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Friedreich’s ataxia is associated with a deficiency in frataxin, a conserved
mitochondrial protein of unknown function. Here, we investigate the
iron binding and oxidation chemistry of Escherichia coli frataxin (CyaY), a
homologue of human frataxin, with the aim of better understanding the
functional properties of this protein. Anaerobic isothermal titration calori-
metry (ITC) demonstrates that at least two ferrous ions bind specifically
but relatively weakly per CyaY monomer (K4 ~ 4 pM). Such weak bind-
ing is consistent with the hypothesis that the protein functions as an iron
chaperone. The bound Fe(II) is oxidized slowly by O,. However, oxidation
occurs rapidly and completely with H,O, through a non-enzymatic pro-
cess with a stoichiometry of two Fe(ll)/H,O,, indicating complete
reduction of H,O, to H,O. In accord with this stoichiometry, electron para-
magnetic resonance (EPR) spin trapping experiments indicate that iron
catalyzed production of hydroxyl radical from Fenton chemistry is greatly
attenuated in the presence of CyaY. The Fe(Ill) produced from oxidation
of Fe(Il) by H,O, binds to the protein with a stoichiometry of six Fe(III)/
CyaY monomer as independently measured by kinetic, UV -visible, fluor-
escence, iron analysis and pH-stat titrations. However, as many as 25-26
Fe(III) /monomer can bind to the protein, exhibiting UV absorption prop-
erties similar to those of hydrolyzed polynuclear Fe(IIl) species. Analytical
ultracentrifugation measurements indicate that a tetramer is formed when
Fe(Il) is added anaerobically to the protein; multiple protein aggregates
are formed upon oxidation of the bound Fe(ll). The observed iron oxi-
dation and binding properties of frataxin CyaY may afford the mitochon-
dria protection against iron-induced oxidative damage.
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Introduction

The continuous supply of iron to the mitochon-
dria is an important requirement for the biosyn-
iron—sulfur

thesis of heme and

Maintaining the mitochondrial iron pool in a sol-
uble and bio-available form is a constant chal-
lenge for all living cells. Under physiological
conditions, mononuclear Fe(Il) can be rapidly
clusters.'? oxidized to insoluble Fe(Ill), either by dioxygen

to generate superoxide radical or by hydrogen

Abbreviations used: CyaY, bacterial frataxin; Dps,
DNA binding protein from starved cells; DTPA,

peroxide, a by-product of respiration, to produce
hydroxyl radical, the most reactive of oxygen
species. Therefore, the need for highly efficient

diethylenetriamine pentaacetic acid; EcBFR, E. coli
bacterioferritin; IAA, iodoacetamide; EMPO, 5-
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iron transport, storage, and detoxification sys-
tems is important to overcome the dual paradox
imposed by iron, namely its poor solubility/bio-
availability and toxicity.

Almost three decades ago, Flatmark & Romslo
reported the presence of “non-heme non-iron-—
sulfur” iron inside the matrix of isolated rat liver

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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mitochondria and suggested that a macromolecule
distinct from ferritin might be responsible for the
soluble and stable form of iron inside the
mitochondria.®> Recently, several mitochondrial
proteins have been identified within the mitochon-
dria and proven to be involved in mitochondrial
iron transport.*~¢

Frataxin, a protein implicated in iron
metabolism’~'° was first identified as the mitochon-
drial protein deficient in Friedreich’s ataxia
(FRDA), an autosomal recessive cardio and neuro-
degenerative disease.''* It is a 210 amino acid
pre-proprotein that is targeted to the mitochondrial
matrix and found highly concentrated in the cells
of heart, spinal cord and dorsal root ganglia, an
expression that explains its correlation with neural
degeneration, cardiomyopathy and increased risk
of diabetes."

Frataxin has poor amino acid sequence hom-
ology with other known proteins involved in iron
or heme metabolism and its precise biological func-
tion remains unclear.>"* However, frataxin
appears to be important for maintaining overall
cellular iron homeostasis and for minimizing iron-
induced oxidative reactions. More recently, ferroxi-
dase activity for both yeast and human frataxin has
been reported and a mineral core similar to the
hydrous ferric oxide mineral found in ferritins has
been identified by X-ray absorption spectroscopy
in both proteins.”>~"”

Accordingly, and because of the apparent
involvement of frataxin in normal cellular iron
homeostasis, it has been suggested that the basic
function of frataxin is to provide an iron storage
mechanism similar to that of ferritin in order to
keep iron in a bio-available and non-toxic
form.>'>'%'* However, recent studies point to a role
of frataxin as an iron chaperone for iron-sulfur
cluster (Isc) and heme biosyntheses.”*~*

To characterize further the functions of frataxin,
it is necessary to develop suitable model systems
which can be used both for in vitro and in vivo
studies. We have recently demonstrated that Cya,
the bacterial homologue of frataxin, is an excellent
candidate, since it does not contain the import
signal typical of the eukaryotic species and is
well folded and thermodynamically stable.”® A
bacterial model system is advantageous also
because several Isc proteins from Escherichia coli
and other bacteria are well characterized. Here,
we present a careful investigation of iron binding
properties of E. coli CyaY and the influence of iron
on the protein self-assembly. We demonstrate that
CyaY forms multiple aggregates in the presence
of Fe(Ill) but the assembly appears to be a non-
specific process. CyaY binds specifically, but
relatively weakly, two ferrous ions whereas the
protein can accommodate six or more ferric ions.
We also provide a detailed account of the oxidation
and hydrolysis chemistry of the protein and com-
pare its properties with those of ferritins, demon-
strating that CyaY and the ferritins have distinct
features.

Results

Iron oxidation kinetics

The kinetics of Fe(Il) oxidation with CyaY using
O, and H,O, as oxidants were initially examined.
The rate of iron(Il) oxidation in the presence and
absence of CyaY was followed by the absorbance
change at 305 nm due to the formation of oxo/
hydroxo Fe(Ill) species (Figure 1(a)). In these
experiments, an Fe(Il)/protein ratio of 6/1 was
employed which corresponds to the measured
Fe(Ill) binding stoichiometry (see below).
Figure 1(a) shows the kinetic profile of Fe(II) oxi-
dation in the presence of frataxin (curve (E)) versus
buffer alone (curve (D)) using O, as the oxidant.
The rate of iron oxidation in buffer alone is twice
as fast as the rate when CyaY is present, indicating
that the protein itself retards Fe(Il) oxidation
(v=1.32x10"*s"! versus 0.79 X 107* s~! measured
over the first six minutes of the reaction). Spectro-
photometric measurement of the unreacted Fe(Il)
over the same time interval using the ferrous
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Figure 1. (a), Spectrophotometric kinetic curves of
Fe(Il) oxidation by H,O, in CyaY (A), egg albumin (B),
and in buffer alone (C), and Fe(Il) oxidation by O, in
CyaY (E) and in buffer alone (D). (b), Half-life of Fe(II)
oxidation by H,O, as a function of Fe(Il) added to the
protein. Conditions for (a): 10 puM CyaY or 3 uM egg
albumin, 60 pM FeSO,, 120 pM H,0O, or 21% O,, 50 mM
Mops, 150 mM NaCl (pH 7.50). Kinetics were monitored
at 305 nm and 25 °C. Conditions for (b): 30.5 uM Cya,
50 mM Mops, 150 mM NaCl (pH 7.0). One Fe(II)/CyaY
was added to the same anaerobic protein solution fol-
lowed by 0.5 H,O,/Fe(Il) each time. Kinetics were moni-
tored at 295 nm and 25 °C.
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chelator Ferrozine confirmed that the rate is twofold
slower for CyaY compared to buffer. In contrast,
when H,O, was employed as the oxidant (Figure
1(a), curve (A)), the reaction in the presence of CyaY
was rapid and complete, being ~670 times faster
(v=0.053s7") than with O, (v =079 X 107*s7!). A
similar fast rate was observed in a control exper-
iment with egg albumin and H,O, (curve (B)) but,
as demonstrated below, CyaY greatly attenuates rad-
ical formation whereas albumin does not. As
expected, Fe(Il) oxidation by H,O, in buffer in the
absence of either protein also occurs rapidly (curve
(C)) but precipitation of ferric hydroxide occurs as
also found with O, as the oxidant (curve (D)).

Subsequent experiments largely focused on the
use of H,O,, since it is the most efficient oxidant for
Fe(Il) in CyaY. Kinetic measurements were carried
out to determine the dependence of the rate of Fe(1I)
oxidation on the amount of iron added to the protein.
The sequential addition of increments of one Fe(II)/
CyaY to the same anaerobic protein sample followed
by the addition of 0.5 H,O,/Fe(Il) each time (an
amount sufficient to oxidize all the iron, see below)
resulted in a progressively faster rate of Fe(I) oxi-
dation. The half-life for Fe(Il) oxidation reached a
minimum at a total of ~6 Fe(Ill)/CyaY added,
remaining constant thereafter as shown in Figure
1(b). These results demonstrate that CyaY lacks
enzymatic activity toward Fe(Il) oxidation, otherwise
the same half-life would have been obtained for each
Fe(Il) addition as typical of a catalytic process.
Rather, the data show a changing rate of oxidation
for the first six Fe(Il) added, indicating that this first
group of iron has distinct reaction properties from
the iron added subsequently.

The stoichiometry of iron(ll, 1ll) binding

Isothermal titration calorimetry (ITC) of
Fe(ll) binding

Anaerobic ITC binding experiments were per-
formed to determine the number of principal sites
on the protein that bind Fe(Il). Figure 2(a) shows
the raw ITC data for Fe(Il) binding to CyaY at pH
7.0 and the integrated heats (WJ) for each injection
(Figure 2(b)) versus the Fe(Il)/apoprotein molar
ratio. An exothermic reaction is seen and a good
fit of the data is achieved using a model with
one set of two independent binding sites with
an association constant of K=26X10°M"
(Kq = 3.8 uM) (Figure 2(b)). Ultrafiltration experi-
ments (Materials and Methods) indicate that there
are additional much weaker Fe(Il) binding sites on
CyaY; however, the weak binding properties of
these sites do not permit us to determine their stoi-
chiometry and affinity with complete confidence
(data not shown).

Spectrophotometric and pH-stat titrations of
Fe(lll) binding

To establish the stoichiometry of Fe(Ill) binding,
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Figure 2. Calorimetric titration of the bacterial frataxin
CyaY with Fe(Il) under anaerobic conditions. (a), Raw
data. (b), Plot of the integrated heat versus the Fe(Il)/
CyaY molar ratio. The continuous line is the fitted curve
for the thermodynamic parameters: n =216 (£0.18);
K=257 (+130)x10°M'; AH°= —4.88 (*=0.30)k]J/
mol; AG°= —RTIn K= —30.86 (*=1.25) kJ/mol; AS° =
(AH° — AG®°)/T = 87.2 (+4.3) J/mol. Conditions: 25 pM
CyaY titrated with 10 ul injections of 0.8125 mM FeSO,
in 50 mM Mops buffer, 150 mM NaCl, 2 mM Na,S,0, in
both protein and Fe(II) solution (pH 7.0) and 25.00 °C.
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UV-visible and fluorescence spectrophotometries
and pH-stat measurements were carried out while
titrating CyaY with iron. Figure 3 shows the UV
spectral changes at 296 nm upon multiple anaero-
bic additions of one Fe(Il)/CyaY followed by
0.5 H,O,/Fe(ll) each time in 50mM Mops,
200 mM NaCl (pH 7.50). Spectra characteristic of
polynuclear Fe(Ill) oxo(hydroxo) species are pro-
duced. A discontinuity in absorbance at ~6
Fe(Il)/CyaY is evident in Figure 3 (inset), indicat-
ing that an initial group of six Fe(Ill) associate
with the protein. However, the continued rise in
absorbance beyond six Fe/CyaY without precipi-
tation indicates that additional Fe(Ill) binding
occurs. Since previous experiments have shown
an influence of the ionic strength on iron promoted
aggregation,® a UV stoichiometric titration was
also conducted with CyaY at lower ionic strength
(0.1 M Mops, 50 mM NaCl (pH 7.50)). The binding
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Figure 3. Spectrometric titration spectra of bacterial
frataxin CyaY with Fe(II) and H,O, under anaerobic con-
ditions. Inset: titration curve for each addition of one
Fe(Il) / protein followed by 0.5 H,O,/Fe(Il) per addition.
Conditions: 20 uM protein, 50 mM Mops, 200 mM NaCl
(pH 7.50).

stoichiometry obtained was the same, namely six
Fe(Ill)/CyaY (data not shown).

The initial rate of H* production from Fe(II) oxi-
dation by H,O, under anaerobic conditions also
reaches a maximum at about six Fe(Il)/CyaY as
determined by pH-stat measurements (Figure 4).
Similarly, anaerobic fluorescence titration of the
apoprotein with Fe(II) followed by 0.5 H,O,/Fe(Il)
again showed a discontinuity at about six Fe(Il)
added per CyaY monomer (Figure 5). Iron analysis
of samples containing six Fe(Ill)/CyaY gave 6.2
(£0.8) Fe(Illl)/CyaY following centrifugation.
Taken together, these observations indicate a bind-
ing stoichiometry of six Fe(Ill)/protein. However,
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Figure 4. Initial rate of H* production versus Fe(Il)/
CyaY ratio for Fe(Il) binding and oxidation by H,O, in
CyaY under anaerobic conditions. Conditions: 5 M
CyaY in deoxygenated 0.3 mM Mops, 200 mM NaCl
(pH 7.5) and 25 °C. Fe(Il) was added to the apoprotein
solution as 1-4 pl of 1-6 mM FeSO, stock solution, fol-
lowed by an excess of hydrogen peroxide (two H,O,/
Fe(Il)). Each point on the graph represents a separate
sample.
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Figure 5. Fluorimetric titration curve of bacterial fra-
taxin CyaY with Fe(Il) followed by H,O, titration in
increments of 0.2, 0.2 and 0.1 H,O,/Fe(Il) for a total of
0.5 H,O,/Fe(Il). Inset: Fluorescence spectra. Conditions:
10 uM CyaY in deoxygenated 50 mM Mops bulffer,
150 mM NaCl (pH 7.0) and 25 °C. Each injection corre-
sponds to the anaerobic addition of one Fe(II)/CyaY fol-
lowed by H,O, titration.

as elaborated below and as evident from the data
in Figures 3 and 5, CyaY can accumulate additional
iron.

Fe(ll) binding/oxidation: stoichiometries of H*
production and H,O, consumption

H* production during Fe(ll) binding

Experiments were carried out to establish the
stoichiometric equations for iron binding and oxi-
dation in CyaY. Firstly, to determine whether H*
is produced upon Fe** binding to the protein,
Fe(Il) was added anaerobically to the apoprotein
and proton production monitored by autotitration
with a standard base (5 mM NaOH) while main-
taining the pH at 7.50 with the pH-stat apparatus.
Figure 6 shows that ~0.5 H*/Fe*" is titrated upon
the first addition of six Fe(Il)/CyaY); this amount
corresponds to the free acid in the Fe(Il) solution
itself as determined by pH stat measurements
where Fe(Il) is added to the solution in the absence
of CyaY. Therefore, we conclude that no protons
are produced upon Fe** binding to the protein at
pH 7.5, consistent with the ligands for the Fe(Il)
being deprotonated at this pH.

Stoichiometry of Fe(ll) oxidation by H,O,

To determine the stoichiometry of Fe(Il) oxi-
dation by H,O,, six Fe(Il) were added anaerobically
to the apoprotein and the solution titrated with
H,O, (0.1 H,O,/Fe(Il) per injection). The spectro-
photometric titration showed a discontinuity in
absorbance at ~0.5 H,O,/Fe(Il), indicating that
one H,O, oxidizes two Fe(Il) (Figure 7, curve B). A
0.5 H,O,/Fe(l) stoichiometry was also observed
when only two Fe(Il)/CyaY (not shown) or 20
Fe(Il)/CyaY (Figure 7, curve (A)) were employed.
No effect from the ionic strength was observed



Iron Binding and Oxidation in E. coli Frataxin

609

5a
44
+1 HaOg/Fe(ll)
= 31
g
£ 27+ 0.5 H02/Fe(l)
I
14 + 6 Fe(lliCyaY
04—
+ 6 Fe(llyiCyaY

0 100 200 300 400 500 600 700
Time (s)

Figure 6. Proton release curve per Fe(Il) versus time for
the indicated amount of Fe(Il) and H,O, added to CyaY.
Conditions: 5 uM CyaY, 0.3 mM Mops, 200 mM NaCl
(pH-stat 7.47), 25 °C; 4.5 pl of 3.33 mM Fe(II) stock sol-
ution at pH 3.0 and 1.2 or 2.4 pl of 6.6 mM H,0, in
0.3 mM Mops, 200 mM NaCl (pH 7.47) stock solution
were added to the 530 pl protein solution in the pH-stat
cell.

when the CyaY experiment was repeated in differ-
ent media (0.1 M Mops, 50 mM NaCl (pH 7.0 or
7.50), or 50 mM Mops, 200 mM NaCl (pH 7.50)).
In a control experiment with egg albumin (six
Fe(Il)/albumin), titration also gave a H,O,/Fe(ll)
oxidation stoichiometry of 0.5/1 (Figure 7, curve
(C)). The formation of polynuclear Fe(III) oxo(hy-
droxo) species was evident from the UV spectrum
of the albumin sample. In a second control experi-
ment with buffer alone, a stoichiometry of 1.03
H,0,/Fe(Il) was obtained, consistent with the Fen-
ton reaction (Fe*" 4+ H,O, — Fe** + OH™ + ‘OH),
when 20 pM Fe(Il) in 25 mM Mops, 150 mM NaCl
(pH 7) was titrated with H,O, in increments of 0.1
H,O,/Fe(l).

The anaerobic addition of H,O, (0.5 H,O,/Fe(Il))
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Figure 7. Spectrometric titration curves of CyaY and
egg albumin (control) as a function of added hydrogen
peroxide for 20 Fe(Il)/CyaY (A), six Fe(Il)/CyaY (B), six
Fe(II) /albumin (C) under argon atmosphere. Conditions:
5 uM Cyay, 100 mM Mops, 50 mM NaCl (pH 7.0) for (A),
10 pM CyaY, 50 mM Mops, 200 mM NaCl (pH 7.50) for
(B), and 15uM egg albumin, 25 mM Mops, 100 mM
NaCl (pH 7.0) for (C).

to the six Fe(II)/CyaY sample resulted in the pro-
duction of 1.50 (+=0.15) H* /Fe(Il) (N = 4, the num-
ber of determinations) from Fe(Il) oxidation by
H,O, (Figure 6, second addition). In a similar
experiment with CyaY, H,O, was added in excess
relative to Fe(I) (two H,O,/Fe(Il)) and again pro-
ton production was monitored by autotitration
with the standard base. Similar results to those
reported in Figure 6 were obtained, confirming the
proton count of 1.5 H*/Fe(ll) and the complete oxi-
dation reaction of Fe(Il) when H,O, was added at
the lower 0.5 H,O,/Fe(ll) ratio. Accordingly, we
write the net reaction for the oxidation of two
Fe(Il) by a single H,O, in CyaY as follows:

2Fe’* + P% 4+ H,0, + 2H,0
— [(Fe*),0(0OH);-P1**! + 3H* D

where Z is the charge of the protein and P” rep-
resents a CyaY monomer.

The molar absorptivity of the observed oxi-
dation product [(Fe*"),O(OH), — PJ**' is 1900
(£200) M~'cm™! per iron at 296 nm and falls in
the range of the molar absorptivities of p-oxo/
hydroxo-bridged iron(Ill) dimers and small clus-
ters of iron containing proteins and model
complexes.”?® Similar absorbing species were
obtained when O, was employed as the oxidant;
however, about one hour was required for com-
plete iron oxidation compared to less than 15s
with H,O, as the oxidant (Figure 1(a)).

Maximum capacity of iron oxidation and
incorporation in CyaY

To determine the maximum amount of iron that
the protein can accommodate with H,O, as the oxi-
dant, a spectrophotometric titration was carried
out where ten Fe(II)/CyaY were added each time
(the first addition being past the six Fe(Ill)/CyaY
endpoint) to the same protein sample followed by
incremental additions of H,O, to give a final ratio
of 0.5 H,O,/Fe(Ill) for each Fe(Il) addition. As
shown in Figure 8, a discontinuity in absorbance
is seen at about 26 Fe(Il)/CyaY suggesting that
CyaY can accumulate as many as 26 Fe(IIl). Pre-
cipitation is quite evident beyond 50 Fe(II) added.
Analysis of a sample containing 25 Fe(IlI)/CyaY
following centrifugation gave 21.6 (*=2.3) Fe(Ill)/
protein, indicating that nearly all of the added
iron remains soluble in the presence of the protein
when otherwise it would have precipitated as a
ferric hydroxide. The molar absorptivity of the oxi-
dized iron species is 2500 (£300) M™'cm™" per
iron at 296 nm, a value similar to that previously
reported for mineralized iron in ferritins.”®*~>!

The anaerobic titration of CyaY with Fe(II) pro-
duced no discernable changes in the intensity of
the intrinsic fluorescence of the protein. However,
titration with Fe(Il) followed by H,O, each time
produced significant quenching of the fluorescence
and gave a maximum measured stoichiometry of
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Figure 8. Spectrometric titration spectra of bacterial
frataxin CyaY with Fe(Il) under anaerobic conditions.
Inset: titration curve after the addition of indicated ratios
of Fe(Il) / protein followed by titration of H,O, for a total
of 0.5 H,O,/Fe(Il). Conditions: 6 pM protein, 50 mM
Mops, 200 mM NaCl (pH 7.50).

24 (1) Fe(Ill)/Cya, in accord with the results in
Figure 8 (data not shown).

To determine the number of protons produced
from the addition of more than six Fe(Il) to CyaY
with H,O, as the oxidant, a second anerobic
addition of six Fe(Il)/CyaY was made to the same
protein sample already containing six Fe(IIl)/
CyaY (Figure 6, third injection). Again no protons
(other than the 0.5 H*/Fe(Il) from the Fe(Il) stock
solution) were produced. However, upon introduc-
tion of H,O, (one H,O,/Fe(Il)), protons were pro-
duced at a ratio of 2.1 (£0.3) H*/Fe(Il) (N = 3)
(Figure 6, fourth injection). Similar H*/Fe(Il) stoi-
chiometries were obtained from a different set of
experiments where 10, 15 or 20 Fe(II)/CyaY were
added anaerobically to the protein beyond the
initial six Fe(Ill), followed by enough H,O, to oxi-
dize all the iron present. Thus, the iron oxidation
reaction in CyaY beyond the first six irons added
to the protein can be written as:

2Fe?™ 4+ H,0; + 2H,0 — 2FeOOH ) + 4HT (2)

where FeOOH is an iron oxidized species with UV
absorption properties similar to the iron mineral
observed with other proteins.?®~*!

Apo-CyaY and holo-CyaY (six Fe(Ill)/protein)
were also examined for catalase activity. An
amount of H,O, to give a concentration of 100 pM
H,O, was added anaerobically to the 10 uM pro-
tein (pH 7.5) solution and the reaction followed
for five minutes. Upon addition of H,O,, no O,
evolution was observed as measured by electrode
oximetry, a result indicating that neither the apo
nor holo proteins exhibit catalase activity. As a con-
trol, bovine liver catalase was added to the same
solution at the end of the five minute period; O,
was nearly quantitatively produced, ~95% of that
predicted from the disproportionation reaction of
H.O, in the presence of catalase
(H,O, — H,O + 1/20,).

EPR spin trapping experiments
Attenuation of hydroxyl radical production

The observed oxidation stoichiometry of two
Fe(Il) per H,O, suggests that Fenton chemistry
which has a 1: 1 Fe(Il)/H,O, stoichiometry should
occur minimally in CyaY. In order to determine
the ability of the protein to effectively manage the
toxicity of Fe*" and H,O,, EPR experiments using
the spin trap EMPO were performed (Figure 9).
All solutions were deoxygenated with argon before
each run. Spectrum A of Figure 9 is a control
experiment where the addition sequence EMPO +
Fe(Il) + H,O, in Mops buffer (pH 7.50) was made
with H,O, being added incrementally to the sol-
ution. As expected from the H,O,/Fe(Il) oxidation
stoichiometry of 1:1 noted earlier for buffer, an
intense signal from trapped ‘OH radical is
observed (curve A). A second control experiment
with the addition sequence albumin + EMPO +
Fe(Il) + H,O, (six Fe(Il)/albumin) in the same buf-
fer is represented in spectrum B. Again an intense
EPR spectrum is seen even though the net H,O,/
Fe(II) stoichiometry is 0.5 for this protein (Figure
7, curve C). This result implies that Fe(II) oxidation
by H,O, in the presence of albumin occurs by a
two-step process where the OH produced in
equation (3) below is trapped through reaction
with EMPO (25 mM) before it can react with the
additional Fe(II) (96 uM) by equation (4) to give

et g g CyaY + 20Fe(ll) (D)

% CyaY + 6Fe(ll) (C)
S

=

Q. Egg Albumin

E + 6Fe(ll) (8]
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w Control

Buffer + 6Fe(ll} (A)
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Field (G)

Figure 9. X-band EPR signal of EMPO-OH adduct in
50 mM Mops, 200 mM NaCl (pH 7.50) (A). Anaerobic
addition sequence EMPO + Fe(II) + H,O,; (B) anaerobic
addition sequence egg albumin + EMPO + Fe(Il) + H,.
O, (C) anaerobic addition sequence apo-CyaY +
EMPO + six  Fe(Il)/protein + H,O,; (D) anaerobic
addition sequence apo-CyaY + EMPO + 20 Fe(Il)/
protein + H,O,. Conditions: 16.6 uM CyaY or 13.8 uM
egg albumin, 25 mM EMPO, H,O, was titrated in small
increments of (0.06-0.1) H,O,/Fe(Il) until a ratio of 1.0—
1.2 H,O,/Fe(Il) was reached. The time interval between
H,O, additions was typically 30-40 seconds and the
sample was ready for EPR measurement in less than ten
minutes. Typical spectrometer parameters were: micro-
wave power 5.0 mW, modulation amplitude 0.5 G, time
constant 0.163 second, scan rate 0.834 G s, signal aver-
aged 4X (spectra A and B) and time constant 1.0 seconds,
scan rate 0.07 G s7', single scan (spectra C and D). Room
temperature.
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the net reaction of equation (5):

Fe’* + H,0,— Fe** +OH  + OH  (3)
Fe** + OH — Fe®* + OH™ 4)

2Fe’* + H,0, — 2Fe*" + 20H (5)

In contrast to buffer (spectrum (A)) and albumin
(spectrum (B)), hydroxyl radical production is sig-
nificantly attenuated in the presence of CyaY. Spec-
tra (C) and (D) correspond to the addition
sequences CyaY + EMPO + 6 or 20 Fe(Il)/CyaY +
H,O,, respectively. Little hydroxyl radical is
trapped (2.6% and 7.2% of that in curve (A),
respectively). These spin trapping results plus the
measured 0.5 H,O,/Fe(ll) stoichiometry for CyaY
(Figure 7, curves (A) and (B)) suggest that Fe(II) is
oxidized by H,O, in a single pair-wise step in this
protein as described by equation (1). However,
when H,O, is added to the CyaY prior to the
addition of Fe(Il), an oxidation stoichiometry 1:1
H,0O,/Fe(Il) is observed and an intense EPR spec-
trum is obtained (not shown). In this instance, the
Fe(Il) presumably reacts directly with the H,O, in
the solution before the Fe(I) has sufficient time to
bind to the protein, resulting in a loss of the protec-
tive effect of CyaY against iron induced radical
formation.

Sedimentation equilibrium and
velocity measurements

Yeast frataxin has been shown to assemble into a
large aggregate in the presence of iron, forming a
shell-like structure encapsulating an iron mineral
core.” Ultracentrifugation experiments were there-
fore carried out on CyaY to establish whether the
bacterial protein exhibits similar assembly proper-
ties. Sedimentation velocity measurements with
the protein in the absence of iron showed a single
component at s ~ 1.7 (+0.2) corresponding to a
molecular mass of 12,500 (*=500) Da. This value
was confirmed by sedimentation equilibrium
measurements and is in accord with the protein
being monomeric in solution in the absence of iron.

The addition of iron (six Fe(Il)/CyaY in 21% O,
or anaerobically followed by H,O, titration) caused
the formation of multiple components in the sedi-
mentation velocity profile of the sample (Figure 10).
Higher iron additions (up to 40 Fe(ll)/CyaY) did
not change the species distribution profile from
that shown in Figure 10 and both O, and H,O, pro-
moted similar assembly patterns. However, the
ionic strength of the solution had a pronounced
effect on the amount of protein aggregation
observed (Figure 10, curves A and B versus C and
D). More protein aggregation, 60—70% of the total,
was obtained when a low salt concentration was
used as shown in curves A and B (10 mM NaCl or
KClI) compared to only 20-30% when a higher salt
concentration was employed as shown in curves C
and D (150 mM NacCl or KCl) (Figure 10). Signifi-

1.5+

0.07
1.04
0.00
S 4 & 12 16 20 24 28

% / S (Svedbergs)
o 0.5 .
o D (O,, high salt)
C (H,0,, high salt)
0.0 B (02, low salt)
' 13s A (H,0,, low salt)

0 4 8 12 16 20 24 28 32 36 40
S (Svedbergs)

Figure 10. Sedimentation coefficient distribution c(s*)
versus s, for CyaY. A and C, CyaY + Fe(Il) + H,O,. B,
and D, CyaY + Fe(Il) 4+ O,. The inset illustrates on an
expanded scale the aggregate species present. Con-
ditions: 25 uM CyaY, 150 uM Fe(Il), samples A and B
were in 20 mM Hepes, 10 mM NaCl (pH 7.0) and
samples C and D were in 50 mM Hepes, 150 mM NaCl
(pH 7.0), 20 °C, 280 nm, 45,000 rpm. Fe(II) was added in
increments of two Fe(Il)/CyaY and titrated with H,O, in
increments of 0.1 H,O,/Fe(Il) until a ratio of 0.5 H,O,/
Fe(Il) was reached. When O, was the oxidant, additions
of Fe(II) were spaced 30-45 minutes to ensure complete
oxidation.

cantly, sedimentation velocity measurements with
egg albumin (six Fe(IIl)/protein followed by H,O,
titration) as a control under similar conditions as
described for Figure 10 likewise showed the for-
mation of multiple high molecular mass assemblies
as seen with CyaY (data not shown).

To determine whether the formation of disulfide
bridges from exposed cysteine residues (Cys32
and Cys80) might be responsible for the aggrega-
tion observed with Fe(II) and H,O,, CyaY was first
alkylated with excess iodoacetamide (IAA) in
50 mM Mops, 150 mM NaCl (pH 7.0) at room tem-
perature ([IAA]/[CyaY] =10 for four hours) fol-
lowed by the anaerobic addition of six Fe(Il) to
CyaY and then H,O,. A similar percentage of
aggregation (33% of total protein) to that seen in
Figure 10 in the absence of iodoacetamide was
observed. Therefore, the cysteine residues do not
appear to be significantly involved in cross-linking
of the protein.

The effect of adding Fe(II) or H,O, alone to CyaY
in promoting protein aggregation was also exam-
ined by sedimentation velocity measurements.
When H,O, was added to the apoprotein in a
10 : 1 ratio, no protein aggregation was seen, indi-
cating that H,O, itself is not responsible for the
observed aggregation. However, when the apopro-
tein was incubated overnight with ten Fe(II)/CyaY
under anaerobic conditions and in the presence of
10 mM sodium dithionite (Na,S,0;) in 50 mM
Mops, 150 mM NaCl (pH 7.0), a sedimentation pat-
tern quite unlike that in Figure 10 was observed.
The monomeric 1.7S (M, 12,500) apoprotein



612

Iron Binding and Oxidation in E. coli Frataxin

species was replaced over time by a species of M,
47,200 (4.22 S), corresponding to a tetramer (results
not shown).

The aggregation induced by addition of metal
ions Fe(Il) and Fe(IIl), and also Ca(Il) (not shown),
was readily reversed by the addition of chelating
agents such as EDTA or EGTA. This result is a
further indication that covalent cross-linking of
the protein is not responsible for the observed
association. Thus, protein aggregation appears to
be a consequence of metal ion binding simul-
taneously to multiple subunits in some type of
bridging fashion.

Discussion

We have carried out here a detailed characteriz-
ation of the iron binding and kinetic properties of
CyaY. Since it has been suggested that frataxins
have ferritin-like activity it is appropriate to com-
pare our findings with those obtained for ferritin.
Bacterial frataxin CyaY exhibits similar iron oxi-
dation and detoxification properties to those of the
heme-containing bacterioferritin (EcBFR) and the
DNA binding protein from starved cells (Dps).”*®
However, unlike EcBFR but similar to Dps, O, is a
poor oxidant for Fe(Il) in CyaY (Figure 1), indicat-
ing that CyaY lacks ferroxidase activity with O,.
When H,O, is used as the Fe(Il) oxidant, rapid
and complete oxidation of Fe(Il) is observed
(Figure 1(a), curve (A)) with a stoichiometry of
two Fe(Il) per H,O, (Figure 7, curves (A) and (B)).
The fastest rate of oxidation with H,O,, which is
not catalytic, is achieved once six or more Fe(II)
have been cumulatively added to the protein
(Figure 1(b)). The associated binding and oxidation
of Fe(Il) in CyaY causes an increase in absorbance
at 295-305nm from polynuclear Fe(Ill) hydro-
xo(oxo) species (Figures 1 and 3) where the Fe(Ill)
remains solubilized with the protein, unlike the
situation in buffer alone where ferric hydroxide
precipitation occurs (Figure 1, curves (C) and (D)).

Pair-wise oxidation of Fe(Il) by H,O, in CyaY
(equations (1) and (2)) avoids the production of
hydroxyl radicals and the damaging effect of these
highly reactive species. Similar oxidation reactions
have been observed with E. coli bacterioferritin
and Dps.”?® Consistent with equations (1) and (2),
the spin trapping experiments (Figure 9) show
that hydroxyl radical production is greatly attenu-
ated in the presence of CyaY at all levels of Fe(Il)
added. The ability of CyaY to facilitate pair-wise
oxidation of Fe(Il) by H,O, is probably due to the
presence of a dinuclear iron binding site on this
protein that is absent on albumin but found on
known iron binding and detoxification proteins.*~*!
The attenuating effect of CyaY on hydroxyl radical
production is in agreement with recent studies
suggesting that increased oxidative damage and
iron induced formation of free radicals are associ-
ated with deficiency in frataxin.'*?*=3*

ITC titration of CyaY with Fe(Il) anaerobically

reveals an exothermic event (AH® = —4.88 kJ/mol)
with a binding stoichiometry of two ferrous ions
per frataxin monomer (Figure 2). The relatively
large positive entropy (AS°=87.20]/mol K) of
binding indicates that the interaction of Fe(Il) with
Cya is largely entropically driven, as previously
observed for the binding of Fe(Il), Zn(Il) and
Tb(Ill) to human ferritins.*®* The significant
entropy change observed is presumably due to the
changes in the hydration of the protein and of the
metal ion upon binding to the protein. The ITC
data indicate that at least two Fe(Il) relatively
weakly associate with CyaY (Kp ~ 4 uM) and are
thus bio-available. Based on the facile iron binding
and displacement, one interpretation is that CyaY
may act as mitochondrial iron chaperon that pre-
vents the participation of iron in Fenton chemistry
while keeping it available for different biosynthetic
pathways as suggested for yeast and human
frataxins.'>16%-%

Kinetic, spectrophotometric and spectrofluori-
metric titrations and pH-stat measurements of
Fe(Il) binding and oxidation in CyaY using H,O,
as oxidant all show a stoichiometry of six Fe(III)/
CyaY (Figures 1(b), and 3-5) as does human
frataxin,” implying that a minimum of six Fe(III)
per monomer are produced in the first stage of
iron oxidation, ultimately leading to the sequestra-
tion of as many as 26 Fe(Ill) atoms per monomer
(Figure 8). Two of the six Fe(Ill) are probably
derived from oxidation of the two bound Fe(Il)
observed by ITC. The other four Fe(IlI) may be pro-
duced as a result of cluster formation or from Fe(II)
oxidation at additional weaker Fe(II) binding sites
suggested by the ultrafiltration experiment. The
kinetic data showing a minimum half-life for iron
oxidation once six Fe(Il) have been added to the
protein (Figure 1(b)) suggests a change in mechan-
ism, perhaps to one no longer involving the protein
binding sites. At this stage, further iron oxidation
probably occurs directly on the surface of a pre-
formed cluster of Fe(IIl) associated with the protein
or on the highly anionic and conserved surface of
the protein.

The oxidation reaction of Fe(Il) by H,O, in CyaY
(equation (1)) is similar to that found for Dps,” in
that both of them produce the same number of pro-
tons with the same Fe(Il)/H,O, oxidation stoichi-
ometry of 2/1. The Fe(Ill) oxidation reaction
beyond six Fe(Il)/CyaY (equation(2)) is identical
to other iron mineralization protein reactions
where H,O, again oxidizes Fe(Il) pair-wise with
the production of two H* per Fe(Il) oxidized.”*
The fact that the H*/Fe(Il) stoichiometry and the
rates of proton release are different for the first
and second additions of six Fe(Il)/CyaY (Figures 4
and 6) is a further indication of a change in reac-
tion mechanism beyond the first six irons added.

Unlike yeast frataxin,® the bacterial protein
CyaY does not assemble into a predominantly
single high molecular mass species holding large
amounts of iron(Ill) inside its protein shell as
found in ferritins. Instead, only partial aggregation
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occurs with Fe(III), forming several species but none
in great abundance (Figure 10). In the absence of
metal ions, CyaY exists as a monomer in solution.
The sensitivity of the Fe(Ill) induced aggregated
species to salt concentration and the fact that albu-
min also aggregates in the presence of six Fe(Ill)/
albumin strongly suggests that the observed Fe(III)
induced assembly is a non-specific effect that is prob-
ably not relevant to the function of CyaY.

Studies on Saccharomyces cerevisine and mamma-
lian cells have concluded that frataxin is a con-
served mitochondrial protein required for iron
homeostasis.**?***”% Several previous observations
support the hypothesis that mitochondrial iron
accumulation, hypersensitivity to oxidative stress,
and inadequate iron-sulfur cluster synthesis
occur in Friedreich’s ataxia, a consequence of fra-
taxin deficiency.*Yeast frataxin may have an iron
storage function presumably because it does not
have a mitochondrial ferritin as found in humans.
Human frataxin may have lost the storage func-
tion, primarily serving as a mitochondrial iron cha-
peron and helping to prevent the Fenton reaction,
as suggested by the present work with Cyay,
while keeping iron available for biosynthetic path-
ways. Consistent with this idea, is the report that
human frataxin binds approximately six ferrous or
ferric ions per monomer and delivers them for the
biosynthesis of Fe-S clusters® and heme®® inside
the mitochondria. CyaY may act like human fra-
taxin by binding ferrous iron and keeping it avail-
able for these iron biosynthetic processes. The
bacterial protein CyaY may also work synergisti-
cally with other chaperon proteins by signaling
and assisting the synthesis of iron—sulfur cluster
biogenesis. This hypothesis is supported by the
recent observation that bacterial frataxin is geneti-
cally linked with two known iron-sulfur cluster
assembly chaperon proteins, HSP66 and HSP20.*
If this picture turns out to be at least partially
true, it would therefore indicate that bacterial fra-
taxin may act as a sensor for mitochondrial iron
status through which the mechanism of iron-sul-
fur cluster assembly is regulated. Mitochondrial
iron overload, impaired iron—sulfur cluster and
oxidative damage would otherwise be the direct
consequences of frataxin deficiency.

In conclusion, the present study has defined
much of the iron chemistry of the bacterial fra-
taxin, CyaY. The in vitro data presented here
suggest that frataxin may help to prevent iron-
induced oxidative damage while maintaining the
iron pool within the mitochondria in a soluble,
non-toxic and bio-available form for biosynthetic
pathways. Consistent with this hypothesis, a pro-
posed model of frataxin function inside the mito-
chondria suggests that frataxin deficiency would
promote immediate oxidative damage followed
by progressive iron accumulation.” The sequence
of these events may explain the early embryonic
lethality induced by deletion of the mouse fra-
taxin gene before detectable levels of iron can
accumulate.*

Materials and Methods

The recombinant CyaY was expressed in E. coli and
purified in the iron-free form as described® and the
protein concentration was determined from its absor-
bance at 280nm using a molar absorptivity of
29,970 M 'em™'. Chicken egg albumin was obtained
from Sigma-Aldrich. All chemicals were of reagent
grade quality and used without further purification. The
freshly prepared stock solutions of hydrogen peroxide
were assayed by electrode oximetry from the amount of
O, produced upon addition of catalase (EC 1.11.1.6;
65,000 units/mg; Roche Molecular Biochemicals) or
from its absorbance at 240 nm (e = 43.6 M"' cm ™ !).? The
5-ethoxycarbonyl-5-methyl-1-pyrroline-N-oxide (EMPO)
spin trap was purchased from Oxis Research (Portland,
OR), diethylenetriamine pentaacetic acid (DTPA) from
Sigma, and iodoacetaminde (IAA) from Aldrich, EDTA
from Pierce, and EGTA from J. T. Baker.

The oximetry/pH-stat apparatus was standardized
and operated as described.***" All the solutions were
thoroughly deoxygenated by purging with high purity
grade argon gas (99.995%; <5ppm O,) before exper-
iments involving the anaerobic oxidation of Fe(Il) by
H,0.. In the pH-stat experiments, the use of 0.3 mM 3-
(N-morpholino)propane-sulfonic acid (Mops) buffer
increased the stability of the pH-stat control without sig-
nificantly buffering the solution. Background compen-
sations for the free acid in the ferrous sulfate stock
solutions were made in all calculations.

The ultraviolet—visible difference spectrophotometric
titrations and kinetic measurements of Fe(II) oxidation
by H,O, or O, in CyaY were performed on a Cary 50
spectrophotometer. For the anaerobic experiments, 1 ml
of deoxygenated apo-CyaY solution was added to a
quartz cuvette maintained under constant positive
atmosphere of pure argon through a septum in the cuv-
ette cap. The instrument was zeroed with the apoprotein
alone in the same buffer solution prior to all absorbance
measurements. In the kinetic measurements of Fe(Il) oxi-
dation by O,, Ferrozine was used to quench the reaction
and the concentration of unreacted Fe(Il) measured
from the absorbance of the Fe(II)(Ferrozine); complex at
562 nm using € = 27,900 M~ cm™'.*

The spin-trapping EPR experiments were measured
on a laboratory assembled EPR spectrophotometer as
described elsewhere® or on a Bruker EleXsys E-500 EPR
spectrometer. The responses of the two instruments were
calibrated to one another by running the same spin
trapped radical sample on each. All spectra were recorded
immediately after the addition of the last reagent. The con-
ditions of the experiment and the parameters of the spec-
trometer are indicated in the legend to Figure 9.

Sedimentation velocity measurements were carried
out on a Beckman XLI analytical ultracentrifuge using
either absorbance or interference optics. The experiments
were conducted at different rotor speeds (12,000-
60,000 rpm) at 20°C with a protein concentration
between 20 and 55 pM. Radial absorbance scans were
collected at both 280 nm and 310 nm using the continu-
ous scanning mode to provide an effective radial resol-
ution of 30 pm. Plots of c¢(s*) versus s were obtained
using the observed sedimentation data and Lamm
equation as described.*

The iron content of protein samples was carried out
spectrophotometrically using the Ferrozine assay after
first reducing Fe(III) to Fe(II) with ascorbate in trichloro-
acetic acid.*
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Fluorescence measurements were performed at room
temperature in 50 mM Mops, 150 mM NaCl (pH 7.52),
on a Varian Cary Eclipse fluorimeter with excitation at
280 nm. The bandwidths of the excitation and emission
monochromators were 5 nm.

Isothermal titration calorimetry (ITC) measurements
of Fe(Il) binding were carried out at 25.00 °C with an
upgraded CSC model 4200 isothermal calorimeter
(Calorimetry Science Corporation, Provo, Utah). The
instrument operation and calibration were performed as
described.?** All the thermodynamic parameters includ-
ing the standard enthalpy change (AH®), the binding
constant (K) and the stoichiometry of binding (1) were
determined from a single ITC experiment. From these
experimental values, the standard entropy change (AS°)
and the standard Gibbs free energy change (AG®) were
calculated, AG® = —RT In K, and AS° = (AH® — AG®)/T,
respectively. Curve fitting was done with BindWorks 3.0
software (Calorimetry Sciences Corp.) using a model for
multiple Fe(Il) ions independently binding to a single
CyaY monomer. Although the ultracentrifugation experi-
ments revealed that protein aggregation occurs upon
Fe(Il) binding, the above model fits the ITC data quite
well. Experimental conditions are given in the Figure
legends.

Ultrafiltration studies of Fe(Il) binding were carried
out with a 3 ml Amicon cell fitted with a YM 3 mem-
brane. Microliter increments of 2—-5 mM FeSO, solution
were added to 2 ml of deoxygenated 8-10 uM CyaY in
50 mM Mops, 150 mM NaCl (pH 7.0) and the volume
reduced under Ar pressure to 1 ml each time followed
by the addition of 1ml of deoxygenated buffer plus
additional FeSO, in the presence of 2—-5mM dithionite
(Na,S,0,). The Fe(Il) content of the 1 ml of ultrafiltrate
following each addition of increasing amounts of Fe(II)
to the cell was measured using either the bathophenan-
troline—disulfonic acid (BPS, 22,140 M ! cm ' at 535 nm)
or the Ferrozine assay.*> A control experiment in the
absence of protein demonstrated that the membrane did
not bind or retain Fe(Il) in the cell.
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