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Isolation and preliminary characterization of ferritin from clover seeds
(Trifolium subterraneum L. cv. Clare)
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Ferritin from clover (Trifolium subterraneum) seeds was isolated and characterized. It was shown to contain
polypeptide units of 28-26.5 kDa. The apparent molecular mass of the native protein was 560 kDa. The
average iron cores were 4 nm in diameter and contained 1300 iron atoms, with Fe:P = 4:1. Purified clover
apoferritin was shown to be functional by means of iron uptake experiments. Plots of initial velocities of iron

uptake (at pH 6.7) into clover and horse spleen apoferritins were found to have similar profiles.
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Introduction

Ferritin, the iron storage protein in animals (Ford er al.
1984, Theil 1987, Crichton 1991) has a bacterial equiva-
lent, bacterioferritin (Stiefel & Watt 1979, Chen &
Crichton 1932) and a plant equivalent, phytoferritin
(Crichton er al. 1978, Van der Mark ef al. 1981, 1983,
Bienfait & Van der Mark 1983, Van der Mark & Van Den
Brie! 1985, Sczekan & Joshi 1987, Laulhere er al. 1988,
1989, Lescure e al. 1990). All of these proteins consist of a
spherical shell of 24 sub-units encompassing a cavity,
aboul 8 nm in diameter, in which the non-heme-iran core
is laid down {Theil 1987). Animal ferritins have been
extensively studied. and much information is available on
their structure and function (Theil 1987, Crichton 199]).
Phytofcrritins have not been investigated to the same
extent, although they have been isolated from a varicty of
sources, e.g. bean seeds (Van der Mark & Van Den Briel
1985). peca (Lauthere ef ol 1989) and soyabean (Sczekan &
Joshi 1988, Lescure er al. 1990). Sequence comparisons
indicate that phytoferritins are homologous with ferritins
(Lescure e al. 1991, Theil & Hase 1993, Wade er al. 1993),
though there is an extension peptide in phytoferritin with a
molecular weight about 3 kDa.

Whilst animal ferritins consist of two types of subunit,
the H and L subunits (Fard er of. 1984, Theil, 1987,
Crichton 1991). phytoferritins studied to daie only have
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onc sybunit type. The H and L subunits differ in size and
sequence. and in their reactivities (Levi er al. 1988, 1989,
Treffry 1992). Mechanistic work with ferritin has indicated
that iron core formation in vifro requires the uptake of
Fe(ll} and its subsequent oxidation to Fe(IIll) at a
ferroxidase site. A detailed model of this site has been
constructed from X-ray studies coupled with site-dirccted
mutagenesis cxperiments (Treffry ef al. 1992). Central
features of this site appear to be conserved in bacteroferri-
tin and phytoferritin, leading to the proposal that ferroxi-
dation is a commaon feature of iron uptake into all known
classes of ferritin (Tevi et af. 1989, Andrews er al. 1992,
Grossman ¢t «l. 1992). Howcver, there have been rel-
alively few studies of the ferroxidase activity of phytoferri-
tin and therefore this was one of the topics we investigated
with ciover ferritin.

Interest in clover comes from the widespread usc of this
important legume. which is grown for forage. to supply
nitrogen 1o accompanying grasses, and to improve tilth
and fertility of soils. Of all the cultivated annual clovers,
Trifolium subterraneum currently makes the largest world-
wide contribution 1o livestock feed production and soil
improvement (McGuire 1985). Cultivar Clare is the
varicty cultivated in calcarcous soils, where iron is not
easily available. The molecular mechanisms that control
iron uplake, storage and mobilization in plants have so far
reecived relatively little attention (Emery 1978, Spiller er
al. 1987). despite the fact that crop improvement can
benefit from a better understanding of this aspect of the
plant biochemistry. Therefore we are engaged on a study
of iron metabolism in clover.
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The present paper describes the isolation of clover seed
phytoferritin. This has not been previously reported.
Characterization of the purified protein was performed by
using gel electrophoresis, inductively coupled plasma
(ICP) spectrometry, transmission electron microscopy
(TEM) and encrgy-dispersive X-ray analysis (EDAX).
Functional behavior of the purified apo-ferritin was
demonstrated by means of iron uptake studies, which
indicate that it does indeed possess ferroxidase activity.
Whilst this manuscript was in preparation related work on
pea sced phytoferritin was published (Wade er al. 1993).
Qur data are in broad agreement with theirs.

Materials and methods

Clover seeds (T. subterraneum L. cv. Clare) were ob-
tained from a local dealer. Horse spleen ferritin was
obtained from Sigma. All other chemicals used were of
analytical gradc, supplied by Sigma or Bio-Rad.

Isolation and characterization of phytoferritin

Isolation and purification of the plant protein was carried
out by a modification of the procedure described by
Laulhere et al. (1989). Dry seeds were allowed toswellin 4
volumes of distilled water for 2 h at room temperature,
Swollen seeds were homogenized, at 4 °C, in 4 volumes of
an aqueous buffer (S0 mm Tris-HCI, pH 7.4, 1mum
EDTA, .1% phenylmethylsulfonyl fluoride, 1% paly-
vinylpyrollidene) using a waring blender. The slurry was
filtered and centrifuged at 15000 g for 15 min. To the
supernatant MgCl, was added to a final concentration of
50 mm and, after 20 min, trisodium citrate was added to a
final concentration of 70 mM to complex Mg®*. After 2 h
at 4 °C, the mixture was centrifuged at 26000 g for 50 min.
Pellets were resuspended in 50 mm Tris—-HCL, pH 7.4, and
centrifuged at 100000 g for 2 h. The brown pellets thus
obtained were resuspended in the same buffer and
centrifuged at 15000 g for 5 min to ¢liminate debris. The
supernatant was then loaded on a Sephacryl 5-300 gel-
filtration column previously equilibrated in 50 mwm
Tris-HCI, 100 mm NaCl and 0.1 mm EDTA (pH 7.4), and
phytoferritin eluted in the same buffer.

Protein concentration was determined according to the
method of Bradford (1976). Puritv of the protein extract
was assessed by gel electrophoresis in a non-denaturing
system (8-25% polyacrylamide gradient gel) and a de-
naturing system (10-15% polyacrylamide-SDS gradient
gel) according to Lacmmli (1970}, The gels werc stained
for iron with Prussian blue (2% KiFe(CN} solution in 2%
HCl) and for protein with Coomassie blue stain.

For electron microscopy, the phytoferritin was stained
with wranyl acetate and air-dried onto Formvar-coated
copper electron microscope grids. Unstained samples were
also prepared. Micrographs were obtained with a Hitachi
H6000 transmission electron microscope, operating at
75 keV, which was equipped with EDAX ftacilities. Quan-
titative elemental analysis for iron and phosphorus were
carried out by ICP spectromelry using a Perkin-Elmer
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Emission Spectromeier Plasma 2000} instrument and also
by a colorimetric assay for phosphorus (Ames 1966).

Preparation of apoferritin

Iran was removed from purified clover ferritin by dialysis
with 0.12 m thyoglycolic acid at pH 5.0, followed by
dialysis against buffer 20 mm Tris-HCl, pH 7.4. For
comparison, horse ferritin was treated in the same way to
obtain the corresponding apoprotein.

Iron uptake

Iron uptake was investigated by the incubation of clover
apoferritin in 0.1 m PIPES buffer, pH 6.7, with a 1500-fold
molar excess of Fe** for 30 min and monitored by 6%
pelyacrylamide gel electrophoresis and Prussian bluc
stain. The kinetics of iron uptake, at 20 °C in the presence
of atmospheric oxygen, was followed by monitoring the
increase of optical density at 310 nm using a Perkin-Elmer
552 UV-vis spectrophotometer. Increasing amounts of
freshly prepared ferrous ammonium sulfate solutions (up
to 600 um) were added to purified apo-phytoferritin
samples of 0.3 gn in 0.1 M PIPES buffer, pH 6.0 and 6.7,
and in 0.1 m MES buffer, pH 5.2. Comparative studics of
horse splecn apoferritin were also carried out.

Results and discussion

The purification procedure gave clover seed phytoferritin
which was collected as a single and homogeneous fraction
by gel filtration chromatography (Sephacryl $-300 col-
umn). Non-denaturing polyacrylamide gradient gel elec-
trophoresis revealed a single Coomassie stained band,
which also stained positive for iron with Prussian blue. The
corresponding molecular mass was 560 kDa, as shown in
Figure 1{A). Electrophoresis in denaturing 10-15% gradi-
ent polyacrylamide-SDS gels revealed (Figure 1B) a
broad band in the 28-26.5 kDa range. However, when the
protein sample was stored for a few days at 4 °C, faint
bands corresponding to smaller subunits of 22-20 kDa
(possibly due to proteolytic breakdown) were also ob-
served as minor components. These resulis do not clearly
indicate that clover phytoferritin consist of 24 subunits.
However, ferritins run on non-denaturing gels often
cxhibit a lower molecular weight than they actually have
and for phytoferritin an apparent molecular mass of about
500-600 kDa is generally considered (Crichton et al. 1978)
to indicate 24 subunits.

The observed electrophoretic behavior of clover ferritin
is similar to that found for other phytoferritins. Thus,
soyvabean (Crichton er al. 1978, Sczekan & Joshi 1987) and
pea and maize seed ferritins (Van der Mark er al. 1981,
Laulhere er al. 1988) were reported to have an overall
apparent molecular mass of 540-572 kDa and a subunit
molecular weight of 28kDa. Smaller subunits, of
22-26 kDa, were also seen alongside the 28 kDa band
(Sezekan & Joshi 1987, Laulhere et al. 1989). Sczekan and
Joshi (1987) showed that, for soyabean ferritin, the 22 kDa



Figurc 1. (A} Non-denaturing 8-25% gradient gel electrophere-
sis of clover ferritin. The gel was stained with Coomassie blue,
Lane 1. molecular weight marker (HMW: Pharmacia). Lancs 2
and 3, 1 and 2 pg of phytoferritin. (B) Electrophoresis in
denaturing 10-15% polyacrylamide—-SDS gels, Coomassie blue
stain. Lane 1. 1 ug of phytoferritin. Lane 2, low molecular weight
marker (Pharmacia).

subunit could be formed by incubation of the 28 kDa
monomer with subtilisin, a serine protease. This strongly
suggests that the smaller subunits are the result of
protcolytic processes occurring during isolation of the
protein and that the mobility of the subunits in SDS gels is
anomalous to that expected from the actual mass because
of aberrant SDS binding (Theil & Hase 1993). In the case
of pea ferritin, the fully preserved subunit contains an
extension peptide and has a mass of 30 kDa, yet the
subunit found in seeds runs on gels with an apparent mass
of 26-28 kDa (Laulhcre er al. 1989). Since we arc
uncertain of the actual molecular mass of the protein
component of clover phytoferritin we have taken a value
of 672 kDa for the intact molecule (24 % 28 kDa) in the
analysis of iron content and iron uptake rates given below.

Figure 2 depicts representative electron micrographs of
the purified clover ferritin, along with the results of
EDAX spectroscopy which show the presence of iron and
phosphorus. Selected area electron diffraction (not shown)
gave two diffuse rings corresponding to o spacings of (0.322
and 0.197 nm, respectively, which can be assigned (Towe
& Bradley 1967) to a ferrihydrite mineral core.

The unstained preparation (Figure 2A) shows discrete
particles of rather uniform clectron-optical contrast. which
have an average diameter of about 4 nm. The stained
preparation (Figure 2B) shows that these particles are
surrounded by protein coats. Most molecules are partially
filled (dark with a white halo). but some arc unloaded.
The simultaneous presence of loaded and unloaded
molecules was also observed by researchers working with
mammalian ferritins (Ford er af. 1984, Crichton 1991,
Deighton et al. 1991). 1t seems that further capture of iron
ions 1s favored once an initial mineral core is already

Ferritin from clover seeds
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Figure 2. Electron micrographs (200000 ) of (A) unstained and

(B) uranyl acctatc-stained clover ferritin, (C) EDAX pattern
showing iron and phosphorous peaks.
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formed inside the protein shell. This could well be the
result of ordinary crystal growth, with large crystals
growing at the expense of smaller ones {Ford er al. 1984,
Crichton 1991).

The fact that the mineral cores have an average
diameter of only 4 nm indicates that the protein, with a
probable internal diameter of about 8 nm, is not heavily
loaded. This is in agreement with the results of ICP
analysis which gave an average of 1300 iron atoms per
protein molecule, assuming a molecular weight of
672 kDa. Ferritin molecules have a capacity to store up to
4500 iron atoms in their central cavity (Theil 1987),
although as isolated such proteins are not usually so
heavily loaded.

ICP spectrometry also showed a Fe:P ratio of about 4:1
(average of five determinations). For mammalian ferritins
this ratio is usually 8:1 or higher (Treffry & Harrison 1978,
Harrison et al. 1989), whilst bacterioferritins are character-
ized (Stiefel & Watt 1979, Moore ez al. 1986) by their low
Fe:P ratio (between 1:1 and 2:1}. This difference is
associated with a difference in core morphology. Mamma-
lian ferritins have a crystalline ferrihydrite core whilst
bacterioferritins have an amorphous core containing
iron-phosphate (Stiefel & Watt 1979, St Pierre et al. 1986,
Harrison et al. 1989, Theil & Hase 1993). However, small
differences are apparent between bacterioferritin cores,
¢.g. that from Azotobacter vinelandii appears to contain
small crystalline regions ol ferrihvdrite (St Picrre er al.
1989) whilst that from Pseudomonas aeruginosa (Moore er
al. 1986, St Pierre er al. 1989) does not. A similar
distinction may occur for the phosphate-rich phytoferritin
cores. For example, electron microscopy (EM) studies of
native pea seed phytoferritin containing an average 1800
iron atoms per molecule and with an FE:P ratio of 2.8:1
failed to identify any crystallinity (Wade er al. 1993), whilst
in our clover phytoferritin EM studies there is some
evidence for the presence of ferrihvdrite. Additional EM
studies and comparative Mdssbauer studies are required to
further characterize this difference.

Functional bchavior of the purified clover apoferritin
was demonstrated by the iron uptake experiments de-
scribed above. Incubation of the apophytoferritin with a
1300-fold molar excess of Fe2* for 30 min at pHl 6.7,
followed by electrophoresis on a non-denaturing 6%
polyacrylamide gel, gave a band that stained with prussian
blue, as shown in Figurc 3. Progress curves of iron uptake
into clover apo-phytoferritin at different iron:protein
ratios monitored by the appearance of the 310 nm absorb-
ance associated with Fe(III) are shown in Figure 4. It is
clear from thesc curves that Fe(Il) oxidation is faster in the
presence of phytoferritin than in its absence, similarly to
the behavior of horse spleen ferritin, and consistent with
phytoferritin containing a ferroxidase center (Grossman er
al. 1992, Treffy et al. 1992, Wade er al. 1993). The
measurement of initial velocities of iron uptake into clover
apo-phytoferritin and horse spleen ferritin (Figure 5) are
consistent with this. The inset plot in Figure 5 showing that
iron uptake is faster at pH 6.7 than at tower pH is also
similar to the behavior of horse spleen ferritin (Ford et al.
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Figure 3. Polyacrvlamide gel electrophoresis (0% ) of clover
ferritin. Lanes 1 and 3, apo-phytoferritin. Lanes 2 and 4,
apo-phytoferritin after incubation with 1500-fold molar excess of
iron for 30 min, in 0.1 m PIPES buffer at pH 6.7. (A) Coomassie
blue stain. (B) Prussian blue stain.
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ABSORBANCE AT 310nm
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Figure 4. Time-dependent iran uptake by clover apoferritin

(0.3 pn) in 0.1 a1 PIPES buffer, pH 6.7, at 20 °C. The dashed line
is an iron oxidation control {320 pm) in the absence of protein.
The ratio of iron atoms per protein moelecule (MW = 672 kDa) s
shown on each curve.

1984, Harrison et al. 1989). The H subunits of horse spleen
ferritin each contain a single ferroxidase center, though
the more abundant (85-90%) L chain subunits do not.
Thus the similar profiles for clover phytoferritin and horse
spleen ferritin indicate that either the phytoferritin sites
are less active than the ferritin sites or that not all the
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Figure 8. Initial velocities of iron uptake into clover apo-ferritin
{O) and horse spleen apo-furritin (@) as a function of the number
of Fe(11) ions per protein molecule. Experiments were carricd out
in 1.1 m PIPES buffer at pH 6.7, The inset shows the initial
velocity of iron uptake into clover apo-phytoferritin at various pH
values: pH 6.1 and pH 6.7 (0.1 m PIPES buffer) and pH 5.2 (1.1 »
MES butfer).

phytoferritin subunits contain functional ferroxidase sites.
This is in contrast to pea seed phytoferritin which is
substantially more active than horse spleen ferritin (Wade
eral. 1993).
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