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observed, while such bathochromic shifts would be expected if 
simple demetalation were the dominant pathway. 

We feel it is important to stress that the strong hydrolytic 
stability of complexes 7-9 is in marked contrast to that observed 
for simple, water-soluble gadolinium porphyrins (e.g. [Gd(TPPS)]+ 
or [Gd(TMPyP)IS'), which undergo water-induced demetalation 
in the course of several days when exposed to an aqueous envi- 
ronment'-* or when "challenged" by treatment with EDTA34 
(conditions under which complexes 7-9 are stable35). It thus 
appears possible that gadolinium(II1) complexes derived from the 
new expanded porphyrin ligand 6, or its analogues, could provide 
the basis for developing new paramagnetic contrast reagents for 
use in MRI applications. In addition, the ease of preparation and 
stable mononuclear nature of complexes 7-9 suggest that such 
expanded porphyrin ligands might provide the basis for extending 
further the relatively underdeveloped coordination chemistry of 
the lanthanides. We are currently exploring both of these exciting 
possibilities. 
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Maintaining iron in a soluble form compatible with life appears 
to have been a problem since the accumulation of dioxygen in the 
atmosphere began about 2.5 billion years ago.' Iron proteins 
participate in a wide variety of crucial reactions during, e.g., DNA 
synthesis, respiration, photosynthesis, and nitrogen fixation. 
Contemporary organisms solve the problem of managing iron with 
a protein, ferritin, that stores iron as hydrous ferric oxide inside 
a coat of protein (ref 2 is a review). The protein coat of ferritin 
is a highly conserved, spherical assemblage, 12 nm in diameter, 
constructed from 24 similar or identical polypeptides. In spite 
of the features common to all ferritins, both the protein coat and 
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Table I. Accessibility of Fe(I1) to o-Phenanthroline during 
Reconstitution of Horse Spleen Ferritin from Protein Coats and 
FeSOda 

76 added Fe(I1) 
time after mixing, h native proteinb denatured proteine 

0.25 
0.75 
2 

12 

52 
45 
32 

3.9d 

95 
83 
77 
44  

,,Values are the means of three to seven experiments. The standard 
deviation is 1-7% of the mean for denatured protein and 10-14% for 
the native protein (Experimental Section); the percentage of Fe(I1) 
added to buffer that was soluble without protein was 55% at 7 min, 
37% at 0.25 h, 20% at 1 h, 15% at 4 h, and 0.5% at 17 h. bNative 
protein-protein in 0.15 M HepesNa, pH 7.0; see Methods. 
CMeasured as the percent of total iron that formed the Fe(I1)-o- 
phenanthroline complex after removing an aliquot of the Fe/protein 
mixture and denaturing the protein by heating in 1 N HCI at 100 OC 
for 30 min; other denaturants were not tested; up to 0.1 pmol of Fe was 
added to a solution containing 3.78 pmol of o-phenanthroline. Analysis 
of synthetic mixtures of Fe111(N03)3 and Fe"SO., of 1:9, 3:7, and 1:1, 
analyzed under the same conditions used to denature ferritin, yielded 
the predicted values (within 10%) for Fe(I1) (measured with o- 
phenanthroline) and Fe(II1) (measured with hydroxylamine followed 
by o-phenanthroline). For commercial horse spleen ferritin, 16 f 3% 
of the iron reacted as Fe(I1) after denaturation, suggesting the possi- 
bility of reduction of small amounts of Fe during denaturation. 
experiment only. 

the iron core can vary. In vertebrates, for example, the protein 
coat of ferritin is eacoded in a family of genes, used differentially 
by specific cell types within an organism, that is regulated by one 
of the more complex series of reactions to be characterized. With 
regard to the iron core of ferritin, variations occur in the number 
of Fe atoms (1-4500) ,  the degree of order (microcrystallinity), 
and the ratio of P:Fe (CO.05-0.8). 

The mechanism of ferritin iron core formation is no; well un- 
derstood. It is known, however, that ferritin can be reconstituted 
from solutions of simple Fe(I1) salts and protein coats; recon- 
stituted iron cores are like native cores by a variety of criteria (for 
a recent study see ref 3). Note that only small numbers of Fe(I1) 
atoms (8-12) bind to the protein.I0 Larger numbers apparently 
enter the hollow center of the protein coat. Ferritin cannot be 
reconstituted from Fe(II1) and protein coats.4 Thus, formation 
of ferritin iron cores is accompanied by the release of large 
numbers of electrons and protons, while dissolution of the iron 
core could require the consumption of electrons and protons. In 
a cell such as a macrophage, which processes ca. 5 X 1 O8 Fe atoms 
from an effete red cell in 24 h,S with many of the Fe atoms passing 
in and out of ferritin, the electron and proton flux appears to be 
considerable. 

Recently we showed quantitatively that the complete oxidation 
of the bulk of Fe(I1) added to protein coats of horse spleen ferritin 
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Table 11. Parameters from Mossbauer Spectra of 57Fe(II) Mixed with Protein Coats of Ferritin from Horse Spleen and Compared to XAS" 
time, h temp, K 

0.75 80 

2 80 

12 80 
80 

iron(III) citrateI2 100 
horse spleen ferritin') 80 
Fe"OH2I4 88 

OData taken from ref 6 and analyzed for percent Fe(I1) and Fe(II1). 

was slow (ca. 66% in 12 h) when we used X-ray absorption 
spectroscopy (XAS) to measure the kinetics of oxidation.6 The 
protein coats appeared to stabilize most of the Fe(I1) in solution 
for many hours even when air was bubbled into the solution; most 
of the Fe(I1) was inaccessible to o-phenanthroline. The numbers 
of Fe atoms added in the experiment were so large (480 Fe 
atoms/molecule) that the possibility of protein binding of all of 
the individual Fe(I1) atoms was unlikely; the protein coat is 
saturated when 8-12 Fe(I1) atoms bind,I0 while the remainder 
appear to fill the hollow center of the protein, where they become 
inaccessible to o-phenanthroline. At first, the results seemed to 
be inconsistent with previous studies of ferritin core formation 
in which the complete oxidation of Fe(I1) in the presence of the 
protein appeared to be rapid (less than 1 h).',* However, the earlier 
studies measured the oxidation state of the iron indirectly and were 
biased toward Fe accessible to chelators or toward Fe(II1) in 
optically detectable complexes; the properties of the complexes 
were incompletely known in terms of stoichiometry. Apparent 
differences between the several sets of data could be due to 
quantitative effects in the analyses used: XAS measured con- 
tributions from all the iron atoms, while the other analyses 
measured iron atoms in particular environments. A model con- 
sistent with all the data requires that when large numbers of Fe(I1) 
atoms are present, the protein provides an environment in which 
most of the iron is initially sequestered as Fe(II), with a small 
number oxidizing rapidly to Fe(II1); eventually all the iron would 
be oxidized. An analogous model during dissolution of ferritin 
iron cores was indicated by previous observations of retention of 
Fe(I1) and Fe(II1) by the protein after partial reduction of the 
core.g 

We now report that the Fe(II), which was inaccessible to o- 
phenanthroline in the native protein, is sequestered and can be 
recovered after denaturing the protein. In addition, using 57Fe(II) 
to reconstitute ferritin and monitoring oxidation with Mossbauer 
spectroscopy, we show that a small amount of iron is oxidized 
relatively quickly but much of the Fe remains in the ferrous state 
for many hours. Moreover, quantitative analyses of Fe(II):Fe( 111) 
from X-ray absorption and Mobauer spectroscopy show a good 
correlation and support studies on the retention of Fe(I1) by ferritin 
after partial reduction of the  core^.^,^^ Thus, all the available 
observations are consistent with the model, which provides new 
insight into the formation of ferritin iron cores and a new per- 
spective about the possible role and evolutionary age of ferritin. 
Experimental Section 

Materials. Horse spleen ferritin was obtained from Boehringer- 
Mannheim and the iron removed as previously described.l0 All materials 
were of reagent grade and were obtained from Boehringer-Mannheim or 
Fisher Scientific. 

Methods. To test the accessibility of Fe(I1) to o-phenanthroline, 
solutions of protein coats, prepared from horse spleen ferritin'O (<0.2 Fe 
atom/molecule; 0.0417 mM protein: in 0.15 M HepesNa, pH 7.0), and 
fresh, aqueous solutions of FeS04 were mixed (final volume 0.5 mL; 480 
Fe atoms/molecule; final concentration of Fe 20 mM) and incubated at 
room temperature in a spectrophotometer cuvette ( I O  X 4 X 14 mm) of 
the dimensions used previ~us ly .~  With ambient air as used, the ratio of 
iron to dioxygen was comparable to that estimated for liver.6 Previous 

(13) Frankel, R. B.; Papaefthymiou, G. C.; Watt, G. D. Hyperfine Interact. 
1987, 33, 233-240. 

IS, mm/s QS, mm/s % Fe(I1) 
Fe(I1) 1.35 3.18 67 
Fe(II1) 0.47 
Fe(I1) 1.40 
Fe(II1) 0.52 
Fe(I1) 1.37 
Fe(II1) 0.47 

0.64 
0.50 
1.49 

0.71 
3.18 68 
0.72 
3.26 38 
0.70 
0.50 
0.72 
3.02 

experiments showed that the aeration of the protein solution had no 
detectable effect on the oxidation of Fe(I1) under these conditions.6 
Denatured protein was produced to determine the effect on accessibility 
of Fe(I1) to o-phenanthroline, by removing an aliquot of the Fe(II)/ 
protein mixture and heating in 1 N HCI at  100 O C for 30 min before 
adding the o-phenanthroline. 

Solutions of 57Fe(II) for Mossbauer spectroscopy were prepared by 
using wire enriched in the isotope to 93.3% (obtained from NEN division 
of Du Pont) and H2S04 incubated at  50 OC;I2 additions to solutions of 
the protein were volumes sufficiently small so that the pH was not 
changed detectably. Mixtures were prepared as  described in ref 6 and 
as described for measurement of accessibility to o-phenanthroline. 
Samples were removed at the time indicated, frozen in liquid nitrogen, 
and stored at -80 OC until measured. Measurements were made as 
described in ref 9 and 13. 

Results and Discussion 
Recovery of Fe(I1) inaccessible to chelators was possible after 

denaturing the protein by heating in dilute acid (Table I). For 
example, after 15 min 94.5% of the added Fe(I1) was recovered 
as the Fe(I1)-o-phenanthroline complex after denaturing the 
protein, but only 52% was available to react with the chelator in 
the presence of native protein. After 2 h some oxidation of Fe(I1) 
had occurred, since only 77% of the added Fe formed the Fe- 
(11)-o-phenanthroline complex after denaturation of the protein; 
the Fe(I1) added remained inaccessible to the chelator before 
denaturation of the protein. Thus, protein coats of ferritin can 
incorporate large amounts of Fe(I1) in a form that is not readily 
accessible to small chelators but only slowly oxidized, confirming 
the earlier XAS results.6 

To extend the results of XAS and to analyze the properties of 
the small amount of oxidized Fe in the presence of bulk Fe(II), 
Mossbauer spectra were collected for ferritin protein coats in- 
cubated with 57Fe(II) for various periods of time (Figure 1). The 
Mossbauer spectra confirm the XAS data on the stabilization of 
Fe(I1) by ferritin protein coats;6 12 h after mixing, 38% of the 
Fe is still Fe(I1) by Mossbauer analysis and 33% by XAS (Figure 
1 and Tables I, 11). The Mossbauer parameters of both oxidation 
states of the iron in the protein are presented in Table 11. It is 
not possible to distinguish between monoatomic and polynuclear 
forms of Fe(I1) on the basis of published Mossbauer parameters.14 
However, in the case of the oxidized Fe, some of the Fe(II1) is 
polynuclear even at 45 min; possibly Fe(II1) in such an envi- 
ronment gives rise to the amber color that was used in the past 
to measure iron core formation (e.g. ref 7, 8, 11). Note that XAS 
analysis of the oxidation rate in MOPS, compared to HEPES at 
pH 7, produced qualitatively similar results. 

Clearly, Fe(I1) added to the protein coats of ferritin can follow 
at least two paths: rapid oxidation of a small number of Fe(I1) 
atoms or sequestration by the protein and slow oxidation of large 
numbers of Fe(I1) atoms, possibly inside the hollow center of the 
protein coat, where an insoluble ferrous precipitate could form. 
(Note that 480 Fe atoms in a volume the size of the hollow of 
the ferritin protein coat are equivalent to a concentration of 0.3 
M in an isolated system; 0.3 M exceeds the solubility of Fe(1I) 
at pH 7.0.)15 Oxidation would then occur slowly at the buff- 
er/ferrous oxide hydroxide interface. Once partial oxidation 

(14) Pritchard, A. M.; Mould, B. J. Corros. Sci. 1971, 11, 1-9. 
(15) Leussi.ig, D. L.; Kolthoff, I .  M. J .  Am. Chem. Sor. 1953, 75, 

2476-2479. 



Inorg. Chem. 1989, 28, 3395-3396 3395 

bacteria thought to represent features of primitive life in the 
absence of dioxygen, e.g. sulfate-reducing bacteria, suggest that 
ferritin or ferritin-like proteins may be among the oldest of pro- 
teins. 
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Figure 1. Mossbauer spectra of 57Fe(II) mixed with protein coats from 
spleen ferritin. Spectra were obtained at 80 K as previously described: 
(A-C) protein after mixing with Fe(I1) for 0.75, 2, or 12 h (see Exper- 
imental Section); (D) Fe(II1) sample added to deaerated water, trans- 
ferred to a sample vial, and frozen immediately after addition of 57Fe(II) 
to the protein sample was completed. 

occurred, the surface iron(II1) oxide hydroxide might render the 
remaining Fe(I1) inaccessible to o-phenanthroline. Such a model 
also explains the increased availability of Fe(I1) in ferritin to 
chelators when Fe(I1) is added in the absence of d i ~ x y g e n . ~ J ~ J ~  
An apparently analogous phenomenon occurs when Fe(I1) is added 
to the buffer: ferro/ferri oxide hydroxides (blue-green) precipitate 
that oxidize (rust) first at the surface; when the protein is present, 
the iron complexes are maintained in solution. 

Two possible ramifications of the sequestration of Fe(I1) by 
protein coats of ferritin when large amounts of iron are added 
concern the bioenergetics of storing Fe in ferritin and the role of 
ferritin in evolution. The energetics of cellular iron storage in 
ferritin predicts a large electron flux for oxidation of iron during 
ferritin formation and reduction of iron during ferritin core dis- 
solution. The flux may be less than predicted for large amounts 
of iron when iron turnover is rapid, in macrophages for example, 
if some of the iron remains as Fe(I1) during short recycling times5 
The possible evolutionary age of ferritin has been related to he 
appearance of dioxygen in the atmosphere, which produced the 
need for a variety of proteins to control or detoxify the results 
of iron/dioxygen interactions in living cells. However, even the 
metabolic role of Fe(I1) is c~mplex.' '- '~ Thus, the ability of the 
protein coats of ferritin to sequester Fe(I1) when it is available 
in large amounts and the high concentrations of Fe(I1) used by 
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The zero-field-splitting parameter D of EPR spectra is com- 
monly dependent on temperature and pressure for multielectron 
paramagnetic ions with S > It is related to changes in the 
crystal field gradient at an ion site as a result of a rearrangement 
of the effective ligand charges due to thermal lattice contraction 
and/or changes in the amplitude of atomic vibrations. 

These mechanisms seem to not be effective in binuclear com- 
plexes of ions with S = since the D tensor is not "quadrupolar" 
in origin there and is, rather, determined by dipolar and exchange 
coupling. Thus, the D tensor is an intrinsic property of a dimeric 
unit and is related to the geometrical structure, which is stable 
over a large temperature range, as is proved by magnetic sus- 
ceptibility x data. In fact, in the vast majority of copper(I1) dimers 
the x( r )  dependence can be described by the temperature-inde- 
pendent singlet-triplet splitting J ,  which is known to be very 
sensitive to the dimer geometry.' Thus, a D tensor for binuclear 
SI = Sz = complexes is not expected to be affected by tem- 
perature. 

We have found, however, that in the chlorocuprates 
[(C6HS)4A]2C~2C16 (A = P, Sb, As) the D values increase on 
cooling.2 The dipolar contribution to the D tensor is overdo- 
minated by anisotropic exchange splitting in these crystals; thus 
the D(r) dependence seems to be related to the temperature 
dependence of the anisotropic exchange coupling between Cu(I1) 
ions within CuZCl6 units. Since generally an increase in pressure 
affects the spectra in the same way as a decrease in temperature, 
we decided to perform EPR experiments over a large temperature 
range under hydrostatic pressure up to 400 MPa on powdered 
samples of [(C6H5)4Sb]zCuzC16 with the aim of having a closer 
insight into the factors determining the behavior of D. 

The compound was prepared as described in ref 2. X-Band 
EPR spectra were recorded with a Radiopan SE/X-2542 spec- 
trometer equipped with a hydrostatic pressure a p p a r a t ~ s . ~ , ~  A 
cylindrical TE, 12 corundum resonator and 80-Hz modulation were 
used. Powder spectra were recorded as depending on temperature 
under different pressures and as depending on hydrostatic pressure 
at different temperatures. 

EPR spectra under atmospheric pressure are presented in Figure 
I .  The following three effects appear with a lowering of tem- 
perature as is clearly seen in Figure 1: (a) an increase in the 
splitting of the principal D-tensor components Di (i = x, y ,  z ) ,  
as marked by arrows, (b) an increase in the intensity of the 
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