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Abstract A ferritin from the obligate anaerobe and
hyperthermophilic archaeon Pyrococcus furiosus (opti-
mal growth at 100°C) has been cloned and overproduced
in Escherichia coli to one-fourth of total cell-free extract
protein, and has been purified in one step to homoge-
neity. The ferritin (PfFtn) is structurally similar to
known bacterial and eukaryal ferritins; it is a 24-mer of
20 kDa subunits, which add up to a total Mr 480 kDa.
The protein belongs to the non-heme type of ferritins.
The 24-mer contains approximately 17 Fe (as isolated),
2,700 Fe (fully loaded), or <1 Fe (apoprotein). Fe-
loaded protein exhibits an EPR spectrum characteristic
for superparamagnetic core formation. At 25°C
Vinax =25 pmole core Fe'"™ formed per min per mg
protein when measured at 315 nm, and the Kq5=5 mM
Fe(II). At 0.3 mM Fe(Il) activity increases 100-fold
from 25 to 85°C. The wild-type ferritin is detected in
P. furiosus grown on starch. PfFtn is extremely ther-
mostable; its activity has a half-life of 48 h at 100°C and
85 min at 120°C. No apparent melting temperature was
found up to 120°C. The extreme thermostability of
PfFtn has potential value for biotechnological applica-
tions.
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Introduction

Ferritins are present in a wide variety of organisms:
bacteria, archaea, fungi, plants, insects and vertebrates.
Their main role is presumably iron storage; excess of
Fe?" from a cell environment is internalized and then
taken up by ferritin, oxidized, and stored as ferrihydride
in its cavity until the cell needs it. Upon addition of
reducing equivalents, iron is released. This function
of ferritins is a key part of the homeostasis machinery of
higher organisms that ensures the right balance of iron
in the organism. Iron is an essential nutrition element as
it is used for the biosynthesis of a myriad of prosthetic
groups such as heme or iron-sulfur clusters. At the same
time iron excess in higher organisms leads to oxidative
stress, which may result in permanent cell damage.
There are two major classes of ferritin: non-heme ferritin
and heme-containing ferritin or bacterioferritin. Non-
heme ferritin, which is normally designated as ferritin, is
present in many different species from prokaryotes to
man. Bacterioferritin has been found only in bacteria
and fungi. Ferritin and bacterioferritin are globular
shells consisting of 24 subunits with approximate sub-
unit size of 20 kDa, and they can theoretically bind up
to 4,500 Fe(IIl) ions per 24-mer (Crichton 2001). A
bacterioferritin harbors up to 12 heme groups per 24-
mer (Frolow et al. 1994). An additional or alternative
function for both types of ferritins in anaerobic organ-
isms is believed to be a protection from traces of oxygen
and its derivatives (Carrondo 2003; Romao et al. 2000).
There is a related group of proteins, which form smaller
shells of 12-mers and can incorporate ca. 500 Fe atoms
in a smaller core structure (Zhao et al. 2002). These
proteins are frequently associated with the protection of
DNA against oxidative damage, and they are named
DNA-binding protein from starved cells, or Dps (Alm-
iron et al. 1992).

Recent research on ferritins has been directed
towards the elucidation of the differences in the func-
tions of bacterioferritins and ferritins, the role of
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ferritins in anaerobic organisms, and understanding the
mechanism of iron incorporation. Crystallographic
structures are available on ferritins, bacterioferritins,
and Dps’s from several species (reviewed in Carrondo
2003). Archaeal-structural data are thus far limited to a
ferritin from the sulfate-reducing thermophile Archaeo-
globus fulgidus (Johnson et al. 2005) and a Dps-like
ferritin from the mesophilic halophile Halobacterium
salinarum (Zeth et al. 2004). The latter study provides
the first detailed description of a possible route from
initially bound Fe(II), via oxidation of the ferroxidase
site inside each subunit, to the formation of a specific
iron-oxo cluster at a nucleation site (Zeth et al. 2004).

In the present study the putative ferritin gene from
the obligate anaerobe and hyperthermophilic archaeon
Pyrococcus furiosus has been cloned and overproduced
in Escherichia coli. The protein purified to homogeneity
showed to be a functional non-heme ferritin. The protein
is the most thermostable ferritin known so far. A pre-
liminary X-ray characterization of this ferritin has been
performed (Matias et al. 2005) and its structure solution
is on the way.

Experimental procedures
Protein production

Wild-type P. furiosus DSM 3638 cells were cultivated
anaerobically at 92°C on starch as carbon source in the
presence of 0.5 M NaCl as previously reported (Arendsen
et al. 1995). Cell-free extract was prepared as outlined in
(Hagedoorn et al. 1999) by osmotic shock of the P. fu-
riosus cells. The putative structure gene for ferritin from
P. furiosus (SWISS-Prot primary accession number
Q8U2TS) was cloned into pET24a(+) vector (Novagen)
and the protein was overproduced in BL21-CodonPlus
(DE3)-RIL E. coli host cells (Stratagene) using the T7
promoter-lac operator IPTG induced system as earlier
described (Matias et al. 2005). The produced recombinant
E. coli cells were broken with a cell disruptor (Constant
Systems) and ferritin was purified in one step by heat
treatment at 100°C for 30 min. The precipitated proteins
were removed by centrifugation. The supernatant was
buffer-exchanged into 50 mM Hepes, pH 7, NaCl
250 mM (working buffer) and concentrated over Amicon,
YM-100, to give the final preparation of the protein.

Gel electrophoresis

The SDS, native, and isoelectric focusing electrophoresis
was performed on a Phast System (Amersham Bio-
sciences) using 10—15% pre-cast gradient gels and 3-9 pl
for IEF. The markers mix (Amersham Biosciences) con-
sisted of thyroglobuline (porcine thyroid, 0.76 mg/ml),
ferritin (horse spleen, 0.5 mg/ml), catalase (bovine liver,
0.36 mg/ml), lactate dehydrogenase (bovine heart,
0.48 mg/ml) and albumin (bovine serum, 0.40 mg/ml) for

native gels and phosphorylase b (rabbit muscle, 0.67 mg/
ml), albumin (bovine serum, 0.83 mg/ml), ovalbumin
(chicken egg white, 1.47 mg/ml), carbonic anhydrase
(bovine erythrocyte, 0.83 mg/ml), trypsin inhibitor (soy-
bean, 0.80 mg/ml), and o-lactalbumin (bovine milk,
1.16 mg/ml) for SDS gels. For SDS electrophoresis the
sample was boiled for 5 min prior to applying to the gel to
stimulate dissociation of the subunits. Protein was stained
with Coomassie Brilliant Blue. Iron staining of native gels
was done with Prussian blue: freshly made 2.5% potas-
sium ferrocyanide with 2.5% of hydrochloric acid.
Staining of the wild-type ferritin was performed by run-
ning two lanes of the sample on the native gel, cutting the
gel in two halves and staining one half with CBB and the
other one with Prussian blue.

Molecular mass determination

Molecular mass (Mr) of the protein was determined with
Superdex 200 HR 10/30 gel filtration chromatography
calibrated with blue dextran (6 mg/ml), thyroglobuline
(6 mg/ml), horse spleen ferritin (12 mg/ml), catalase
(7 mg/ml), aldolase (10 mg/ml), and bovine heart cyto-
chrome ¢ (2 mg/ml) as markers. The experiment was
performed with 20 mM Tris/HCI buffer pH 8, contain-
ing 0.15 M NaCl at a flow rate of 0.5 ml/min. The Mr
was also determined from SDS and native gel electro-
phoresis.

N-terminal sequencing

The N-terminal amino acid sequencing was performed
via Edman degradation on a sample blotted onto PVDF
membrane.

Activity assay

The ferroxidase activity of the recombinant ferritin was
measured at 25-85°C by following the increase in
absorption at 315 nm after the addition of iron (II)
sulfate. The reaction was performed in the working
buffer. The iron sulfate solution was freshly prepared in
water, containing 0.1% HCI (v/v) for stabilizing the
Fe(IT) against auto-oxidation (Baaghil et al. 2003), and
made anaerobic by flushing with argon. The specific
activity was assayed in units per mg of protein where one
unit is the number of pmoles of Fe?™ converted into
core Fe'™ per minute. The extinction coefficient used
was £315=2,200 M~' cm™" (Bonomi et al. 1996).

Spectroscopy
UV-visible spectra were recorded with a Hewlett Pack-

ard 8453 photodiode array spectrophotometer; steady-
state kinetics was followed on a fiber optics Avantes



DM-2000 spectrophotometer. EPR spectra were
recorded on a Bruker 200 D EPR spectrometer equipped
with a home-built cryogenic flow system and with data
collection and peripheral equipment as described in
(Pierik et al. 1991). Spin quantitation was done versus a
copper standard i.e., 10.0 mM CuSO4, 10 mM HCI,
2 M NaClQ,. Effective g values of high-spin Fe(III) were
estimated with the program RHOMBO (Hagen 1992).

Thermostability

The thermostability of the ferritin iron incorporation
activity was studied by incubating the protein at 100°C
in a water bath or autoclaving at 120°C and withdrawal
of samples after specific time intervals followed by
activity assay at 30°C. Protein was kept in HPLC bottles
closed with rubber covers and capped. Samples were
withdrawn with a syringe to prevent evaporation and
concentration of the protein. In the autoclaving experi-
ment the time scale is the actual autoclaving time at
120°C and does not include heating and cooling time of
the autoclave. The data points were fitted (Igor 5.0) to a
sigmoidal process. Differential scanning calorimetry was
performed with a MicroCal VP-DSC.

Analytical determinations

Protein concentration was determined with bicinchoni-
nic acid using bovine serum albumin as the standard
(BCA Kit, Pierce). The possible interference of iron in
the iron-loaded samples was controlled by precipitation
with trichloroacetic acid (BCA Kit instructions, Pierce).
Iron was determined based on Hennessy et al. (1984)
and Pierik et al. (1992) as follows: to 30 pl of protein of
approximately 4 uM concentration (24-mer) 3 ul of HCI
was added in order to disrupt the protein. After incu-
bation at room temperature for a few minutes, the
sample was centrifuged (13,400 rpm, 15 min). The
supernatant was collected and 50 ul of 3 M sodium
acetate and 5 ul of 1 M ascorbic acid, pH 5-6 were
added. After taking a blank spectrum, 5 pl of 3 mM
ferene was added to the mixture. Iron concentration was
calculated using the extinction coefficient of the iron-
ferene complex of 35,500 M~' cm ™! at 593 nm.

Preparation of apo-ferritin

The apo-ferritin was prepared based on (Bauminger
et al. 1991; Dawson et al. 1986) by reducing the protein
solution (up to 0.5 umole ferritin 24-mer) with an
anaerobic 50 mM sodium dithionite solution (200 ml) in
the working buffer through a YM-100 membrane in a
50 ml Amicon cell. The resulting concentrate was col-
lected anaerobically into a glass bottle sealed with a
butyl-rubber stopper and an equal amount of a fresh
sodium dithionite solution was added. After overnight
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incubation an anaerobic 0.5% 2,2’-bipyridyl solution in
ethanol was added to the sample in order to complex the
remaining Fe(Il). The resulting 10 ml mix was exten-
sively dialyzed against the working buffer in 12 ml
dialysis Slide-A-Lyser cassettes (Pierce) and concen-
trated in an Amicon cell over YM-100.

Iron incorporation

In order to determine the maximum iron storage
capacity of PfFtn, aliquots of low iron concentrations
were added stepwise to low protein concentration in
order to avoid precipitation of ferritin (Treffry et al.
1978). Conditions for iron incorporation were as
described under ““Activity assay”. To 0.1-0.15 mg/ml
apo-ferritin 0.3 mM iron sulfate was added. The iron
uptake was conducted at 25°C and monitored spectro-
photometrically at 315 nm. Another aliquot of Fe®*
was added to the mixture when the iron uptake graph
reached a plateau value. Additions were repeated until
the solution started to become turbid as an indication of
ferritin-full iron saturation followed by rust formation
from surplus iron and protein precipitation. The iron
storage capacity was screened on multiple samples in
which iron concentration was increased in steps of
50 Fe/24-mer. Iron determination was then performed
on the sample with highest iron loading that showed no
precipitation after 3 days of incubation in air.

Bioinformatics tools

Amino acid and DNA sequences were explored with the
BLAST program (Altschul et al. 1997) at the Institute
for Genomic Research database (TIGR, http://www.ti-
gr.org). The multiple alignment was performed with
Clustal W (Thompson et al. 1994) software at the Net-
work Protein Sequence analysis website (Combet et al.
2000). Swiss-Prot database (http://au.expasy.org/sprot)
was used to obtain the accession numbers of the pro-
teins.

Results
Detection of wild-type ferritin

The present study on recombinant ferritin from P. fu-
riosus was motivated by the discovery of the wild-type
ferritin expression. This was observed in native gel
electrophoresis of cell-free extract from P. furiosus after
staining for iron. The only protein band developed on
the gel upon iron staining was a band of ca. 440 kDa,
next to the horse spleen ferritin band from the marker
mix (Fig. la). Attempts to purify native ferritin did
not result in sufficient amount of protein for biochemi-
cal/biophysical characterization and therefore the
recombinant approach has been chosen.
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Fig. 1 Wild-type and recombinant ferritin from P. furiosus. a Wild-
type ferritin. Native gel was stained with coomassie brilliant blue
for protein (right three lanes) and Prussian blue for iron (left three
lanes). IMarker mix, 2 and 3 two different preparations of cell-free
extract (CFE). b Recombinant ferritin. Native and SDS gel

Table 1 Purification table

Native SDS

electrophoresis. Molecular masses of markers are in kDa. Protein
amounts used were: lane I 4 pl marker mix (see Experimental
procedures for concentrations); lane 2 144 pg CFE; lane 3 160 pg
CFE; b native, 4 ul marker mix and 24 pg purified PfFtn; b SDS,
2 ul marker mix and 18 pg purified PfFtn

V' (ml) Concent. Total protein Specific act Purification Yield Ferritin (%)
(mg/ml) (mg) (U/mg) fold (%) of total protein
CFE 153.0 36.0 5508.0 0.51 1.0 100.0 27.5
Heat step 31.0 16.0 496.0 1.84 3.6 32.7 100.0

Activities were measured at 25°C

Expression and purification of recombinant ferritin

The putative ferritin gene from P. furiosus was cloned
and expressed as a functional protein in E. coli cells.
The overexpressed ferritin accounted for one-fourth of
the total protein in the cell-free extract. This was
estimated based on 100% purity of the purified ferritin
as judged by gel electrophoresis (Fig. 1b) and a ca.
fourfold purification factor (Table 1). A heating step is
sometimes used for ferritin purifications (Andrews
et al. 1993; Hudson et al. 1993; Levi et al. 1987;
Rocha et al. 1992) due to the protein’s relatively high
thermal stability. In our case the choice to use the
heating step was especially motivated by hyperther-
mostability of P. furiosus, growing optimally at 100°C
(Fiala et al. 1986). Initially the protein was purified
using a heating step at 80°C, followed by Superdex
200 gel filtration chromatography, but it was subse-
quently found that the extreme thermostability of
PfFtn (see below) allowed isolation in one step via
incubation of the protein in a 100°C water bath for
30 min. The heating step produced pure protein, based
on gel electrophoresis.

The identity of the purified recombinant protein with
ferritin from P. furiosus was checked by SDS gel elec-
trophoresis of extract from E. coli cells grown with and
without induction, by the ferritin assay of iron incor-
poration, and by N-terminal amino acid sequence
determination of the purified recombinant protein. The
SDS gel showed a bright band appearing in extract from

induced cells only (not shown). Activity assays were
performed on cell-free extracts from two types of E. coli
cells, with and without the recombinant ferritin con-
struct, cultivated under the same conditions. Both the
cell-free extracts were subjected to a heating step of
80°C and centrifugation for removal of precipitated
proteins. The activity measurement (25°C) resulted in
more than 130 times higher specific activity in the re-
combinant cells (1.502 U/mg) than in construct-deficient
host cells (0.011 U/mg). The N-terminal sequence of the
purified recombinant ferritin was identical to that in the
genome database: MLSERMLKALNDQLNRELYS.
The N-terminal Met is not removed by E. coli.

Quaternary structure

The molecular mass determined from the SDS gel was
20 kDa and from the native gel it was 440 kDa
(Fig. 1b). The predicted molecular mass of the trans-
lated structural gene was 20,309 Da; the molecular mass
determined with mass spectrometry was 20,397 Da.
Analytical gel filtration chromatography gave an esti-
mated molecular mass of 412 kDa for apoferritin and
438 kDa for ferritin fully loaded with iron. Within
experimental uncertainty this is consistent with the
protein being a 24-mer of ca. 20 kDa subunits as for
other known ferritins. For further calculations we
assume a protein molecular mass of 480 kDa with a
subunit size of 20 kDa.



Iron staining

A native gel with apoferritin, ferritin as isolated, and
ferritin loaded with 1,152 Fe? * /24-mer was run in parallel
and stained for protein and iron (not shown). Protein
staining revealed all three samples with the same elec-
trophoretic mobility. Iron staining showed loaded ferri-
tin, a very light band of ferritin as isolated, and a band of
the horse spleen ferritin present in the marker mix.
Apoferritin could not be detected on the iron-staining gel.

Isoelectric focusing

Isoelectric focusing of apo-ferritin and Fe-loaded ferritin
afforded the same value of pI =4.5, indicating that there
is probably no iron binding on the outer side of the
protein.

Iron incorporation

The recombinant ferritin as isolated from E. coli con-
tains ca. 17 Fe per 24-mer. After reductive de-metalla-
tion with o,0’-bipyridyl (Bauminger et al. 1991) the
apoferritin contains <1 Fe per 24-mer. Prolonged
loading of the as isolated protein with Fe?" affords a
maximal loading of ca. 2,700 Fe per 24-mer. The latter
value was obtained for a sample incubated for 3 days at
22°C since the last iron addition. Ferritin samples loaded
with higher amounts of iron, although they looked clear
on the first day, on the second day would show precip-
itation. Apoferritin was also loaded with iron but
showed lower iron incorporation capacity than as iso-
lated ferritin; it could incorporate approximately 600
iron ions less than as isolated ferritin.

Spectroscopy

The UV-visible spectrum of the apoprotein has
absorption maxima at 227, 280 nm, and a shoulder at

1.004 .
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Fig. 2 UV-visible spectra of recombinant P. furiosus ferritin.
Apoferritin (solid) and Fe-loaded ferritin (dashed). The protein
concentration was 0.07 pM and added Fe?" was 186 uM
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290 nm (Fig. 2). After addition of FeSO, the absorption
increases (dashed line) by the growing-in of a very broad
absorption peak approximately centered at 250 nm and
extending all the way up to ca. 550 nm. This spectrum
from the ferrihydride core is readily quantified at a
wavelength of 315 nm (Bonomi et al. 1996) where the
protein absorption is zero. In Fig. 2 the dashed spectrum
corresponds to an intermediate state in iron incorpora-
tion. The shape of the iron-core spectrum appears to be
invariant over the course of the incorporation (not
shown).

Figure 3 shows the dependence of the iron incorpo-
ration rate, followed at 315 nm, on the substrate con-
centration. The measurements were performed at 25°C.
This experiment could not be done at higher tempera-
tures (up to 85°C) due to fast non-enzymatic Fe’ " oxi-
dation when Fe?" is used in concentrations of the order
of 10 mM. The initial part of the graph is distinctly non-
Michaelis-Menten, suggestive of cooperativity. A fit to
the Hill equation [SA=SA...x[SI"/([S]"+K&.s), where
SA is the specific activity (initial rate), S is the concen-
tration of the substrate, K, 5 is the substrate concen-
tration which gives half maximal activity, and # is the
Hill coefficient] gives Viax =25 U/mg, Kys=5 mM, and
n=2, where n> 1 is a measure for positive cooperativity.
The specific activity at low Fe(I) concentration
(300 uM) at 85°C (176 U/mg) is approximately 100
times higher than at 25°C (1.8 U/mg).

The EPR spectrum of the ferritin, as isolated, is
presented in Fig. 4, trace a. In addition to a small peak
at g=4.3 (ca. 1,570 Gauss) of insignificant integrated
intensity, there are two asymmetric peaks at low field
with approximate effective g values of ~7.3 and 5.8.
Such features are characteristic for high-spin mononu-
clear Fe(IIl) at a site of intermediate rhombicity [i.e.,
with a rhombicity parameter 0 < E/D < 1/3; see (Ha-
gen 1992)]. Theory predicts sets of effective g values for
the transitions within the three Kramers doublets of
high-spin Fe(III) (Hagen 1992), and for rhombicity E/
D =0.065 low-field peaks at g=7.4 and 5.9 are predicted
with comparable peak area from the transitions within

25- _ .
20-

30 40

I
20
Fe2+, mM

Fig. 3 Steady-state kinetics of P. furiosus ferritin. Kinetics was
followed at 315 nm, 7=25°C. Specific activity (initial rates) is
given as a function of substrate concentration. Protein concentra-
tion was 10.4 uM
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Fig. 4 EPR spectra of P. furiosus ferritin expressed in E. coli: a as
isolated with ca. 17 Fe/24-mer; b after aerobic loading with 1,140
FeSOy; ¢ apo-ferritin with <1 Fe/24-mer obtained after removal of
iron from the as isolated protein with bipyridyl under reducing
conditions followed by dialysis and re-aeration. The amplitudes of
the spectra are normalized with respect to protein concentration
(30, 12, 15 mg/ml, respectively). EPR conditions were: microwave
frequency, 9.43 GHz; microwave power, 200 mW; modulation
frequency, 100 kHz; modulation amplitude, 6.3 Gauss; tempera-
ture, ca. 110 K

the two lowest doublets, while the transition within the
highest doublet has insignificant intensity. Remarkably,
the signal is quite similar to one previously reported for
native wild-type bacterioferritin from E. coli, where it
was putatively assigned to mononuclear Fe(III) located
at or near the ferroxidase center (Cheesman et al. 1993;
Le Brun et al. 1993). The ferroxidase center is a specific
binding site for two Fe inside each subunit and is
thought to be the site of oxidation of iron by, e.g.,
molecular oxygen.

When the ferritin is oxidatively loaded with iron
(1,150 Fe) the spectrum of trace b is obtained. In addi-
tion to the mononuclear Fe(IIl) signal an extremely
broad feature is found which is typical for superpara-
magnetism in the mineral core of ferritin and bacte-
rioferritin proteins (Boas et al. 1971; Cheesman et al.
1992; Deighton et al. 1991; Voskoboynik 1997; Wajn-
berg et al. 2001; Weir et al. 1985). The broad feature is
also detectable, with much lower intensity, in the spec-
trum of as isolated ferritin (trace a), which means that
the protein obtained from E. coli does not only carry
mononuclear Fe(IIT) but also has a small ferrihydride
core. Superparamagnetic systems are characterized by a

blocking temperature below which individual crystalline
domains become magnetically ordered either ferromag-
netically of antiferromagnetically. The blocking tem-
perature for ferritins has been estimated to be ca. 25 K
(Wajnberg et al. 2001). Indeed, when the loaded P. fu-
riosus ferritin or the as isolated ferritin are measured at a
temperature of 4.2 K, the spectrum of the core has dis-
appeared (not shown) indicating full antiferromagnetic
coupling at this temperature.

Treatment of the as isolated ferritin with bipyridyl
under reducing conditions followed by dialysis and
subsequent exposure to air affords the spectrum of trace
¢, which is indicative of the complete removal of all iron,
and this is consistent with the chemical iron determina-
tion of <1 Fe per 24-mer. The small multiline spectrum
around g =2 (ca. 3,370 Gauss) is from a trace amount of
contaminating Mn(II); it is also found in the Fe-loaded
sample.

Thermostability

The activity of the recombinant ferritin proved to be
highly thermostable. The protein showed no significant
drop in its core formation activity during the first 11 h of
incubation at 100°C or the first 36 min autoclaving at
120°C. The half-life times were 48 h and 85 min,
respectively [Fig. 5, data points were fitted to a sigmoi-
dal curve SA =SA,./[1+exp((t,,—1)/k)], where 1., is
the time after which the protein retains 50% of its
activity and k is a denaturation rate]. Ferritin did not
show a melting temperature when analyzed with differ-
ential scanning calorimetry from 20 to 120°C. The pro-
tein was also tested for stability against freezing-thawing
and showed no drop in activity after 3 cycles.

Sequence alignment

In Fig. 6 the amino acid sequence of ferritin from P.

furiosus is aligned with that of 4. fulgidus ferritin (47%

identity, 71% similarity), E. coli cytoplasmic ferritin (36
and 56%), human ferritin heavy chain (29 and 47%) and
E. coli bacterioferritin (17 and 33%). The numbering in
Fig. 5 is according to the P. furiosus sequence. The
typical patterns of ligands to FeA"—Feg" in the ferrox-
idase center (Romado 2003) are highlighted in gray.
These are Ei7, Yo, Esg, and Hs; in the characteristic
motif EXXH, E¢4, and finally Q;,7 and E 3, arranged in
the motif QXXE. The latter motif is modified in bacte-
rioferritin, which has Glu;,; and His;3y making it
EXXH. The Gluyg in P. furiosus and E. coli and Glus; in
A. fulgidus ferritins and Glue; in human ferritin are
conserved. In the crystal structure of E. coli ferritin
Gluy is a ligand to a third iron, Fel', obtained by
soaking the crystals in Fe>" solution. This position was
not occupied when crystals were soaked with Zn>"
(Romao 2003; Stillman et al. 2001). In the case of human
ferritin the highlighted residues are putative ligands to
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Fig. 5 Thermostability of a 44
P. furiosus ferritin. The stability -|-
was analyzed by incubating the
protein at 100°C in a water bath I 3
(a) or at 120°C in an autoclave 3
(b) and withdrawal of samples
after specific time intervals g’
followed by measuring the iron X< o ] }
incorporation activity (30°C) of =
the protein in a time course. <
Protein concentration was w
0.3 uM and iron (II) was 15
0.3 mM
1
0 -
I T T T T T LI I T T T T T L [
2 3 4 5 6 7809 3 4 5 6 789
1 10 100
Time, h
b I
31
[®)]
S 21
©
w
1 —
&
0 —
T T [ T T T T T T T T [ T
8 9 2 4 6 7 8 9
0.1 1
Time, h

the ferroxidase center since no metal ions were yet found
in the site (Hempstead et al. 1997; Romao 2003).

Discussion
A ferritin in P. furiosus

In the present study it is shown that the strict anaerobic
hyperthermophilic archaeon P. furiosus produces ferritin
and that its gene can be cloned and expressed as a
functional ferritin to very high levels in aerobically
grown E. coli cells. The purified 24-meric protein is
competent in vitro in binding Fe(IT) and converting it to
Fe(IIl) in a superparamagnetic core mineral. The PfFtn
iron storage capacity of ca. 2,700 Fe/holomer is the same
as that of E. coli bacterioferritin (2,700 Fe) (Baaghil
et al. 2003) and slightly higher than that of E. coli ferritin
(2,000 Fe) (Hudson et al. 1993). Although theoretically
the size of ferritins’ inner cavity allows storage of up to
4,500 Fe, in practice the capacity is less than 3,000
(Treffry et al. 1978).

The paradigmatic function of ferritin in higher
eukaryotes is storage/release of iron as part of iron
homeostasis machinery. The storage requires molecular
oxygen; release is dependent on physiological reduc-
tant(s) that is yet to be identified. The superoxide anion
radical is a mild reductant in vitro (Boyer et al. 1987).
Ferritin or ferritin-like proteins are also ubiquitously
found in the prokaryotic world; however, a physiologi-
cal role is not clearly established especially for anaerobic
species. P. furiosus is an obligate anaerobe, therefore, a
putative iron storage function of its ferritin would re-
quire a different oxidant than O,. As with other anaer-
obes, a candidate for this oxidative function is not yet
obvious. Ferritin-like proteins have repeatedly been
implicated in oxidative-stress protection either as general
scavengers of O, and derived species or as specific
guardians against DNA cleavage (Rocha et al. 1992;
Romao et al. 2000; Smith 2004). As an inhabitant of
shallow offshore marine niches (Fiala et al. 1986),
P. furiosus may well have to occasionally deal with
oxidative stress, as is indicated by the presence of
a number of genes encoding proteins with putative
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Fig. 6 Amino acid sequence
alignment of P. furiosus ferritin,
E. coli cytoplasmic ferritin,

A. fulgidus ferritin, human
ferritin heavy chain, and E. coli
bacterioferritin. Primary
accession numbers are
Q8U2TS, P23887, 029424,
P02794, and P11056,
respectively. The residue
numbers are according to the
P. furiosus sequence.
Highlighted is the alignment
with the crystallographically
identified ligands to the
ferroxidase center in E. coli
cytoplasmic ferritin (reviewed in
Romaio 2003)
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functions in protection against oxygen species, e.g.,
superoxide reductase (Adams et al. 2002; Jenney et al.
1999) and rubredoxin:O, oxidoreductase (Ma et al.
1999) or rubrerythrin (Tempel et al. 2004). As a working
hypothesis, we may now add ferritin to this list with the
caveat that physiological data to support this view are
yet to be produced. Also, possible interaction between
ferritin and P. furiosus DNA has not yet been explored.

Structural aspects

EPR spectroscopy indicates that, when isolated from
E. coli, the P. furiosus ferritin contains ca. 0.5 Fe per
subunit as mononuclear high-spin Fe(IIl) in a single
chemical environment. The significance of this observa-
tion is not clear, however, the EPR spectrum is
remarkably reminiscent to one reported for wild-type
E. coli bacterioferritin (Cheesman et al. 1993; Le Brun
et al. 1993). That signal was assigned to monomeric iron
at or near the putative ferroxidase center (Cheesman
et al. 1993; Le Brun et al. 1993). Assignment to the
ferroxidase center would imply preferential loading of
that center by a single iron as opposed to cooperative
binding of two irons (resulting in magnetic coupling and
the absence of an EPR signal). Note, however, the
complication that not two but three Fe sites have
recently been identified in what appears to be the ferr-
oxidase center of E. coli ferritin (EcFtnA) (Stillman et al.
2001); also three Fe sites have very recently been found
in the 12-mer Dps-ferritin of H. salinarum (Reindel et al.

2002; Zeth et al. 2004). Based on the similarity of the
EPR spectra, the structure of the mononuclear-binding
site in E. coli bacterioferritin and P. furiosus ferritin
should be rather similar. The only site that is fully
conserved between the two proteins in terms of Fe
ligands is what has been labeled ‘A site’ (ligands:
OOON) in the structure of E. coli ferritin (Stillman et al.
2001) with ligands (in P. furiosus and E. coli numbering)
Glu-17, Glu-50, His-53, and one water.

The EPR spectrum of crystalline and/or amorphous
core structures is a characteristic fingerprint for iron-
loaded ferritin proteins. The spectrum has been inter-
preted as reflecting superparamagnetism from nano-
sized (anti-)ferromagnetic domains above the blocking
temperature (Boas et al. 1971; Cheesman et al. 1992;
Deighton et al. 1991; Voskoboynik 1997; Wajnberg et al.
2001; Weir et al. 1985). The details of the superpara-
magnetism will depend on the detailed composition of
the nano structures, which in its turn depend on multiple
factors, e.g., the extent of iron (and/or other metal ion)
loading and the percentage of coincorporated phosphate
(and/or other oxoanion). Indeed, a variety of spectral
shapes and positions has been observed (Boas et al.
1971; Cheesman et al. 1992; Deighton et al. 1991; Vo-
skoboynik 1997; Wajnberg et al. 2001; Weir et al. 1985);
however, the combination of an unusually broad EPR
spectrum, extending over a field range of ca. 1 T, with a
protein that remains perfectly soluble after loading with
a large excess of iron under oxidizing conditions is quite
unique for ferritins, and also defines the here described
P. furiosus protein as a family member.



Hyperthermostability

Ferritins in general are relatively resistant to thermal
denaturation. The stability of a protein is a multifaceted
property, however, the retainment of biological activity
is the ultimate criterion for overall stability. The ferritin
from P. furiosus appears to be the most thermostable
ferritin known so far; the recombinant 24-mer as iso-
lated from E. coli fully retains its activity for the process
from Fe(Il) binding to ferrihydrite core formation after
several hours of incubation in boiling water. The activity
even withstands autoclaving at 120°C for some time.
The protein is thus potentially an interesting model
system for studies on the structural basis of hyperther-
mostability. From a different perspective, the stability of
P. furiosus ferritin may well have additional value in
biotechnology, where a recent surge in activities is seen
in the exploration of (thus far mesophilic) ferritin pro-
teins for the construction of nano-sized structures for
biocatalytical (Ueno et al. 2004; Zhang et al. 2000),
environmental cleaning (Hosein et al. 2004) or nano-
technological (Sleytr et al. 1999; Zhang et al. 2002)
purposes.
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