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In nature, ferritin, an iron-storage molecule, is found in species
ranging from bacteriato man. In the past 50 years its chemical, phys-
ical, and magnetic properties have been studied, searching to relate
function and structure. Horse spleen ferritin has been investigated
by EPR at temperatures between 7 and 290 K. These spectra change
from an isotropic line at 290 K to an anisotropic one at 19 K, with
a behavior consistent with a system of particles that undergoes su-
perparamagnetic relaxation. A blocking temperature of (116 +-9) K
is obtained. A new temperature-dependent signal is observed in the
low field region at temperatures higher than 80 K. At 7 K no EPR
signal appears, suggesting (14 &+ 5) K as the Néel temperature of
surface spins. Analysis of the temperature dependence of the dis-
tance between EPR lines extrema, under the view of two theoretical
models, allowed the evaluation of magnetic parameters. These pa-
rameters are 2K /M = 2.7 x 10° Oe and MV = 1.9 x 10~ emu
or K/M = 1.3 x 10° Oe and MV = 2.0 x 10~ emu, where K
is the anisotropy energy per unit volume, M is the sample magne-
tization, and V is the superparamagnetic core volume. The results
are also discussed, and some structural models in the literature are
considered. © 2001 Academic Press

Key Words: horse spleen ferritin; EPR; blocking temperature;
ordering temperature; magnetic moment; anisotropy field.

INTRODUCTION

Spectroscopic techniques provide an important approach
the study of the ferritin iron centers. The iron centers in ferritin
have been extensively studied with a wide range of technique
such as extended X-ray absorption fine structure (EXABS)(
Mossbauer spectroscofA7), and magnetic measuremerg (
However, EPR (electron paramagnetic resonance) measul
ments on mammalian holoferritin have been rather limitec
(6, 9-12).

Previous work has shown that two broad features characte
ize EPR spectra of horse spleen ferritin fractions with differen
iron/protein ratios9). It has been shown that increasing the iron
content in ferritin, the low-field feature, with a maximum near
g = 6, increases while the high-field component, at algosit2,
decreases. The broad low-field feature was attributed to larg
iron crystallites 9, 12), suggesting a relation of these features tc
a superparamagnetic behavior. Similar spectral changes wol
then be expected with temperature changes and were inde
noted in the papers of Weet al (11), Delghtonet al. (12),
and Boas and Trougb). Although the latter considered the su-
perparamagnetic properties of the cores to explain the broade
ing of theg=2 line as temperature is lowered, the resonanc
at g=4 (low-field feature) has not been related to the sam
characteristic.

In this paper we report on the temperature dependence of EF

Ferritin is an iron-storage protein in animals as well as igpectra of horse spleen ferritin in order to assign their features:

bacteria. The bulk of the iron in ferritin is known to be disqg superparamagnetic resonance behavior, extending the temp
tributed as hydrous ferric oxide crystallites of various size up ture range of measurements previously repo@ed,(13). This

8 nm in diameter surrounded by a shell of protein of molecgaper focuses on the use of EPR spectroscopy with quantitati
lar weight 450,000 kDa, capable of storing up to 4500 irognalysis greater than that of previous papers. Analysis of the ter
atoms. The iron deposition in ferritin is the fundamental prgyerature dependence of the spectra under the view of two theor
cess by which cells store Fein a nontoxic but available form jcal models previously proposeti3, 14 allowed the evaluation
(1). The protein is an interesting subject for researchers inogmagnetic parameters. Relevant temperatures of this antife
range of fields: in biology, in the chemical synthesis of organigomagnetic nanoparticle system are also obtained. These rest
inorganic nanostructures, and in the physics of magnetism. T&e discussed, and the recently proposed structural model diffe

chemical and physical properties of the iron core in ferritin agghtiating between core and surface spil§) {s also considered.
therefore clearly of interest. Magnetic resonance imaging as a

model for contrast reagents and in the studies of iron deposits in

patients has recently grown in importan@g. ( MATERIAL AND METHODS

Horse spleen ferritin from Sigma was used with no further
1 To whom correspondence should be addressed. E-mail: elianew@cbpf.purification. A hundred microliters was transferred to sealec
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EPR tubes followed by nitrogen flux for a few minutes (samples a
A and B present different contributions of oxygen to the spectra

as will be explained later). Another sample was nitrogen fluxed
(sample C) until reduced to a wet paste. Annealing of horse
spleen ferritin was performed for three consecutive periods of

20 min each, one at 35C and two at 45€C.

EPR was performed with an X-band spectrometeuk@r”
ESP300E) with 20 mW microwave power and 2 Oe field modu-
lation over a temperature range from 7 to 290 K. A helium flux
cryostat (Air Products) was used to control the temperature.
Temperatures were measured with an Au—Fe x Chromel ther-
mocouple just below the sample. The room temperature (RT)
measurement was performed using a hemmatocrit capillar tube.
Annealed sample spectra were obtained at RT. Field shifts due
to different frequencies were corrected by means of the software
WINSPEC that has been previously developed for manipulation
of a set of EPR data of different spectrometers and formats.
Curves were fitted using a Monte Carlo-like methd®)(or
Origin (Microcal) software.

RESULTS AND DISCUSSION

At temperatures lower than 80 K the spectra of sample A
present contributions of residual oxygen in the atmosphere of
the sample tube that render their analysis difficult. In this tem-
perature range the spectra of sample B, which present a residual
oxygen contribution much higher than that of the core signal,
were used to minimize this contribution, subtracting them from
the spectra of sample A, as shown in Fig. 1a.

EPR spectra present two features similar to those reported
previously for ferritin cores, one centered at abgut 2 and
another with a maximum neay = 6 (6, 9-12) with similar
qualitative temperature behavior. The differences in the relative
intensities of these two features can be due to factors affecting
distribution of ferric ions in the cores, such as the presence of
oxygen (aerobic/anaerobic conditions), pH, phosphate content,
and aging (i.e., loss of water and rearrangement of ions) of core
particles, reported for different ferritin samples and under dif-
ferent conditionsqa, 17).

When oxygen is completely removed before measurement
(sample C), the core signal disappears and onlygthe 2.066
radical line and thg = 4.3 iron feature are observed (Fig. 1b).

A g = 2.066 line is also present in the spectra of Fig. 1a. A sim-
ilar line was observed for a radical formation when the ferritin
coreis developed from Feéand G in apoferritin. It was strongly
suggested that the radical is a by-product of core formafigh (

Theg = 4.3 line was assigned to the presence of non aggre-
gated F&" bound in a protein site of low symmetry in bacterio-
ferritin spectral9). It was suggested on the basis of EPR studies
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that additional monomeric loose iron is associated with the pro-

tein shell to solitary high-spin Bt ions bound to apoferritin FIG.1. (a) EPR spectra of horse spleen ferritin as a function of temperature

L . . (sample A). At temperatures lower than 80 K, the contribution of the residua
when Fé* is added followed by air oxidatior2(). oxygen was subtracted as described in the text; (b) EPR spectrum of horse sple

At temperatures higher than 80 K the spectra also contaifegitin, at 7.5 K, where oxygen is completely removed before measuremen
narrow signal in the region af = 9 not yet reported for horse (sample C).
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the same intrinsic moment, anisotropy constant, and volume
Althoughthe last one is not satisfied for ferritin molecules, which
certainly present a core volume distribution, calculations base!
on this model can provide some limiting or average values ant
strengthen the hypothesis of superparamagnetic behavior. Tt
parameter values could also be achieved by taking into conside
ation this volume distribution of the ferritin cores in the fittings;
nevertheless the quality improvement would not be significan
considering the experimental error and temperature intervals.
The solid curve in Fig. 2 is calculated from the fitting of
8 = 3Hsp/2 as shown by Griscon®2() for the axial symmetry
case withHsp given by Eq. [1]. The combination of these two
equations will be called model MV and Hyyk are the fitting
parameters with best valués,x = 2K/M = 2.7 x 10° Oe
andMV = 1.9 x 10~Y” emu, resulting in an anisotropy energy
KV = 2.5 x 10~ erg. Although the external field varied, its
500 . . . T T effect on thes expression was negligible, then it was taken as
24 21 18 _'11 . 1.2 09 3000 Oe to calculatr in Eq. [1].
log (1/T) (K") Model 2 (14) proposes that, for a randomly oriented uniax-
FIG. 2. Temperature dependence of the distance between EPR lines @- system of ferromagqetlc particles, the dlstar&as glven,
tremay. The solid line is the best fit of thiedata according to Eq. [1], from model BY 8 = 85+ du, Whereds is the superparamagnetic broadening
1, with Hpuk = 2K /M = 2.7x10° OeandMV = 1.9x 10~ emu. Thedashed andg, is the inhomogeneous broadenitdg, are written as a
line is the best fit according to Eq. [2] from model 2, withM = 1.3x 10°Oe  fynction of the Langevin parametés = MVw/yksT, where
andMV =2.0x 10" emu. w is the Larmor frequency (here®x 10w rad/s) andy is
the gyromagnetic ratio (2 10’ erg/Oe). Given the dimension-
spleen ferritin, as far as we know, the intensity of which increast®$s precession damping= 0.01 (as suggested in Refl4)),
with temperature and its position moves toward the logver4  the dimensionless anisotropy parametet Ky /M, and the
region (see Fig. 1a) . Langevin functiond. 1 », we have
At 290 K the core spectrum is characterized by a broad line
centered ayj = 2.014 that decreases in intensity and increasels = @ (6o — L1)/(3Y%y&L1) and 8u=3wely/yLi. [2]
in linewidth as temperature is lowered. At low temperatures
the spectra are anisotropic with a low-field feature previously Takingk /M andMV as the fitting parameters in Eq. [2], we
observed §, 9, 11, 12. This behavior is consistent with a su-Obtained the dashed curve in Fig. 2 wiiyM = 1.3 x 10° Oe
perparamagnetic resonance thedr§,(14. Signal is no longer andMV = 2.0 x 10~ emu, yieldingk V = 2.6 x 10~** erg.
observed when the temperature is lowered to 9 K. These values are similar to those obtained using the previol
The temperature dependence of the distance between EPRITIgslel.
extrema,é (measured as shown in Fig. 1a), was used to studySuperparamagnetic particles undergo thermally induced rc
the system properties of superparamagnetic particles. The resi@tions of the magnetization with a relaxation timeThe EPR
are plotted in Fig. 2. Two model4 8, 14 were used to analyze SPectral shape depends on the magnitude oélative to the
this temperature dependence of EPR spectra by considering@Rgervation time of the measurement andrds a function
magnetic anisotropy field to be larger than the single-crys@f temperature, there will be in theory a certain temperature
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linewidth. namely the blocking temperatur@,, at which the spectrum
The Superparamagnetic apparent anisotropy 'f|Hgi,Y with Shape Changes. However, in praCtice, a Sample of ferritin nor
an axial symmetry is given bylg) mally contains a range of core sizes and this leadsTipdistri-

bution and the characteristic coexistence of components in th
spectra. Considering, for simplicity, that the EPR spectra consis
of two components—one isotropic due to unblocked small par
ticles (temperatures higher th@g) and another anisotropic due
wherex = MV H/kgT andV is the superparamagnetic parto a blocked magnetic phase (temperatures lower Tgprthe
ticle volume. Hyyk is the bulk anisotropy field, expressed aselative fractions of these components can be obtained as a fun
2K /M, whereM is the sample magnetizatiol, the anisotropy tion of temperature. A computer fitting of the spectra could give
constant, andH is the external applied field. This expressiotthis ratio but the following approach is intrinsically simpler and
supposes that the system consists of small noninteracting gast as reliable. The intensity of the spectrum at a given mag
ticles embedded in a diamagnetic matrix and all particles hanetic field is the sum of these weighted components, dependin

Hsp/Hpuik = (1 — 3x "t cothx + 3x~2)/(cothx — x71), [1]
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1.0 average valugK V) of (5.6 + 3.3) x 10~ erg, in agreement
with that obtained from the linewidth analysis.

Previous EPRA{, 9, 11, 12 studies of horse spleen ferritin
have considered the spectra as composed of two componet
at high and low fields. Our interpretation follows more closely
model 1 (3, 21 and model 214). In this paper we propose that
the broad line, characterized gy= 2.014 atT = 290 K, in the
core spectra (Fig. 1a) is resultant of a collection of superpare
magnetic particles. Rotations of the magnetization vector ca
be thermally induced with a relaxation timig,. For longtsy,
when compared to the measurement tim@locked particles),
an anisotropic spectrum is obtained from a spread in the orient:
tion of the magnetization. tf, is shorter tham (unblocked parti-
cles), the effective anisotropy decreases and a narrower isotrog
line is observed. This is due to averaging over the observatio
: : : : time of the interactions, which gives rise to the broad spec
50 100 150 200 250 300 trum. tsp increases with the ratio between the anisotropy en

T (K) ergy, KV, and the thermal energigT. Similarly, nucleation
of small particles induced by annealing increatgsyielding

F_IG.S. Tempel_’aturedependenceofthe normalizgdfractionofordered mzmgmy anisotropic spectra for heated ferritin, which are com-
?ﬁ“c clusters obtained from Eq. [3] at the constant field of 11233 €0). - 50 1 the spectra of native ferritin®f and 80 K in Fig. 5.

e solid line is a guide to the eyes. . .

Because of the volume dependenc&afis more plausible to
compare anisotropy energiks/ (7a) than anisotropy constants
on their fractions. The normalized fraction of ordered magnetic TheK V value of 26 x 10~1* erg obtained from models 1 and
clusters,F, is given in Fig. 3 as a function of temperature. Th@ mentioned above is compatible to the range of values foun
fraction F was obtained from the intensities ratio at the constaby Bell et al. (22) from 0.74 x 10~1* erg for a volume of 84«
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field of 1123 Oe ¢ = 6.0) as 102t cm® up to 26 x 10~ erg for 182x 10~ cm?.
The blocking temperature depends on the experimental tecl
F = (I — liso)/(lanis — liso), [3] nigue because each technique has a characteristic measurern

time. Thus with two different techniques the corresponding val-
where liso and I s are the intensities at the limiting isotropicues ofTy; and Ty, can be found. Considering theeI=Arrhenius
(high-temperature) and anisotropic spectra (low-temperature)
conditions, respectivelyi decreases with increasing temper-
atures from above-50 K.

In analogy to Mbssbauer spectroscopy, an average blocking
temperature(Ty), is taken as the temperature at which the mag- 1600-
netic fraction is 0.5 F = 0.5) (7, 24). From Fig. 3,(Ty) is
(116+ 9) K, obtained from fitting the data to a sigmoid func-
tion, the solid line, used as a guide to the eye. 1400

The temperature dependence of the resonant magnetic fiel
of the monomeric iron is shown in Fig. 4. We consider that this
anomalous behavioris due to aninternal fiélgl;, so thatH,es = - 12004
Ho — Hint, WhereHg is the resonant field of the isolated irdthy;
can be associated to the presence of the anisotropyfigid At
high temperatures the magnetization of the core is substantially
reduced, and the anisotropy field becomes negligible, so that
Hres = Ho. Within this approximation, the limiting expression 800
of Eq. [1] for Hsp, with X <« 1 is Hjnt = Hsp= 2KV H/5kgT.

Ifwe considerH = Hres 50 100 150 200 250 300

(Hres - HO)/ Hres = 2K V/5kBT [4] T (K)

1800

res (6-e)

1000+

- FIG. 4. Temperature dependence of the resonant magnetic field of th
The best fitting valuesRV /5kg = (164=+ 95) K andHo = monomeric iron. The solid line is the best fit of Eq. [4] withK ¥ /5kg =

(2.740.8) x 10° Oe give the solid line in Fig. 4, resulting in an(164+ 95) K andHo = (2.7 4 0.8) x 10° Oe.
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Iron cores of ferritin are proposed to consist of antiferromag-
netically ordered F& ions (24), occurring in a transition to a
state of ordered spins, with zero resultant magnetic momen
below the ordering temperaturg,q, called the Neel point. Tog
derived from Mossbauer experiments hasas an upper limit,
but 240 K is widely accepted ak,y for natural horse spleen
ferritin (7b, 89. Below this temperature the incomplete cance-
(b) lation of sublattices results in a net magnetic moment, giving
rise to the EPR signal. The EPR signal of horse spleen ferritir
core disappears for temperatures lower thant18 K, indi-
cating zero magnet moment and suggesting this temperatul
as theT,g. Although this effect was not observed before for a
(©) freeze-dried sample with low iron conteriQf, no resonance
were observed at 4.2 K for a ferritin wet pas@. (This tem-
perature is much lower than the ordering temperature estimate
by Mossbauer spectroscopy, but it can be understood under t
(d) view of the new structure proposed for the ferritin core. Com-
bined nuclear magnetic relaxometry and magnetometry mes
surements suggest an interior of the core witleeNémperature
higher than 37C and an external core region, where theeN”
temperature is no higher than 30 K5j. The low-temperature

(e) transition observed by EPR is in good agreement with the
antiferromagnetic transition of the surface ions in ferritin
cores.

Al

The isolated iron lined = 4.3) has only been observed by
EPR in low-iron-content horse protein during core formation
(20) and in natural bacterioferritirl@); nevertheless lSshauer
studies {a) suggested that the last-in ferric ions form smaller
H (Oe) clusters or domains within the horse ferritin core. Our results

. . indicate the presence of monomeric iron in natural horse splee
FIG.5. (a) Native horse spleen ferritin spectrum (sample A) at RT; (b)—( it hich should be cl htoth tob biect
RT spectra of the same sample A annealed for 20-min consecutive periods, g{ﬁl In, which shou e close enougntothe core 1o be subjecte

at 350, 450, and 45, respectively; (€) native horse spleen ferritin spectrurt? itS magnetic anisotropy field. At the lowest temperatures the
(sample A) at 80 K. resonance field is 730 Og & 9) instead of 1530 Oe as expected
(g = 4.3), then the core is contributing with a magnetic field of
~800 Oe at the iron site. As the anisotropy magnetic figids
) ) ~2700 Oe at the core surface with a mean radius @ ex4), we
expressiong,' = fo exp(—AEa/ksT), the preexponential fac- can estimate roughly the distance of the monomeric iron from
tor, fo, whenAE, (median anisotropy energy)is the same fofye center of the core as40 A, taking an ¥r 3 dependence for

o

2000 4000 6000 8000 10000

both techniques, is given bg) the magnetic field decay. This estimate favors the cavity surfac
" carboxyl suggested by Baumingaral. (5) as a conceivable site
fo = [t/ /1], [5] for binding isolated F¥.

It was shown that the magnetic parameters of horse splee
where = Tp1/ Ty is the ratio of the average blocking tem{erritin can be determined by EPR based on a superparama
peratures determined by experiments with measurement tinmnesic model but the data presented do not unequivocally sur
t; andt,. fo was determined as &+ 2.4) x 10! Hz for horse port any one of the two models used in this paper. Correction
spleen ferritin using a combination of magnefig £9+2 K, taking into consideration the volume distribution of the ferritin
t =100 s) and MssbauerT, = (36 £ 1) K,t > 5x1079s) cores can improve the results. The parameters obtained are
experimentsZ3). With these values Eg. [5] gives an estimate gjood agreement with those determined by other spectroscop
Tp > 72 K for an EPR experiment with= 1.05x 10~1°s. Con- techniques. Considering a different interpretation for magnetic
sidering other reporte®, values from magnetic measurementsxperiments in ferritin, evidence for paramagnetic Curie—\Weis:
as 12+ 1K (24, 25, T, = 98+ 11 K is expected for EPR mea-iron ions at the core surface, where the locakeNfemperature
surements. We obtained a blocking temperaiyre: (1164+9) is very low, has been provided. THg,q value, 14+ 5 K, ob-

K, from the fitting in Fig. 3, which is in good agreement withtained in this paper supports this recently proposed core structul
the estimates above for EPR. (15). Nevertheless, further theoretical developments should b
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stimulated, considering that the observed anomalies for ferrififs M. P. Weir, T. J. Peters, and J. F. Gibson, Electron spin resonance studie
are still not fully understood.
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