�3.5-fold larger than that by rH-2 (0.29 � 0.02 �M iron/sub-
unit/s) when compared on a subunit basis (2 Fe2�/subunit)
under the present conditions (Fig. 8A). This indicates that the
ferroxidase center in rH-1 has markedly stronger catalyzing
activity than that in rH-2. The iron initial rate of SSF is 0.47 �
0.04 �M iron/subunit/s, a value midway between the values of
rH-1 and rH-2, suggesting that the relative contribution of the

FIGURE 6. Time course of the formation and dissociation of rH-1 (A), rH-2
(B), and WT SSF (C) aggregates during the oxidative deposition of iron in
the protein shell. The curve represents an average of six independent exper-
imental measurements. Conditions were as follows: [aporH-1, aporH-2, or WT
apoSSF] � 0.5 �M in 100 mM Mops (pH 7.0), 200 �M Fe2�, 25 °C.
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two subunits in SSF to iron mineralization is essentially equal.
Consistent with this conclusion, the value of the initial rate of
rH-1H-2 (0.42 � 0.02 �M iron/subunit/s) is also between the
values of rH-1 and rH-2 (Fig. 8A).

At intermediate iron loading (200 Fe2�/shell), the four fer-
ritins exhibit amarkedly different kinetic behavior (Fig. 8B) (i.e.
biphasic kinetic curves are observed, which are characterized
by an initial fast phase followed by a slow phase). The initial
rapid rise in absorbance is attributed to fast Fe2� oxidation at
the diiron ferroxidase site. For rH-2 and SSF, the EP is respon-

FIGURE 7. Kinetic curves of the formation and dissociation of rH-1
(A), rH-2 (B), and WT SSF (C) aggregates during the oxidative deposition
of iron in the protein shell. The curve represents an average of six indepen-
dent experimental measurements. Conditions were as follows: 0.5 �M apo-
ferritin in 100 mM Mops (pH 7.0), 72 �M Fe3�, 25 °C.

FIGURE 8. Kinetic curves of Fe2� oxidation by O2 in aporH-1, aporH-2, WT
apoSSF, and aporH-1H-2 at different Fe2� concentrations, 48 (A), 200 (B),
and 400 Fe2�/shell (C). Conditions were as follows: final [aporH-1, aporH-2,
aporH-1H-2, or WT apoSSF] � 0.5 �M in 100 mM Mops (pH 7.0), 24 –200 �M

FeSO4, 25 °C.
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sible, at least partially, for iron mineralization in the second
phase because of low regeneration activity of their diiron fer-
roxidase sites. The specific domain in rH-1 is not believed to be
involved in this process, as suggested by protein association
results (Fig. 1). Similarly, the initial rate of iron oxidation cata-
lyzed by rH-1 (0.59 � 0.07 �M iron/subunit/s) is slightly larger
than that by rH-2 (0.48 � 0.04 �M iron/subunit/s), suggesting
that the catalyzing activity of the diiron ferroxidase site in rH-1
is stronger than both the activity of the diiron ferroxidase site in
rH-2 and in EP-2. Different from the situation at low iron flux
into ferritin, the iron oxidation rates of both SSF (1.10 � 0.13
�M iron/subunit/s) and rH-1H-2 (0.91 � 0.03 �M iron/sub-
unit/s) are considerably larger than those of rH-1 and rH-2,
again indicating that a positive interaction exists between the
H-1 and H-2 subunits in SSF or rH-1H-2 in iron oxidation at
medium iron loading.
At high iron loading of the protein (400 Fe2�/protein shell), a

situation where added iron (400 Fe2�/shell) exceeds the regen-
eration activity of the diiron ferroxidase center in rH-1, the
order of the kinetic activity of rH-2 and rH-1 is reversed, and
consequently, rH-2 (�0� 1.42� 0.04�M iron/subunit/s) exhib-
its stronger catalyzing activity than rH-1 (�0 � 0.99 � 0.06 �M

iron/subunit/s) (Fig. 8C). This implies that iron mineralization
processed by EP-2 is more effective than that by EP-1. More
importantly, under the present condition, SSF (�0 � 10.84 �
0.36 �M iron/subunit/s) is the most kinetically active of the
three proteins (rH-1, rH-2, and SSF), again indicating that the
H-1 and H-2 subunits in SSF have a synergistic effect on iron
oxidative deposition in the protein. Support for this conclusion
comes from the observation that rH-1H-2 (�0 � 11.77 � 0.87
�M iron/subunit/s) exhibits a much stronger catalyzing iron
oxidation activity compared with those of rH-1 and rH-2. This
effect becomes more pronounced when iron loading increases
from 200 to 400 Fe2�/protein shell (Fig. 8C). Additionally, it is
evident that the initial rate of iron oxidation catalyzed by ferri-
tin is generally proportional to iron concentration, a result that
accords with previous observations (30, 32).

DISCUSSION

Todate, all knownphytoferritins naturally occurring in seeds
(exceptArabidopsis) are heteropolymers composed of H-1 and
H-2 subunits with high sequence identity (8, 17, 35). This prop-
erty is reminiscent of heteropolymeric H/M(H�) ferritins found
in the liver of Antarctic teleosts (36). The M subunit displays
the features of bothH and L subunits (7, 36), indicating that it is
an H and L hybrid subunit. Similarly, all subunits in phytofer-
ritin characterized thus far likewise contain both a typical
H-type ferroxidase center and all of the amino acid residues
characteristic of an L-type subunit for efficient iron nucleation
with the cavity (11). Based on these structural features, phyto-
ferritin is considered anH/L hybrid ferritin (11). Therefore, it is
of special interest to elucidate the role ofH-1 andH-2 in SSF for
oxidative deposition of iron in protein.
The present work demonstrates that the H-1 and H-2 sub-

units have markedly distinctive functions in oxidative deposi-
tion of iron in SSF (i.e. theH-1 subunit is mainly responsible for
rapid Fe2� oxidation followed by mineralization at low iron
loading of ferritin, whereas theH-2 subunit plays amore impor-

tant role at high iron flux into protein or upon direct addition of
Fe3� to ferritin). Consequently, the H-1 and H-2 subunits have
complementary functions in iron uptake into ferritin, a situa-
tion similar to that of the H and L subunits in animal ferritin
(1–3). More significantly, they have a synergistic effect on the
oxidative deposition of iron in SSF, resulting in stronger cata-
lyzing activity of bothWT SSF and rH-1H-2. This property has
not been previously recognized. Although the amino acids
involved in the definition of the ferroxidase center are strictly
conserved in the two subunits (8, 10–12), their ferroxidase cen-
ters exhibit markedly different regeneration and catalyzing
activities. For example, at low iron flux into apoferritin (48
Fe2�/shell), the rate of iron oxidation by rH-1 ismarkedly larger
than that of rH-2 (Fig. 8A). On the other hand, when the
amount of iron added to apoferritin is in the range of 48–200
Fe2�/shell, no protein aggregation occurs with rH-1, whereas
such an addition considerably facilitates protein association in
rH-2 (Fig. 1). The disparity in protein aggregation between the
two proteins stems from the difference in regeneration activity
of the diiron ferroxidase centers. As shown in Fig. 5A, the
regeneration activity of the diiron ferroxidase center in the H-1
subunit is much greater than that in H-2, resulting in the
absence of ferric iron bound to the exterior surface of the pro-
tein. Indeed, measurement of the regeneration activity by fluo-
rescence spectrophotometry reveals that rH-1 exhibits the
stronger ability to remove Fe3� from the ferroxidase center to
the inner cavity compared with rH-2 (Fig. 5B), confirming the
above mentioned idea. These results demonstrate that other
amino acid residues near or far away from the ferroxidase cen-
ter likewise have significant effects on the regeneration activity.
Support for this idea comes from the recent observation that,
unlike human H-chain ferritin, mitochondrial ferritin does not
regenerate its ferroxidase activity after oxidation of its initial
complement of Fe(II) and generally has considerably slower
ferroxidation and mineralization activities as well, although
mitochondrial ferritin has the same ferroxidase center residues
and overall structure as human H-chain ferritin (37, 38).
With the addition of more than 200 Fe2�/shell, protein asso-

ciation also takes place in rH-1 because such addition exceeds
the turnover capability of the protein. Interestingly, the kinetic
curves of protein association of rH-1 are sigmoidal in contrast
to rH-2, in which the hyperbolic kinetic curves are observed,
indicating that the catalyzing activity of EP-2 is stronger than
that of EP-1 (Figs. 1 and 2) (13). This may be because EP-2 has a
higher capacity for iron than its analog, EP-1 (Fig. 3).Moreover,
when 400 Fe2�/shell were aerobically mixed with apoferritin,
protein dissociation is completed within �300 min with rH-2
and is faster than that of rH-1 (�500min) (Fig. 6), demonstrat-
ing that EP-2 is able to translocate Fe3� from the outer surface
of the protein to the inner shell better than EP-1. As expected,
upon the direct addition of Fe3�/shell, the same result was
obtained with the two proteins (Fig. 7), again supporting the
above mentioned conclusion. Thus, with increasing iron con-
centration from 48 to 200 irons/shell or higher, the mechanism
of iron oxidative deposition in deposition in both rH-1 and
rH-2 is changing from the diiron ferroxidase mechanism to the
EP-involved catalyzing mechanism (13); the EP domains play a
more important role in iron mineralization than the diiron fer-
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roxidase center. The difference in the catalyzing activity
between EP-1 and EP-2 is consistent with their difference in
structure, namely sequence ASTVPLTGVIFEPFEEVKKSEL-
AVPT for EP-1 versus sequence ASNAPAPLAGVIFEPFQELK-
KDYLAVPI for EP-2. These findings support the idea that the
EP domains might regulate the iron oxidation activity of plant
ferritin, especially at moderate and high iron loadings. Consis-
tent with this idea, two other soybean ferritin subunits, H-3 and
H-4, have distinct EP domains from their analogues H-1 and
H-2, and homopolymer rH-3 exhibits lower iron incorporation
activity as compared with rH-1 and rH-2 (18). Further support
for this proposal comes from previous studies showing that
cowpea leaf ferritin (39), maize ferritin (40), and pea seed ferri-
tin (17) consist of two ormore different subunits, which contain
specific EP domains at the N-terminal extremity.
Although the iron oxidation activity of rH-1 is markedly

larger than that of rH-2 at low iron flux into the protein (�48
iron/shell), the rate of iron oxidation catalyzed by rH-1 is com-
parable with that by rH-2 at bothmoderate (200 iron/shell) and
high (400 iron/shell) iron fluxes into the protein (Table 2).
Agreeing with the above observation, the H and M subunits
likewise exhibit a similar iron oxidation activity at high iron
loading (41). In contrast, there exists a 600–1000-fold disparity
in the iron oxidation activity between H and L subunits under
identical conditions (41). Therefore, the H-2 subunit is much
closer to the M subunit in promoting iron mineralization but
not to the L chain.
Notably, the rate and magnitude of protein association is

likewise a function of Fe2� aerobically added to apoferritin (Fig.
1). These results suggest that binding of Fe2� to EP-2 is an
equilibrium reaction followed by iron oxidation byO2 as shown
in Reaction 1. Resultant ferric ions ultimately induce protein
aggregation (Fig. 1), as recently observed with PSF (13).
What advantagemight the assembly of the H-1 andH-2 sub-

units into the protein render to phytoferritin in oxidative dep-
osition of iron? The answer to this question may lie in the
experimental results of iron mineralization in protein (Fig. 8).
Among the four proteins, rH-1 is the most kinetically active at
low iron loading of protein (48 Fe2�/shell) (Fig. 8A). However,
as the amount of Fe2� added to protein aerobically increases to
about 200 Fe2�/shell, either SSF or rH-1H-2 is generally supe-
rior to rH-2 and rH-1 in promoting iron mineralization, sug-
gesting that there is a synergistic interaction between the H-1

and H-2 subunits in this process. Consistent with this conclu-
sion, both WT SSF and rH-1H-2 have a stronger ability to cat-
alyze this process than rH-1 and rH-2 upon the addition of 400
Fe2�/shell. In parallel experiments in which 400 Fe2�/shell
were shot against apoferritin followed by stopped-flow light
scattering measurement, protein aggregates clearly dissociate
more rapidly in SSF than in rH-2 and rH-1 (Fig. 6), again dem-
onstrating that the H-1 and H-2 subunits have a positively
cooperative effect in facilitating the transfer of Fe3� from its
exterior surface to the cavity of the protein. This effect becomes
more evident when Fe3� is directly used instead of Fe2� to mix
with the apoferritins (Fig. 7). Thus, the combination of the H-1
andH-2 subunits in SSF considerably enhances the efficiency of
iron oxidative deposition in the protein. This view is supported
by previous studies indicating that the L-chain facilitates min-
eral formation in horse spleen ferritin, presumably because of
increased iron turnover at the ferroxidase site of the H-chain in
the presence of the L-chain (42). In contrast, such cooperative
interaction seems to be lacking in the H/M heteropolymer
found in fish as indicated by the fact that the co-assembly of H-
and M-chains in Trematomus newnesi and Trematomus ber-
nacchii liver ferritin results in a decreased catalytic and miner-
alization efficiency relative to the M homopolymer, which
favors adaptation to low temperatures (36, 43). These compar-
ative results imply that the specific EP domains of phytoferritin
might be responsible, at least partly, for the above observed
synergistic interaction between the H-1 and H-2 subunits dur-
ing oxidative deposition of iron in protein.
In summary, the present work defined the key features of the

H-1 and H-2 subunits in SSF for oxidative deposition of iron in
ferritin and showed that their function in the above mentioned
process depends on the amount of iron added to the protein. At
low iron flux into the protein (�48 Fe2�/shell), both the H-1
and H-2 subunits catalyze iron oxidation via the diiron ferroxi-
dase center through a ferroxidase mechanism as proposed pre-
viously (42). Under conditions of moderate iron flux, the above
mechanism likewise dominates iron oxidation in the H-1 sub-
unit because of its stronger ability to remove Fe3� from the
outer surface of protein to the inner cavity than that of the H-2
subunit. However, in the H-2 subunit, this mechanism is grad-
ually replaced by another mechanism by which the iron oxida-
tion is processed by EP-2. At high iron loading of the protein,
EP-1 also appears and participates in the iron oxidation, but its
ability to catalyze iron oxidation and transfer Fe3� to the cavity
is pronouncedly weaker than that of EP-2. More interestingly,
whenmore than 48 Fe2� or Fe3� per protein are loaded, there is
a positively synergistic interaction between the H-1 and H-2
chains in SSF in iron oxidation and translocation. Thus, hetero-
polymeric ferritin may facilitate plant cell absorption of both
ferrous and ferric ions from soil more effectively than
homopolymeric ferritin.
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