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I. Introduction 
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in ferritin are exchange coupled, giving rise to superpara­
magnetic behavior. This, along with the stoichiometry, has led 
to the postulation that the Fe3 + ions in ferritin are connected 
by O 2 " and O H " bridges.9 '0 

Based upon X-ray diffraction patterns of horse spleen hae­
mosiderin, Schwietzer'' suggested that the iron core of this 
protein has the 7-FeOOH structure. Wohler'2 and Fischbach 
et al.'-1 have found, however, that if the ferritin or haemosiderin 
solid is isolated at room temperature, there is no trace of either 
a- or 7-FeOOH and that the early report of Schwietzer was 
an artifact of the method of preparation. 

Utilizing low-angle X-ray scattering data obtained on 
iron-containing polymers, Brady et al.14 have suggested that 
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Table I. Iron Environment in the Fe-Glycine Model Compound as 
Determined by X-ray Diffraction" 

type of atom N R, A 

oxygen 1 1.906 
oxygen 4 2.025 
oxygen 1 2.095 
carbon 4 2.985 

iron 2 3.298 
oxygen 4 3.396 

" N is the number of atoms, and R is their distance from the iron 
atom. 

the O 2 " and O H - ligands are tetrahedrally arranged around 
the Fe3 + ions. Gray15 has questioned this conclusion, citing 
spectroscopic evidence which suggests an octahedral ar­
rangement of ligands. Gray's position has been supported by 
spectroscopic results obtained by Holt et al.16 on model com­
pounds. 

Although ferritin can be crystallized, it has not been possible 
to determine directly the structure of the Fe-containing core 
by conventional X-ray techniques because the iron cores do not 
have a definite orientation with respect to the outer shell.2a This 
means that only Debye-Scherrer rings can be obtained for the 
core, and they are much broadened owing to the small size of 
the micelle. However, the size of the micelle is not a detriment 
to analysis of the local iron environment by the extended X-ray 
absorption fine structure (EXAFS) technique. Also, mea­
surement of the structure in the Fe K-edge can provide infor­
mation about the chemical state of the iron. 

The EXAFS spectrum from a single shell of A7 identical 
atoms at an average distance R from the absorbing atom can 
be written as ' 7 

X(A:) = ^;B{k)e-1{kl"2+R/xHm {2kR + h{k)) (1) 
R" 

where B(k) is proportional to the backscattering amplitude, 
which depends on the type of scattering atom, 5(A:) is the phase, 
X is the electron mean free path, and a2 is the mean square 
deviation from the average distance R. a1 is a measure of the 
disorder in the bond lengths and can be due either to thermal 
vibrations or an inherent small structural disorder. The total 
EXAFS spectrum is given by a sum of contributions from each 
individual shell of atoms. 

In order to accurately account for B{k), 5(A.), and X, it is 
necessary to make the same absorption measurements on 
well-characterized standard compounds for which the iron has 
a similar chemical environment. In this paper we will con­
centrate on a comparison between ferritin and the Fe-glycine 
compound tri-/n3-triaquo-hexakis(glycine)triiron(III) per-
chlorate. Its structure at room temperature has been deter­
mined by X-ray diffraction studies,18 and it was found that the 
iron is in trimeric units with six first neighbors oxygens. The 
Fe environment in this compound is summarized in Table I. 
This material should be a good standard compound since the 
optical absorption and magnetic properties have been shown 
to resemble those of ferritin. i 6 J9 

Another interesting model for ferritin is the polymer of Spiro 
and Saltman21 which has a composition of Fe4Os(OH)4-
(N03)_rl .5H20. This Spiro-Saltman ball has a molecular 
weight of about 150 000 and is about 70 A in diameter, very 
similar in size to the ferritin micelle. The structure of this 
polymer is not known, but low-angle X-ray scattering experi­
ments14 suggest fourfold coordination of the irons while the 
electronic absorption spectra indicate an octahedral coordi­
nation.15 We have also made EXAFS measurements on this 
polymer, which we found to be composed of two differing 
fractions. 

II. Experimental Section 

The ferritin sample was commercially available20 horse spleen 
ferritin in water solution at a concentration of 25 mg/mL. The sample 
was electrophoretically homogeneous and displayed an optical ab­
sorption maximum at about 920 nm as reported earlier.15 The prep­
aration of the Fe-glycine standard compound has been described 
elsewhere.21 

The Spiro-Saltman polymer was prepared as described by Spiro 
et al.22 When this was done, the previously reported soluble fraction, 
eluted with the void volume, was obtained. After considerable further 
elution a second fraction was obtained which could not be redissolved 
after drying. We will call these fractions A and B, respectively. Since 
previous experiments1415 did not distinguish between these two forms 
of this polymer, we report here the results for both. These measure­
ments were made on the dried powder forms. 

Another standard compound, which was measured at both room 
temperature and 80 K, was the mineral goethite which has the <v-
FeOOH structure. This was meant to be used as a standard for both 
the first and second shells, but the powder samples that we used turned 
out to have a preferred orientation of the crystalline grains. Since this 
material is anisotropic this made the second-shell results unreliable. 
However, the first shell has sufficient symmetry so that the first-shell 
results could be used as a standard for Fe-O EXAFS. For an addi­
tional standard for Fe-Fe scattering an Fe foil was also measured. 

The X-ray absorption measurements were performed at the Stan­
ford Synchrotron Radiation Laboratory (SSRL). Most of the mea­
surements were made on the focused X-ray line, which has a resolution 
of about 10 eV. Some higher resolution studies were made on line II 
with a resolution of 2 eV. All of the spectra were taken in absorption. 
Measurements on the ferritin solution were made at 80, 120, 160, 210, 
and 293 K. For the low-temperature measurements, the solution was 
frozen, and it will be shown in our measurements that the iron envi­
ronment in ferritin distorts somewhat. This indicates that a structural 
change is occurring at low temperature. Several measurements were 
made on each sample at each temperature. No differences were found 
between repetitive runs which indicates that degradation by the X-ray 
beam was negligible. 

The Fe-glycine standard was measured in powder form at room 
temperature and 80 K, but the 80 K data did not agree with the room 
temperature results. This again indicates that some type of structural 
change is occurring at low temperatures. The two forms of the 
Spiro-Saltman ball were measured at room temperature and 80 K 
and a normal temperature dependence was found. 

Some examples of the room temperature data are shown in Figure 
1. Both complete scans and expanded plots of the near edge structure 
are shown in (a). In (b) the EXAFS is shown after the background 
has been removed, and the energy scale has been converted to the 
photoelectron wave vector k. For all spectra, A = O was defined as the 
position of the small "pip" just before the edge which is indicated by 
the arrow in Figure la. For the low-resolution focused line results this 
pip is not resolved, and the k = 0 point is found by comparing the edges 
with those taken at high resolution to determine where the pip would 
appear if it were resolved. 

III. Analysis and Discussion 

A. Ferritin. The analysis of EXAFS spectra, as in Figure 1 b, 
has been well described17 previously, and only the important 
parts of the analysis will be discussed here. A Fourier transform 
of the EXAFS spectra yields a radial distribution function with 
peaks corresponding to the locations of the various shells of 
atoms surrounding the absorbing iron atom. Because of phase 
shift effects (5(A:) in eq 1), the peaks in the transforms are 
shifted from the actual interatomic distances. Some transforms 
of the data in Figure 1 are shown in Figure 2. 

For both the ferritin and the Fe-glycine data, two types of 
transforms are shown in Figure 2. The EXAFS x(A) has been 
multiplied by both k and k3 before transforming, and for both 
the k3 transforms (solid lines), the second-shell peak is en­
hanced somewhat compared to the first-shell peak. For the 
Fe-glycine data in Figure 2a, the considerable interference in 
the second shell between the contributions from the low Z 
atoms and the irons present in the k transform (which tends 
to cancel the peak) is largely absent in the A-3 transform. This 
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Figure 1. EXAFS data for ferritin and the Fe-glycine standard taken at 
room temperature, (a) Complete scans with the background removed and 
the edge steps normalized to one. The insert gives a high-resolution view 
of the near-edge structure. The long scans were taken on the focused 
EXAFS line and the edge structure was obtained at higher resolution on 
EXAFS line II. (b) x(k)-k vs. A for the scans in (a). 

can be explained by the differing k dependence of the back-
scattering amplitude B(A:) for different types of atoms. 
Weighting the data by kl enhances the contribution to the 
transform of the heavier atoms. Since the ferritin data in 
Figure 2b show a small enhancement of the second shell, it also 
seems to have iron neighbors in the second shell. In comparing 
these k and k3 transforms, it should be remembered that the 
second shell likely has a larger thermal Debye-Waller factor. 
Thus, one would expect a low Z second-shell peak to be re­
duced relative to the first shell in a k3 transform. Furthermore, 
the much reduced interference (the second peak is better re­
solved) in the Fe-glycine k3 weighted transform indicates the 
second shell peak is dominated by the iron contribution. Ad­
ditional evidence for identifying the second shell in ferritin as 
iron is given later in this section. 

Therefore, from transforms such as those in Figure 2, we can 
conclude that the iron environment in ferritin is similar to that 
of the Fe-glycine standard, with light atom First shell neighbors 
at 1.95 ± 0.02 A and iron neighbors at 3.29 ± 0.05 A. These 
values were obtained by using the standards to correct for the 
peak shifts due to the phase shift 5(k). From the stoichiometry 
of the iron core in ferritin, the nearest neighbors must be 
oxygens. 

The errors in the above values have two major contributions. 
The first includes all statistical and systematic errors. They 
are due to noise and systematic errors introduced by the 
analysis procedure. These contributions are easily estimated 
by comparing the results of analyzing repeated scans using 
varying analyzing parameters. The second source of possible 
error is the variations of the peak shift caused by possible dif­
ferences in the phase shift 8(k) under varying chemical envi­
ronment. These peak shifts are transferable for materials with 
similar Fe environments if the two sets of data are analyzed 
identically. We checked for possible variation by comparing 
two standards, Fe-glycine and a-FeOOH, whose chemical 
variation is similar to that between themselves and ferritin. For 
the Fe-glycine compound this peak shift is 0.46 ± 0.01 A for 
the first shell and the k3 transform shown in Figure 2, while 
for a-FeOOH it is 0.47 ± 0.01 A. For the ferritin first-shell 
distance the average of these results was used. The second-shell 
peak shift was found to be 0.45 ± 0.02 A using the Fe-glycine 
standard. 

All of the ferritin results are given in Table II. In spite of 
possible distortions, the first-shell distance seems to be tem-

I 2 3 4 5 6 7 £ 

R ( A ) 

Figure 2. Fourier transforms of A-x(A) and A3-x(A) for (a) Fe-glycine. 
(b) ferritin. The dashed lines are the A weighted transforms and the solid 
lines the A--1 weighted transforms. These transforms were taken over a 
A"-space range of 2.5-10.5 A - ' with a Hanning cutoff applied to the data 
from 2.5 to 4 A - 1 and 9-10.5 A - 1 The horizontal bars show the/--space 
ranges used for isolating and comparing the first two peaks in ferritin with 
those from the standard. 

Table II. EXAFS Results for Ferritin as a Function of 
Temperature" 

77, K 

293 
210 
160 
115 
80 

293 
210 
160 
115 
80 

A' 

6.4 ±0.6 
7.4 ±2.0 
7.4 ± 1.0 
7.1 ±0.8 
5.8 ± 1.3 

7± I 
10±3 
11 ± 3 
7 ± 1 

10±3 

R, A 

1st Shell Oxygen 
1.95 ±0.02 
1.97 ±0.03 
1.92 ±0.02 
1.95 ± 0.02 
1.94 ±0.03 

2nd Shell Iron 
3.29 ±0.05 
3.35 ±0.1 
3.36 ±0.1 
3.38 ±0.1 
3.35 ±0.1 

a'-a1 (Fe-GIy), A2 

0.0057 ± 0.0005 
0.01 50 ±0.003 
0.01 12 ±0.0005 
0.0107 ±0.0005 
0.006 ± 0.003 

0.015 ±0.003 
0.020 ± 0.008 
0.015 ±0.005 
0.011 ±0.003 
0.012 ±0.005 

" For both the first-shell and the second-shell irons, the coordination 
number A, average bond distance R, and the mean square displace­
ment of R about the average value are listed. The a2 values are in­
creased relative to the Fe-glycine model compound. 

perature independent. For the Fe-Fe distance, the low-tem­
perature values are consistently higher than the room tem­
perature distance. This is likely due to interference with a third 
peak near 3.8 A which becomes visible as a shoulder to the 
second shell at low temperatures. 

Further comparison of the two sets of data can also be done 
to determine the number of atoms and a2 for each shell. Again, 
this procedure is described in detail in ref 15, and involves 
transforming the individual peaks of the radial distribution 
function back to k space in order to determine envelope func­
tions for the oscillations from each shell separately. From eq 
1 we see that the magnitudes of these envelope functions are 
determined by the number of neighbors A/, and the k depen­
dence is determined by B(k) and the Debye-Waller factor. 
Since the chemical environments of the iron atoms are similar 
for the two materials, the function B(k) should be the same, 
and any differences in the envelope functions are due to dif­
ferences in N and a2. 

We have compared ferritin with the Fe-glycine standard 
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Figure 3. Examples of plots used to compare the coordination and disorder 
of the first two shells in ferritin with the corresponding shells in the Fc-
glycine model. Plotted are the logarithms of the ratio of envelope functions 
vs. k1 for the first shells of each (a): the second shells of each [(b) solid 
curve]: and [(b) dot-dashed curve] the second shell of ferritin over the first 
shell of Fe glycine. 

using the r-space windows shown in Figure 2 to isolate the two 
shells. The logarithms of the ratio of the resulting envelope 
functions were then plotted vs. k2 as shown in Figure 3. If the 
backscattering amplitude B(k) is the same for the two mate­
rials, then these plots should yield straight lines with an in­
tercept determined by the ratio of coordination numbers and 
distances, and a slope due to differences in a2. The factor B(k) 
depends on only the type of backscattering atom for similar 
chemical environments around the irons, as is the case here. 

In Figure 3 good straight lines are obtained, except at high 
k, where noise begins to dominate the data. These straight lines 
confirm our previous conclusions that the first shell in ferritin 
is composed of oxygens and the second shell of irons. As a 
further check a similar plot was made comparing the first shell 
of the standard which contains oxygen with the second shell 
of ferritin, and is shown as the dot-dashed curve in Figure 3. 
Clearly the functions B(k) are different because a straight line 
is not found, confirming that the second shell of ferritin is not 
predominantly oxygen. For the first-shell ratio plot the inter­
cept is near zero indicating that the coordination number in 
ferritin is nearly the same as for the Fe-glycine standard. For 
the second shell, the coordination number in ferritin is con­
siderably higher than the standard, corresponding to about 
seven iron atoms. The slopes of these lines indicate that both 
coordination shells in ferritin are more disordered than the 
standard. Table II summarizes these results along with similar 
ones obtained from the low-temperature data. Just as for the 
bond length results, the statistical and systematic errors were 
obtained by comparing results from different scans and by 
using different r-space ranges. The transferability of the 
function B(k) was checked by comparing with both the Fe-
glycine and u-FeOOH standards. 

It is in the first-shell a1 results that the evidence for distor­
tion at low temperatures is clearest. At low temperature, the 
disorder increases considerably when it would be expected to 
decrease as thermal vibrations are frozen out. Because of this 
result, only the room temperature values should be considered 
representative of the iron environment in ferritin in its bio­
logically active form. Our measurements show that because 

of this structural change, care must be exercised in analyzing 
data taken on ferritin at low temperatures. This point is par­
ticularly important for such measurements as Mossbauer and 
magnetic susceptibility measurements which are often done 
as a function of temperature. Similarly, the 80 K Fe-glycine 
data were analyzed and an increase in a2 was also found for 
the first shell. At 80 K, o2 increases by 0.0020 ± 0.0005 and 
the coordination number decreases by about one atom, indi­
cating a phase transition occurring at low temperature for this 
standard, also. 

From Table I, we see that the second shell of the Fe-glycine 
standard has a considerable contribution from oxygen and 
carbon neighbors. In spite of the k} weighting, these could add 
uncertainty to the Fe-Fe coordination, and so additional checks 
were made. It was found that for the higher resolution line II 
results, there was a significant contribution to the second-shell 
envelopes for k S 5 A - 1 from these low Z atoms. However, this 
was not a problem for the low resolution focused line results, 
presumably because the sharp structure at low energies due 
to the low Z atoms was not fully resolved. When only the data 
for k S 5 A - 1 from line II was used, the same results as for the 
focused line were obtained, demonstrating that any interfer­
ence from the second-shell oxygens and carbons in the Fe-
glycine standard is small. It should also be noted that the in­
terference found for the second-shell Fe-glycine envelopes was 
not seen in the high-resolution ferritin data taken at room 
temperature. This indicates that the second shell of ferritin 
contains predominantly iron. Since there is a third shell which 
shows up in the low-temperature data, and seems to show low 
Z behavior, it appears that in ferritin the bulk of the second 
neighbor oxygens are located at a larger distance than the iron 
shell. However, this third shell could also be due to the dis­
tortion caused by freezing the solution. More data are needed 
to clarify this result. 

Another check which was made on the second-shell results 
was to compare them with data from iron foil. In this case we 
can be certain that the neighbors are only iron atoms, but be­
cause of the different chemical environment these comparisons 
are not as accurate as using the glycine standard compound. 
However, the results of the comparisons were in good agree­
ment with those obtained using the Fe-glycine standard, and 
we can be confident that our results on the second shell are 
correct. 

We now turn our attention to the near edge structure shown 
in Figure 1. The edges are similar; in particular the magnitudes 
of the first large peaks are about the same, although the finer 
details show differences. This reflects the fact that the iron 
environment in ferritin is similar to but not identical with that 
of the standard. Of particular interest is the small "pip" just 
before the edge indicated by the arrow. This is due to transi­
tions to iron 3d states. These transitions are forbidden if the 
iron site has inversion symmetry as would be the case for oc­
tahedral coordination. It is present in the standard, since the 
first shell is distorted from a true octahedron. In ferritin the 
pip is somewhat larger. This is consistent with a greater dis­
order of the first-shell oxygens, which was also found in the 
EXAFS analysis. For comparison, the pip in rubredoxin,23 

which has its iron tetrahedrally coordinated with sulfurs, has 
about twice the intensity of that found in ferritin. Also, we have 
measured the pip in FejO.̂  and found it to be about 1.5 times 
stronger than that in ferritin. This material has the spinel 
structure with V3 of the irons tetrahedrally coordinated and 2Iy 
octahedrally coordinated. An estimate of the size of the pip for 
tetrahedral environment alone can be obtained by multiplying 
by 3 since the octahedral sites will give little contribution. Thus 
tetrahedral sites would give a pip about 4.5 times the size of 
that found in ferritin. 

B. Spiro-Saltman Ball. The data from the two forms of the 
iron polymer of Spiro and Saltman were analyzed in the same 
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Table III. EXAFS Results for the Two Forms of the Spiro-
Saltman Ball" 

7", K N R, A a2-*2 (Fe-GIy), A2 

Form A 
1st shell oxygen 

293 3.6 ± 0.4 2.00 ± 0.02 0.0025 ± 0.0005 
80 3.7 ±0.4 1.99 ±0.02 0.0010 ± 0.0004 

2nd shell iron 
293 4.1 ±0.6 3.34 ±0.08 0.0143 ± 0.0030 
80 3.9 ±0.7 3.44 ±0.06 0.0104 ± 0.0025 

Form B 
1st shell oxygen 

293 5.4 ±0.6 1.97 ±0.02 0.0045 ± 0.0008 
80 5.3 ± 0.6 1.98 ± 0.02 0.0030 ± 0.0006 

2nd shell iron 
293 6.6 ±1.1 3.33 ±0.06 0.0147 ± 0.0030 
80 5.2 ±0.9 3.36 ±0.07 0.0093 ± 0.0023 

" A' is the coordination, R is the average bond distance, and a2 is 
the mean square displacement of R relative to the Fe-glycine model 
compound. 

manner as the ferritin data. Again the Fe-glycine compound 
was used as a standard to determine R, N, and tr2. As for fer­
ritin, the first shell was found to be oxygen and the second shell 
was found to contain iron. Our results are summarized in Table 
IH. Although the distances are similar to ferritin, the coordi­
nations for the two forms are different. Also, in contrast to 
ferritin, the behavior of a2 with temperature is normal. From 
these results we can conclude that form A of the Spiro-Salt-
man ball is not a good model for ferritin while form B is pos­
sibly similar. 

Our results for form A are, moreover, in good agreement 
with earlier X-ray scattering results.14 On the basis of these 
earlier results a model was suggested which consisted of planar 
structure with the irons tetrahedrally coordinated, although 
optical absorption measurements14'15 were not in agreement 
with tetrahedral coordination. Even though they find four 
neighbors, our measurements for form A are not consistent 
with tetrahedral coordination since the near edge 3d pip was 
found to be slightly smaller than Fe3O^ which has only '/3 of 
its irons tetrahedrally coordinated. Therefore, the average iron 
site in form A must be considerably more centrosymmetric 
than a tetrahedral coordination, although the coordination is 
about four, indicating that the four Fe neighbors are more 
planar than tetrahedral. The results for form B are, however, 
consistent with a distorted octahedral coordination of the irons. 
The existence of these two different forms of this polymer may 
explain the apparent conflict of the earlier measurements. 
Work on these polymers is continuing and a more detailed 
description will be published later. 

IV. Structure of the Ferritin Micelle 

By combining the EXAFS results with the known stoichi-
ometry and density of the ferritin micelle, its average structure 
can be deduced. From the value of a2 for the Fe-Fe distance 
we find that the average deviation in Fe-Fe distances is only 
slightly greater than 0.1 A. The average volume per Fe atom 
is then rather well defined, and the volume does not vary much 
around each Fe atom even if the Fe has different inequivalent 
sites. 

The EXAFS results for the Fe-Fe coordination allow six-, 
seven-, or eightfold coordination. For a three-dimensional 
structure with sixfold Fe-Fe coordination, the arrangement 
of the Fe atoms must be based on a simple cubic lattice in order 
for all the Fe-Fe distances to be nearly the same. This is shown 
in Figure 4a. Since each Fe atom has associated with it an 
oxygen atom and a hydroxy group, the density of this structure 
is easily calculated. Using the EXAFS Fe-Fe distance of 3.29 

P - 4,1 ± 0 . 2 gm/cm 

( a ) 

p - 5.3 ± 0.3 gm /cm 

( b ) 

(O 
Figure 4. Types of average long-range order allowed by the EXAFS results 
Only the iron positions are shown. The densities are calculated using a = 
3.29 ±0.05 A. 

± 0.05 A the density of this type of structure is 4.10 ± 0.2 
g/cm3. The a2 results mean that this cubic structure can be 
distorted slightly, for example, giving orthorhombic symmetry. 
However, since the average Fe-Fe distance must remain the 
same, calculations show the density to be only slightly affected 
by these distortions. 

The density of the ferritin micelle has been determined in 
two independent ways. Granick and Hahn3 in their work on 
the chemical composition of the micelle gave a value of 3.50 
g/cm3 if the micelle composition is (FeOOH)8(FeO-OPO3^) 
and a value of 3.83 g/cm3 if the composition is assumed to be 
pure FeOOH. Since then, many authors26 have confirmed the 
existence of phosphorus in the micelle, and the lower density 
should be the best. Strong confirmation of this value is provided 
by the low-angle X-ray scattering work of Fischback and 
Anderegg.24 They independently determined the average size 
of the micelle and the amount of Fe which it contains. From 
these numbers the density of the micelle can be calculated if 
its composition is known. Again assuming the composition of 
Granick and Hahn3 gives a density of 3.4-3.5 g/cm3. In this 
case assuming pure FeOOH would result in a lower density 
in contrast to the method of Granick and Hahn which would 
give a higher density. Thus, the two independent determina­
tions give a density of the micelle close to 3.5 g/cm3, and a 
three-dimensional structure with sixfold Fe-Fe coordination 
is not allowed. 

Similarly, a three-dimensional structure with eightfold 
Fe-Fe coordination must be based on a body-centered cubic 
type structure as shown in Figure 4b. In this case, the density 
is even higher at 5.3 ± 0.3 g/cm3. This density can be lowered 
somewhat by the distortions allowed by our a1 result, but it is 
always greater than the corresponding sixfold coordinated 
structure. For the case of strict sevenfold coordination there 
are no lattice arrangements possible in three dimensions. It is 
possible to achieve an average sevenfold coordination by a 
combination of sixfold and eightfold coordination, but from 
the above arguments the density of this type of structure would 
also be too high. Thus, the EXAFS results combined with 
density measurements rule out all three-dimensional non-
layered structures. 

In order to achieve the measured density, we have to consider 
two-dimensional layered structures. In this case the separation 
between the layers can be varied to obtain the proper density. 
In two dimensions the maximum rotational symmetry allowed 
is sixfold. If inequivalent Fe sites exist, they are expected not 
to have large differences according to our EXAFS results. 
Besides the fact that the Fe-Fe distance is reasonably uniform, 
the Fe-O distance is also reasonably uniform, with an average 
deviation of about 0.1 A from the bond length of 1.95 A. The 
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Table IV. Comparison of the a- and 7-FeOOH Structures with Ferritin, and the Two Forms of the Polymer of Spiro and Sa It man" 

(V-FeOOH 
7-FeOO H 
(V-FeOOH (110) 
ferritin 
Spiro-Saltman 
ball fraction "A" 
fraction " B " 

A' 

6 
6 
6 

6.4 ± 0 . 6 

3.6 ± 0 . 4 
5.4 ± 0 . 6 

1st shell 
R, A 

2.02 
2.01 
2.02 

1.95 ±0.02 

2.00 ± 0.02 
1.97 ±0.02 

(Ts2. A ^ 

0.0049 
0.015 

0.0049 
0.0089 ± 0.0005 

0.0057 ± 0.0005 
0.0045 ± 0.0008 

N 

8 
6 
6 

7 ± 1 

4.1 ± 0 . 6 
6.6 ± 1.1 

2nd shell 
/?,A 

3.32 
3.05 
3.27 

3.29 ± 0.05 

3.34 ±0 .08 
3.33 ±0 .06 

irons 
(Ts2, A 

0.030 
0.0001 
0.029 

0.015 ±0.003 

0.0143 ±0.003 
0.0147 ±0.003 

p, g/cm-1 

4.20 
4.02 

3.4-3.5 

2.9-3.0 

" A is the coordination. R is the average bond length. (xs
2 is the mean square structural disorder associated with R, and p is the density. Also 

included for comparison are the values for a single (I 10) layer in the a-FeOOH structure. The CT,2 for ferritin and the Spiro-Saltman ball were 
determined using the known structural disorder of the Fe-glycine model and assuming that the thermal contribution to <r2 is the same for the 
three materials. 

(a) 

&>::: 

Figure S. (a) Average structural unit determined by the EXAFS mea­
surements, (b) Idealized model structure constructed using the unit in (a) 
and the long-range symmetry of Figure 4c. (c) Top view of the (110) plane 
in (i-FeOOH. The numbers are the vertical positions of the atoms in 
angstroms. 

only reasonable way to satisfy our EXAFS results is for each 
Fe site to have approximate sixfold symmetry, as in Figure 4c, 
since in two dimensions the maximum rotational symmetry 
allowed is sixfold, the same as the average symmetry. 

Since we have determined the average symmetry of the iron 
core we can now construct its average structure. To do this we 
consider the EXAFS information obtained for the first shell. 
Including these results for the Fe-O distance requires that the 
building block of the ferritin structure must be as shown in 
Figure 5a. Using these units in the two-dimensional structure 
shown in Figure 4c gives the results shown in Figure 5b. It 
should be emphasized that this structure is the only one which 
is consistent with all the experimental data. It is a layered 
structure with hexagonal symmetry and a flattened octahedral 
arrangement of oxygens about each iron. For the proper stoi-
chiometry, half of the oxygen ligands would be OH. For the 
proper density these layers must be on the average £4.6 A 
apart, depending on the amount of water or other material 
between the planes. Thus, the planes are likely only weakly 
bound together.25 

The arrangement in Figure 5b is an average one, and not 
meant to represent the actual atomic positions. From the <r2 

results we know that there is significant disorder within this 
average with the average displacement of the Fe-O and Fe-Fe 
distances being approximately 0.1 A. This disorder would al­
most certainly cause the oxygen ligands to assume a more oc­
tahedral arrangement, since in this average structure some of 
the 0 - 0 distances are anomalously short at approximately 2.2 
A. 

In Table IV it is shown that the ferritin core is different from 
both the a- and Y-FeOOH structures.2627 However, there are 
similarities between these structures and our result for ferritin. 
Both have some layered character to their structure. In par­
ticular the (110) plane in the a-FeOOH structure is very 
reminiscent of our ferritin result and is shown in Figure 5c. This 
also gives an example of the types of distortions which must 
be present in the ferritin lattice. In addition, the similarity of 
this structure with that of ferritin provides an explanation of 
the observations of Wohler.12 He found that if ferritin is dried 
at 100 0C over P2O5, its X-ray diffraction pattern converted 
to a mixture of the a- and Y-FeOOH patterns. 

To complete the structure of ferritin the P must be accounted 
for. In the two-dimensional structure of ferritin the P plays a 
natural role of terminating the sheet into a form of a strip. 
From the stoichiometry, 2P would be needed to terminate 18Fe 
along the width of the strip. One way to accomplish this which 
is consistent with the stoichiometry is illustrated in Figure 6a. 
In this case all the iron sites are equivalent and the width of the 
strip is approximately 60 A. This is consistent with the micellar 
core diameter of about 70 A. 

V. Conclusions 
The EXAFS measurements have provided a considerable 

amount of direct structural information about the iron core in 
ferritin, which is summarized in Table IV. These results have 
allowed us to determine the average structure of the micelle. 
Our value for the first-shell coordination number of 6.4 ± 0.6, 
and an examination of the strength of the 3d pip, confirms the 
previously suggested'5'16 octahedral arrangement of near-
neighbor ligands. The measurements also show that on the 
average the ligands are distorted somewhat from a regular 
octahedron. This may explain some of the difficulties in pre­
vious determinations of site symmetry. These measurements 
also provide the first structural information about the second 
shell, which turned out to contain 7 ± 1 irons at a distance of 
3.29 ± 0.05 A according to our EXAFS results alone. 

It is the second-shell results which are crucial in our deter­
mination of the structure of the micelle. When combined with 
the known stoichiometry and density of the micelle these results 
ruled out all three-dimensional structures. It was found that 
only a two-dimensional layered type structure would account 
for all the experimental results. In this structure, which is 
shown in Figure 5b, a plane of iron atoms is sandwiched be­
tween two layers of approximately close-packed oxygens. These 
three atom thick layers are then only weakly bound together 
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(H2POj) +' 4 y-f-
i y.-t—d 

-5 A 

• 7 0 A — 

(b) 

Figure 6. (a) One way of using the phosphorus atoms to terminate the 
two-dimensional sheets of Figure 5b into a strip. The solid circles are iron 
and the larger open circles are O or OH. From the stoichiometry there are 
9 Fe per P. giving a width of~60 A. The length of the strip depends on the 
amount of iron in the micelle, (b) Schematic drawing of the folding of the 
strip into a 70-A diameter micelle. 

to form the three-dimensional micelle. The phosphorus atoms 
are accounted for by assuming that they terminate the sheet 
into a strip whose width naturally accounts for the size of the 
micelle of about 70 A as illustrated in Figure 6a. 

This result is also attractive from the viewpoint of iron 
mobilization. It is known that as the iron core is depleted of iron 
it assumes a flattened shape with one dimension shrinking 
while the others remain nearly the same, spanning the inner 
chamber of the protein.24 This seems difficult for a three-
dimensional lattice since it requires the removal of iron from 
the parts of the core which has lost contact with the outer 
protein sheath. In a layered structure, however, the ends of the 
strip can remain in contact with mobilization sites in the 
sheath, with the strip changing length as iron is mobilized. In 
fact, it is our picture that the iron core is one single strip which 
is folded back and forth upon itself, as in a pleat. This is illus­
trated in Figure 6b. The amounts of disorder found in the lat­
tice would certainly allow this possibility. 

Another important result from these measurements is the 
distortion in the iron environment which was observed as the 
solution is frozen. The accessibility of the irons to the distor­
tions of the water on freezing is easily understood in the two-
dimensional structures. This distortion does not seem to have 
been noted previously, and has an important bearing on the 
interpretation of measurements made at low temperatures, 
such as Mossbauer and magnetic susceptibility measurements. 
It should be recognized that such measurements may not be 
representative of the biologically active form of the protein. 

Finally, our measurements have shown that two forms of 
the polymer of Spiro and Saltman exist and only one is possibly 
similar to ferritin. The results, which are summarized in Table 
III, show fourfold oxygen coordination for form A, in good 
agreement with previous X-ray scattering results, while form 
B has a sixfold oxygen coordination. 
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