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A Short Fe-Fe Distance in 
Peroxodiferric Ferritin: Control 

of Fe Substrate Versus Cofactor 
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The reaction of oxygen wi th  protein diiron sites is important in  bioorganic 
syntheses and biomineralization. An unusually short Fe-Fe distance of 2.53 
angstroms was found in  the diiron (EL-1,2 peroxodiferric) intermediate that 
forms in  the early steps of ferritin biomineralization. This distance suggests the 
presence of a unique triply bridged structure. The Fe-Fe distances in  the p 1 , 2  
peroxodiferric complexes that were characterized previously are much longer 
(3.1 t o  4.0 angstroms). The 2.53 angstrom Fe-Fe distance requires a small 
Fe-0-0 angle (-106" t o  107'). This geometry should favor decay of the 
peroxodifer~ic complex by the release of^,^, and p o x 0  or p+-hydroxo diferric 
biomineral precursors rather than by oxidation of the organic substrate. Ceo- 
metrical differences may thus explain how diiron sites c8n function either as 
a substrate (in ferritin biomineralization) or as a cofactor (in 0, activation). 

Iron proteins mediate iron and oxygen chemis- 
try for a variety of biological functions. Al- 
though heme proteins may be the most familiar, 
nonheme diiron proteins are widely dishibuted. 
Reactions of iron and oxygen at carboxylate- 
bridged diiron centers include reversible 0, 
binding for respiration (hemerythnn), oxidation 
and desaturation of organic substrates [methane 
monooxygenase (MMOH), the R2 subunit of 
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ribonucleotide reductase, and the stearoyl-acyl 
carrier protein A-9desaturase (A9D)],and con- 
centration of iron in a femc biomineral (fenitin) 
(1, 2). Fenitins are ubiquitous proteins that 
concentrate iron in cells as a mineral, storing 
the iron for later use; cytotoxic reactions of both 
Fe2+ and 0, are controlled by fenitin chemis- 
try. Femc 0x0 reaction products are transported 
within femtin to a large cavity in the center of 
the protein to form a ferric oxide hydrate. The 
recent detection of a peroxodiferric intermedi- 
ate in the fenitin ferroxidase reaction (3, 4 )  
f m l y  establishes the fenitin ferroxidase site as 
very similar to sites in the Oz-activating diiron 
enzymes (Fig. 1). What is puzzling is how the 
peroxodifenic intermediate can be a catalytic 
~0fact0r in the enzymes but a substrate inter- 
mediate in the femtins. 

to clusters) and the available biological information 
on both proteins is consistent with an interaction 
(both proteins are required for a synMuv function and 
co-localize). Because no interolog has been identified 
yet for this interaction, i t  is possible that its study in 
C. elegans might reveal new features of pRB function 
in humans. 
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Similarities among the peroxodifemc inter- 
mediates of MMOH (5) and site-specific mu- 
tants of R2 (6) ,A9D (7 ) , and ferritin (3, 4 )  
include a distinct blue color from a peroxo -+ 

Fe charge transfer band (650 to 725 nm), a 
relatively large Mossbauer isomer shift (0.62 to 
0.66 rnmls) that is characteristic of Fe3' -Derox- 
ide complexes, and high-frequency (850 ;o 900 
c m ' )  Raman bands that are attributable to a 
p1 ,2  peroxide 0 - 0  stretch (Table 1). These 
spectroscopic similanties stand in contrast to 
the reactivities of the peroxodiferric intermedi- 
ates in the different proteins. Decay of the 
peroxo intermediate yields a high-valence Fe 
oxidant in the 0,-activating enzymes but gives 
difemc 0x0-hydroxo biomineral precursors in 
femtin (Fig. 1). 

TO obtain further insight into the ferritin 
reaction, we used x-ray absorption spectros- 
copy (XAS), which includes x-ray absorption 
near edge structure (XANES) and extended 
x-ray absorption fine structure (EXAFS), to 
examine the structure of the ferritin peroxodi- 
ferric intermediate that is formed when re-
combinant frog M ferritin reacts with Fe2' 
and 0,.We observed a short Fe-Fe separation 
of 2.53 A in the intermediate that allows us to 
define the diiron structure and to gain insight 
into the features responsible for modulating 
the peroxodiferric decay pathway. 

Two intermediates in the femtin reaction 
with Fe2+ and 0, were trapped by rapid freeze 
quench at 25 ms =Is) or at 1 s ( +O,' ") 
and were packed in delrin sample cells that are 
suitable for Mossbauer and XAS measurements 
(3, 4, 8. 9). A third sample, which was prepared 
in the absence of O,, provided an Fe2+ control. 
Mossbauer measurements (Table 2) were made 
both before and after x-ray irradiation to ensure 
sample integnty and to quantify the different 
iron species. In the -0, samples, most of the 
iron is high-spin Fe2+, with a linewidth that 
Suggests a mixture of several similar ~ e ' +  
structures (denoted 1). After 25-ms reaction 
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with 0 2 ,  -70% of the iron is the peroxodiferric 
intermediate species (denoted 2), and the re- 
mainder is Fe2+. At 1 s, the peroxodiferric 
species has decayed, and >90% of the Fe is 
p-0x0 or p-hydroxo diferric products, or both 
(denoted 3). The XAS spectra were obtained 
under standard conditions (10). Seven to 12 
scans were averaged for each sample, and two 
or three independent samples were measured 
for each species (Table 2). Data reduction (11) 
and analysis (12) followed standard procedures. 

The XANES spectra for one set of samples 
ms, +OZ1', and -0,) are shown in Fig. 

2A. The edge for the -0, sample is consistent 
with Fe2' (13), whereas that for +0,' " is 
shifted to higher energy by -3 eV, which is 
consistent with formation of Fe3+. There is a 
slightly smaller edge shift for ""which 
reflects incomplete oxidation after 25 ms. The 
+0225ms spectrum can be modeled as a 25: 75 
ratio of the -0, and +O,' " spectra. which is in 
excellent agreement with the Mossbauer quan- 
titation (Table 2) and supports the assignment 
of 2 as a femc species. The 1s -+ 3d transition 
is extremely weak for all three femtin samples 
and shows only a small increase in energy for 
the oxidized samples. Weak 1s -+ 3d transi- 
tions are characteristic of nearly centrosyrnmet- 
ric 6-coordinate iron sites (14), which suggests 
that the average coordination number is 5 to 6 
(15). 

Fourier transforms of the EXAFS data 
are shown in Fig. 2B and fitting results are 
summarized in Table 2. Detailed fits and 
plots are given in supplemental data (16). 
The dominant feature of each spectrum is a 
peak at R + a -- 1.55 A (where R is 
absorber-scatterer distance and a is EXAFS 
phase shift) that can be modeled as an Fe-0 
shell at -2.0 A. The best single-shell fits 
give unrealistically low coordination num- 
bers of 3 to 4, which suggests disorder in 
the Fe-0  distances (17). Two-shell fits (1 
to 2 F e - 0  at 1.92 A and 3 to 4 Fe-0  at 2.05 
A) give more reasonable total coordination 
numbers but do not give a significant im- 
provement in fit quality (18). The observed 
Fe-0 bond lengths for the Fe2+ samples 
(-0,) are slightly longer than those for the 
other samples and are consistent with the 
larger ionic radius of Fe2+. Bond-valence 
sum calculations (19) using the observed 
Fe-0 distances and assuming ligation by 
six oxygens give apparent valences of 2.3 
and 3.2 for the -0, and the oxidized sam- 
ples, respectively, which supports the con- 
clusion that the Fe in each sample is 5- to 
6-coordinate. 

All samples show additional peaks at higher 
R, but only for +0225is there a large outer ms 

shell peak. This peak, at R + a - 2.25 A 
(dashed line in Fig. 2B), is well modeled as an 
Fe-Fe shell at -2.5 A. Attempts to model this 
feature as C or S gave worse fits and refine- 
ments to chemically unreasonable coordination 

numbers or Debye-Waller factors, or both. To c o n f m  that the 2.5 A Fe-Fe shell is a 
When AE, (shift in threshold energy) for the property distinctive of 2, attempts were made to 
Fe-Fe shell was varied, the best fits were found fit the -0, and the +0,' " samples with 
for AE, -0, as seen previously for metal-metal an Fe-Fe shell at this distance (20). For the 
scattering (8).Determination of the precise Fe- +0,' "samples, <lo% of the Fe-Fe amplitude 
Fe coordination number is complicated by the remains. For the -0, samples, 30 to 40% of 
correlation between coordination number and the Fe-Fe amplitude remains, whlch is in excel- 
Debye-Waller factor. However, the best-fit co- lent agreement with the Mossbauer quantita- 
ordination numbers of -0.5 give chemically tion. The outer peaks for the SO,' " samples 
reasonable Debye-Waller factors and are con- can be modeled as an Fe-Fe shell at -3.0 A, 
sistent with the Mossbauer determination that which is consistent with the p-0x0 or p-hy- 
the +02,'ms samples contain 60 to 75% of 2. droxo diferric complexes formed in 3 (3).The 

Fig. I.Comparison of Peroxodiferrir Diierrous Peraxodderric 

the role of peroxodifer- Intermediate MMOH Intermediate 

ric-protein complexes 
during biomineralization 
(ferritin) and oxygen ac- 
tivation (MMOH). In fer- 
ritin (left), the peroxodi- 
ferric complex decays to NADH 

diferric 0x0 or hydroxo 
precursors that are 
translocated between CH,OH 

Diferricthe catalytic and bi- Ferritln 
MMOH Q 

omineralization sites ( w r h  apa-feiroxidasesire) 

and hydrogen peroxide Ferroxidation-Biomineralization Organic Substrate Oxidation 
is released (32). In 
MMOH (right), the decay produces a potent oxidant (Q) that oxidizes organic substrates and forms the 
diferric product, which is reduced to  the initial diferrous state by the reduced form of nicotinamide adenine 
dinucleotide through the reductase, MMOR (7). 

Table 1. Spectroscopic properties of peroxodiferric intermediates in various proteins and peroxodiferric 
compounds. The site-specific R2 mutations are Da4 --) Ea4 and Wa + Fa/DE4 + Ea4 (33). The 
compounds A, C, and D are shown in Fig. 3. E, molar absorbance of band in visible spectra; 6 isomer shift 
in Mossbauer. 

Protein or 
compound 

hma, 
(nm) 

E 

("-lc m  ') 

6 
(mmls) 

AEQ
(mmls) 

Vo-o 
(cm-l) 

Fe-Fe 
distance 

(A) 

Refer-
ence 
no. 

M ferritin 650 
MMOH 725 
R2 mutants 700 
A9D 700 

*As measured here. 

Fig. 2. XAS spectra for precursor, 
intermediate, and products in 
the initial oxidation of ferritin 
biomineralization. (A) XANES 
spectra with I s  +3d transitions 
(inset). Dashed line at 71 13.5 eV 
shows shift In 1s -,3d energy. 
(B) Fourier transforms of the 
EXAFS data for these samples. a 
Dashed line marks the center 
o f  the 2.5 A Fe-Fe distance 
that is specific t o  the +OZ2' 
ms sample. 

7100 7125 7150 0 1 2 3 4 5 6 7  
Energy (eV) R + a (A) 
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outer shell peaks for the -0, samples are not 
as well modeled by Fe-Fe; these most likely 
arise from Fe-C interactions, possibly from a 
histidine ligand. 

The 2.53 A Fe-Fe distance in 2 is unprece- 
dented for p-carboxylato difemc compounds. 
Such short Fe-Fe distances have only been re- 
ported for the high-valence Fe3+Ee4+ interme- 
diate X in R2 (8) and the Fe4'/Fe4+ interme-
diate Q in MMOH (21). The structurally char- 
acterized p- 1,2 peroxodiferric compounds A 
through D are shown schematically in Fig. 3. 
Their Fe-Fe distances range from 3.1 to 4.0 A 
(22-25), w ~ t h  the d~stance decreasing as the 
number of bridging ligands increases and as the 
size of the bndging ligand decreases (carboxy- 
lato > alkoxo, hydroxo > 0x0). However, none 
have Fe-Fe distances as short as that found in 2. 
Based on these structures and on the correlation 
between bridging ligands and Mn-Mn distance 
in dinuclear Mn complexes (26), it is likely that 
two single-atom bridges (for example, p-1, 1 -
carboxylato, p-alkoxo, p-hydroxo, or p-0x0) 
are required in addition to the peroxo bridge to 

/I/& B 

FP4~~ -\-/. -u u -

4.01 A 3.46 A 
D 

c-0 
c--) -

3 3 3 A  3.14 A 

0-0 

o 

Fig. 3. Various b-1,2 peroxo diferric centers. 
Small molecule analogs: A (23), B (24),C (2.54, 
and (22),  Possible structures consistent 
w i t h  t h e  2.53 P\ Fe-Fe distance i n  the  ferr i t in  
intermediate: E through G. 
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account for the short Fe-Fe distance in 2. Pos-
sible structures for 2 can thus be represented 
schematically as E through G (Fig. 3). Structure 
E is inconsistent with the Raman data (4) and 
structure F is strongly disfavored by the large 
value (851 cm-') for u,., (Table 1). In Cu 
peroxo complexes, the side-on bridging geom- 
etry in F gives u,-, values of 750 to 760 c m '  
(27,28), nearly 100 cm- ' less than values for 2 
(4). Thus, G is the only reasonable structure 
consistent with all of the available data. Al- 
though no small molecule analogs of G are 
known in Fe chemistry to date, precedent for G 
is found in Mn chemistry, where a di-p-0x0, 
k-1,2-peroxo Mn4+ /Mn4+ dimer has a Mn-Mn 
distance of 2.53 A (29). With structure G and 
reasonable values for the peroxide bond lengths 
(Fe-0 = 1.90 to 2.00 A;0 - 0  = 1.40 to 1.45 
A), the Fe-0-0 angle, y, must be quite small, 
.=106" to 107' (30). In contrast, structures A to 
D have y = 120' to 129'. 

The combined spectroscopic data (Table 
1) show that 2, although similar to the other 
peroxodiferric intermediates, has a distinctive 
structure. Intermediate 2 has smaller IE,, 
maximum wavelength h,,,, and u,., values 
than the other proteins and, based on the 
Fe-Fe distance, has the smallest y of the 
structurally characterized peroxodiferric 
complexes. From a normal-coordinate analy- 
sis, Brunold et al. (31) showed that the Fe-0 
and 0 - 0  stretching frequencies of p- 1,2 per- 
oxodiferric dimers are mechanically coupled 
and are strongly dependent on y; larger y 
values give stronger coupling, thus increasing 
u,., and decreasing u,~.,. With y of -107", 
there will be negligible mechanical coupling 
of uo-, and u in 2 (31), thus accounting ,e., 

for the low u,.,. A second consequence of 
the small y is that n*_bonding will be 
stronger in 2 (31), thus giving greater IT* + 
Fe charge transfer and a correspondingly 
stronger 0 - 0  bond than in other peroxodifer- 
ric complexes, A stronger 0-0 bond in fer-
ritin should favor the observed release of 
hydrogen peroxide (32) and the f~rmation of 
the p-0x0 or p-hydroxo diferric biomineral 

Table 2. XAS and Mossbauer analysis of Fe intermediates in ferritin. Best-fit parameters give coordination 
number of 3 for 0,0.5 for Fe (0.3 for +OZz5 mS: 2). Detailed fits are shown in supplemental data (16). 
Values in parentheses are uncertainties in the least significant digit; estimated uncertainties in R and a' 
are 0.02 A and 1 X A', respectively. Quantitation of ferrous ( I ) ,  peroxodiferric (2 ) ,and ferric 
oxo/hydroxo species (3) determined by Mossbauer measurements. Dashes indicate species not observed. 

Scatterer 0 Scatterer Fe Composition (%) 
Edge 1s -,3d

Sample 	 energy area (eV 
type; no. u2(A2 	 1 2 3 (eV) x 10')

(A) X lo3 )  
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precursors over 0 - 0  bond cleavage and for- 
mation of high-valence intermediates, as seen 
for the other peroxodiferric species (Fig. 1 ) .  

The distinction between diiron cofactor sites 
(0,-activating enzymes) and diiron substrate 
sites (femtins) likely depends on the structures 
of the peroxodifemc intermediates, and thus on 
the identity and the geometric arrangement of 
the amino acids bound to the Fe. In the en- 
zymes, each Fe is ligated to E and H in the 
consenred, duplicated motif EXXH (33). In 
frog M femtin. one Fe is ligated to an EXXH 
motif, and the other is ligated to QXXD (34). 
Codon comparison of E or Q and H or D 
reveals that four out of six nucleotides (GAG or 
CAG and CAT or GAT) may be shared, em- 
phasizing that a small difference at the nucleo- 
tide level may be sufficient to encode cofactor 
versus substrate reactivity. In all known animal 
and plant fenitins, Q (m the QXXD motif of 
frog M fenitin) is consen~ed but D can be 
substituted with A, S, or Q (34, 35). This van- 
ability in Fe ligation may be important in de- 
termining peroxodifemc kinetics and biological 
specificity. Thus, frog M (QXXD) and frog H 
(QXXS) ferritins differ in rates of peroxodi- 
ferric formation and decay and in cell speci- 
ficity (35), which is consistent with a b~olog- 
ical role for these ligands in controlling fer- 
ritin activity. How these variations affect the 
bridging geometry and what role geometry 
plays in fine-tuning the reactivity of the per- 
oxodiferric intermediates are questions that 
remain to be answered. 
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Modulation of Brain Reward 

Circuitry by Leptin 
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Leptin, a hormone secreted by fat cells, suppresses food intake and promotes 
weight loss. To assess the action of this hormone on brain reward circuitry, 
changes in  the rewarding effect of lateral hypothalamic stimulation were 
measured after leptin administration. At five stimulation sites near the fornix, 
the effectiveness of the rewarding electrical stimulation was enhanced by 
chronic food restriction and attenuated by intracerebroventricular infusion of 
leptin. In contrast, the rewarding effect of stimulating neighboring sites was 
insensitive t o  chronic food restriction and was enhanced by leptin in three of 
four cases. These opposing effects of leptin may mirror complementary changes 
in  the rewarding effects of feeding and of competing behaviors. 

Research on the regulation of feeding and 
energy balance has been galvanized by the 
sequencing of the obese (ob) gene and the 
expression of its protein product, leptin, a 
circulating hormone secreted by adipocytes 
(1).Circulating leptin levels reflect the size of 
the fat mass (2) , and thus, this hormone has 
been considered as a signal that regulates 
long-term energy balance. Rodents with ho- 
mozygous mutations in the ob gene (the ob/ 
ob mouse) or in the gene for the leptin recep- 
tor (the db/db mouse or thefa/fa rat) manifest 
profound hyperphagia and obesity. Central or 
peripheral administration of leptin reverses 
the obesity syndrome found in ob/ob mice, 
stimulates metabolism, and reduces food in- 
take in lean mice or rats (3). 

Among the many ways in which leptin 
could alter food intake is by reducing the ap- 
petitive value of food. Such changes could en- 
sue if leptin were to alter the state of brain 
reward circuitry. Self-administration of reward- 
ing electrical brain stimulation ("self-stimula- 
tion") has long been used to assess the state of 
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this circuitry. Rats and a wide range of other 
vertebrates will actively seek out electrical 
stimulation of certain brain regions, including 
the lateral hypothalamus (LH) (4). The effect 
that induces the subject to reinitiate the stimu- 
lation is called "brain stimulation reward" 
(BSR). Weight loss resulting from chronic food 
restriction has been shown to enhance the re- 
warding effect of stimulating LH sites close to 
the fomix (5); this perifomical region has been 
implicated in the control of feeding and energy 
balance (6) . Thus, one might expect that the 
rewarding effect produced by stimulation of 
this region would be influenced by leptin. We 
tested this hypothesis by measuring leptin-in- 
duced changes in self-stimulation of the peri- 
fomical hypothalamus. 

In the demonstrations by Carr and his 
co-workers that perifornical self-stimulation 
is modulated by chronic food restriction (7), 
the rate at which the rats harvested the elec- 
trical rewards was measured as a function of 
the stimulation frequency. Chronic food re- 
striction shifted the resulting rate-frequency 
function leftward, toward weaker stimulation 
strengths; the lower the body weight, the 
weaker the stimulation required to entice the 
rats to earn a given number of rewards. We 
adopted an analogous approach to determine 
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