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ABSTRACT: Phytoferritin from legume seeds is naturally compartmentalized in amyloplasts, where iron is takem up and
released by ferritin during seed formation and germination. However, the effect of these two processes on starch granules remains
unknown. No starch damage was visualized by SEM during iron uptake by apo soybean seed ferritin (SSF). In contrast, great
damage was observed with the starch granules during iron release from holoSSF induced by ascorbic acid. Such a difference stems
from different strategies to control HO® chemistry during these two processes. HO® is hardly formed during iron uptake by
apoSSF, whereas a significant amount of HO® is generated during iron release due to the Fenton reaction. As a result, starch
granules are kept intact during iron uptake, which might beneficial to the storage of the starch granules during seed formation. In
contrast, these starch granules are dramatically hydrolyzed during the iron release process, which might favor seed germination.
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B INTRODUCTION

Iron homeostasis in various plant tissues throughout the life
cycle is a dynamic process resulting from an integrated
regulation of the expression of various genes encoding proteins
acting in the transport, storage, and utilization of iron."”” When
iron is allowed to redox cycle (e.g, as in cytochromes or
peroxidases), it contributes to activation of reduced forms of
oxygen through Fenton chemistry, leading to cellular damage
and possibly cell death. One of the most commonly accepted
mechanisms by which iron is involved in free radical production
in vivo is demonstrated by the iron-participated Fenton
reaction.””

The hydroxyl radical (HO®) is a potent oxidant that reacts at
diffusion-limited rates (10°—~10° M~ s7') with almost every
type of molecule found in living cells including sugars, amino
acids, nucleic acids, lipids, and organic acids.”® In contrast, HO®
was also reported to play a positive role in several physiological
processes such as plant cell-wall loosening for the control of
elongation growth” and protection of the emerging seedling
against pathogen attack.® Therefore, it is of great importance
for living organisms to regulate iron-related hydroxyl radical
chemistry.

Ferritin is a specific class of iron storage protein, which is
implicated in the buffering and transit of iron. Ferritin was
found in the entire living kingdom except for yeast.” Subunit
analyses indicate that animal ferritin is composed of two types
of subunits, designated H and L, which coassemble in different
ratios to form a protein shell of 24 subunits. These H and L
subunits share 55% identity in amino acid sequences and
similar three-dimensional structures with each other. The H-
chain subunit has ferroxidase activity associated with a di-iron
binding center that is responsible for the rapid oxidation of Fe**
to Fe** by O, or H,0,, whereas the L-chain subunit appears to
provil(ge11 efficient sites for iron nucleation and mineraliza-
tion.”™
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Iron uptake by ferritin corresponds to iron storage, which has
been extensively studied recently.” The di-iron ferroxidase
center plays a key role in this process, but its role becomes less
important when iron cores are formed within the inner cavity of
the protein. By then, most iron ions are oxidized and deposited
directly on the surface of the mineral cores through the crystal
growth model.'” The major cellular oxidants consumed durin
this oxidation reaction are oxygen and hydrogen peroxide.'
Sequestered ferric iron is bioavailable in case of cellular needs
and is nonreactive with oxygen. In contrast to the above iron
storage, there are relatively fewer studies carried out with iron
release from ferritin, especially from phytoferritin.'* The iron
release is of crucial importance because this process is involved
in cell growth both in plants and in animals. Phytoferritin iron
from legume seeds is required for the germination and early
growth of seedlings."> However, the mechanism by which
phytoferritin regulates its iron complement to the physiological
process remains unknown.

Compared with animal ferritin, phytoferritin exhibits
distinctive structural and functional features. One major
difference is that phytoferritin occurs in plastids where iron is
incorporated into the ferritin shell to form the mineral core,
whereas animal ferritin occurs in the cellular cytoplasm. For
example, phytoferritin in seeds was located in amyloplasts,
where starch granules were synthesized and stored."®"” It has
been reported that during iron uptake, reactive oxygen species
(ROS) including H,0, and HO® are produced as byproducts in
the presence of animal ferritin."®'® On the other hand, HO®
was also produced during iron release from holo pea seed
ferritin in the presence of ascorbic acid.*® A model based on the
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observation that the immunodetection pattern of pea seedling
ferritin is similar to the pattern of ferritin degraded by free
radical during in vitro iron exchanges has been proposed." It
has been hypothesized that such a mechanism occurs during
seed germination.”' Because starch granules coexist with
phytoferritin in the amyloplasts of seeds, it is of special interest
to elucidate whether these two processes (iron uptake and
release) have effects on starch granules, the focus of this study.

Herein, we demonstrated that iron uptake and release by
plant ferritin have different effects on starch granules due to
their different strategies for hydroxyl radical chemistry. HO®
was hardly detected during iron uptake by apoferritin. Because
this iron uptake process mainly occurs during seed formation, it
might be beneficial to the formation and growth of starch
granules. In contrast, a significant amount of HO® was
generated during iron release from ferritin, resulting in the
hydrolysis of starch granules to a great extent, facilitating the
generation of reducing sugars, which may favor seedling
growth.

B MATERIALS AND METHODS

Materials. Dried soybean (Glycine max) seeds were obtained from
the local market. The ferrous iron chelator 3-(2-pyridyl)-5,6-bis(4-
phenylsulfonic acid)-1,2,4-triazine (ferrozine) was obtained from
Sigma-Aldrich Chemical Co. (Shanghai, China). Sephacryl S-300,
DEAE Sepharose Fast Flow, native electrophoresis marker, and SDS
electrophoresis marker were purchased from GE Healthcare Bio-
Sciences AB (Beijing, China). 3-(N-Morpholino)propanesulfonic acid
(Mops) was obtained from Amersco (Beijing, China). Ascorbic acid,
terephthalic acid (TA), mannitol, thiourea, sodium citrate, and
magnesium chloride hexahydrate were obtained from Beijing Chemical
Reagents Co. (Beijing, China). All other reagents used were of
analytical grade or purer. HoloSSF and apoSSF were prepared as
previously described.> * Antiferritin rabbit antiserum was purchased
from Beijing Protein Institute. Protein concentrations were deter-
mined according to the Lowry method with BSA as standard.

Subcellular Localization of SSF. The samples were prepared
according to a reported method.>*¢ After 12 h of imbibition, soybean
seeds were cut into small patches. The patches were perfused with 4%
paraformaldehyde and 2.5% glutaraldehyde in 100 mM PBS. They
were dehydrated in a graded ethanol series and embedded in Epon.
Ultrathin sections of the specimens were cut and treated for 10 min
with 35 mM glycine, after which they were immersed with PBS buffer
containing 5% BSA and then incubated overnight at 4 °C with
antiferritin rabbit antiserum (1:500). Next they were incubated with
immunogold-conjugated goat anti-rabbit secondary antibody (Jackson
Immuno Research Laboratories, Inc., West Grove, PA, USA; dilution,
1:20), after which the sections were stained with neutral uranyl acetate
for 5 min. The samples were examined in a New Bio-TEM H-7500
transmission electron microscope (Hitachi Ltd., Japan).

Kinetic Measurement of Iron Uptake. Iron uptake by apoSSF
was investigated using the reported procedure.”” The fast kinetic
experiment was undertaken with the pneumatic drive Hi-Tech SFA-20
M stopped-flow accessory on a Varian Cary S0 spectrophotometer
(Varian, USA). Equal 140 yL volumes of weakly acidic FeSO,, solution
and buffered apoferritin solution were mixed at 25 °C in the
thermostated sample compartment containing a 280 uL quartz
stopped-flow cuvette with 1 cm optical path length. u-Oxo-diFe®*
species were formed during iron uptake, which were monitored by 300
nm.
Kinetic Measurement of Iron Release. Iron release from
holoSSF was investigated by the reported method.”>*® Briefly, the
assay system (1 mL) contained 0.2 M holoSSF, 500 uM ferrozine,
100 mM NaCl, and the desired concentration of ascorbic acid in 50
mM Mops buffer, pH 7.0. Reactions were carried out at 25 °C against
reference cuvettes containing all reactants and were initiated by the
addition of ascorbic acid. The development of [Fe(ferrozine);]** was
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measured by recording the increase in absorbance at 562 nm using a
Varian Cary 50 spectrophotometer and the iron released estimated,
using €55, = 27.9 mM ™' cm™". The kinetic data were further analyzed
with Origin 8.0 software (Microcal Inc.). The initial rate (1) of iron
release measured as Fe**—ferrozine complex formation was obtained
from the linear A; term of third-order polynomial fitted to the
experimental data as described previously: namely, Y = Ay + At + A,
+ A and dY/dt = A, + 2A,t + 3A5 (at t = 0, (dY/dt), = v,). Here ¢
is the time in seconds and Y is the concentration of [Fe(ferrozine);]**
at time ¢ in seconds.”

Starch Granule Preparation. Starch granules were isolated from
soybean seeds using a modification of the amyloplast isolation
procedure of Hurkman and Wood.*® Soybean seeds were imbibed in
double-distilled H,0 (ddH,0) at 25 °C for 12 h in the dark and sown
in a Petri dish. After imbibition, cotyledons were chopped with a razor
blade and immediately frozen with liquid nitrogen. The cotyledon
slices were then homogenized with 10-fold ultrapure water in a Waring
blender. This homogenate was quickly filtered through a double layer
of nylon mesh (100 meshes). The filtrate was centrifuged at 500g for
10 min at 4 °C. The pellets were washed eight times with ultrapure
water and were centrifuged at 500g for 10 min at 4 °C.

Determination of the Concentration of HO®. The production
of HO® was evaluated by monitoring the formation of the
hydroxylated terephthalate (TA-OH) between TA and HO® as
previously described.>' SSF (1 uM) was incubated in 50 mM Mops
buffer (pH 7.0) with 100 mM NaCl, 500 M TA, and 125 uM
ascorbic acid for 24 h at 25 °C. The fluorescence intensity of TA-OH
was measured at 326 nm as excitation wavelength (Ex) and at 432 nm
as emission wavelength (Em) with a Cary Eclipse fluorescence
spectrophotometer (Varian, USA). HO® concentration (nM) in the
reaction medium was calculated from the following calibration curve,
determined by linear regression (R* = 0.999): Y = 0.107X + 0.033,
where Y is the fluorescence intensity of TA-OH and X is the
concentration of HO®.

Starch Degradation during Iron Uptake and Release by SSF.
To analyze the effect of iron release from holoSSF on the water-
soluble starch, 1 mg/mL of the starch was incubated with 1 gM of
naturally occurring holoSSF or reconstituted holoSSF with different
sizes of iron cores containing 48, 96, 200, and 600 iron/protein shell in
50 mM Mops at pH 7.0 at 25 °C, followed by treatment with different
concentrations of ascorbic acid (25, 125, 250, 500, and 1000 uM),
respectively. In parallel, to determine the effect of iron uptake by
apoSSF on the water-soluble starch, experiments were conducted
wherein 1 mg/mL of soluble starch was mixed with 1 #M apoSSF in
50 mM Mops, pH 7.0, followed by aerobic addition of a series of Fe**
solutions at different concentrations (48, 96, 144, 200, and 400 uM).
After all of the above solutions were allowed to stand for 24 h, the
concentration of the water-soluble starch was analyzed by high-
performance size exclusion chromatography (HPSEC) on an HPLC
system with refractive index detection, and the column oven
temperature was 35 °C. The analytical system was equipped with a
Shodex SB 805 HQ HPSEC column (8 mm X 300 mm, separation
ranges 100—4,000,000 Da). The mobile phase was sodium nitrate (100
mM), and the flow rate was 0.5 mL/min. Sample and standards,
prepared in solution (2 mg/mL), were filtered through a 045 um
membrane, and the injection volume was 20 uL.

Effect of HO® Scavenger on Starch Degradation by HO®. To
determine the effect of HO® scavenger on starch degradation by HO®
formed during iron release, water-soluble starch was incubated with 1
#M holoSSF and HO® scavenger (3 mM mannitol or thiourea) in S0
mM Mops, pH 7.0, followed by the addition of ascorbic acid (250
uM). After incubation for 24 h, the concentration of the water-soluble
starch was determined as the above-mentioned method.

SEM Analyses of Starch Granules. Intact starch granules were
isolated from cotyledons of dried soybean seeds. One milliliter of
starch granules (0.1 g/mL) from soybean seeds was incubated with
either 1 yM apoSSF and 200 yM FeSO, for 24 h or with 1 uM
holoSSF and 125 uM ascorbic acid for 24 h. Three controls were 0.1
g/mL starch granules, 0.1 g/mL starch granules incubated with 1 M
holoSSF for 24 h, and 0.1 g/mL starch granules incubated with 1 yM
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apoSSF and 125 puM ascorbic acid for 24 h. After all samples were
lyophilized, the dried starch granules were attached to a SEM stub with
silver plate. The mounted samples were spatter-coated with two layers
of gold by ion coater (E-1030, Hitachi Ltd.) and were analyzed by
scanning electron microscope (S-4500, Hitachi Ltd.).

Determination of the Concentration of Free Iron, Reducing
Sugar, and Ascorbic Acid during Seed Germination. Soybean
seed germination was carried out by imbibing in ddH,O at 25 °C in
the dark. After germination for 12, 24, 36, and 48 h, respectively,
soybean seeds were frozen with liquid nitrogen followed by
pulverization into powder. One gram of soybean seed powder was
then homogenized with 5 mL of ultrapure water in a Waring blender,
vortex-mixed, and centrifuged; the resulting supernatant was collected
for the determination of reducing sugar and free iron concentration by
the dinitrosalicylic acid (DNS) assay expressed as glucose
equivalents®® and by the ferrozine colorimetric assay’> expressed as
iron pg/g dry seeds, respectively.

Soybean seed powder (20 g) was homogenized with 50 mL of oxalic
acid solution (2 mM). The resultant homogenate was quickly filtered
through a double layer of nylon mesh (100 mesh), and then the soy
milk was transferred to a S0 mL volumetric flask. Ascorbic acid
concentration were determined by using the 2,6-dichloroindophenol
titrimetric method expressed as ug/g dry seeds.

B RESULTS

Subcellular Localization of SSF and Starch Granules.
Previous immunoelectron microscopy studies have reported
that phytoferritin appears in amyloplasts upon iron citrate
treatment of soybean cell culture for 24 h.** Ferritin is also
mostly localized in the plastids and amyloplasts of infected and
uninfected cells of legume nodules.®> However, no such study
on mature soybean seeds has been directly carried out. In the
present study information on the subcellular localization of
phytoferritin in soybean seeds was obtained with TEM (Figure
1). In agreement with previous observations®* in mature
soybean seeds, SSF molecules are likewise located in amyloplast
stroma, and they coexist with starch granules in amyloplasts.
Moreover, some SSF molecules stay in an associated state
possibly due to low pH in the amyloplast as recently reported.*®

Different Effects of Iron Uptake and Release by
Ferritin on Starch Granules. Both iron uptake and release by
SSF occur in amyloplasts,"*” but the effect of these two
processes on the starch granules is unclear. To shed light on
this effect, an in vitro starch granules damage assay was set up,
in which the integrity of the starch granules during both iron
uptake and release by SSF was determined, respectively. First,
the effect of iron uptake by ferritin on the starch granules was
analyzed. It was observed that fast iron oxidation was catalyzed
by apoSSF (1 #M) upon aerobic addition of 200 Fe**/protein
to the protein at pH 7.0 (Figure 2A). To analyze the effect of
this oxidation process on the starch granules, the same
experiment was conducted but in the presence of starch
granules, followed by the observation with SEM. As shown in
Figure 3D, no damage was observed with these starch granules,
a result nearly identical to the control (Figure 3A).

Second, the effect of iron release from ferritin on starch
granules was determined. Iron release was monitored by the
formation of the Fe**—ferrozine complex at 562 nm upon
treatment of holoSSF (0.2 yM) in SO0 mM Mops, pH 7.0, with
ascorbic acid (125 M) as recently described”** (Figure 2B).
Compared to the iron oxidation, the iron release from
holoferritin induced by ascorbic acid is a much slower process,
consistent with previous observations."*>*® Subsequently, the
same experiment was carried out but in the presence of starch
granules, followed by the observation with SEM. It was found
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Figure 1. TEM images of SSF subcellular localization in soybean
seeds. Soybean seed cell sections were treated with polyclonal
antibody to SSF followed by IgG-conjugated 10 nm colloidal gold
(arrows). Gold particles are observed only in amyloplasts. cw, cell wall;
am, amyloplast; sg, starch granule. Bars are 5 and 1 ym in panels A and
B, respectively.

that the starch granules were dramatically damaged during this
process (Figure 3E). In contrast, starch granules incubated with
apoferritin with ascorbic acid and holoferritin were kept intact
(Figure 3B,C). These results indicated that these two processes
have markedly different influences on the integrity of the starch
granules.

Hydroxyl Radical Detection. It has been established that
hydroxyl radicals can cause oxidative scission of various
polysaccharides such as chitosan, pectin, and starch.*** To
elucidate the reason for the above observed different effects of
iron uptake and release by ferritin on the starch granules, the
formation of HO® was analyzed during iron uptake and release
according to a reported method where terephthalate (TA) was
used as the HO® trapping reagent.*' The concentration of HO®
was determined as TA-HO® adduct during these two processes,
respectively. As shown in Figure 2C, the concentration of TA-
HO?® adduct reached 317.4 + 11.3 nM during iron release from
holoSSF (1 uM) induced by 125 uM ascorbic acid, which is
about 14-fold larger than that generated by iron uptake at 200
Fe?*/protein iron flux into the protein at pH 7.0 (23.1 + 4.5
nM). These results suggested that much more hydroxyl radical
was produced during the iron release as compared to the iron
uptake, which could be responsible for the above observed
starch damage.

In paralle], the time curves of the TA-HO® adduct formation
for these two processes were obtained, which are given in
Figure 2D. The adduct concentration linearly increased with
time in the range of 330 min during the iron release, reaching
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Figure 2. Kinetic curves of Fe?* oxidation and iron release by soybean seed ferritin and hydroxyl radical generated during iron uptake and release
processes. (A) Fe** oxidation by O, in the presence of apoSSF. Conditions: final [apoferritin] = 0.5 M, in 50 mM Mops, pH 7.0, [FeSO,] = 100
UM, 25 °C. (B) Iron release from holoSSF induced by ascorbic acid. Conditions: 0.2 #M holoSSF, 125 uM ascorbic acid, SO mM Mops, pH 7.0, S00
uM ferrozine, 25 °C. (C) Determination of HO® concentration in 12 h. Vertical bars represent the standard errors from the means of three
independent experiments. Conditions: 1.0 #M holoSSF, 50 mM Mops (pH 7.0), 1 mM TA, and 125 uM ascorbic acid. Values are means + SE (n =
3). (D) Kinetic curves of HO® generated during iron uptake and release by SSF. Conditions: 1 #M holoSSF, 1 uM apoSSF, 125 uM ascorbic acid, S0

mM Mops, pH 7.0, 500 uM ferrozine, 25 °C.

90 nM at 330 min. In contrast, the kinetic curve of the radical
formation for the iron deposition nearly overlapped with that of
the control, and the concentration of this adduct is only ~6 nM
at 330 min.

Water-Soluble Starch Degradation. The above results
showed that HO® was produced mainly during the iron release
process, whereas such radical was hardly formed during iron
uptake by SSF. If this is the case, we would expect that starch
hydrolysis occurs during the iron release process due to HO®
attack as previously reported.>®** To confirm this idea, the
content of starch hydrolysis was analyzed at different iron
deposition and release experimental conditions, respectively.
To make the hydrolysis reaction easily detected, water-soluble
starch was used instead of starch granules. As expected, the
content of water-soluble starch decreased by only approx-
imately 8% upon increase of the ratio of Fe" to apoSSF from 0
to 400/1 (Figure 3F). In contrast, the starch was greatly
hydrolyzed during the iron relase from holoSSF, and the
concentration of a reducing reagent, ascorbic acid, has a large
effect on the hydrolysis of the water-soluble starch during iron
release (Figure 3G). The degree of the starch hydrolysis rapidly
increased with the increase ascorbic acid concentration,
reaching its maximum at 500 uM ascorbic acid, beyond
which no further hydrolysis was observed (Figure 3G).
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In parallel, the damage extent of the starch granules from
soybean seed was analyzed by scanning electron microscope
(SEM). Consistent with the above observation with the water-
soluble starch, the starch granules were almost not damaged
during iron oxidation even upon incubation with apoSSF (1
UM) treated aerobically with 400 Fe**/protein (Figure 4B), a
result nearly the same as the control (Figure 4A). By
comparison, the starch granule degradation occurs seriously
after the incubation with holoSSF in the presence of ascorbic
acid (500 uM) (Figure 4C), agreeing with the above
observation (Figure 3G). Such degradation happened to a
much larger extent when 1000 M ascorbic acid was used
(Figure 4D). This observation is different from the above result
obtained with water-soluble starch (Figure 3G), reflecting the
different reactivities of both water-soluble and -insoluble starch.

Measurements of Fe?'/O, Stoichiometry and H,0,
during Iron Oxidation. Hydroxyl radical was hardly produced
during iron uptake by apoSSF. To elucidate the reason for this
observation, measurements of Fe’*/O, stoichiometry were
performed during iron oxidation in the presence of apoSSF
using electrode oximetry. Meanwhile, the formation of H,O,
was directly probed by the addition of catalase, an enzyme that
specifically catalyzes the decomposition of hydrogen peroxide
into water and dioxygen as shown in eq 1.

2H,0, — 2H,0 + O, (1)
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Figure 3. (A—E) Scanning electron micrographs of soybean starch granules: (A) 0.1 g/mL starch granules alone; (B) 0.1 g/mL starch granules with
1 M apoSSF and 125 uM ascorbic acid in S50 mM MOPS pH 7.0; (C) 0.1 g/mL starch granules with 1 #M holoSSF in S0 mM MOPS pH 7.0; (D)
0.1 g/mL starch granules in the presence of apoSSF (1 M), where 200 M FeSO, was aerobically added; (E) 0.1 g/mL starch granules incubated
with 1 4M holoSSF and 125 M ascorbic acid. (F, G) Starch degradation during iron deposition and release: (F) during iron deposition into apoSSF
(conditions: 1 mg/mL soluble starch, 1 4M apoSSF, S0 mM Mops (pH 7.0), [FeSO,] = 48, 96, 144, 200, and 400 uM); (G) during iron release
from holoSSF (conditions: 1 mg/mL soluble starch, 1 #uM holoSSF, S0 mM Mops (pH 7.0), [ascorbic acid] = 25, 125, 250, 500, and 1000 yM). Bars

are S um. Values are means + SE (n = 3).

When 48 Fe?*/protein shell was added to 1 #M apoSSF, a
stoichiometry of ~4Fe®*/O, was observed (Figure S). This
value resulted from the combination of detoxification and
ferroxidase reactions as recently found.'**® Indeed, no oxygen
evolution was observed after catalase was injected into the
solution (Figure S), indicating that H,0, produced by the
ferroxidase reaction was consumed by the detoxification
reaction.'?

Effect of Hydroxyl Radical Scavengers and H,0, on
Starch Hydrolysis. Starch degradation during iron release
might come from hydroxyl radical. To confirm this idea, several
experiments were performed wherein two hydroxyl radical
scavengers and H,0, were added to the mixture containing
water-soluble starch, holoSSF, and ascorbic acid, respectively.
Figure 6 summarizes the effects of 3 mM thiourea and mannitol
(which are known to be effective HO® scavengers) on the
hydrolysis extent of the water-soluble starch. The starch was
hydrolyzed by ~32% in the absence of hydroxyl radical
scavenger. In contrast, the hydrolysis rate of the water-soluble
starch is diminished by 15% in the presence of mannitol and by
17% in the presence of thiourea. Furthermore, the addition of 3
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mM of H,0, to the reaction mixture enhances the hydrolysis
rate of the water-soluble starch by a factor of 2, which reached
~70%. Thus, these results indicated that hydroxyl radicals are
mainly responsible for the starch degradation, which stemmed
from the Fenton reaction occurring during iron release from
holoSSF.

Iron Release from HoloSSF. The starch hydrolysis during
iron release might be derived from the iron-catalyzed HO®. To
confirm this idea, one important reductant of Fenton reaction,
ferrous ion, was quantitatively analyzed upon treatment of
holoSSF with various amounts of ascorbic acid by the
formation of the Fe’*—ferrozine complex at $62 nm as
previously described,”' respectively, and at the same time, its
release kinetic was also monitored. As shown in Figure 7A, the
amount of released ferrous ions also increased as a function of
the concentration of ascorbic acid. On the other hand, the rate
of iron release increased linearly with an increase in the
concentration of ascorbic acid (Figure 7B), indicating that the
iron release is first order with respect to ascorbic acid. These
results imply that diffusion of ascorbic acid into the ferritin shell
may be the first step of iron release. These results are consistent
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Figure 4. Effect of iron uptake and release by SSF on SEM of soybean
starch granules: (A) 0.1 g/mL starch granules alone; (B) 0.1 g/mL
starch granules + 1.0 uM apoSSF + 400 uM FeSO,; (C) 0.1 g/mL
starch granules + 1.0 #M holoSSF + 500 4M ascorbic acid; (D) 0.1 g/
mL starch granules + 1.0 #M holoSSF + 1000 uM ascorbic acid. Bars
are S pm.
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Figure 5. Fe?*/0, stoichiometry and H,0O, measurement by electrode
oximetry upon aerobic addition of ferrous ions to apoSSF. Conditions:
[apoSSF] = 1.0 #M in 0.1 M Mops and 50 mM NaCl (pH 7.0), [Fe*"]
= 48 uM, 25 °C.

with the above observation that the degree of starch granule
degradation during iron release increased with increasing
concentration of ascorbic acid (Figure 4).

Determination of the Concentration of Reducing
Sugar, Ascorbic Acid, Ferrous lons, and Hydroxyl
Radical during Soybean Seed Germination. The above
results demonstrated that ferrous ions released from holoSSF in
the presence of ascorbic acid facilitate starch hydrolysis in vitro.
To elucidate whether these processes likewise occur in vivo, the
concentration of reducing sugar, ascorbic acid, ferrous ions, and
HO® during soybean seed germination was investigated,
respectively, as a function of germination time. As shown in
Figure 8A, the concentration of reducing sugar increased with
an increase in germination time over the range of 48 h. At the
same time, increased ascorbic acid concentration was also
observed, which is the same as in previous studies.*>*!
Associated with this increase is the increase in the
concentration of free iron ions and HO® during soybean seed
germination (Figure 8B). Thus, these four parameters are
closely related with each other, consistent with the in vitro
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Figure 6. Effect of HO® scavengers and hydrogen peroxide on soluble
starch hydrolysis during iron release: (A) starch alone; (B) starch +
holoferrtin + ascorbic acid; (C) starch + holoferrtin + ascorbic acid +
mannitol; (D) starch + holoferrtin + ascorbic acid + thiourea; (E)
starch + holoferrtin + ascorbic acid + H,0,. Conditions: 1.0 mg/mL
soluble starch, 1.0 uM holoSSF, 50 mM Mops (pH 7.0), 250 uM
ascorbic acid, 3 mM mannitol, 3 mM thiourea, 3 mM H,0,. Values are
means + SE (n = 3); means with different lower case letters are
significantly different at o = 0.5 using Duncan’s multiple-range test.
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Figure 7. Iron release from holoSSF induced by different amounts of
ascorbic acid: (A) kinetic curves of iron release; (B) correlation of the
initial rate of iron release with ascorbic acid concentration. Conditions:
[holoSSF] = 0.2 uM in S0 mM Mops, pH 7.0, [ascorbic acid] = 25,
125, 250, 500, and 1000 uM, 500 uM ferrozine, 25 °C.

conclusion that iron release from holoSSF induced by ascorbic
acid might result in the degradation of starch granules.

B DISCUSSION

Accompanied by the formation of legume seeds, iron uptake by
apoferritin results in the formation of holoferritin, which was
found to occur in amylopalst."*” Similarly, in the seedling
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Figure 8. Content of Fe, ascorbic acid, hydroxyl radicals, and reducing
sugar in germinated soybean seeds as a function of germination time.

Values are means + SE (n = 3).

stage, ferritin iron release likewise happens in the amyloplast,
and these released irons were believed to meet the demand of
various key physiological processes, such as electron transfer
and DNA synthesis.'> However, the effect of these two
processes on starch granules remains unknown. The present
study demonstrated for the first time that the transit of iron
into and out of the ferritin cavity has different effects on the
integrity of starch granules; namely, iron uptake by plant ferritin
causes no damage to starch granules, whereas iron release from
plant ferritin greatly facilitates starch hydrolysis (Figures 3D,E
and 4). Such difference is derived from their different strategies
to regulate HO® chemistry. For example, HO® was significantly
generated upon aerobic addition of ascorbic acid to holoferritin
(Figure 2C,D). In contrast, almost no HO*® was detected during
iron uptake by apoSSF regardless of iron concentration (Figure
2C,D), consistent with our recent finding.**

The reason for the inhibition of hydroxyl radical formation
during iron uptake might be derived from tightly controlled
iron chemistry by SSF. Indeed, the electrode oximetry results
showed that the Fe**/O, stoichiometry in the presence of
apoSSF was about 4:1 (Figure S). The stoichiometry of the
complete reduction of oxygen to water is 4:1 Fe**/O,, which is
a sequential four-electron transfer, that is, O, - 0,*~ = H,0,
— HO® — H,0. Therefore, in the presence of apoSSF, O, was
completely reduced into water, preventing the formation of
H,0,, which can react with unreacted ferrous ions to produce
HO?® through Fenton reaction. Consistent with this conclusion,
our recent studies showed that heteropolymeric soybean seed
ferritin can protect DNA from oxidative damage by inhibiting
the Fenton reaction.* Moreover, H-type ferritin, HuHF, was
found to also have such a function to attenuate the formation of
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HO"."® Thus, it appears that both animal and plant ferrritins
have developed the same strategy to cope with HO®.

In contrast, there is a significant amount of HO® generated
during iron release from holoferritin as shown in Figure 2C,D.
This should come as no surprise because free ferrous ions can
trigger the generation of highly reactive oxygen species (ROS)
via the iron-catalyzed Haber—Weiss reactions.>* Consistent
with this idea, the HO® scavengers such as thiourea and
mannitol significantly inhibited starch hydrolysis by ~15%,
whereas hydrogen peroxide increased such hydrolysis >2-fold
(Figure 6). These results demonstrated that free ferrous ions
released from holoferritin facilitated the formation of hydroxyl
radicals possibly through the Fenton reaction.

What advantage might Fe*"-induced HO® formation during
the iron release render to the cells during seedling germination
and growth? The answer to this question may lie in the
experimental results of the starch hydrolysis. The content of
water-soluble starch decreased with the increasing concen-
tration of ascorbic acid, a naturally occurring reducing reagent
in legume seeds (Figure 3G). In support of this observation, a
SEM image showed that the starch granules were pronouncedly
damaged during the iron release process, and such damage
increased in a dose-dependent manner (Figure 4). SEM
analyses also revealed that starch granules are attacked by
HO®, producing many “pinholes”, which are randomly
distributed on the starch granules, indicative of no selectivity
on the starch granules (Figures 3 and 4). In contrast, starch
degradation by enzymes can be divided into two types. One is
that lenticular granules are enzymatically attacked around the
equatorial groove, showing a relatively high selectivity;** the
other is that starch granules are enzymatically hydrolyzed in
“pinholes” or “scratches”.**** The latter pattern seems to
exhibit much lower selectivity, and the pores are very similar to
the case of hydroxyl radical attack reported in this study. Similar
to starch degradation induced by amylase,** HO®-induced
starch degradation consequently produces glucose and other
reducing sugars (Figures 6 and 8A), and thus this process may
favor various synthesis reactions at the seedling stage. In
agreement with the above proposal, it was observed that with
an increase in germination time, the content of ascorbic acid
increased over the range of 48 h (Figure 8A). Related to such
an increase is an increase in the concentration of reducing sugar
(Figure 8A). Thus, it is possible that the increase in the
concentration of ascorbic acid facilitates iron release from
holoferritin (Figure 7) because ~90% of the total iron is stored
in ferritin.”*’ As expected, free iron concentration increased as
a function of germination time (Figure 8B), and these released
ferrous ions could trigger the generation of hydroxyl radicals
through iron-catalyzed Haber—Weiss reactions, finally leading
to the generation of reducing sugars.

Different from animal proteins, proteins in plants usually
have evolved multiple functions for adaptation to these
environmental stresses. The present and previous findings
raise the possibility that phytoferritin in legume seeds has at
least three functions. One is iron storage within their inner
cavity for seedling development.”"> During this iron storage
process, starch granules are well protected from oxidative
damage (Figure 3D). The second function is to release stored
iron from its inner cavity to the bulk solution to meet the needs
of different iron-required physiological processes such as
nitrogen fixation and electron transfer."® The third is that
hydroxyl radicals produced during iron release from holoferritin
may help hydrolyze the starch granules during seed

dx.doi.org/10.1021/jf402826p | J. Agric. Food Chem. 2013, 61, 8215-8223



Journal of Agricultural and Food Chemistry

germination. This pathway might coexist with other pathways
of starch granule hydrolysis by enzymes such as a-amylase, -
amylase, and a-glucosidase.***® Throughout their life cycle,
plants often experience various stresses such as drought, cold,
light intensity, and pathogen attack. All of these stresses can
transiently lead to the generation of ROS, which cause the
damage of the above enzymes involved in the starch granules
hydrolysis. By that time, the ferritin-regulated starch hydrolysis
could play a more important role.

In summary, the present work demonstrates that iron uptake
and release by phytoferritin have different effects on the
integrity of the starch granules that were previously unrecog-
nized. During iron uptake, no damage was observed with the
granules because almost no HO® was produced during this
process. In contrast, starch granules were greatly damaged
during iron release from holoferritin induced by ascorbic acid.
This is mainly due to the generation of a significant amount of
HO® through Fenton reaction during iron release from
holoferritin. The hydrolysis of starch granules might be
beneficial to iron utilization in various physiological processes
such as protein and DNA synthesis during seed germination.
These findings advance our understanding of the fact that
ferritin and starch granules coexist in the amyloplast of legume
seeds.
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