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ABSTRACT

The coordination structure and electronic configuration of
iron(Id) bound in a polynuclear fashion to a number of proteins have
been investigated by a variety of physical methods. These have
included the temperature dependence of the magnetic susceptibility,
electron spin resonance spectroscopy, electronic absorption spectro-
scopy at low temperatures, vibrational spectroscopy, X-ray analysis,
Mgssbauer spectroscopy down to helium temperature, and electron
spectroscopy for chemical analysis (ESCA). The proteins investigated
included the iron transport protein transferrin, the phosphoglyco-
protein phosvitin, the gastric juice glycoprotein gastroferrin, and
the two iron storage proteins ferritin and hemosiderin. On the basis
of the results obtained by these techniques the structural felationship
of the iron to the protein and to other iron atoms present in the poly-
nucleér complex was clarified. Structural models for these relation-
ships were proposed for the proteins listed. The implications of these

results for the biological role of iron have been considered.
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I. INTRODUCTION

The es;s.ential role of iron for the human organism was
recognized in antiquity, whence legend records(l) that a glass of wine
and rust was sufficient to cure sexual impotence and to benefit those
who, unfortunately, could not "Cohabit properly.' A complete under-
standing of these remark'able phenomena still escapes contemporary
biochemistry, yet, of all the essential trace metals, iron and its
biological functions are probably the best understood. Many of these
functions depend on the aqueous chemistry of iron(Ill), and this chemistry
is now known to be dominated by hydrolysis and polymerization, with
the formation of polynuclear iron(IIl) species, i.e., species that contain
at least two iron atoms interacting through some ]obnding arrangement.
This research reports the results of structural studies, using a variety
of physical methods, on a number of proteins that bind iron(IIl) in a
polynuclear fashion, and on several model compounds that are structural
analogs of the polynuclear iron in these iron-protein complexes. One
of the proteins studied, transferrin, binds only two iron atoms. The
other protein systems investigated, phosvitin - gastroferrin - ferritin -
hemosiderin, all bind at least fifty iron atoms in polynuclear clusters.

The thesis is organized in the following way. First,the presently
available information on the chemistry and biology of polynuclear iron
ié summarized and the systems studied in this work are introduced. A

substantial debt of gratitude to the authors of a recent review(l) on this
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subject is acknowlédged. Second, the strengths and weaknesses of the
various techniques used in this and other studies are discussed. Third,
the results for each protein system and its structural analogs are
presented and discussed. Fourth, the implications of these results for
biologically active iron(III) are considered. A description of the
experimental procedures used is included in a final section.

A. Hydrolytic Polymerization of Iron(IIl)

The hydrolysis of iron(IIl) has been the object of a series of

careful potentiometric and other studies by a number of investigators.(zz.5 )

Their results implicated a dinuclear complex, Fe, (OH)24+, as the
predominant hydrolysis product in the solution even at low pH (< 2).
The solution is metastable to the eventual precipitation of the poly-
merization product, iron(III) hydroxide. This familiar brown colloid
was usually assumed to be amorphous and ill-defined, its presence
being sufficient reason to discard the solution. Recently Towe and
Bradley(s) and, separately, van der Geissen, () have reported the
isolation of hydroiyzat_es of iron(IIl) that are of small particle size

(< 100 A diameter) yet of sufficient crystallinity to give X-ray powder
patterns.

Use of the standard biochemical techniques of gel filtration and
ultrafiltration on an iron(Il) nitrate solution to which two moles of
OH"/Fe had been added resulted in the isolation of a remarkable(g)
homogeneous polymer, The polymer has a molecular weight of

150,000 incorporating about 1200 iron atdms, and appears spherical in

the electron microscope with a diameter of 70 A. The structural
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characteristics of this polymer, proposed as a model for the core of
the protein ferritin, have been a matter of some controversy.

There are, however, a number of very well defined phases in
the iron(Ill) oxide and iron(Ill) oxyhydroxide systems. They are
o, B, and y-Fe,0,, Fe O,, and'a, B, v, and 6-FeOOH. Some occur
naturally, and synthesis and interconversions have been extensively
studied. (9,10) Of the two crystallographic sites available for iron(III)
in these structures, octahedral and tetrahedral, oFe,O,, o-, 8-,
and y-FeOOH have iron atoms in octahedral siteslexclusively
The other phases distribute the iron atoms between octahedral and
tetfahedral sites in various proportions. A major emphasis of this
present research has been the development and_ application of reliable
methods to distinguish iron(Ill) atoms in these two different coordination
sites. A number of the above phases, with other relevant minerals
(e.g., Fe. OH SO4(11) and FePO4(12)) have therefore been incorporated
into this study.

B. Effect of Chelates on Polymerization

The inclusion of a number of chelating agents in hydrolyzed
iron(III) solutions produces dimeric complexes that are stable and
readily investigated. (13) The dimeric unit of the chelate-free system,
Fe(OH),Fe, has been reasonably well characterized only in the iron(III):
picolinic acid system. (14) Almost all the dimers are analogous to that

formed with HEDTA; whose crystal structure shows an almost linear



- (165°) oxo-bridged Fe-O-Fe structural unit linking the two subunits
of the molecule together. (15)
Polymers analogous to the iron(IIl) nitrate polymer mentioned
above have been isolated from solutions containing the complexing
agents citrate and fructose. The iron(III)-citraté polymer also appears
spherical, (16) 70 & in diameter, with a molecular weight of 2.1 X 10",
Its formation from the low molecular weight complexes can be
prevented by a large (x20) éitrate:iron ratio, (17) Analogous behavior
has been observed in the iron(Ill)-fructose system. 1) This polymer
has a molecular Weight(la) of 0,65 X 105. Various sugar complexes
with polynuclear iroﬁ(III) are used in the intravenous and/or intra-
muscular application of iron(III). One of the most widely used prepara-

tions, (19,20)

an iron-dextran complex of molecular weight in excess of
5 .
1.5 X% 10, was used in the preparation of the iron storage compound,

hemosiderin.

C. Biological Uptake of Iron

Every living cell depends on iron in a wide variety of biochemical
reactions. Various mechanisms have been developed by living
organisms to take up environmental iron which is present mostly in a
polynuclear form as the highly insoluble iron(IIl) hydroxide that cannot _
be transported across the cell membrane. The solubility product
constant of Fe(OH), is estimated(l) at10 7 M4, (25°, 3M NaClO ),
while that of Fe(OH), is 10™** M’ (25°, zero ionic strength).



Many bacteria and fungi elaborate powerful chelating agents to

(21)

convert iron(III} hydroxide into soluble small molecular weight

complexes. DPlants utilize organic acids to extract the iron from alkaline

(22)

soils, and chelating agents of the EDTA type are widely used in

agriculture to present iron to crops. Although iron metabolism in man
has been extensively studied throﬁghout the history of medicine, (23)

the importance of chelation and of polynuclear iron in the control of iron
uptake has only recently been realized. In contrast to the metabolism

of other trace metals, most of the iron in the body is continuously
recycled, very little iron being excreted via the urme, feces, and

sweat, (24) Control of the amount of iron present occurs by the regula-
tion of uptake, not of excretion. It is here that chelation and the poly-
nuclear nature of many iron compounds play decisive roles.

It should be noted at this point that most orally administered
therapeutic applications of iron in the treatment of iron deficiency
anemia cbntain iron(Il), not iron(Ill), salts. This preference follows
historically from the spectacular success achieved by iron(II) salts in
the early nineteenth century in the treatment of chlorosis. (24) Iron
uptake is maximal in the gastric lumen and in the lumen of the small
intestine, (1) both highly aerobic regions where iron(Il) is oxidized to
iron(IIl) which can then polymerize. The iron(Il) hydroxide present
is much more soluble than the iron(III), by about 15 orders of magnitude,
providing many more simple metal ions for transport écross the

mucosal membrane. The application of iron(Il) salts to stimulate iron
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uptake is very inefficient, but more efficient than that of iron(III).
Prevention of.the polymerization of iron(IIl) by the presence of suitable
chelating agents permits iron(II) and iron(IIl) to be utilized with equal
effectiveness. (25) The body transports only low molecular weight
complexes across the membrane, (30) Hence, the binding of iron(III)

by proteins that are present in the gut is expected to lower the availa-
bility of iron for absorption. Even less iron is available for absorption
if the protein ligands bind a large number of iron atoms, presumably
forming polynuclear clusters of iron(III). This competition between the
low molecular weight'chelates and macromolecular ligands, both of
which inhibit the depbsition of iron(Ill) hydroxide, is now recognized as
the major determinent of the amount of iron available for absorption.
Two proteins that have been implicated in the inhibition of iron
absorption in the gut are phosvitin and gastroferrin. The results
presented and discussed in the following pages show that both proteins

bind a lai'ge number of iron(IIl) ions in a polynuclear fasion.

- D. Introduction to the Protein Systems Studied

1. Gastroferrin

Gastroferrin is a glycoprotein that can be isolated from
human gastric juice but is more readily obtained from pig gastric
mucin, (26,27). Its composition is predominantly carbohydrate, 85%,
with only 15% polypeptide and its molecular weight has been estimated
by various methods to be 2.6 X 10° (x 0.2). It has an iron binding

capacity of up to 6% by weight. Gastroferrin is known to possess some



blood group activity as measured by inhibition of agglutination, and its
absence has been proposed as the genetic marker in hemachromatosis,
a disease characterized by pathologically excessive iron uptake and
storage..

2. Phosvitin

Phosvitin is a phosphoglycoprotein of molecular weight
40,000 which can be isolated from hens' egg yolk. (28) It contains 6.5%
carbohydrate and a remarkable number, about 120, of phosphoserine
residues (side chain: ~-CH,OPO,H,) arranged, at least in part, in linear

sequences of up to eight residues uninterrupted by other amino acids.(zg)

A postulate(sz)

of the biological function of such a phosphate-rich
protein is that phosvitin acts as a source of phosphate for the developing
chick embryo, and phosphorylation is activated by oxidation of the |
serine phosphate residues. Recent nutritional studies suggested that
eggs in the diet have inhibitory effects on iron absqrption. (31) Most
proteins are broken down in the acid gastric environment but phosvitin
has been shown to be resistant to the action of the proteolytic enzymes
present in that environment. (33) The results in the i)ages following
demonstrate that phosvitin does bind polynuclear iron(Iil}, in an

uncommon stereochemistry that is a consequence of the unusual

composition of the polypeptide chain of this protein.



3. Ferritin

The best known example of polynuclear iron(IIl) in biology
is the iron storage protein ferritin, (34) whose gross morphology is that
of a spherical core, 70 A in diameter, of iron(lI) oxyhydroxide with a
little phosphate of appfoximate composition [(F«'—:O-OH)8 :¥eO- POH,].
This core is surrounded by at least twenty identiéal protein subunits
that coat the micelle , giving a sphere of 120 & diameter. The iron
contenf of the core varies up to a maximum core molecular weight of
~400,000; and the complete protein coat, present in all ferritin
moleéules has a moleculai' weight of ~460,000. This morphology
produces a high perceﬁtage composition of iron (~20%) and a high iron/
protein ratio (~2), as expected for a storage compound. The phosphate
and i)rotein apparently serve to prevent the formation of an insoluble
phase of iron(III) hydroxide. The protein can be easily crystallized
and the isolated cores also produce an X-ray diffraction pattern.
Ferritin is widely distributed in nature occurring in vertebrates,

(38) (36) 1na fungi. @7 tts universal role appears

invertebrates, plants,
to be as an iron storehouse for the organism. The structure of the

core of ferritin has been the object of intensive investigation and contro-
versy. The nitrate polymer;'w) a derivative of G-FeOOH(35) and the
iron(IIl) oxyhydroxide gels of Towe and Bradley, (6) and of

van der Geissen;.('?) have been variously proposed as structural models
for the feri'itin core. The structures of these models and of the core
have been investigated in this work. The suitability of these models

will be critically evaluated below.



4. Hemosiderin
Hemosiderin is the second major storage form of iron in
mammalian tissues and is most evident in iron storage pathologies. (39)
Hemosiderin differs from ferritin in its positive histological reaction
with Prussian blue',- in its chemical composition (~26% iron and little
protein) and, by definition; in its total insolubility in water, Hemo-
siderin, an iron storehouse also incorporates polynuclear iron(IIl).
Althoﬁgh the compound is not well defined, its structure was also
investigated in this work.

5. Transferrin

Other pol&nuclear iron proteins are the transferrins and the
non-heme ii‘on-sulphur proteins. This latter group is excluded from
this work. Transferrin(41) is a y-globulin of molecular weight 80,000
that binds two iron(III) atoms and acts in iron transport. It has been
found in various bodily fluids from many vertebrate species. It can be
considered a polynuclear iron(IIl) protein in that it binds two iron atoms.
In contrast to the sevgral_ cases referred to above, these iron atoms

are not in close proximity and do not interact. (40)
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II. TECHNIQUES OF INVESTIGATION

‘The most useful techniques for identifying clusters of poly-
nuclear iron(Ill) are those that are sensitive to the particular feature
of the polynuclear cluster-~the interaction between the sets of d
electrons on different iron atoms. The magnetic behavior is primarily
determined by the electron configuration of these d electrons. This
in turn varies with the number and nature of the ligand atoms bound to
the iron and with the different kinds of interaction between that and
other iron atoms. The magnetic susceptibility, its behavior as a
~ function df temperatu_re, and the electron spin resonance spectrum are
particularly important probes of the effect on the electronic cpnfigura-
tion of polynuclear interaction. The importance of magnetic suscepti-
bility measurements has prompted a somewhat detailed discussion of
the theory behind the analysis of these measurements. As will be
shown later, the e.s.r. spectrum is a less versatile probe for
identifying iron-iron interactions. The discussion of this technique is
correspondingly brief. ,

A number of other techniques has been used to elucidate
structural details of the bonding between iron atoms in the polynuclear
cluster and between the cluster and the protein. By far the most
important one has been absorption spectroscopy of the electronic
transitions occurring within the set of d electrons of the iron(Ill). An
extensive discussion of the principles underlying this Spectroscopy will

be presented. Supplementary structural information has been obtained
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from Mdgssbauer and vibrational spectroscopy, X-ray studies_, and
E.S.C.A., el‘ectron spectroscopy for chemical analysis. This
section contains a brief discussion of each of these techniques.
A. Magnetic Behavior
1. Ground State

The distribution{?) of the five d electrons of iron(III)
within the set of five d orbitals depends on the relative energies of
those orbitals. The familiar splittings of the d orbitals by the ligand
field created by octahedral, tetrahedral, and tetragonal arrays: of ligands
atoms around the iron are shown in Figure 1. The figure also shows the
possible spin configuretions for the various symmetries. In both octa-
hedral (Oy,) and tetrahedral (T4) symmetries the high spin case
corresponds to five unpaired electrons and the low spin case to one.
With an electron spin quantum number, s of 1/2 the total spin number (S)
in the two cases is 5/2 and 1/2. The fhree unpaired electrons-situation
S = 3/2 of the tetragonal symmetry has been characterized in only a few
cases, e.g. in a series of monohalogen bis (N, N-dimethyldithiocarbamato)

iron(IIl) complexes(43)

of general formula [Fe(II) X. (S,CNR,),]. The
S =3/2 ground state is not attainable in 0h or Td symmetries.

The choice between the 5/2 and 1/2 spin states in these symme-
tries is determined by the balance between the strength of the iigand
field (10 Dq) that determines the splitting of the two sets of d orbitals,

and the magnitude of the Coulomb and exchange energy for the d electrons.
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Figure 1
Possible high-spin and low-spin electronic configurations
possible for a d ion in ligand fields of tetrahedral,
octahedral, and tetragonal symmetry. 10 Dgq is the
splitting induced by the ligand field and is a measure

of the strength of that field.
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A quite strong ligand field of ~ 30,000 em™ is required t‘o go from the
5/2 to the 1/2 ground state. Cyanide, dipyridine, and o-phenanthroline
are examples of strong field ligands. An intermediate situation of a
ligand field near the crossover point is possible. Specific examples of
all these situations are preseﬁted in the following discussion of the
magnetic characteristics of iron(III).

2. Spin-Only Magnetic Moment

The magnetic moment Mg of a single electron is simply
related to the electron spin quantum numbers. For an ion of total spin
quantum }number S describing the spin angular momentum, the analogous
relation shown below gives the magnetic moment y for the ion in Bohr

Magnetons (B.M.)

p=gvysSS+1 g: the gyromagnetic ratio
= 2, 00023 for free electron
For the singie electron case, S=sand pu is 1.73 B. M.
For 8 =5/2, p =5.92 B.M., and for S =3/2 u is 3.87 B. M. These
are the values of the "spin-only'' magnetic moments, since no account.
is made of the contribution to the moment from the orbital angular
momentum (of quantum number L). This contribution occurs through
coupling to the spin angular momentum--i. e., spin-orbit coupling. For
the S =5/2 case, the ground state of the complex is 6A1 derived from the
6S ground state of the free ion. For such a ground state L =0 and no
orbital contribution to the moment is possible. Na,[FeF,] has a

magnetic moment per iron of 5.85 B. M. (42) For any other value of L
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spin-orbit coupling is possible;' and ifs extent can be determined from
an experimehtal study of the magnetic behavior. The moment for
K,Fe(CN), of 2,25 B. M. (42) is increased from the spin-only value of
1.73 B. M. by an orbital contribution allowed in the 2T2 ground state.

3. Magnetic Susceptibility

Magnetic moments can lead to important chemical informa-
tion, but they are not determined directly. They are derived from the
measured magnetic susceptibility (x) of the sample in a magnetic field.
Thé magnetic moment is calculated from the gram susceptibility Xg
by applying a diamagnetic correction to the molar susceptibility
XM (= Xg X Mol. Wt.), giving xg&)rr which is used in the following

equation:

u = 2.828 ¥ _corr T
XM

The temperature dependence of the magnetic susceptibility
X follows either Curie (x  1/T) or Curie-Weiss law (xal/(T - 9).
8, the intercept on the T axis of a plot of x'1 against T, is the Weiss
constant. It has often been taken as a measure of the degree of inter-
molecular interactions, yet a finite 8 can result from other causes,
e.g., spin-orbit coupling on the ‘T

K,[Mn(CN),]. 42)

1g ground state of the monomeric
The diamagnetic correction accounts for the contribution
to the susceptibility from the closed shell electrons in the metal and

ligand. Although the contribution from the organic component of a metal
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complex is small, ~-0,5 X 10°° cg s units per gram, a molar
contribution from a protein of 50,000 molecular weight is ~ ~2.5 X
10~ cgs units. This is comparable to the paramagnetic molar suscep-
tibility of Fe(NOy), - 9H,0 at 293°K of +1.52 x 10 cgs units. 44 Since
diamagnetic and paramagnetic contributions to the observed susceptibility
of a protein that binds only one or a few metal ions can be of the same
order of magnitude yet of opposite sign, the net susceptibility is small
and measurements of the paramagnetic component are subject to
significant errors (> 10%).

| A situation intermediate to the high and low spin cases
occurs when the ligahd field strength is close to that required for the
transition from the high to the low spin configuration. If the energy
difference between these two configurations is comparable to kT
(at 300°K, kT =208 cm'l), there is an equilibrium mixture of high
spin and low spin states, giving a moment which is a weighted average
of the two components, and extremely temperature sensitive. One of |
the few established examples .of this equilibrium situation with iron(III)
occurs in the compound Fe(IlI)(diethyldithiocarbamate),. (45)

In general iron(Ill) has its greatest affinity for oxygen
ligands, although chelating ligands with O and N donor atoms are well
known, as are strong field ligands binding through N only. The many
amino acid side chains of proteins that can bind through O or N have a
ligand field strength of < 15;000 cm'l; too small to induce either spin

pairing or a high spin-low spin equilibrium.
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4, Polxnuclear Interaction

The strength of the interaction between the sets of d
electrons on different iron atoms of spins 8, and §, that is characteristic
of a polynuclear cluster can be expressed(46) by the exchange coupling

constant J in the Hamiltonian for the interaction;

je! = -2J8,° S,

For J > 'O,' the interaction is called ferromagnetic and for
J < 0 antiferromagnetic. A few instances of ferromagnetic coupling are

known for intramolecular polynuclear clusters, (80) i

. e., clusters that
are magnetically isolated from other clusters by diamagnetic matter.
None of these involve iron(Ill) ions. For a polynuclear cluster of iron(III)
the magnetic interaction is always antiferromagnetic, tending to couple
the unpaired electrons on the interacting iron(III) atoms. Antiferro-
magnetism therefore decreases the magnetic moment per iron from the
spin-only value. The strength of the antiferromagnetic coupling
determines the extent of this decrease.

For the polynuclear clusters of interest in this study the
antiferromagnetic coupling between any two iron(Ill) atoms does not take
place directly through the space between them, but rather indirectly
through an intervening bridging unit, e.g., -O- or ~-OH—-. This
mechanism for the coupling is known as superexchange.

Physically extended systems or lattices of magnetically

interactihg iron(III) ions are well known. The interaction can be
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ferromagnetic or antiferromagnetic. Examples of both are found among
the various mineral phases of the iron oxyhydroxide system. The
theoretical treatment of this kind of magnetic behavior is different from
the interaction Hamiltonian above. The concepts of magnetic domains
and molecular fields are useful in approaching tliﬁs problem, but the
phenomena are not completely understood. (61)

Both these kinds of antiferromagnetism, intramolecular
cluster, and lattice types, occur among the polynuclear iron proteins
considered in this study. |

| In addition to lowering the magnetic moment per iron

from the spin-aonly value, antiferromagnetic couplihg chzinges the
temperature dependent behavior of the moment. At any temperature
there is competition between the order resulting from magnetic effects
and the disorder from thermal agitation. In a susceptibility measure-
ment the ordering is induced by an applied field and, additional for
antiferrbmagnetic substances, by the magnetic coupling of the para-
magnetic ions. The competition between magnetic ordering and thermal
disorder reaches an equilibrium balance at the Néel temperature, TN.
Although the susceptibility increases with decreasing temperature down
to TN, a plot of x'l against T is non-linear. The antiferromagnetically
lowered magnetic moment characteristically decreases with decreasing
temperature. It is this behavior that is the most reliable criterion for

identifying polynuclear iron(IIl) species. The room temperature moment
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and the steepness of the decrease in the moment as the temperature
decreases reflects the strength of the coupling between the iron atoms,

5. Intramolecular Antiferromagnetism

Several complexes of the oxobridged iron(IlI) system
mentioned in the introduction have been characterized by magnetic
susceptibility measurements, (47-55) In all cases the temperature
dependence can be fitted quite well using the spin-spin interaction
model mentioned above. The resulting energy levels include a dia-
magnetic ground state and thermally accessible paramagnetic excited
states. Strong antiferromagnetic coupling may lower the ground state
sufficiéntly to allow the dimeric complex to become diamagnetic at
some temperatures. The strongly coupled (J ~ 100 em™) dimeric
systems (FeHEDTA),0 and (FeEDTA),O behave in this way, °°)
becoming diamagnetic at ~30°K.

In a recent paper on these two dimeric systems, the authors

note(55)

that the results for all such oxy-bridged systems known can be
fitted equally well by two models. Either the S, =5/2, §, =5/2 or

S, =3/2,8, = 3/2 models, but not the S, =1/2, S, =1/2 model, fit the
data. The extra spin levels o the 5/2, 5/2 model are not sufficiently
populated at 300°K to discriminate between the two working models.
Electronic spectral results to be discussed later are consistent(ss)

only with the 5/2, 5/2 model. It is this model that is used in the present
study. The temperature dependence of x for the antiferromagnetically

coupled 5/2 , 5/2 case is given by equation 1, using the usual notation. (56)
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3k (55 + 30x  + 14X 4 5% +x.

X = 7 ] + No
T "1 + 9% - 7x1_8,+5x4+3x + X
22
where K = N3gl;B_ (1)

x = exp (J/KT)

In this and other studies g has been assumed to be equal to
2.0, consistent with 8A1 iron(Ill) ions. This value has been confirmed by
a recent e.s.r. study of the (FeHEDTA),O system. (54) The temperature
independent paramagnetism, Na, is assumed to be zero. The upper
limit for Na of 130 x 10~° cgs units per mole obtained from the
[FeEDTA),0]" dimer study®3) is less than 1% of the diamagnetic
correction for a 50,000 molecular weight protein.

The coupling constant J reflects the strength (in em™) of
the interaction present. Table 1 shows the effect of different values of J
on the magnetic moment () at various temperatures (°K). The
difference between the coupling of iron atoms by an oxo bridge and that

joined by a dihydroxobridge is apparent from this table.

Table 1
Dimeric System Ref -J(em™) ogge Mi5p° Hgge M3p° |
(FeEDTA),0 55 99 1,85 1.16 0.69 0
(FeHED’I‘A)zO 55 95 1.88 1.20 0.76 ~0

(Fepicolinate,OH), 58 8 5.1 4.55 3.85 2.0
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6. Lattice Antifer'romaggetism

This theory of antiferromagnetically coupled clusters has

been applied quite successfully to the magnetic behavior of trimeric(sg)

(60,77)

and tetrameric systems. An extension of the theory to the case

of a linear chain of up to 10 identical ions has been reported. (61) The

limits of the spin-spin interaction model become apparent(ao)

as the
number of interacting ions becomes five or more. Except for arrays
of high symmetry, the proliferation of different J's prevents an
unambiguous determination of the set of energy levels for the system.

As mentioned above, quite different theories are required
to account for a polynuclear interaction that is propagated throughout an
entire lattice. Lattice type antiferromagnetic materials have a
characteristic Néel temperature, below which the behavior of the
susceptibility differs from that in the intermolecular antiferromagnetic
case. For the latter and for a free ion, the susceptibility is independent
of the sti'ength of the applied field. The antiferromagnetic behavior of
the lattice coupled case is field strength dependent. A necessary part of
any investigation of lattice magnetic phenomena is a field strength study
up to magnetic saturation corresponding to the alignment by the applied
field of all the moments in a preferred direction. |

7. Small Particles--Néel Theory of Superparamagnetism

The magnetic behavior of ferromagnetic and antiferro-
magnetic materials changes dramatically when the particles become

(62)

very small, < 100 & diameter. Neel has pointed out' ~ that for
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particles of these dimensions the anisotropy energy corresponding to
the energy differences of the possible orientations of the direction of
ferromagnetism or antiferromagnetism can become of the order of kT.

The orientation A has sufficient thermal energy to undergo a pseudo-

Brownian ro’tation(ﬁs) with a frequency f that can be expressed as
f =1, exp - KV/kT K: anisotropy energy per unit
volume

V: particle volume

KV is, of COurse, just an expression of the energy barrier
between possible origntations of A. At some temperature, the blocking
temperature, Tb, this energy barrier is ~25 kT. As the temperature
drops below Tb , a stable magnetization results froin this thermally
frozen magnetization and A becomes stable, i.e., definitely oriented.
This fluctuation of A can be used to account for the unusual behavior of
small magnetic particles. (64) Its implications for the magnetic
susceptibility will be considered here and those for e.s.r. and
Mossbauer spectroscopy will be dealt with in the appropriate following
sections.

In any particle of diameter less than 100 A the ions are not
well organized into lattice planes, and the magnetic ions can be
considered to constitute a single magnetic domain. The two sub-lattices
of this "spongé"-like species contain a different number of magnetic.
ions. This difference can be approximated by vM, where M is the total

number of magnetic ions in the particle. The particle magnetic moment
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is then ‘/1‘71_—“_3— , Where p,, is the magnetic moment of the ion. It is
oriented with and follows the fluctuations of A. Using this assumption
Néel showed that the magnetic susceptibility of a collection of N such
particles containing ions of total spin Sis
. - Ngzs2 ugz
3kT

The equivalent formula for an uncoupled system is

Ng S(S + I)u;
B 3kT

X

Consequently in the temperature range above Tb but below
Tn the susceptibility of a collection of such antiferromagnetically
ordered fine particles will obey the Curie law but with a constant of
proportionality below that for the uncoupled system. This constant is
that for the whole particle, rather than for the single ion--hence the
t erm superparamagnetism. The experimental observations on fine
particles of many systems, i.g., a-Fe,O,, a-, and 8-FeOOH, are in
accord with this theory. The impact of particle size on the magnetic
behavior can be appreciated from the observation(66) that while grains
of a- and 8-FeOOH le'ss than 50 A in diameter nearly obey the Curie
law, the susceptibility of a sample in the massive state is almost |
temperature invariant.

As the particle diameter exceeds 100 A; crystalline faces,

well defined lattice pla.nes;' and magnetic sublattices appear. According
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to the Neel theory, (62) either superparamagnetic behavior or an
anomalously high antiferromagnetic susceptibility resuits. A systematic
study of the effect of grain diameters from 20 A to 600 A on the magnetie
behavior of nickel oxide confirms(GB) these implications of the theory.

8. Solution Susceptibility Measurements

Magnetic susceptibility studies are usually carried out on a
solid sample, yet particularly for metal binding proteins, the solution
susceptibility is an important parameter. This can be measured
conveniently using the Evans n. m. r. method. (89) The solution under
investigafion is plach in a capillary tube, coaxially situated inside a
normal n. m.r. tube containing the solvent identical to the test solution
in all respects save the paramagnetic ions. For protein studies the
reference solution ideally contains the metal free protein in a concentra-
tion equimolar to that in the sample solution. Alternatively, the
diamagnetism of the metal free protein can be measured separately.
Both tubes contain a standard proton reference, e.g., t-butyl alechol
(TBA) for aqueous solutions. The paramagnetic ion changes the bulk
susceptibility of the sample solution, changiﬁg the position of the TBA
methyl resonance from that in the reference solution. This shift, Af,
is related to the paramaghetié susceptibility in the following way:

3 Af (po-'ps>-'
X =327m T * Xo * Xo —pm——
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Af: frequency separation (c/s)
f: frequency of the proton resonance (c/s)
m: mass/ml. of solute (g/ml)

Xo: susceptibility of solute (-0.72 X 10~° for dilute (2%) TBA
solution

Po density of solvent

Pg: density of solution

For dilute solutions the last term can be ignored. A high
concentration of paramagnetic ions can introduce further errors by
broadening the resonance line. The above equation is valid for spectral
shifts observed using the conventional magnet/sample configuration,
where the applied magnetic fieldistransverseto the long axis of the
cylindrical sample. Superconducting magnets, such as are used in the
Varian HR-220, generate a magnetic field along the long axis of the
sample. This different magnetic polarization changes the bulk
susceptibility shift of the above equation. (7_0) It is now twice in
magnitude .a;nd opposite in sign to that expected for conventional
spectrometers, This effect, together with the additional dispersion of
chemical shifts at the higher n.m. r. frequency, makes the HR-220
particularly suitable for paramagnetic susceptibility determinations. |

The magnetic susceptibilities of the single iron atom in
the oxidized and reduced rubredoxin from Clostridium pasteurianum
were determined in this way tobe 5.85 + 0.2 and 5.05 £ 0.2 B. M.,

respectively. (71) In both the reduced and oxidized eight-iron ferredoxin
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from C. pasteurianum, the presence of extensive antiferi'omagnetic
coupling was cbnfirmed by similar studies. (72) For ferredoxin and
rubredoxin, the temperature dependence (as 1/T) of several proton
resonances from the protein identified them as b'eing contact shifted

by close interaction with the paramagnetic centgr.
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B. Electron Spin Resonance Spectroscopy

A second technique that has proved useful in identifying certain
iron(III) units as polynuclear is electron spin resonance (e.s.r.)
spectroscopy. (73) The spectral lines observed arise from transitions
among a fnultiplet of energy levels derived from the electronic ground
state of the iron. The splitting is induced by an'applied magnetic field
creating a first order Zeeman effect of characteristically low energy,
gBH. This is ~1 em™ for an applied field of 10 kOe. The predominant
interest in e.s. r. studies of transition metals has been in molecular
properties rather than the cooperative phenomena of coupled systems.
In fact, dilution of sc;lids and solutions is often used to reduce the
exchange interactions, however weak. Low temperatures are usually
employed to increase the spin-lattice relaxation time, favoring
the observation of the e. s.r. transitions as well defined resonance
lines. For the high spin iron(IIl) of K[Fe(SO,),] * 12H,0 diluted in
K[Al(SO,),] *+ 12H,0 the 6A1 ground term gives rise to the expected

g value very close to 2,00, \'4)

1, Dimei'ic Iron(IT1)

Most dimeric systems(75) that have been intensively studied
involve copper(II)(76) not iron(IIT), but there is a recent report of the
e.s.r. spectrum of single crystals of the (FeHEDTA),O unit. (77) The
major features of the e.s.r. spectra apparently result from a thermally
populated S = 2 state and are consistent with the antiferromagnetically

coupled 5/2 , 5/2 model described for this system in Section II, B-6
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above., As the temperature decreases, the complex four lline spectrum
from the dimeric molecule decreases in intensity with decreasing
population of the S = 2 excited state. The presence of two magnetically
non-equivalent molecules in the unit cell resultsvin an eight line
spectrum being observed in almost all orientations of the crystal with
respect to the magnetic field. The line widths are not extensively
broadened by magnetic dipole-dipole interaction, since even at room.
temperature most molecules occupy the diamagnetic ground state.
There are few e. s. r. studies of polynuclear clusters confaining more
than two paramagnetic ions. (78)

2. Pol méric Iron(IT)

When the number of iron atoms increases well beyond the
two of the dimeric system to 20-30 atoms, this dipole-dipole inter-
action is expected to be the dominant feature of the e. s.r. spectrum.

It is then that e. s.r. can be expected to be a diagnostic tool for
identifyirig polynuclear iron systems. Other explanations for line
broadening can usually be rejected by the temperature dependence of the
spectrum. Slow tumbling of the large protein molecules can broaden
rescnance lines, but a temperature increase should sharpen them.
Broadening due to spin-lattice relaxation effects is also temperature
dependent, but it will decrease with decreasing temperatures.. By
contrast dipole~dipole broadening results from the physical proximity
of magnetic dipoles in a coupled system and unless some structural

changes occur it remains effectively independent of temperature.
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3. Effect of Particle Size

When the polynuclear iron(IIl) system also has the
dimensions suitable for paramagnetism, the e.s.r. spectrum can be
broadened even further. In an analogous way to the magnetic suscepti4
bility results, the e.s.r. absorptmns have been attributed to the total
magnetic moment of the grain. (62) The additional line broadening
observed at temperatures below the Neel temperature can be accounted
for by the fluctuations of A. The temperature dependence of the line-~

width, 6H, was described by the equation

6H = A(kV) exp KV/KT

where A is a constant dependent on the grain size. This behavior has
been observed by a number of investigators(79) for fine particles of

Fe,0,4 and Cr,0,.
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C. Electronic Absorption Spectroscopy

“An important objective of the present study was to derive a
reasonable model for the structure in the immediate vicinity of the
iron atoms, i.e., the coordination structure. Magnetic susceptibility
and electron spin resonance measurements are valuable probes of the
polynuclear interaction between iron atoms, but they are not particularly
sensitive to the number and kind of ligand atoms that ai'e bound to the
iron. The particular arrangements of ligands that need to be
distinguished are the octahedral and tetrahedral arrays of six and four
ligands, respectively. The most useful method of investigation 1n this
regard is the electronic absorption spectroscopy of the d5 electrons of
the iron(IlI) ion. These occur in the near infrared (NIR) and visible
(VIS) regions of the spectrum. Absorption bands.originating from the
set of d electrons are termed ligand field bands. The ligand atoms of
interest are oxygen and, to a lesser degree, nitrogen.

Iron(Il) is known to occupy both octahedral and tetrahedral sites.
in various phases of the Fe,O, and FeOOH systems (8,10) The several
models proposed for the coordination structure of the core of the protein
ferritin are related to these phases. Models with iron(III) occupying
only octahedral sites, (6) only tetrahedral sites; (84) and a mixture of both
kinds of sites(35) have been proposed. The coordination structure in
this and the other protein systems under study here has been determined

primarily by an analysis of the energies of the ligand field bands.
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In this section the origin of these bands andof their variation
between the octahedral and the tetrahedral environments is explored.
The use of the ligand field absorption bands to distinguish between these
two symmetries in iron proteins presupposes a thorough analysis of
the spectrum of the [FeO,],, and [FeOq] ., unii':'s. Excellent spectra
of both were reported and analyzed by other workers(los’ 106) during
the course of this study. Their results are discussed in this section.

1. Effects of Various Ligand Fields

The splitting of the energies of the five d orbitals under the
influence of a ligand field of octahedral, tetrahedral, and tetragonal
symmetries has beeﬁ presented earlier in Figure 1. As mentioned at
that time, section II. A above, the unusual five-coordinate case has
been observed only in the series of square pyi‘amidal monohalogen-
bis(N, N-dimethyldithiocarbamato) iron(III) complexes. (43) The ligand
atoms of the chelate are sulphur atoms. The electronic absorption
spectrum in these compounds of ground state with spin 8§ = 3/2 is
complex, and the ligand field transitions cannot be definitely identified.
These transitions are expected to be quite different in energy and
intensity from those in the octahedral and tetrahedral cases. The five-
coordinate geometry hé.s never been observed in inorganic complexes
of iron(III) bound to oxygen atoms. It was not considered to be important
in this study é.nd the following discussion concerns only octahedral and
tetrahedral symmetries. Although the temperature dependence of the

magnetic suscep{ibility in the Fe-O-Fe dimeric systems can be
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accounted for by antiferromagnetic coupling between either two S = 3/2
ortwo S = 5/ 2 ground state ions, (55) ligand field theory excludes the

S =3/2 ground state from octahedral and tetrahedral symmetries. The
ligands of interest in this work are weak field ligands unable to induce
the iron(III) to establish a S =1/2 ground state. -The subsequent
discussion is restricted then to the S =5/2 ground state which has been
found to be the only one that fits the absorption spectrum of the bright
red Fe-O-Fe dimers. (55) The energies of the ligand field bands in the
dimers are similar to those in typical six-coordinate iron(Ill) complexes
with a GA; ground state. This spectrum will be described below. This
similarity is reasona;ble in view of the relative energies of the anti-
ferromagnetic spin-spin coupling (J ~ 100 cm'l) and the ligand field
transitions (>10,000 cm™).

The ligand field created by four ligand atoms arranged in
tetrahedral symmetry is predicted(73> by ligand field theory and by
simple electrostatic considerations to beless thanthat of six ligands in
octahedral symmetryl; Many experimental confirmations of the expected
ratio of 4/9 have been reported. In general this means that with a
lower ligand field strength a tetrahedral array of ligands will induce
ligand field transitions at lower energy thanwould an octahedral array.
As expected from the weaker field;“ no tetrahedral iron(IlI) complex has
been reported’ as the low spin,“ S =1/2 ground state, However,“ for the
iron(III) electronic conﬁguration,' ds; this is not the ca.se.' The energy

(E) of the first one electron transition from the ground state configuration
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(t.‘,)3(e)2 can be simply related to the strength of the ligand field (10 Dq)
and to the energy (P) needed to induce two parallel electron spins to
pair up with opposite spins. The transition is shown in Figure 2

From the Figure, it is clear that

E = P-10Dg

As 10 Dq increases, E decreases. The important implication for this
work is that the energy required for the first one electron transition
in the a configuration is less in a ligand field of octahedral symmetry
than in one of tetrahedral symmetry.

2. Enefgz Level Diagram

The application of a ligand field can split the energy terms
of the free ion into the appropriate energy levels of the metal ion.
Thus the simple one electron transition described above 'corresponds
to several transitions and. hence absorption bands in the metal complexes.
The octahedral and tetrahedral ligand fields (the cubic fields) produce
the same ligand field energy level scheme from the free ion levels of the
d5 ion. The free ion ‘ground state BS is not split by a cubic field. It
assumes the 8A1 symmetry label. The first excited state of the free ion
‘G does split into two T states, 4T1, 4T2; and into a degenerate pair," :
4A1,A 4E. All retain the spin quartet character of the free ion term.
The first three ligand field absorption transitions for the d5 configuration

are the sextet to quartet transitions:



34

Figure 2
vDiagrammatic representation of the energy (E) of the
first one-electron transition within the set of d orbitals
in an octahedral ligand field of strength (10 Dq).

P is the electron pairing energy.
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8 4 8 4 8 4 4
Aj- T,; A= T,; A=~ A, E

(107,108) as a function of

The extent of this splitting can be calculated
10 Dq, and the two parameters describing the electron-electron
repulsion energies, B and C. These diagrams were first calculated
by Tanabe and Sugano for cubic fields using a fixed C/B ratio of 4. 48.
The behavior of the four lowest energy levels relative to

the 8A1 ground state is shown as a function of the strength of the ligand
field in Figure 3. The diagram indicates that the 4A1, “E level is
independent of the ligand field. Ligand field bands are usually broadened
by vibrations that modulate the size of 10 Dq. This mechanism of
broadening is unavailable to the 6A1 - 4A1, ‘E transition and the
absorption band is correspondingly narrow. Its unusual behavior in
this respect allows it to be readily identified.

These four transitions are from a sextet state to quartet states.
Consequently, they are spin forbidden. In octahedral symmetry with
its center of inversion,transitions within the set of pure d orbitals are
forbidden (Laporte forbidden). This condition is relaxed in tetrahedral
- symmetry where there is no inversion center and the d and p orbitals
are of appropriate symmetry to mix together. The spin forbidden bands
are expected to be weak (e < 1) but the intensity in the octahedral case is
lowered even further by the Laporte rule (e ~ 0.05 - 0,01).

A description of the energy of the spin forbidden transitions
involvesboth Band C. The three parameters 10 Dg, B , and C are then

required to describe the d5 ligand field transitions. Consequently, at
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Figure 3
The dependence on the strength of the ligand field (10 Dq)
of the energy of the four lowest ligand field transitions

for a iron(IIi) complexes in octahedral and tetrahedral

coordination.
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least four ligand field transitions must be identified to simultaneously
and unambiguously determine 10 Dg, B, and C. The fourth ligand field
transition'is 8A1 - 4Tz. In both octahedral and tetrahedral symmetries
it is expected to occur close to the ultraviolet end of the visible region.
The prevalence of intense charge transfer bands in the ultraviolet is
expected to preclude the observation of more thén four ligand field bands
even in favorable cases.

3. Reference Spectra--[FeOq] ., and [FeO,], ot

| Excellent spectra of iron(III) coordinated to oxygen donor
ligands in octahedral and tetrahedral symmetry have recently been
reported. The spectrum of [Fe(HzO),,]3+ has long been obscured by the
absorptions of the hydrolysis and polymerization products of iron(III).
The ligand field bands for this species have now been observed in a
large,pale purple,single crystal of ferric ammonium sulphate. (106)
Previous spectroscopic studies of tetrahedral Fe(III) have included
FeCl, , (109,110) 8-tungstoferrate(Ill) ion, (111) and ;B-NaAl1 _xFexozgnz)
In the firét two cases the important ligand-field bands are somewhat
obscured by intense, low-energy absorption,l and are split in a complex
| fashion. The FeCl,  spectrum will be discussed in section III-B below.
In the third case the Fe(IIl) coordination is significantly distorted from
tetrahedral symmetry. _
The tetrahedral species [Fe(),;jt ot Nasbeen examined 105,106)

in an iron(IIl) doped sample of orthoclase feldspar, ideally KA1SiO,.
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The sample was gem quality, light green in color, in which a small
amount of the aluminum in tetrahedral sites had been replaced by
iron(IIl). " The two spectra are shown in Figure 4.

In both spectra four low intensity ligand field bands are resolved.
The common pattern of two broad bands and a comparatively sharper
band at higher energy is apparent. The fairly sharp band is assigned
to the 6A1 - 4Al, 4E transition. As expected the two spectra show very
clearly that the two lowest bands corresponding to the 6A1 - 4T1 and
6A1 - 4T2 transitions are substantially lower in energy in the octahedral
case. The extinction coefficients are low, and those of the octahedral
absorptions are genefally lower. The identification of four ligand
field bands allowed an unambiguous detérmination of the parameters
involved in the Tanabe-Sugano calculations: 10 Dq, B, and C. The
data for these spectra together with the parameter values giving the
best fit(mﬁ) between calculated and experimental energies are shown
in Table 2,

The weakness of these ligand field ban_ds as expressed by
the small extinction éoefficients can make them difficult to observe.
 Both of the above spectra were recorded on large single crystals,
There is an obvious difficulty arising from concentration problems in
observing these bands in solution or in an aggregate of small crystals
or a lyophilized powder. Reference to this limitation will be made
in the later discussion. The intensity of these bands is increased in the
case of polynuclear iron. Several instances of this increased intensity

of spin-forbidden bands in antiferromagnetically coupled transition
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Figure 4
Electronic absorption spectra of the ligand field transitions
in FeOg, recorded as F'e(HZO)(,3+ in iron(Ill) ammonium
sulphate, and in FeQ,, recorded as [FeO,] in orthoclase

feldspar.
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Table 2
[FeOg]oct [FeO,]tet
Transition A(nm) »(cm™) € aAlnm) P lem™) €
A, - T, 795 12,600  0.05 444 22,500  0.73
°A, - T, 550 18,200  0.01 418 23,900  0.76
413 24,200
°A - ‘A, 'E 407 24,600 0,13 377 26,500 4.1
394 25,400
‘A, - T, 361 27,700 0.1 342 29,200 0.1
Parameter
10 Dq 13,1700 7350
B 945 540

C 2960 4230
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metal ions have been reported. They include both lattice antiferro-
magnetism(lm’ns) (in the manganese(Il) halides, e.g., MnCL)
(55) ¢.g., (FeEDTA),0 and

and intermolecular antiferromagnetism,
(FeHEDTA),O.

In both cases of antiferromagnetic interaction the band
intensities are increased by a factor of 10-50 ovér the corresponding
magnetically dilute systems, i.e., MnClL, - 4H,0, and the monomers
Fe' EDTA, Fe- HEDTA. This breakdown in the spin multiplicity rule
can be taken into account(114) in a description of the antiferromagnetic
coupling between nearest neighborsusingthe spin-spin coupling model
described above. |

By increasing the intensities of the ligand field bands the
polynuclear nature of the iron increases the ease with which those bands
might be observed. The extinction coefficients for these bands are
gtill low, however, and can be easily obscured by strong low energy
absorption bands. ‘

4. Implications for Protein Spectra

Several features of these reference spectra are important
for the spectral studies of the polynuclear iron proteins reported i'n this
work. | |

a) The apparent color is suggestive of the possible
coordination structures of the iron(III). The monomeric octahedral
iron(Il) is pale violet. The monomeric tetrahedral iron(Ill) is light
green. The dimeric bridged octahedral dimer is bright red. The FeOOH
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and Fe,O, phases, and the protein ferritin, are reddish brown in color.
Polymeric iron(IIl) in tetrahedral symmetry has been reported(nG) in

a quartz phase of iron(IIl) phosphate, FePO4,' formed by high temperature
synthesis. The spectrum of this is reported and discussed below, in
section IIl. B. It is also light green-yellow in color.

b) The band pattern for the d5 configuration is common
to the octahedral and tetrahedral cases, yet the widely different energies
of the ligand field bands in the two symmetries allows them to be readily
distinguished. |

c) The relative intensities of the bands in the two
symmetries is that expected from theoretical considerations, i.e.,
tetrahedral > octahedral.

d) From an analysis of the ligand field bands the values
of 10 Dgq, B, and C that are characteristic for the stereochemistries

[FeO,]; and [FeO,] . ., have been obtained.

oct
In cases where only three of the ligand field bands are
identified', the three parameters 10 Dq, B, and C cannot be allowed to
vary simultaneously to give a meaningful fit of the spectrum. The
appropriate C/B ratio to assume for the characteristic pattern for the

octahedral and tetrahedral symmetries is now known.'
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D. Mbossbauer Spectroscopy

Small perturbations on the nuclear energy levels of iron by the
surrounding electrons can be studied by Méssbauer spectroscopy, the
recoilless emission and absorption of low energy y-radiation. The
nuclear transition of interest is that betweenthe I =3/2 and I =1/2
levels of the Mgssbauer nuclide ” Fe, where I is the nuclear spin
quantum number. The energy change for the transition is 14. 36 keV.

A typical requirement for Missbauer work is 1-2 micromoles of 57 Fe
which has a low natural abundance of 2, 19%. For a protein of 50,000
molecular weight that binds one iron atom, and without isotopic enrich-
ment, this amount of Fe is contained in 2.5 g. The polynuclear iron
proteins of this study are characteristically richer in iron than this
and are quite suitable for Miéssbauer spectroscapy.

The deductions of a structural nature that have been drawn from
the results of Midssbauer studies of the protein ferritin and its several
structural analogs are still controversial., In this study the Méssbauer
spectrum of the most promising of these analogs was recorded. A
discussion of the technique and the experimental parameters determined
is included at this point preparatory to a later discussion of these results.

In the customary experimental arrangement, the incident energy
is varied by including a small relative velocity between the source and
sample. The unit of the energy scale is mm/sec. In more conventional
terms 1 mm/sec is equivalent to 4.8 X 107° eV, about ten times the

natural linewidth for 5 Fe of 4.7% 10”° eV. Four interactions are
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possible between the * Fe nuclide and the electronic surroundings.
They are shown in Fighre 5.
1. Four Experimental Parameters

a) Isomer Shift-~the interaction of the different nuclear
charge densities of both the ground and excited states with the electronic
charge density at the nucleus produces small changes in these energy
levels relative to a standard substance. The isomer shift is related to
the s-electron density at the nucleus.

b) Quadropole Splitting--~the electric quadrupole of the
nuclear excited state_(I = 3/2) interacts with the electric field gradients
at the nucleus produced by external lattice effects, by unfilled sets of
orbitals, e.g., the d orbitals, and by polarization of filled inner shells
of electrons. The magnitude of this splitting provides an estimate of the
point symmetry about the iron nucleus.

¢) Nuclear Magnetic Hyperfine Interactions--unpaired
electrons in the outer shells have different exchange interactions with
s-electrons of spinquantum number m s = 1/2 than with those with
mg = -1/2. The resultant polarization of the s electrons provides a
non-zero s-electron chargé density at the nucleus creating an internal
magnetic field that splits fhe two nuclear states. According to the |
selection rule AI =0, + 1 six transitions are possible. They can be
observed as a six line spectrum when the electronic spin lattice

relaxation time is long compared to the characteristic Lamor precession
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Figure 5

Effects of three Méssbauer interactions on the nuclear

energy levels of > Fe
(1) The isomer shift resulting from the difference in
nuclear energy levels in source (left) and absorber
(right) dué to differences in electron charge densities.
(2) The quadrupole splitting resulting from the splitting
of the excited state by an electric field gradient.
(3) The nuclear hyperfine resulting from the splitting

of both nuclear levels by a magnetic field.
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time of the nuclear magnetic moments. This precession time is
inversely proportional to the internal field. The usual requirement to
observe the hyperfine spectrum for 7 Fe is an internal field in excess
of 10 kOe,and/or low temperatures. The internal fields observed can
be quite large, 500-600 kOe. Iroh metal, a ferromagnet, creates an
internal field of 330 kQe.

d) Nuclear Zeeman Interactions--the magnetic hyperfine
of (c) above is produced by the application of a strong external magnetic
field (30-40 kOe).

2. Effects of Particle Size

A second characteristic Mgssbauer time is the mean life-
time of the nuclear excited state, 1.4 X 107 sec for Fe. It is of
particular importance in the M@ssbauer spectra of the very small
particles (diameter < 100 A) first discussed in section II. A-7 above.
With the anisotropy energy comparable to kT the orientation of the
magnetic field at the nucleus fluctuates with a relaxation time 7 that
is an exponential function of the particle volume, V, and fhe reciprocal

temperature, T.
T = 7, exp (KV/kT) K: anisotropy constant

Byloweringthetemperature the relaxation time becomes
comparable to or larger than the mean lifetime of the nuclear excited
state and a magnetic hyperfine spectrum is observed., A distribution

in particle size results in a finite temperature range over which the
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hyperfine spectrum is established and the usual quadrupole split doublet
disappears. This behavior is characteristic of superparamagnetic

particles, e.g., fine grains of o-Fe,0,, (102) and the core of ferritin§103)

3. Structural Implications

The isomer shift and the quadrupole splitting can be related
to the electronic configuration and stereochemistry of the iron nucleus.
Only high spin iron(II) is unambiguously determined in this way. Analysis
of the Missbauer data for other states requires a detailed consideration
of all four of the above parameters. Spectra of well characterized
compounds can show significant differences. The changes in the isomer
shift with respect tovvsta'mless steel between high spin iron(II) and (III),
low spin iron(II) and (III), and between high spin iron(IIl) in two stereo-

chemistries are shown in Table 3.

Table 3
1. S.
Compound Configuration Stereochemistry (mm/sec) Ref.
FeSO, - "TH,O  high spin iron(Il) octahedral 1.4 (95)
Fe,(SO,), * 6H,0 high spin iron(III) octahedral 0.52 (95)
K,Fe(CN), * 3H,0 low spin iron(Il) octahedral 0.083 (95)
K,Fe(CN), low spin iron(I) “octahedral 0.000 (95)
Co(en), * FeCl, high spin iron(III) octahedral 0.40 (96)

(CH) N * FeCl, high spin iron(II) tetrahedral 0.20 (96)
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The quadrupole splitting for high spin iron(II), with the d6
electron configuration is in the range 2-3 mm/sec while that for high
spin iron(III) d compounds is smaller, 0-1 mm/sec. The low spin
splittings of both iron(Il) and (III) are small, < 0.6 mm/sec. Msussbauer
data for a number of monomeric and dimeric irqn(III) compounds have
been reported. (55) There is little difference in the isomer shifts
between the two kinds of compounds, but the quadrupole splitting is
usually greater in the dimeric case.

The Mgssbauer spectrum of compounds with iron(III) in
both octahedral and tgtrahedral sites is expected to be broadened and
perhaps resolvable into two sets of lines. Examples of both kinds of
spectra are known. The following examples involve iron(III) bound
only to oxygen ligands, the ligands of prime interest in this work. The
ferromagnetic iron garnets 5Fe, O, - 3M,0, Where M is a rare earth or
yttrium, have a body-centered cubic structure(97) with two iron(II)
sublattices, octahedral and tetrahedral, with an occupancy ratio of 2:3.
There is a strong magnetic exchange interaction between the two
sublattices and the Mgssbauer spectrum is expected to be the six-line
hyperfine. In fact for yttrium and dysprosium iron garnets; itwo hyper-
fine spectra are readily observed indicating that the local fields at the
two lattice sites are appreciably different. The isomer shifts for the
two sites differ but the most significant difference is in the effective

field at the nucleus.
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- The Mgssbauer spectra of the phases of the iron(III) oxide
and iron(IlI) oxyhydroxide system have been reported. (100, 101) Both
-y-Fean(gB) and G-FeOOH(gg) are reported to have iron(IIl) ions
occupying siteé of octahedral and tetrahedral symmetry. §-FeOOH is a
metastable phase and forms crystal of varying morphology, leaving some
doubt about the exact structure. The two hyperfine spectra of the
structurally well characterized y-Fe,O, can only be resolved by the
application of a strong external field (17 kOe). The zero applied field
hyperfine field differs only slightly between the two sites. In the
5-FeOOH the two apparently unresolved hyperfine spectra are deter-
mined by line shape analysis, and the effective fields are comparable
for the two sites. These data for the vé,riation of the hyperfine field
are shown in Table 4.

Table 4
Effective Hyperfine Field (kOe)

Compound Tetrahedral Octahédral Temp (°K)
iron garnets 390 x 10 485 + 15 295
iron garnets 460 x 15 535 £ 156 m
y-Fe,O, 488 + 5 499 + 9 77
6-FeOOH 505+ 5 526 £ 6 i

In any one compound the hyperfine field at the octahedral
sites is greater than that at the tetrahedral sites. The variation of
each among the compounds is considerable. A similar variation is

observed for each site symmetry when the ligand atoms change. (101)
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E. X-Ray Studies

The X-ray techniques relevant to the present investigation are
the Debye-~Scherrer or powder method for fine grained solid samples
and the low angle X-ray scattering of solutions. They are considered
in turn.

1. X-ray Powder Patterns

These patterns have been widely used in studies of the
crystal structure of the core of ferritin. (34) The main experimental
difficulty derives from the dimensions of the core, 70 i, 50 small
that any diffraction pattern produced is expected to be diffuse. The

(81)

usual procedure in this technique is to bombard an aggregate of
finely ground crystallites packed in a narrow capillary with a
collimated monochromatic beam of X-rays while the capillary rotates
360° and reciprocatesthrough a small (~5 mm) vertical distance. The
diffraction pattern observed is not the spot pattern produced by a
single crystal but a superposition of many such patterns producing a
series of diffraction lines. The lines correspond to reflections from

the lattice planes that scatter in phase as determined by the usual
"Bragg equation:
nx = 2dsin g
Lattice dimensions determine the spacing d and the
corresponding diffraction angle @ fixes the line position. The intensity

of the line depends however on the chemical composition. Interference

between various lattice arrays of the atoms in the cell determines the
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intensity. The structural information provided by the diffraction
pattern consists of the position and intensity of the diffraction lines,
rarely more than twenty in number. The structural information lost in
using an aggregate of crystals rather than a single crystal is consider-
able, but many systems can only be investigated using powder patterns.

The diffracted beam from a lattice plane of spacing d
describes a cone of half opening angle 2. The longer the wavelength
of the radiation used, the greater the g values and the more dispersed
are the diffraction lines. To minimize the absorption and subsequent
fluorescence of the ix;cident radiation by the sample the radiation of
choice for the study of iron compounds is cobalt (A =1.79 A) or molyb-
denum (0. 71 f&). The shorter molybdenum radiation has minimum
absorption and decreases the cone of diffraction. 'This unnecessarily
crowds together a pattern of many sharp discrete lines but it facilitates
the visualization of weak diffuse bands.

A monochromatic beam is obtained by filtering off the 8
emission from the source, leaving the a, and o, lines. These are
close in wavelength, 0.714 & and 0.709 4 for molybdenum. The filter
used for cobalt radiation is usually iron, and that for molybdenum
usually zirconium. TFor optimum resolution in studies of iron compounds
present as particles of small size and/or poor crystallinity molybdenum
radiation should be used with a zirconium filter on the incident beam and
on the diffracted beam. It was this arrangement that was used in this

study.
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To obtain sharp diffraction maxima thousands of parallel
planes must diffract the beam in phase. This poses a high degree of
precision on the Bragg equation., As the crystallite size decreases the
number of cooperating planes decreases and the diffraction condition
relaxes. As a result the diffraction lines broaden. A completely
amorphous substance produces merely a broad halo at a small
diffraction angle. In fact, line broadening can be used(81'82) to
estimate particle size in the range below ~2000 A, This breoadening
leads to serious uncertainties in locating the center of the diffraction
line on the film. The scarcity of lines whose positions are poorly defined
makes it almost impossible to derive the cell dimensions unambiguously.
Such indexing indicates probable dimensions, rather than measures
realistic quantitites. The patterns of synthetic and natural analogs are
often used in analyzing the pattern produced by an unknown substance.
When the observed lines of the unknown are few in number and broadly
diffuse, such comparisons have a high degree of uncertainty, as do the
chemical inferences drawn from such comparative studies. |

The only systems in this study that had crystallinity to produce
any diffraction lines were ferritin and hemosiderin. In both cases the
lines produced were few in number and diffuse. The diffraction pattern
does contain important structural information; but most of the above
cautionary comments are relevant to the discussion of the results

obtained on these two systems.
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- 2. Low Angle X-ray Scattering of Solutions

Although this technique was not used in this thesis research,

two of the compounds studied, the nitrate polymer(84)

and the protein
ferritin, (86) have been investigated by other workers using this method.
The structural conclusions presented in the report on the low angle
scattering by the nitrate polymer are at variance with .the results of this
research., The specific objections to the scattering results will be

dealt with in the later discussion. A short desecription of the technique
is presented at this point.

In experiments of this kind(83) a monochromatic and highly
collimated X-i‘ay beam is directed onto the solution under study and
measurements made of the intensity of that portion of the X-rays
scattered at small angles (§ < ~5°) to the beam direction. The
scattering curve of relative intensity against § will usually contain
several small maxima superimposed on the side of a curve thatl
rapidly decreases as @ increases from zero to 5°. This curve can be
converted by a Fourier transformation into a radial distribution function
(RDF) of charge distribution plotted against the separation between the
scattering centers. These curves reﬂect the shape and dimensions
of the scattering unit as well as the interactions between them. For a
solution of argon the curve provides information on the short range
order present. An estimate of the number of nearest neighbors; i.e.,

the coordination number of argon can be obtained.
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For a solution containing particles of small dimensions,
~50-500,&, the scattering curve can provide information on the
particle shape, e.g., a measure of the effective radius of gyration.
Such studies ha\fe been reported for some spherical viruses and é
number of proteins, e.g., ovalbumin(.gmro obtain information about the
internal composition of a particle in solution two scattering experi-
ments must be done. The scattering curve of the solvent alone is
determined and applied as a correction to the scattering curve of the
solution of particles. A Fourier transformation of this difference
function is then perfqrmed and the ripples in the curve analyzed to
derive the interatomic separations for the scattering units. Analysis
of the areas under these peaks is used to estimate the number of
nearest neighbors around a scattering atom,

Two possible sources of significant error are present in
the above procedure for obtaining structural details from a low angle
scattering experiment. The correction due to the solvent scatten ng
cannot take into account the changes in this scattering caused by the
inclusion of the solute. The scattering reflects the short range order
in the solvent, which can be seriously perturbed by the inclusion of a
solute. Solute concentrations of several molar are commonly employed.
The second difficulty occurs in the analysis of the peak areas to give the
coordination number around a scattering center. A recent study(85)
used the experimentally determined RDF of argon to compare the

four procedures commonly used to derive the coordination number.
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The computed coordination number for the saturated liquid varied from
5 to 7. This analysis was carried out on a Fourier derived RDF for

a homogeneous liquid, not for the much more uncertain RDF produced
by the difference Fourier procedure used in the analysis of the internal
structure of a particle in solution.

There is limited access through this technique to the kind
of structural information that is of interest in this study. Attempts to
derive it are fraught with difficulties, much more so than for the other
techniques discussed, However, the technique is extremely useful in
obtaining information on the dimensions of particles in solution. A
careful and thorough study determined the solution dimensions of
ferritin without any iron and with varying amounts of iron present in

the core. (86)
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F. Vibrational Spectroscopy

The spectral region 0-15,000 em™ encompasses the far

infrared (FIR: 0-400 cm'l), infrared (IR: 400-4,000 cm™"), and near
infrared (NIR: 4,000-15,000 cm'l) regions. Most of the important
stretching bending, and rotating vibrations of molecular and lattice
origin occur in the FIR and IR regions, both of which can be studied by
infrared and Raman spectroscopy. Studies of overtones of some of these
vibrations in the NIR region have been quite successfully applied to the
analysis of the conformational behavior of polypeptides and poly-
nucleotides in solution. (87) The only part of this spectral region that
is of interest in this study is the high energy region, 10,000-15, 000 em™
where the first low energy electronic transitions for iron(IIl) are known
to occur. That spectral region has been discussed in Section II-D above.

1. Infrared and Raman Methods

Infrared and Raman spectroscopic techniques are comple-
mentary. Their selection rules differ. Infrared active modes involve
a charge in electric dipole during the vibration, while the Raman active
mode changes the polarizability. As the molecular symmetry'lessens
‘more vibrational modes become both infrared and Raman active, until
in the case of macromolecules almost all modes are allowed in both.
Instrumental limitations usually restrict the infrared technique to the
region 4000-200 ¢cm™" and the Raman to 1600-25 cm ™, ‘The entire FIR

range can be studied for infrared vibrations by using interferometry
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rather than conventional instrumental design. Blue lasers are
extending the effective range of the Raman technique to energies above
1000 cm™,

Whlen theré is a very large number of allowed vibrational
modes vibrational spectroscopy becomes limited by the resolution of
the instrument and the difficulty of unambiguously assigning bands in a
complex spectrum to any particular structural unit of the molecule.

At this stage the technique becomes one of empirical comparative
analysis between compounds. However structural inferences from
charactefized spectra to that of an unknown can be tenuous.

2. Protein Effects

For the proteins that bind quite large clusters of poly-
nuclear iron considered in this study vibrational spectroscopy offers a
means of identifying the important polynuclear Fe-O-Fe and Fe-OH-Fe
structural units, Characteristic vibrational energies of both these
units have been identified in inorganic complexes. The asymmetric
stretch of Fe-O-Fe is expected(aa) at ~850 cm™" and the symmetric
at ~230 cm™,

A weak band at 950 cm™* that moves to lower energy on

deuteration has been identified(14)

as arising from the Fe(OH),Fe unit.
The band appears at 970 em™ in the analogous chromium(Ill) dimer.
The search for these vibrations in a macromolecule is inevitably
frustrated by the preponderance in this spectral region of the carbon-

carbon stretching; carbon-hydrogen, and nitrogen-hydrogen rocking
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vibrations from the polypeptide chain. This frustration is also to be
expected for the vibrational modes corresponding to the bonds between
iron and the nitrogen or oxygen of amino acid side chains. Even
comparative studies between the metal free and the metal bound protein
promise little definitive information because of the unknown effect on
the protein vibrational energies of the conformational changes induced
by metal binding.

Clearly the most promising polynuclear iron protein for
study using these techniques would be one that is high in iron content
and in which the spectral features arising from iron-iron interactions
can be separated from those from the iron-protein binding. Ferritin,
by virtue of its structure, fits these requirements. The iron content
is high (> 20% by weight) and the iron is contained in a spherical core
that effectively insulates most of the iron atoms from direct binding
to the protein,

3. Particle Size and Surface Binding

As mentioned in sections II-B and II-C above, ferritin
introduces the complications arising from the small particle size of the
core, 70 A. The implications of small particle size for vibrational
spectroscopy have not received the theoretical analysis that the magnetic
behavior has, but the lack of a well defined lattice in such a small
particle is expected to broaden the absorptions making comparative
studies difficult, There is no report of a systematic study of the effect
on infrared bands of variations in the particle size in this range

25-1000 4.
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Active interest in catalytic processes on solid surfaces
has led to many studies by infrared spectroscopy of surface phenomena
and adsorbed species. (89, 90) The moderate success achieved in this
area suggests that specific adsorbed species and their relation to the
surface might be identified for the surface area of the 70 A core of
ferritin. The role of phosphate in the core has long been assumed(34)
to be that of a surface bound layer between the core and the protein.

Like all spectroscopies, vibrational spectroscopy has its

definite limitations. In the present study it offers most promise in

analyzing the structure of the core of ferritin.
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G. . Electron Spectroscopy for Chemical Analysis (ESCA)

This relatively new technique, pioneered by Siegbahn and co-

(91) analyzes the energy of the electrons emitted

workers at Uppsala,
from the surface layer (~100 A) of a sample irradiated with X-rays.
The electron spectrum reproduces the electronic energy level structure
of the core electrons, providing excellent valueé for the binding energies
of these electrons. Since the screening of the core electrons and hence
their binding energies are affected by the charge distribution of the
outer electrons, ESCA also provides information on the chemical
structure of the compound. All elements and at least several levels
for each element aré available for study by this technique. vThe ,
measured core electron binding energies have been shown(gz) to correlate
directly with atomic charge calculated by a number of formalisms, e.g.,
the extended Hiickel molecular orbital procedure.

1. Iron and Phosphorus Studies

In this study ESCA was used to provide information on the
binding interactions between iron and phosphorous in the protein

phosvitin, Typical values for some of the binding energies for electrons

from the L and M shells of iron and phosphorous are listed in Table5.

Table 5
Ly(281/9) Lp®y/9) Li(@g/9) Myldsy /) Mpldpy/g)
P 189 136 135 16 10

Fe 846 723 710 95 56
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2. Binding Energz Comgarisons

The routine use of ESCA to indicate the charge density of
an atom presupposes the existence of a chemical shift scale for that
element, Such scales exist for oxygen, carbon, and particularly, for
nitrogen and sulphur. The chemical shift data for phosphorous are
meager. Those for iron are more extensive. A recent report(%)
lists about twenty values for the 3p.1 /2 binding energies in a variety
of metal complexes, ionic salts and mineral compounds. A more
limited number of measurements of the 2 3/2 iron binding energies
has been reported. (104) A selection of these measurements is listed
in Table 6. |

The anticipated trend of an increase in binding energy with
increasing formal oxidation state is indicated, e.g., by the 3p 1/2
and 2p 4 /2 binding energies of K,Fe(CN), and K,Fe(CN),. Compounds
containing different ligands cannot be easily related. The 3p 1/2
binding energy for iron pentacarbonyl, Fe(CO),, is the same for
ferrocyanide, K,Fe(CN),. The trends are not consistent between the
two sets of data. The 2p 3/2 spectral lines are sharper and more
readily observed than are the 3p 1/2 ones. The 2p 3/2 binding energies
were measured in this study.

Although the pure compounds listed in the above table may
have measurably different binding energies,the resolution in both sets of
measurements is not better than 0.5 eV. Consequently, the simultaneous
determination of the binding energies of closely related compounds in a

mixture may be quite difficult.



~ Compound

K, Fe(CN),
Fe, O,
Fe(III)-Cl Phthalocyanine

K,Fe(CN)g;
Fe(CO),

Fe(II)~ Phthalocyanine

Fe metal
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Table 6

‘Iron Binding Energy

54.4

54.0
54.0

53.0

52.4

2P 3/9
709.0

711.6

707.8

710.0
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The implication from these results is that only comparisons
between closely related compounds are meaningful. The structural
implications of the binding energy of some core electron level measured
by ESCA for a compound whose detailed structure is unknown depend |
critically on the measurement of the equivalent binding energies for a
series of closely related compounds, It was this procedure that was
used in the present study of the binding energy of iron and phosphorous

in relation to their structural roles in phosvitin.
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. RESULTS AND DISCUSSION

A. Transferrin

1. PreRaration and Characterization

Iron transferrin was prepared from iron-free commercial

egg white transferrin (conalbumin, Nutzfitional Biochemicals Corp.)
that had been exhaustively dialyzed against tris buffer, 0.0005M,

pH 7.5, to remove any low molecular weight chelates. The iron was
presented to the protein as the iron-nitrilotriacetate complex, pH 7. 5.
The resulting salmon pink solution was concentrated by pressure
dialysis through a membrane (Amicon Corp. diaflo UM-10) under
nitrogen (60 p. s.1i. ),. then filtered several times through a millipore
filter (0.22 y). Lyophilization of this solution provided the solid
sample used in the magnetic studies.

The transferrin prepared in this fashion was homogeneous
by polyacrylamide gel electrophoresis at pH 8.4. The three genetic
components with pI values close to 6 were resolved by isoelectric
focussing on an LKB 1801 apparatus. The molecular weight was
determined by sedimentation equilibrium using a Spinco Model E
ultracentrifuge to be 77,500 + 2,900 at a 95% confidence level.

2. Magnetic Studies

The diamagnetic susceptibility of the iron-free protein was
measured directly. Itis -36,000 + 200 X 10°° cgs units. For two high
spin & iron(OI) ions the paramagnetic susceptibility is ~ 30 , 000 x 10~°

cgs units. The simultaneous presence of these two susceptibilities in
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the one compound, e.g., iron transferrin, results in a small room
temperature diamagnetism that is difficult to measure precisely, At
lower temperatures the paramagnetic component increases, yet its
determination is still imprecise. This difficulty is accentuated by the
diamagnetic contribution of the coolantl gas flow to the signal produced
in the magnetometer. The gas density, and hence this diamagnetic
contribution, increases with decreasing temperature,. The magnetic
susceptibility was measured on several preparations of iron transferrin
over the range 300-100°K. The value of the magnetic moment per iron
over this range appears constant, and is calculated tobe 5.0 + 0.5 B. M.

3. S}gecfral Studies

The well known feature of the visible spectrum of iron
transferrin is a strong absorption at 465 nm that is responsible for
the characteristic salmon pink color. Attempts to observe the weak
bands corresponding to the spin forbidden ligand field transition were
unsuccessful. Although the iron protein is quite soluble, it is not
soluble enough to observe these weak absorptions. To produce an |
optical density of 0.01 in an absorption band of extinction coefficient
0.1, an 8% solution is required.

4, Discussion

The magnetic susceptibility of transferrin has been

(119) i1 the range 1,2 - 4.2°K to be that of a simple § = 5/2

reported
ion, i.e., high spin iron(Ill). The value of the magnetic moment

obtained in this work, 5.0 + 0.5 B. M., tends to confirm that this
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description is valid also over the higher temperature range, 100-300°K,
but the measurements are characterized by a large uncertainty (+ 10%).
The coordination structure of the two apparently identical(ng) iron
binding sites could not be determined by the positions of the ligand field
bands. It has long been presumed to be octahedral.

The characteristic absorption band in the visible has been
observed(ng) in complexes of transferrin with three trivalent metal ions,
Mn8+, Fe2+, and Cos+. The extinction coefficient per metal ion in these
complexes is 2,000-4,000. A comparison of the energy of this band in
these three cases with the appropriate reduction potentials of the metal
ions is made in Table 7. |

The order of increasing energy is also that of increasing
reduction potential for the simple hydrated metal ion. The E values
are expected to change when the metals are incorporated into a complex
such as the metal-bound transferrin, but the relative order of these E
values is expected to stay the same. The trend of increasing reduction
potential With increasing band energy strongly suggests that this
absorption represents a charge transfer transition from a ligand to the
metal. The ligand involved could well be the phenolic ring of tyrosine,

(120)

three of which have been implicated in each binding site.
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Table 7
+
'Fea Mn3+ C03+
Reduction Potential, hydrated ion: E (volts) 0.7 1.5 1.84
Absorption maximum: A {nm) 470 430 405

P (cm™) 21,300 23,250 24,700
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B. Phosvitin

In the course of this investigation of the interaction between
iron(III) and phosvitin three different complexes of iron(III)-phosvitin
were prepared.' Two of them are green and the third brown in color.
For convenience in the following discussion, these three forms are
called P- (f)raeseo) , V- (verd), and B- (brown).

The coordination structure of the iron(III) sites and the inter-
action between these sites were determined by the results obtained
from the three important probes 6f polynuclear iron(IIl), namely, the
ligand field absorption spectrum, the temperature dependence of the
magnetic moment, aﬁd the electron spin resonance spectrum.

Electron spectroscopy for chemical analysis (ESCA) and “p
n.m.r. spectroscopy were used to study the interaction between the
bound iron(III) and the phosphate groups of the serine phosphate residues
on the protein,

Two model compounds with iron(IIl) occupying a coordination site
of tetrahedral symmetry were also studied. They were the synthetic

(12)

quartz-type mineral FePO, and the well-known tetrahedral iron(III)

anion FeCl,” isolated as the tetraphenylarsonium salt, (124) ¢As - FeCl,.
1. Preparation of Iron-Phosvitin |
Commercial preparations of phosvitin were obtained from
Nutritional Biochemicals. The protein migrated as a single band on

electrophoresis in polyacrylamide gels at pH 8.4. Recent studies(lzs)
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of the commercial preparation have shown a significant amount of low
molecular weight contaminants containing nophosphorousbut absorbing
at 280 nm, These contaminants could be removed by gel filtration or
dialysis, Which.were preparative steps used in isolating the iron(III)
proteih. The amino acid analysis of a sample of phosvitin that had
been exhaustively dialyzed against deionized water is shown in Table 8.
The results are quoted to the nearest half residue for a molecular
weight of 35, 000.

a) P-iron phosvitin, The P-form of iron phosvitin

was prepared by the direct addition to phosvitin of iron(IIl) as the
nitrilotriacetate chelate, The [FeNTA]™ complex was initially forméd
by titrating iron(Ill), as Fe(NO,),* 6H,0, and NTA in a 1:1 molar ratio
to pH 7.5 with dilute sodium hydroxide. The [FeNTA]" solution

(ca 0.12 molar) in about 100 fold molar excess was mixed with phosvitin
solution (50 mg/ml). The mixture was allowed to stand at rdom
temperature for several hours and was then passed through a Sephadex
G-25 column (2.5 X 40 cm) equilibrated with Tris buffer,5 x 10™° M,

pH 7.5. Iron(IIl) phosvitin was collected in. the excluded green-yellow
fraction, while the excess [FeNTA]~ remained in the included dark red-
brown fraction. Lyophilization of this excluded fraction produced

the P-form of iron phosvitin as a green powder.

b) Polymerization of iron(IlI)- NTA. The kinetics of the

exchange between iron(IIl)- NTA and phosvitin are important to the

method of preparation. The half life of the reaction,' as measured by the
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Table 8

CYS ASP THR SER GLU PRO GLY ALA

1 14 6 121 12 4 12 12.5
VAL MET ILV LEV TYR PHE HIS LYS
4 1 2 3 0.5 2 7.5 14
ARG
8

drop in absorbance at 450 nm, is about 30 seconds. An equilibration
time of several hours was therefore adequate to attain complete
equilibrium in the preparation of P-iron phosvitin. An extended incuba-
tion period complicated the preparation by allowing polymerization of
the iron(Ill)- NTA. After an incubation period of twelve hours or more
a brown polymeric fraction was excluded from the G-25 column along
with the iron(III) phosvitin, This polymerization is slow compared to
that of iron(III) nitrate, which polymerizes within minutes after the
addition of the appropriate amount of base. (8)
Two polymeric fractions were isolated from a 1:1
| solution of iron(llI) and NTA at pH 7.5 that had been left standing for
three weeks. The fractionation was achieved by chromatography on a
P-60 column (100 X 2.5 cm) equilibrated with tris buffer, 0.005 M,
pH 7.5. The first band was eluted at a volume corresponding to that

of a globular protein of molecular weight 6000, The second appeared

equivalent to a smaller protein of molecular weight below 2000.
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On the assumption that the density of these polymers was more like
that of the well-characterized iron(IIl) nitrate polymer than it was of
a giobular protein, the density of the nitrate polymer (0. 45) was used
to estimate the real molecular weight of these polymeric fractions.
These estimates were 9-10,000 and less than 3000 molecular weight,
The most unusual feature of these polymers waé that on lyophilization
the low molecular weight fraction became a heavy brown powder, but
the 10,000 molecular weight fraction became a yellow-green oil. The
absorption spectrum of this oil showed no absorption at wavelengths
greater than 500 nm. A definite shoulder at 470 nm, and possibly one
at 400 nm were obseﬁed. These polymeric materials were not further
characterized.

c¢) V-iron phosvitin, A second method of exchanging

the iron(Ill) from NTA to phosvitin was employed to prepare the V-form
of iron phosvitin. Jack Heggenauer of the University of California at
San Diego kindly supplied a sample for this study. In this method the
direct mixing was replaced by dialysis of phosvitin against the iron(III)-
NTA prior to gel filtration. The green lyophilized material appeared
similar to the P-form in some ways. The analytical results, among
others presented below, indicated that the .major difference between

the P- and V-forms was the increased iron binding capacity of the V-

form.

d) B-iron phosgvitin, The nutritional relevance of this

study of the binding of iron(IIl) by phosvitin was mentioned in Section I.
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The report_(31) of the inhibitory effect of an egg rich diet on iron
absorption helped stimulate the investiggtion of thé P- and V-forms of
iron phosvitin. Any nutritional implications of the chemistry of these
forms of iron phosvitin can be applied only to a diet rich in raw eggs.
The mundane observation that the Western palate is more pleased by
cooked rather than raw egg led to the isolation of the third form of
iron phosvitin. This brown, or B- foi'm, was prepared by the method
described above for the P-form, with the important modification that
the solution of phosvitin was immersed in a boiling. water bath for ten
minutes prior to the addition of the iron(Ill) NTA. No precipitate was
observed during the boiling nor during the room temperature incubation
with the iron(III)- NTA. The rust brown fraction that was eluted at the
void volume of the G-25 column was heterogeneous, as determined by
the absorption at 280 and 450 nm. It was further fractionated on a
P-60 column (100 X 2,5 cm) into the brown iron phosvitin and a
colorless component, presumably iron-free phosvitin.

The analytical results obtained for these three preparations
were complicated by the presence of an apparently essential amount of
“water in the lyophilized material. Extensive drying under high vacuum
lead to irreversible denaturation as determined by water insolubility.
The results for the iron analysis determined by atomic absorptions on
samples equilibrated with the atmosphere are listed in Table 9.

The number of iron atoms was calculated using an aséumed molecular

weight for the iron-free protein of 35;000.
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Table 9
Iron(III) Phosvitin Fe(%) Fe P/Fe
P-form: 6.83 46 2,07
V-form: 9.6 617 1,48
B-form: 6.91 47 1,99

2. Ligand Field Spectrum
The VIS and NIR spectra of the P-form of iron phosvitin

are shown in Figure 6. Those of the V-form are essentially the same.
Two distinct shoulders were observed in the spectrum of an aqueous
solution (0.005 M tris, pH 7.5) recorded at room temperature. The
peak positions were at 447 and 426 nm (22,400 and 23,500 cm'l,
respectively). The room temperature spectrum in a 1:1 mixture of
ethylene glycol and tris buffer was the same as that in the tris buffer
alone. On cooling this mixture to about 150°K, a clear glass was formed,
A third shoulder was observed at 400 nm (25,000 cm"l) in the spectrum
of the low temperature glass. Extinction coefficients for the three weak
bands were estimated by subtraction of a visual extrapolation of the
intense UV band frbm the experimental trace over this region of the
spectrum. The absorption of the iron free protein in this region was
negligible. A very similar room temperaf:ure spectrum was observed
with various solutions of iron(III) and phosphoserine (1:1; 1:2;' 1:3). The
distinct shoulders occur at 457 and 426 nm with extinction coefficients

of 0.5 and below. By contrast the spectrum of B-iron phosvitin at room
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Figure 6
Visible and near infrared spectra of P-iron phosvitin
(8.7 mg/ml) in tris buffer (0.005 M, pH 7.5) at room
temperature. The top figure contains the spectra of
iron-phosvitin (4.4 mg/ml) in a 1:1 (v/v) ethylene glycol:
tris solvent mixture at room temperaturé (300°K) and low

temperature (~150°K).
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temperature and pH 7.5 exhibited only one weak ligand field absorption
band on the end of a strong absorption through the visible region.

The shoulder was centered at ~ 820 nm. The positions and the values of
the extinction coefficients per iron for the bands observed in the spectra

of the three forms of iron phosvitin are listed in Table 10,

Table 10
A v ¢/Fe
P-, V-forms: I 447 22,400 5.5
II 426 23,500 5.0
I 400 25,000 --
B-form: I ~ 820 12,200 ~0.3

The VIS and NIR spectra of V-iron phosvitin were recorded
at room and liquid nitrogen temperatures in a pellet of potassium
bromide (12 mg/214 mg). The room temperature spectrum showed the
expected solution bands at 447 and 425 nm with the additional feature of
a weak broad shoulder at 810 nm. On cooling to liquid nitrogen
temperature three additional bands appeared in the spectrum at 610,
655, and 400 nm, and the 810 nm shoulder became quite distinct. The
intensities of the three low energy bands (810, 610; 555 nm) were
estimated to be about one tenth that of the three higher energy bands.
The band maxima (Amax) and the corresponding energies for these bands
are listed in Table 11 . The low temperature spectrum is shown in

Figure 1.
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Figure 7
The near infrared and visible spectra of V-iron phosvitin
(12 mg) in a pellet of potassium bromide (213.5 mg) at
liquid nitrogen temperature. The band positions marked.

occur at 810, 610, 555, 447, 425, and 400 nm.
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Table 11

Amax(nm) 810 610 555 447 425 400

Plem™) 12,350 16,400 18,000 22,400 23,500 25,000

3. Maggetic Susceg’fibilitg Studies

a) Solid State. Measurements of the magnetic suscepti-
bility as a function of temperature were carried out on the three forms
of iron phosvitin. The temperature dependence of the magnetic moment
per iron for each form is shown in Figure 8. The curves are labelled
in the following way: I, the P-form; II, the V-form; and III, the B-form.
For comparison, curve IV is that calculated by the spin-spin interaction
model discussed in section II. A above. The coupling constant, J,
between a pair of antiferromagnetically coupled high-spin iron(III) ions,
S =5/2, was taken as ~12 cm™ in the calculation. In all four curves
the moment decreases with decreasing temperature.

The dependence of the magnetic susceptibility on the
applied magnetic field was measured over the rangé 2-11 kilogauss for
V-iron phosvitin. Within experimental errof the observed behavior was
that of a simple paramagnet, i.e., no field strength dependence of the
susceptibility,

b) Solution. The magnetic susceptibility of the V-form
of iron phosvitin in tris buffer (0,005 M, pH 7.5) was determined over

the temperature range 20°-90°C using a HR-220 n.m.r. spectrometer.
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Figure 8
Temperature dependence of the magnetic moment per
iron from 300° - 85°K for
I P-iron phosvitin
I V-iron phosvitin
III B-iron phosvitin
IV a dimer of two ions of 5/2 spin, with coupling
constant J = -12 cm™. Calculated by usual

spin-spin interaction model.



85

00¢€
_

OO0l

Hi

-
>— “l‘.\'

-

unasoyd




86

These measurements were made in collaboration with Nancy Beach
now with A.I.D., New Dehli, India. In a second experiment the
susceptibility of the V-form dis_solved in a 1:1 mixture of ethylene
glycol and tris buffer was determined from -28° to +88°C. The
resonance shift measﬁred was that of the methyl resonance of tertiary
butyl alcohol ,the reference material present in 5% concentrat.ion. The
temperature of the spectrometer sample zone was determined to an
estimated accuracy of + 0.5°C from the resonance frequency of the
hydroxyl group in ethylene glycol for temperatures above ambient, and
from that of the methanol hydroxyl for temperatures below ambient.
The contribution to the shift from the diamagnetic protein was calculated
from the molar diamagnetic susceptibility determined in the solid state.
The iron concentration was determined by atomic absorption. The
effective magnetic moment per iron was found to be independent of
temperature, within the experimental error of at least 3%, over the
entire temperature range studied. The measured room temperature
value of the moment in solution was 4.60 B. M. The equivalent solid
state measurement was 4.51 B. M. The magnetic moment per iron for
~ P-iron phosvitin in solution and in the solid was determined by the same
methods to be 4.56 and 4.45 B. M., respectively.

4. Electron Spin Regonance Spectra

The e, s.r. spectrum of P~iron phosvitin has been

reported;(n'z) That of the V- and B-forms was recorded at
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300° and 77°K. Bob Holwerda is thanked for recording the spectra. In
all three cases the signal was broad at both temperatures, with a peak
to peak width of at least 500 gauss. In the V- and B-forms only, the
low temperature spectrum was partly resolved in the low field region.
The g values and estimates of the peak widths for the various spectra
are listed in Table 12. The spectra at the twd temperatures of the
V-form are shown in Figure 9. Those of the B-form are showa;n in the
following Figure. The reference signal of DPPH (2, Z-diphenyl-l-

picrylhydrazyl) at a g value of 2 is included in each spectrum,

Table 12
P vV B
g value, R.T. 2.06 2,04 2.03
g value, LN, 2,06 2,03, 2.02 2,04, 2.13
peak width (gauss), R.T. 500 600-700 800
peak width (gauss, (N, 500 60.0-700' 800

5. “Pn.m.r. Study

In an effort to directly identify some interaction between the
phosphate groups on the serine phosphate residues of phosvitin and the
iron(III) bound to the protein, the techniques of 31P n.m.r. spectroscopy
and electron spectroscopy for chemical analysis, ESCA, were employed.
A 31P n.m.,r. resonance has been observed(l%) for the phosphate groups

in phosvitin,’ but even with several hundred scans using a computer of
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Figure 9
Electron spin resonance spectrum of a powder sample of
the V-form of iron phosvitin at room temperature and at

liquid nitrogen temperature (~ 80°K).
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Figure 10"
Electron spin resonance spectrum of a powder sample of
the B-form of iron phosvitin recorded at room temperature

and at liquid nitrogen temperature (~80°K).
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average transients on the HR-220, no P resonance of any kind was
observed in the V-form of iron phosvitin.

6. Electron Spectroscopy for Chemical Analysis (ESCA)

The binding energies of the iron 2p3 /9 and the phosphorus
Zp1 /2,3/2 electrons were determined for the iron and phosphorous in
V- and B-iron phosvitin, as well as for a number of related and model
compounds. Dieter Liebfritz of the California Institute of Technology
and Warren Proctor of Varian Associates are thanked for recording
the ESCA spectra reported here. The compounds related to iron
phosvitin were serine phosphate and iron free phosvitin.

a) Model Compounds. The model compounds were

chosen on the basis of structural similarity to the possible iron(IiI)-
serine phosphate interactions.

(i) Na,[Co(P,0,)(OH),]: The two phosphorous atoms
in the bidentate pyrophosphate of this compound have been reported(lsz)
to be structurally equivalent. Bob Holwerda of the California Institute
of Technology kindly supplied the sample. The binding energy in the
~ free ligand was also determined, providing an estimate of the change in
the phosphorous binding energy in going from an uncomplexed to a
bidentate form,

(ii) [Co(NH,) H,0-HPO,]2H,0 and [Co(NH,),PO,]2H,0:

These closely related compounds have been reported to contain phosphate
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as a monodentate and as a bidentate ligand, respectively. The
phosphorous binding energies in both were measured to characterize
the difference between these two forms of phosphate binding. The
compounds weré prepared by a slight modification of the literature
methods, (120) Precipitation of the crystals of the second compound
was initiated by saturation with sodium perchlorate rather than by
methanol addition.

(iii) FePO,: Two phases of iron(III) phosphate are
relevant to the present study. The anhydrous quartz type mineral
phase, (12) FePO,, contains iron(IlI) in tetrahedral sites. The hydrated
form, strengite, (124) FePO,' 2H,0 contains octahedral iron(Ill). A
preparatioh of FePO, that was contaminated by a small amount of
strengite (as determined by the X-ray analysis discussed below) was
included in this section to determine the ability of ESCA to identify a
mixture of iron(III) in two sites of different symmetries.

b) Phosphorous 2p electron binding energies. The 2p

phosphorous ESCA spectra are shown in Figures 11 and 12, The
corresponding binding energies are listed in Table 13, The FePO,
result is listed in the table but has not been included in the figure.

c) Iron 2p electron binding energies. The ESCA

spectra of the iron 2p electrons for the V- and B-forms of iron phosvitin
are shown with that for FePO, in Figure 13. The width of the spectral

band in spectra B and C of the figure prevented a precise determination
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Figure 11
Binding energy of phosphorous 2p1 /2,3/2 electrons as
determined by the ESCA technique for
(A) Na,[Co(P,0,)(CH),]
(B) Na, P,0,
(C) [Co(NHy),PO,]* 2H,0
(D) [Co(NH, H,O*HPO,]Cl10 2H,0
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Figure 12
Binding energy .of the phosphorous Zpl /2,3/2 electrons as
determined by the ESCA technique for
(A) commercial phosvitin
(B) serine phosphate
(C) V-iron phosvitin

(D) B~iron phosvitin
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Figure 13
Binding energy of the iron Zp3 /2 electrons as determined
by the ESCA technique for
(A) V-iron phosvitin
(B) B-iron ﬁhosvitin
(C) crystalline iron(IlI) phosphate,FePO,
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Table 13
Model Compounds Binding Energy -
(see Figure 11) Phosphor?gg)ZP Elec’;rons
Naz[Co(Pao7) (OH), ] 13;5. 2
Na, P,0, 132.3
[Co(NH3)4PO4]2}IZO 132.1
[Co(NH,),H,0(HPO,)]* 2H,0 133.0
FePO, 133.5
Phosvitin Series
(see Figure 12)
Phosvitin 132,17
Serine Phosphate 133.3
Iron phosvitin,. V-form 132.7

Iron phosvitin, B-form 133.0
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of the band maxima. The energies in all three compounds were nearly
the same. More importantly, the spectral band, C, of the compound
with iron in two different sites (see 8(f) below) was partly resolved.

The binding energies are listed in Table 14.

Table 14
Compound Binding Energy - Iron 2p Electrons
iron phosvitin, V-form 712
iron phoSvitin, B-form 712.2
FePO, 712.2, ~T11.4

7. Two Tetrahedral Iron(IIT) Model Systems

The ligand field spectral bands observed in iron phosvitin
provided important information on the tetrahedral coordination structure
about the iron(IIl) in the protein (see subsequent discussion). Several of
these features have been observed in nonprotein systems. Two such
systems, FePO, and ¢ ,As* FeCl, were studied in some detail.

a) Iron(IIl) phosphate, FePO,. The mineral phase FePO,

was prepared(lz) from freshly precipitated iron(III) phosphate that was
exhaustively dried prior to being heated at 600°C for five hours. The
X-ray powder pattern of this yellowish powder was recorded using
molybdenum radiation and zirconium filters on the incident and diffracted

beam.
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The visible spectrum of this preparation of FePO, was
recorded at liquid nitrogen temperature as a potassium bromide pellet
(5.84 mg/220 mg). The spectrum was not recorded at wavelengths
greater than 650 nm because of excessive scattering, The spectrum was
complex, at least seven absorption bands being resolved. The lowest
energy ligand field band occurred as a weak absorption at 535 nm.

Bands at 470 and 413 nm were readily observed. Lying in between

these two bands was a complex pattern of four reasonably well resolved
absorptions at 449, 443, 435, and 428 nm. The wavelengths (hmax)
and energies (P) of these bands are listed in Table 15,

Table 15
A ax(nm): 535 479 449 443 435 428 413
v (cm"l: 18,700 21,000 22,300 22,600 23,000 23,400 24,200

The core electron binding energies were measured for
the iron 2p and the phosphorous 2p levels by the ESCA technique. Two
binding energies for iron were observed at 712,2 and 711.4 eV,

- (Table 14 and Figure 13). The phosphorous binding energy was
133.0 eV (Table 13). |

b) Tetrachloroferrate anion; ¢, A8 FeCl,. The well

known tetrahedral anion of iron(IlI), FeCl,” was prepared as the stable

tetraphenylarsonium chloride salt by a method received from
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H. L. Friedman at the State University of New York at Stony Brook.
The yellow-green crystals were recrystallized from chloroform.
Analyses for Fe, As, C, and Cl (Schwarzkopf) indicated a highly

pure preparation. The calculated results for the formulation
(C¢H,;),As: FeCl, are listed after the determinations for the four
elements: 9.97% Fe (9.61); 12.9% As (12.9); 49.7% C (49.6); 24.8% C1
(24.4). The temperature dependence of the magnetic moment was
determined from 300° to 85°K. The moment was temperature independent
with a value of 5.90 £ 0.1 B, M. This confirmed an earlier report(lzg)
that the ground state of the iron(Il) in this compound was high.spin,

S =5/2.

The ligand field spectrum was readily observed in
solutions of acetone or chloroform, and as pellets of thallium chloride.
The characteristic absorption pattern for a d’, S =5/2 ion of two broad
absorptions followed by a relatively sharper band at higher energy was
observed in the solid and in solution. The most interesting feature of
the spectrum was the significant splitting in the first two broad bands
in solution even at room temperature. The lowest energy band was
further split in the spectrum of the solid sample at low temperature
(77°K). The spectrum is shown in Figure 14. The pésitions O‘max)’
energies (17'); and extinction coefficients of the bands are listed in

Table 16.
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Figure 14
The visible and near infrared spectra of tetraphenyl-
arsoniumtetrachloroferrate(Il) (20 mg) in a Nujol
coated pellet of thallous chloride (400 mg) at room
temperature and at liquid nitrogen temperature. The
relative intensities of the spectrum recorded in acetone
or chloroform at room temperature agree with the pellet

spectrum shown,
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The possible importance of the totally symmetric iron-
chloride stretching mode in the interpretation of these spectral results
led to its identification by polarized Raman spectroscopy using a helium
laser. The depblarization ratio of the well characterized 314 and 459
cm”™! bands of carbon tetrachloride was used to identify the 334 cm™
band as the totally symmetric stretching mode. This confirmed the
earlier assignment, based on photographic data. The 334 cm”™ band
in both polarizations is shown in Figure 15.

8. Discussion

The discqssion of the above results will be presented in
the following way. The implications of the spectral and magnetic
results for the three forms of iron phosvitin will be considered in turn,
and models for the coordination structures of iron(III) in the three forms
~ will be presented. The ESCA results will be considered next. The
structural information, and the implications for human nutrition, will
then be summarized. -In a final section, the results obtained on the
two tetrahedral model systems, FePO, and FeCl,” will be discussed and
the complex pattern of ligand field absorption bands assigned.

a) P-iron phosvitin. Both the temperature dependence
(117)

of the magnetic moment (Figure 8) and the reported EPR spectrum
suggest that the iron(IlI) present in this form of iron phosvitin is poly-
nuclear. The room temperatu.re magnetic moment per iron(IIl) of
4,45 B. M. is substantially reduced from the high-spin (S =5/2) value
of 5.92 B. M. This intermediate moment is maintained also in aqueous

solution. Furthermore, the magnetic moment is not temperature
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Figure 15
The totally symmetric iron-chlorine stretching mode of
the tetrahedral anion FeCl,” recorded in acetone solution
at 334 cm™ in the parallel (i) and perpendicular (1)

polarization modes, using a Raman laser spectrophotometer.
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independent as would be expected for a mononuclear iron(IIl) species

at each binding site, but decreases with temperature, indicating some
antiferromagnetic interaction. The gram susceptibility per iron(III)
increases with decreasing temperature over the temperature range
studied, .indicating that the Néel point is below 85°K. The general
behavior is similar to that observed for iron(IIl) in simple dimeric
systems which can be adequately described by a spin-spin interaction
of magnitude J (<0 in the antiferromagnetic case) between two high-spin
iron(Ill) ions. Curve IV in Figure 8 illustrates the case for J =

-12 em™ (S, =8, =5/2) and compares the experimental data with the
expected behavior for dimeric units. Although it may be concluded |
from this comparison that some of thé iron(IIl) ions are antiferromag-
netically coupled, the model consisting of an array of dimeric units

is obviously oversimplified. As might be anticipated from this treat-
ment and the parameters employed, it is possible to fit the magnetic
behavior from 300°K - 85°K of P-iron phosvitin shown in Figure 8

by a suitable combination of high-spin monomers and spin-spin coupled
dimers. The actual mixture required is 25% high~-spin monomers and
75% dimers, assuming that the dimers have J = -25 em™ and a room
temperature moment per iron of 3.88 B. M. The EPR evidence at
80°K fails to support the presence of significant numbers of monomeric
iron(III) ions in iron phosvitin,” although any signals arising from them
could possibly be hidden by the broad signal from the antiferromagnetic

cluster(s).
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Further evidence for the polynuclear nature of the
iron(III) ions is found in the EPR spectrum, The signal obtained is
broad, 500 gausé peak-to-peak at 80°K, and of low intensity. Such
broadening is much greater than has been observed in dimeric and
trimeric clusters. It is of the same magnitude as that observed for

the protein ferritin, (131)

which binds several thousand iron(IIl) ions.
The broadness of the band appears to be independent of temperature,
suggesting that it results from the local magnetic field produced by
nearby magnefic dipoles that consequently alters the total magnetic
field at the positions of the neighboring unpaired spins, broadening
their resonance lineé.

Information concerning the coordination geometry of
individual iron(III) centers in the polynuclear complex may be derived
from an analysis of the electronic absorption spectrum. The visible
spectrum of iron(IIl) phosvitin shown in Figure 6 has absorption bands
at 22, 400,23,500, and 25,000 cm™, whose low intensities (e <10)
strongly suggest spin-forbidden d-d transitions from a high-spin ground
state (BAI). The two lowest spin-forbidden transitions from a 6A1 ground
state decrease in energy as the cubic ligand field splitting increases.
Thus for tetrahedral iron(IlI) these transitions are expected to occur at
higher energies than the analogous bands for an analogous octahedral
case.

In iron(III) phosvitin; the first two ligand field bands,

at 22,'400 em™ and 24,»500 cm'l, are very close in energy to those
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observed in the reference compound for tetrahedral [Fe(1)O,], iron(I)-
doped orthoclase feldspar (Figure 4 ). The third band, corresponding
to the transition BA1 - 4A1» “E is not as well resolved as the first two
but is also close in energy (25,000 cm"l) to the analogous band in the
tetrahedral reference (26,500 cm'l) This close comparison of the
spectral bands strongly indicates that iron in phosvitin is in tetrahedral
coordination, _

Using the C/B ratio of approximately 8 that was found
for tetrahedral iron(Ill), the Tanabe-Sugano diagram for the a config-
uration has been constructed. It is shown in Figure 16, The calculations
were performed usiﬁg a computer program written by Jack Thibeault
of the California Institute of Technology. The peak positions in the
iron(III) phosvitin spectrum may be adequately fitted by the parameter
values B =495 cm™ and 10 Dq =5270 em™. The relatively low value
of 10 Dq is explicable only in terms of tetrahedral coordination to
oxygen-donor ligands. Furthermore, the spectrum under consideration
is devoid of peaks in the region 800-1000 nm, where octahedral iron(III)
invariably appears. Molar extinction coefficients for spin-forbidden
ligand field bands are small, but are a factor of ten larger in the
tetrahedral geometry than the octahedral one, because in tetrahedral
geometry the transitions are not Laporte forbidden, From the reference
spectrum (Figure 4) the measured intensities of the first two

octahedral bands are very small, and it is possible that some octahedrally
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Figure 16
Tanabe-Sugano diagram of the dependence of the energy
levels of the d5 electronic configuration on the strength

of the ligand field (Dq), calculated with the assumption
C/B =8,



114

et Ww
9
| §
._.v
4
L,
rﬂ”IIIIII! mvv
~.—.v /
3, — — 19,
th mv
1
1 :
o’} HN
108
8 =92 P
,




115

coordinated iron(III) ions could escape detection in our spectroscopic
experiments. However, the principal conclusion remains that most of
the iron(IIl) ions are tetrahedrally coordinated to oxygen-donor ligands.

This contradicts an earlier assumption(141)

of octahedral structure.
The intensities of the first two transitions in iron(Il) phosvitin are
alrhost an order of magnitude greater than those measured in iron(III)-
doped orthoclase feldspar. This intensity enhancement is additional
evidence for the presence of antiferromagnetically coupled ions.

These results indicate that the iron(III) bound to the
P-form of iron phosyitin is tetrahedrally coordinated, probably to four
oxygen atoms, and these tetrahedral ions are antiferromagnetically
coupled together in clusters that are significantly larger than dimeric.

A number of reports(mﬁ'las) have characterized, at
least in part, the unusual distribution of serine phosphate residues
throughout the protein. These residues are arranged in linear sequences
of up to eight residues uninterrupted by other amino acids. This close
proximity of the residues is expected to be quite suitable for binding
a polynuclear cluster of iron(Ill) ions,

A more detailed picture of the structure of these
clusters can be deduced from the results of a recent conformational
study of phosvitin. A detailed study39) of the optical rotatory

dispersion curves and the circular dichroism spectra indicated that at

alkaline pH phosvitin has an "unordered" conformation; whereas at very



116

low pH (~pH 1) the conformation changes to a B-type pleated sheet
structure. It was proposed that this transition was induced by the
decreased dissociation of the phosphate groups at low pH. In this view,
the attendant reduction in the electrostatic repulsions between the
charged side chains that are in close proximity to each other allows
the transition from an unordered to a 8 conformation to occur. |
Observations consistent with this explanation have been reported(14o)

on the effects of various organic solvents on this conformation.

On this basis the effect of binding iron(III) ions should
be to reduce the repulsions between side chains at the pH of interest,
7.5, and induce a conformational change towards the B-structure.

The known features of the f-conformation imply that for binding of

any one iron(III) by two phosphates to occur, the phosphates would come
from two serine phosphate residues that are one residue apart on a
single thread of the pleated sheet or from two residues that are on two
adjacent threads of the pleated sheet. The phosphate graips could very
probably act as bridging groups between adjacent iron(Il) ions. The
geometry of the binding sites created in this way could well be tetrahedral
as observed. The tetrahedral coordination is quite unusual for iron(III)
in an aqueous environment at the comparatively high pH of 7.5. It is
likely that this g-conformation protects the bound iron from hydrolysis
into polynuclear clusters of octahedral iron(II,I)..

b) V-iron phosvitin. This form of iron phosvitin closely

resembles the P-form discussed above in the temperature dependence
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of the magnetic moment, the e.s.r. spectrum, and in the energies and
intensities of the ligand field absorption.bands. It does bind a
significantly greater number (67) of iron atoms than does the P-form (46).
The room temperature magnetic moment is depressed
from the high spin value of 5.92 B. M.. It is 4.51 B. M. in the solid,
and 4.60 B. M. in solution, The solution magnetic moment is effectively
temperature independent over the range ~20 to +90°C. This behavior
closely parallels that observed in the solid state, where the moment is
4,50 + 0.4 B.M. from -20 to +20°C and little change is expected at the
higher temperatures. The observed decrease in the magnetic moment
as the temperature decreases down to 85°K (Figure 8 ) is similar to
that observed for the P-form, indicating the presence in V-iron
phosvitin of antiferromagnetic coupling among the iron(III) ions present.
The magnetic susceptibility is independent of the strength of the applied
field from 2-11 kiloguass, indicating that there is no lattice-fype
magnetic interaction present, The width of the e. s.r, signal
(Figure 9 ) is slightly greater in this form, and does not decrease as
the temperature is decreased. At liquid nitrogen temperature two g
values of 2.03 and 2.02 are resolved in the broad signal.
The ligand field spectrum is identical with that of the
P-form (Figure 6) in the energies and intensitiés of the absorption bands,
indicating that in this V-form also the predominant coordination structure

of the iron(IlI) ions is tetrahedral. Quite a different conclusion can be
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drawn from the spectrum recorded at 77 °K in a pellet of potassium
bromide (Figure 7). The tetrahedral bands observed in solution are
also observed in the solid pellet spectrum,” but three additional bands
at 810, 610, and 555 nm are present. These bands are assigned to the
appropriate transitions of octahedral iron(Ill). The 810 nm band is
observed even at room temperature, suggesting that the observation
of these bands is not the result of the lower temperature attainable in
the pellet spectrum. It does suggest that the octahedral sites are
induced by the pellet making process (in vacuo, 10° p.s.i.) by the
addition to the iron,in some of the tetrahedral sites,of the protein
bound water known to be present.

The close similarity of the magnetic and spectral data
for the P~ and V-forms indicates that the iron in the V-form is also
present in tetrahedral coordination in antiferromagnetically coupled |
clusters of polynuclear iron(IIl). There are in addition important
differences between the two forms. The number 6f irons bound in the
V-form is increased by a factor of 1.5 over the P-form. The room
temperature magnetic moment is slightly higher, and the broad e.s. r.
band is partly resblved at low temperature. These differences can be
reconciled by the assumption that there are two kinds of iron binding
sites in phosvitin that differ slightly in their accessibility to incoming
iron(IIl) and in their magnetic properties. The different methods of
preparation support the difference in accessibility, The iron is | |

presented to the P-form by direct mixing and an incubation period of
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several hours, while the V-form results from the slower process of
extended dialysis. On the basis of the ligand field spectral results the
two kinds of iron sites are tetrahedral. The similarity in the anti-
ferromagnetic coupling in both P- and V-iron phosvitin is emphasized

by the close parallel between the temperature dependence of the magnetic
moment in both cases. The slight increase in the magnetic moment

in the V-form could result from a slightly weaker coupling in those

sites that are unique to this form.

In summary, the coordination structure about the iron
atom ions bound in V-iron phosvitin is tetrahedral as in the P-form
discussed above, but two kinds of iron binding sites can be distinguished
on the basis of slightly different magnetic properties and availability
to iron(III) ions presented as iron(III)- NTA. Both kinds of sites are
occupied by comparatively large antiferromagnetically coupled clusters
of polynuclear iron(III).

¢) B-iron phosvitin, In contrast to the marked similarity

between the P- and V-forms of iron phosvitin, the brown or B-form
which binds an amount of iron equivalent to P-iron phosvitin (6. 9%)
appears to be quite different in many physical properties from both of
the other forms.

The room temperature inagnetic moment of 1.56 B. M.
is depressed far below that of the P~ and V-forms. This low magnetic

moment decreases further to 1,18 B, M. at 85°K (Figure 8 ), indicating
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that the polynuclear units are larger than dimeric. This is supported
by the e.s.r. signal (Figure 10) which is the broadest, 800 gauss, of
all three forms of iron phosvitin, This large width is effectively
temperature independent. At low temperature, the signal is partly
resolved into two components at g values of 2,04 and 2, 13.

The ligand field spectrum of a solution of B-iron
phosvitin at room temperature shows only one weak ligand field absorp-
tion at ~820 nm corresponding to the first ligand field transition of
octahedral iron(Ill). This absorption occurs at the end of a strong
absorption that extends throughout the visible, obscuring the higher
energy absorption bands of any tetrahedral iron(III) that might be
present. This form of iron phosvitin was prepared by a significant
modification of. the preparative procedure used for P-iron phosvitin.

Ten minutes of immersion in a boiling water bath preceded the direct
mixing of fhe phosvitin solution with iron(IlI).NTA. Both P- and B-forms
bind equivalent amounts of iron(IIl) suggesting that the second kind of
iron binding site proposed for the V-form is available to neither of these
two forms. The heating procedure appears to change the protein
conformation, opening the iron binding sites to hydrolytic polymerization
and, consequently, to octahedral coordination. |

This form of iron phosvi’cin; like the other two discussed
above, binds iron(I) in large polynuclear clusters, but unlike the
other forms, the predominant coordination structure of these anti-

ferromagnetically coupled iron(III) ions is octahedral not tetrahedral.
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d) ESCA Results. From the phosphorous binding

energies of the model compounds studied (Figure 11) several important
observations can be made. The binding energy increased dramatically
in going from pyrophosphate in a simple ionic salt (132, 2 eV) to
pyrophosphate as a bidentate ligand bound to cobalt(Il) (135.2 eV). In
addition there was a significant difference between the binding energy
for phosphate acting as a monodentate (132.1 eV) and as a bidentate
(133.0 eV) ligand. These phosphorous containing ligands bind to metal
ions via oxygen atoms, with the phosphorous one atom removed from
the metal. Significapt changes in the phosphorous binding energy are
observed among the different binding arrangements. These shifts are
in marked contrast to the much smaller shifts observed in the phosvitin
series of compounds (Figure 12). The free serine phosphate binding
energy did change from 133.3 eV to 132.7 eV on incorporation into the
protein phosvitin, but this protein value remained unchanged on binding
iron(III) in the V-form and increased only slightly (133.0 eV) in the
B-form of iron phosvitin. The structural implication for the iron(IIl)
bound to phosvitin is that it is highly unlikely that the serine phosphaté
residues act as bidentate ligands o iron(IIT). The small shift in the
phosphorous binding energy of phosvitin on binding iron(III) unfortunately
provides no direct evidence for émy binding between iron(Ill) and serine
phosphate. The iron(Ill) ions bound in the V-and B-forms of iron
phosvitin differ markedly in their spectral and magnetic properties

(8(c) above). The ESCA data indicate that the phosphorous atoms also

differ slightly between these two forms.
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This difference between V- and B-iron phosvitins is
also expressed in their slightly different iron binding energies of
712 and 712.2 eV. The significance of this small difference is unknown,
The most interesting iron binding energy data are that obt ained on
iron(IIl) phosphate. As discussed in 8(f) below, the X-ray and spectral
data on this compound are consistent with the presence of significant
amounts (at least 25%) of each of two kinds of iron(IIl) sites, tetrahedral
FeO, and octahedral FeO;. The ESCA results show two iron binding
energies that differ by ~0.8 eV. The important implication for the
iron phosvitin study i,S that ESCA can discriminate between these two
site symmetriés in the one compound. No splitting is observed in the
iron binding energy of V-iron phosvitin. The data for the B-form
are of lower resolution and no conclusions about different site symmetries
can be drawn. These results sﬁpport the contention made above on the
basis of ligand field spectral results that the predominant, i.e., > 80%,
coordination structure present in V-iron phosvitin and, presumably,
in the closely related P-iron phosvitin, is one of tetrahedral symmetry,
i.e., [FeQ,].

e) Phosvitin--a summary. The structural information

obtained from the studies discussed in the preceding sections can be
summarized as follows. In both P- and V-iron phosvitin, the coordination
structure of the great majority of iron(IIl) bound to the protein is the

tetrahedral structure, FeO,. The amino acid side chain that is
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predominantly involved in binding to the iron(IIl) is the ~CH,~O-PO,~
of serine phosphate. The phosphate groups can act as monodentate
ligands or as bridging groups between the iron atoms in the polynuclear
clusters. The ESCA resultsexclude the possibility of the phosphate
being a bidentate ligand. ‘

The antiferromagnetic coupling of the iron(III) ions in
these forms of iron phosvitin was confirmed by the magnetic and e, s.r.
data. The broad e.s.r. absorption indicated that the coupling was
extended over several iron atoms, in a polynuclear cluster that was
significantly larger than dimeric. The size of these clusters and their
distribution are unknown. Speculation on these matters awaits the
results of the amino acid sequence determination that is in progressgmz)
The protein conformation in iron phosvitin is important in maintaining
the unusual tetrahedral coordination. By analogy to the effects of pH
and various organic solvents on the conformation of phosvitin, the
conformation of iron phosvitin has been deduced to be a B-structure of
pleated sheets. |

The two green forms of iron phosvitin, P- and V-, bind
iron(I) in tetrahedral coordination sites that are coupled together in
polynuclear clusters. The V-form binds 50% more iron(IIl) ions and
appears to have an additional kind of iro n binding sites to the P-form.
The two kinds of sites are distinguished on the basis of -slightly different
magnetic properties and availability to iron(IIl) ions presented as

iron(III)- NTA.



124

The third form, B-iron phosvitin, also binds iron(III)
ions in large polynuclear clusters but the coordination structure of the
iron binding sites is octahedral not tetrahedral.

These results are consistent with the general theory
outlined in the introduction that competition between large and small
molecular weight chelates is a dominating factor in the regulation of
iron uptake in the gut. All three forms of iron phosvitin bind a large
number of iron(IIl) ions in a complex whose binding constant for iron
certainly exceeds the reported value(141) of 10° calculated on the
assumption of a sing}e set of equivalent and non-interacting sites.

The stability constant of the complex formed between iron(III) and the
phosphate of the free amino acid, serine phosphate, has been reported(143)
as ~106. Furthermore, the iron-free protein has been shown to be
resistant(as) to the action of proteolytic enzymes.

It would appear that the inhibitory effect of eggs on iron
uptake is caused by competition by phosvitin for iron that would other-
wise be bound to low molecular weight chelates and so be transferred
across the mucosal membrane.

An interesting feature of this work has been the isolation
of forms of iron phosvitin that bind large numbers of polynuclear
iron(IIl) ions by preparative procedures that mimic dietary phosvitin in
raw eggs (the P- and V-forms), as well as in "hard-boiled" eggs (ii-form).

The inhibitory effect of both kinds of diet can be understood in the light

of this present investigation,
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1) FePO,. The identification of the tetrahedral
coordination structure of iron(Il) in phosvitin, together with the
suggestion that the predominant structural interaction between the
metal ion and the protein W.as that between the metal and the phosphate
groups of serine phosphate, led to the investigation of the crystalline
phase of iron(Ill) phosphate, The structure of this mineral phase has
been reported(lz) to be that of the quartz type. Both iron and
phosphorous occupy tetrahedral sites, with four oxygen atoms as
nearest neighbors. The X-ray powder pattern of the preparation of
iron(II) phosphate us'ed in this study identified it as the quartz form of
iron(III) phosphate.

The lines corresponding to d spacings of 2,54, 2,20,

and 1.72 A are strong lines in strengite FePO, 2H0, (128)

weak in pure
FePO,, and of moderate intensity in this preparation. The enhanced
intensity of these lines strongly suggests that this preparation contains
some strengite, FePO, 2H,0, a likely contaminant if the dehydration
step in the preparation was incomplete. The lines are noted in Fig. 17.
The complex visible absorption spectrum (Figurel7)
can be understood on the assumption of a mixing of FePO, and FePO,
2H,0, which would show absorptions corresponding to both octahedral
and tetrahedral ligand field transitions. On this assumption the highest
energy ligand field band at 414 nm is assigned to the third ligand field

transition of tetrahedral iron(III). This transition occurs near 400 nm
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Figure 17
Visible absorption spectrum of iron(IIl) phosphate
(5. 84 mg) in a pellet of potassium bromide (220 mg)

at liquid nitrogen temperature.

X-ray powder pattern of this iron(ITI) phosphate using
molybdenum K o radiation, an exposure time of 23 hours,
and zirconium foil filters on the incident and diffracted
beams. The lines, indicated at o spacings of 2. 54,
2.20, and 1.72 A, indicate contamination by

FePO, 2H,0.
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in orthoclase feldspar and iron phosvitin, Using these spectra as
analogies the two lower energy tetrahedral transitions are assigned to
the discrete 479 nm absorption and to one of the four absorptions of the
broad 480 to 430 nm envelope. The three remaining bands in this
envelope are assigned to the third transition in octahedral iron(III).
This octahedral transition is also split in the spectra of iron(III)
ammonium sulphate (Figure 4 ) and hexaquomanganese(II). (130) The
crystalline structures of FePO, and FePO, 2H,0 are not isomorphous.
Any octahedral sites in a preparation of FePO, are expected to be at
least slightly distorted from octahedral, and the absorption band
corresponding to the ihird ligand field absorption would be split. The
remaining band, that at 535 nm,is assigned to the second octahedral
transition. The lowest energy octahedral band is expected at about
800 nm where the spectrum could not be recorded. The assignments

are summarized in Table 17.

‘Table 17 |
Amax(nm) 535 479 449 - - -443 435 - - 428 413
symmetry octa. tetr, octa/tetr tetr
transition ‘A, - T, T, ‘A, E/"T, ‘AL"E

Although the spectrum appears complex, a reasonable
assignment of all the bands observed can be made on the assumption

that the preparation contains iron in both octahedral and tetrahedral sites.
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This stru‘Cture, suggested by the X-ray data, is further supported by
the measurements of the binding energy of the iron Zp:3 /2 electrons
using the ESCA technique. Two components of the ESCA band are
resolved at 712.1 and 711.4 eV. The relative intensities of the visible
absorption bands assigned to the octahedral and tetrahedral transitions
suggest that the sites are present in about equal proportions. The
X-ray data suggest however that the tetrahedral sites predominate.
The probable implication, already mentioned earlier in 8(d) above,

is that ESCA can discriminate between the two slightly different iron(III)
coordination sites, FeO, and FeO,, present in significant (>25%)
amounts in any one compound.

g) ¢,As* FeCl,. The most unusual feature of the
results obtained on this compound is the complex splitting observed in
two of the Weak bands of the absorption spectrum (Figure 14). The
temperature dependence of the magnetic moment confirms that the
ground state of the iron(IIl) ion was a sextet, namely 6Al. The general
pattern of these bands in the spectrum, ignoring for the moment the
splitting, resembles that of the tetrahedrally coérdinated iron(III) found
in orthoclase feldépar (Figure 4). The pattern common to the two
spectra is that of two broad bands followed by a sharper band at higher
energy. The ready assignment of the comparatively sharp band at
530 nm to the ‘A, — ‘A, E transition leads to the assignment of the
broad envelope from 580 to 660 nm to the 6A1 - 4T2 transition, and the

660 to 800 nm envelope to the lowest energy ligand field transition,
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6A1 - 4T1.: With the one exception of the component at 735 nm whose
band maximum cannot be precisely identified at room temperature, the
splittings between thé various components of the two envelopes stays
reasonably constant at ~600 cm™.

The eAl symmetry of the ground state excludes, a priori,
any contribution to the observed splittings from coupling of the spin and
orbital angular moments, and from a ground state Jahn-Teller

(133) i1 the

distortion. This latter distortion is theoretically possible
two excited states of interest, 4T1 and 4'I‘z. If such a mechanism is
operating, as has begn observed in several other electronic
configurations, (134,135) the splitting is expected to decrease as the
temperature decreases. Exactly the opposite behavior is observed for
[FeCl,] . Another possible origin of these splittings is the presence
of a low symmetry component of the ligand field that permanently
distorts the ground state away from tetrahedral symmetry. The

symmetry in the crystal as determined by X-ray a.nalysis(124)

is very
close to tetrahedral, and there is no reason to expect that in solution,
where the splittings are also observed, that the symmetry should deviate
from tetrahedral. A low symmetry component of the ligand field of
sufficient magnitude to split the 6A1 - 4T1 and 6A1 - 4T2 transitions into
these components would necessarily remove the degeneracy of the 4A1 s

4E levels. No such splitting in this level is observed.
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The only acceptable explanation for these splittings is
that they are expressions of a‘vibrational progression. The spacings
of the split bands is reasonably constant, as expected for the stepwise
addition of a quantum of vibrational energy to the excited state. This
quantum is expected to be that of the totally symmetric A; vibrational
mode of the excited state. From the observed splittings the energy of
this mode is ~ 600 cm™. The energy of the equivalent mode in the
ground state was determined by polarized Raman spectroscopy to be
334 cm™'. The increase in energy in this mode in going from the
ground to the excited state is not unexpected. The excited states are
derived from the one electron transition from the (e)2 (tz)3 to the
(e)a(t,z)2 electronic configuration (Figure 2 ). This change corresponds
to a decrease in the anti-bonding character of the ground state.
Consequently, the iron-chlorine vibrations are expected to be of higher
energy in the excited state.

In summary, the FeCl, anion also exhibits the
absorption band pattern of a tetrahedral array of ligand atoms bound to
iron(Ill). The band energies are at lower energies than in the FeO, case
of orthoclase feldspar, but are still easily distinguished from the
FeO, band energies. The unusual splitting observed in the first two
ligand field absorptions is attributed to a vibrational progression in the
excited states; where, as expected, the totally symmetric iron-chlorine
stretching mode is higher in energy; 600 cm"l, than in the ground state,

1

334 em™ .
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C. . Gastroferrin

The coordination structure of the iron(III) ions bound to the
glycoprotein gastroferrin has been investigated by magnetic susceptibility
and ligand field spectral measurements. Mgssbauer, electron spin
resonance, and infrared spectral results have been reported by another
investigator, (117) They will be considered in the following discussion.

1. Preparation

Both iron free and iron bound gastroferrins from two.
sources, pooled human gastric juices and commercial pig gastric
mucin, were kind gifts from Dr. Paul‘Saltman and co-workers at the
University of Califofnia at San Diego. The iron-gastroferrin had been
isolated by the following procedure. (26) An excess of iron(III) as the
chloride was added to gastric secretions at pH 2 and the solution
titrated with ammonia to pH 8,where the iron-gastroferrin complex was
co-precipitated with iron(III) hydroxide from the excess iron present.
The iron(Il) hydroxide was removed by treatment with nitrilotriacetate
followed by exhaustive dialysis and gel chromatography on G-200. The
results presented below were obtained on pig mucin gastroferrin. The
magnetic susc eptibility' data obtained for the human gastroferrin
confirm the chemical evidence that the two gastroferrins are very

similar, (26)

2. Ligand Field Spectral Results
A rust-brown solution of pig mucin gastroferrin was

dialyzed exhaustively against deionized water and a slight cloudiness
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removed by centrifugation. Solution spectra were recorded at ambient
temperature in 10 cm cells. Since iron free gastroferrin is known to
have no absorption at wavelengths greater than 450 nm, the spectral
region of interést, the reference solution used was deionized water.
The solution was determined to be 1.1 X 10™° molar in iron by atomic
absorption.

Three weak shoulders, at 960, 620, and 490 nm were
observed on the side of an intense absorption that spread from the
ultraviolet through the visible. Because of the low intensities of the
shoulders there is some uncertainty in their extinction coefficients and
absorption maxima. The spectrum is shown in Figure 18 and the spectral

data collected in Table 18.

Table 18
A (nm) - _v(em~Y) e(approx) Assignment
960 + 5 10, 400 + 50 5 A, - 1,
620 = 10 16, 200 + 200 3 ‘A, ~ T,
490 1 10 20,400 + 400 2 “A, ~ A, E

The energies of these bands are consistent only with
octahedfal not with tetrahedral coordination around the iron(III) ions.
Furthermore the extinction coefficients are higher than expected for
the ligand field bands of an octahedral d ion by at least one order of
magnitude. This intensgity enhancement is consistent with the presence

of some polynuclear interaction among the iron atoms.
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Figure 18
Visible and near infrared spectra of an aqueous solution
of pig mucin gastroferrin (10™*M in iron) at room
temperature. The extinction coefficients of the bands at

960, 620, and 490 nm are ~5, 3, and 2, respectively.
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3. Magnetic Suscegtibilitg Studies

The magnetic susceptibility and hence the magnetic moment
per iron were determined in solution and in the solid state. Using the
usual n. m.r. procedure, a solution of iron gastroferrin, 0.064 X
10~* M in iron, produced a 5. 65 Hz shift at 290 °K. The iron-free
protein was included in the reference solution. This shift corresponds
to a magnetic moment per iron of 3.5 + .05 B. M.

A lyophilized preparation of iron gastroferrin was used
for the study of the temperature dependence of the magnetic moment
in the solid state. The iron content of 3.95 + 0. 15% indicates the
presence of 180 to 190 iron atoms in the protein of molecular weight
260,000. The molar diamagnetic' correction for the profein was
determined directly to be -155, 200 X 10°° cgs units. The uncertainty
in the iron analytical figure has been incorporated into the calculations
for the magnetic moment per iron at various temperatures between
300 and 95°K. The results in the solid and solution are shown in
Figure 19. |

The solution and solid state results are consistent, The
depressed magnetié moment at room temperature of ~3.5 B. M.
strongly suggests the presence of antiferromagnetically coupled iron
atoms. Even with the error bars showr.x,' the magnetic moment per iron
does appear to increase with decreasing temperature. Data at temper-

atures below 95°K are needed to confirm this behavior.
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Figure 19
Temperature dependence of the magnetic moment per iron
in gastroferrin (lyophilized powder) from 300° - 90°K.,

The room temperature solution value is indicated.
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Another unusual feature of the magnetic properties of this
iron-protein was apparent in the study of the magnetic behavior as a
function of the applied magnetic field (H) at 298.6°K. For convenience
the data are presented as the intensity, I, in arbitrary units, of the
output from the magnetometer. For a simple paramagnet the intensity
is linear with the applied field and is zero at zero field. The results
are shown in Figure 20. At low fields the field strength behavior of
the intensity deviates from linear. Line I in the figure is the
computed least squares line, I =2.118 H + 0,633. This line does not
pass through the origin. It has an intercept on the H axis of -299
oersteds (gauss). The second line shown, II, joins the high field points,
H > ~5kOe. On extrapolation it does pass through the origin. The
deviation of the low field points from linearity is ~10%, greater than
the experimental error (~2%). |

Although more data are desirable in the important low field
region, these results indicate that there is a weak intrinsic magnetic
ordering of ~ 300 oersteds.of at least some of the iron atoms in gastro-
ferrin. The effect of this small ordering perturbation is proportionally
greater at lower fields where the cbserved intensity is greater than
that of a simple pararhagnet. This suggests that the ordering is ferro-
magnetic in character. The explanatiori. for the observed increase in the
magnetic moment per iron with decreasing temperature must take into

account this intrinsic ordering.
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Figure 20
The dependence of the output from the magnetometer I,
in arbitrary units on the strength of the applied field H,
in kOe for gastroferrin. The data extend from 1.9 to
10. 4 kOe and were taken at 298, 6°K.
I: least squares line of best fit, I =2,12H + 0. 63.
The intercept on the H axis is -300 Oe and the
correlation coefficient is 0,999,

II: extrapolation of the high field data back to zero field.
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4. Discussion and a Structural Model

The spectral results indicate that the coordination structure
about the majority of the iron(Il) atoms in gastroferrin is octahedral.
Any tetrahedral bands occur at higher energies (A > 450 nm) and would
be obscured by the broad intense absorption centered in the ultraviolet
region, The comparatively high extinction coefficients of the ligand
field bands are consistent with polynuclear iron(Ill). The polynuclear
interaction is antiferromagnetic, resulting in the depressed magnetic
moment of ~3.5 B, M, An additional influence on the magnetic
behavior.is a small apparently ferromagnetic interaction of ~ 300
oersteds. Data obtained from other spectral techniques are consistent
with these results.

The Mgssbauer spectrum at 77°K is a quadrupole split
doublet, (117) The isomer shift is 0.19 mm/sec and the quadrupole
splitting 0.71 mm/sec. These values are consistent with high spin
or antiferromagnetically coupled iron(IlI). The six line hyperfine
splitting observed in ‘mag'netically order lattices of iron(Ill) is ~ 12 mm/
sec for an internal field of ~600k0Oe. The observed ferromagnetic
| ordering is smallléven at liquid nitrogen temperature. No splitting or
broadening of the Mgssbauer resonance lines is expected until much
lower temperatures. The e.s.r. spectrum of a frozen solution(u'?) at
173°K consists of a broad absorption from g = 6.6 to 4.‘0 with a much
weaker sharp absorption at g =2.3. The broad low field band has a peak



143

to peak width of 750 gauss, consistent with the presence of polynuclear
iron. A structural model for the iron bound to gastroferrin that is
consistent with these data can be derived.

The antiferromagnetic coupling between octahedral iron(I)
ions confirms that most of the 180-190 iron atoms present are in close
proximity to other iron atoms. This is not unreasonable in view of the
method of preparation and the high carbbhydrate composition of the
protein, Many carbohydrates are known to bind iron(IIl) although a large
excess (X 20)of the cafbohydréte is required to prevent the precipitation
of iron(m) hydroxide at physiological pH. A discrete polymer of
molecular weight 65,000 has been isolated from iron(II) fructose
solutions. |

The preparative procedure of co-precipitation with iron(III)
hydroxide suggests that the carbohydrate residues on the protein act in
a manner analogous to that of the discrete sugars. The polynuclear
iron(III) that forms by hydrolysis is kept in solution at the carbohydrate
region by binding to the carbohydrate. In this respect gé.stroferrin is
more efficient than the simple carbohydrates. The mole ratio of
carbohydrate to iron in gastroferrin is ~6 , not the 20 of the simple
carbohydrate system. This increased efficiency could result from the
proper orientation of binding groups in the protein. This inhibition of
precipitation could occur in several regions of this large carbohydrate
rich protein; resulting in a small number of reasonably discrete

polynuclear clusters of iron(III) distributed throughout the molecule.
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The failure‘(n'?) to observe an infrared absorption at 850 em™ corres-
ponding to the Fe-O-Fe structural unit is consistent with these poly-
nuclear clusters being aggregates larger than dimers. The fructose
polymer and many FeOOH phases do not show this absorption. (118)
The apparent increase in the magnetic moment with decreasing
temperature can be accounted for by a weak ferromagnetic coupling
among these clusters,

It is possible that the ordering induced by this coupling has
an inverse temperature dependence analogous to that of the susceptibility.
This dependence would serve to gradually make it a significant fraction
of the strong magnetic field used to obtain the magnetic moment data,
10k0e. It would then increase the observed moment as the temperature
decreased. The dimensions of these clusters (< 50 A diameter) would
be in the superparamagnetic range. The expected temperature independ-
ent moment of a particle of this size would be modified by the additional
perturbation of a ferromagnetic nature.

In summary, the proposed model for the iron bound to
gastroferrin consists of a number of reasonably discrete polynuclear
'clusters of antiferromagnetically coupled iron(Ill) ions thaf are
themselves coupled in a weakly ferromagnetic way. The coordination

about most of the iron(Ill) is octahedral.
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D. Ferritin_

The stfucture of the inner core of the iron storage protein has
been the object of many investigations using a variety of physical
techniques. These have included electron microscopy, low angle X-ray
scattering, high angle X-ray and electron diffraction, magnetic
susceptibility, electron spin resonance, and Missbauer spectroscopy.
These studies have been the object of an excellent recent review. (34)
Even with results from this wide variety of probes, the structure of
the core remains controversial. At the present time four structural
models have been proposed. Three of these are based on synthetic
materials isolated from hydrolyzed iron(IIl) solutions, namely, the
nitrate polymer, (8) the Towe hydrolyzate, (6) and the van der Giessen
gel. (7) Afourth model, based on the proposed structure for
5-FeOOH has been suggested(ss) on the basis of X-ray analysis. The
experiments reported below mainly concern ferritin and the first two
structural models listed. If was not possible to prepare a sample of
the van der Geissen gel with the complete X-ray powder pattern reported
for this compound. The literature reports on this gel will be considered
at the appropriate place in the discussion. The results of several
studies on the impure preparation will be briefly mentioned.

A major omission from the above list of physical techniques is

absorption spéctroscopy of the ligand field bands of the iron(IIl) ions.

A significant difference among the four structural models is the relative
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proportion of octahedral and tetrahedral iron(IIl) ions present.

Since oxygen is the only available ligand atom inside the core the choice
among the structural models is one among iron(Ill) exclusively as
[FeO,], exclusively as [FeO,], and as some combination of the two
kinds of sites. The ligand field spectra of these two structural units
are quite different and offer a means of disfinguishing between the
various models and ferritin,

In the study reported here,ligand field spectral results figure
prominently. Moreover, the two synthetic models and the protein
have been studied, ir{ a comparative fashion, by the temperature
dependence of the magnetic susceptibility, infrared spectra, and X-ray
powder patterns. In the course of this study the structure proposed,
largely on the basis of a small angle X-ray scattering study, for one of
the synthetic models, the nitrate polymer (sometimes referred to in
subsequent diagrams as the "inorganic polymer'') was shown to be
inconsistent with observations obtained from other physical techniques.
The structural information obtained by each technique will be discussed
with the results obtained. In conclusion, a structural model consistent

‘with these results and those reported by other investigators will be
proposed for the core of ferritin,
1. Ligand Field Spectra
The characteristic color of ferritin, its structural models,

and powders of the phases of FeOOH is reddish-brown; corresponding
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to an intense absorption in the blue end of the visible. As a result,
only in the near infrared end of the visible can the weak ligand field
absorptions of a d’ ion be observed. The lowest ligand field absorption
for [Fe(IlI)O,] occurs in this region at 800-90Q nm (see Figure 4).
The other octahedral absorptions and all the tetrahedral absorptions
occur at higher energies where they are expected to be obscured by
the intense absorption responsible for the red-brown color. The |
reference spectra for [ FeO,] and [ FeO,;] have been obtained on large |
single crystals of orthoclase feldspar and iron(III) ammonium sulphate.
The compatibility of this solid state with conditions in solution was
investigated for the [f‘eOs] case by a careful study of the spectrum of
iron(III) perchlorate. The hygroscopic purple crystals of the
commercial salt were recrystallized six times from perchloric acid
(9.6 M) to remove any polymeric species that might have been
introduced by hydrolysis by atmosphere water. The spectrum was
recorded at room temperature in perchloric acid (0.96 M), and was
essentially identical, in the positions, shapes, and intensities of the
bands, to that of iron(III) ammonium sulphate.

A number of polymeric iron(III) compounds have been
investigated to characterize the spectrum of the [ FeOQ4] structural unit
when it is coupled to other such units in'a polynuclear cluster. Horse
ferritin was obtained as cadmium-~free solutions {Nutritional Bio-

chemicals Corp.). Jarossite; a yellow crystalline mineral of formula
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FeOHSO,, can be isolated from one region of the Fe, O, SO, H,0

(144) and its structure has been determined. (11) An

phase diagram,
aliquot of the sample that had been used in the structure determination
was kindly provided by G. Johansson, Royal Institute of Technology,
Stockholm. Each iron atom in the crystal is octahedrally coordinated
to two hydroxy groups and four sulphate oxygens. The octahedra
which are very close to Oh symmetry are linked together into chains
by hydroxide and sulphate bridging groups and these chains are joined
to each other by the remaining sulphate oxygens.

(9,10) mineral phase of

a—FeOOH, goethite, is a well known
wide occurrence whose structure is based on hexagonal close packing
of oxygens. Each iron atom lies at the center of a nearly regular
octahedron of oxygens sharing three corners with three adjacent
octahedra. The hydrogens occupy well defined lattice positions linking
two layers of oxygen octahedra. A sample of the natural material from
Maryland, U.S. A., was obtained from the Smithsonian Institute
(# 117395). | |

'y-FeOOH,' lepidocrocite , (9,10) a naturally occurring
mineral, contains iron(III) ions in distorted octahedral sites, [FeOq].
The structure is based on cubic close packing of oxygens. The hydrogens
are again well defined structurally.‘ A éample from Horhausen,
Germa.ny; was obtained from the Smithsonian Institute (# R9593).

The near infrared spectra of these three minerals, together

with those of ferritin and the nitrate (here called 'inorganic'') polymer
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are shown in Figure 21, In all five compounds the spectrum in this
region consist of a broad peak centered at about 900 nm with a weak
shoulder at 1200 nm.

The close similarity of these spectra strongly suggest that
the iron atoms in all five compounds have the same coordination, i.e.,
octahedral., The weak shoulder observéd at 1200 nm is assigned to
a vibrational overtone of water and the more intense broad 300 nm peak
to the first spin-forbidden transition of octahedral iron(II), 6A1 - 4T1.
The solution spectrum of ferritin was carefully studied at higher
energies to identify qthér ligand field bands, but any weak bands present
were hidden under an intense absorption. Data in the visible region
have been reported(ue) for o-FeOOH and y-FeOOH, and were obtained

on FeOHSO,, the nitrate polymer and the Towe hydrolyzate.
(118)

In contrast to the situation with the oxyhydroxide phases,

the spectrum of FeOHSO, was readily observed up to 400 nm at room
temperature. The sequence of two broad and one sharp bands expected
for [FeOq] was observed, with absorption maxima occurring at
940 nm, 500 nm, and a doublet at 428 and 410 nm. The spectrum is
shown in Figure 22,

The spectral data were extended into the visible region for
two synthetic structural models for the ferritin core; namely,' the
nitrate polymer and the Towe hydrolyzate. The solution spectrum of

the nitrate polymer is shown in Figure 23.
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Figure 21

Absorption spectrum in the near infrared of polymeric
irOn(IiI) compounds recorded as Nujol mulls and thallous
chloride pellets.

(1) ferritin (also as aqueous solution)

(2) inorganic (i. e., nitrate) polymer

(3) FeOHSO, jarossite

(4) a-FeOOH

(5) y-FeOOH
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Figure 22
Visible and near infrared spectra of jarossite,' FeOHSO,,
recorded as a Nujol mull. The bands indicated occur

at 940, 500, 428, and 410 nm.
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Figure 23
Ultraviolet, visible, and near infrared spectrum of the
nitrate polymer [Fe,0,(0H),(NOy,* 1.5 H,0], in aqueous

solution at room temperature.
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Three weak bands at 900, 640, and 485 nm were observed,
with extinction coefficients per iron that were small (<5) but greater
than observed in the monomeric iron(IIl) spectrum, consistent with the
presence of polynuclear iron. These bands were assigned to the first
three spin forbidden transitions of the d ion. The appropriate C/B
ratio of 3.0 used in fitting the spectrum was chosen by reference to the
analysis of the hexaquo iron(IIl) spectrum (C/B = 3.12). Using a
Tanabe-Sugano diagram for this C/B ratio that had been calculated by
Jack Thibeault of the California Institute of Technology the best fit of
the threé spectral bands of the nitrate polymer was determined using
Dq =1130 cm™ and B =815 cm ™.

The spectrum of the Towe hydrolyzate recorded at liquid
nitrogen temperature in a pellet of thallous chloride (4.1 mg/400 mg)
exhibited three weak absorptions at 880, 555, and at ~500 nm.

The spectral data and assignments for these compounds
containing polymeric iron(Ill) are listed in Table 19..

| 2. Liquid X-ray Scattering

The ligand field spectral results and their analysis presented
above provide stréng evidence that the irbn in the nitrate polymer is
octahedrally coordinated.

The highest energy octahedral band was observed near
where the energy of the first tetrahedral absorption of [FeO,] is known
to occur. The higher intensity of tetrahedral ligand field bands makes it
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unlikely that they would be covered by the tail of the ultraviolet band
when the lower intensity octahedral band was observed.

" No bands attributable to tetrahedral iron(III) were
observed in the spectrum of the nitrate polymer up to 250 nm. These
spectral data provide strong evidence that there is no tetrahedral
iron(III) present in the nitrate polymer. This conclusion is in direct
contrast to that derived from a liquid X-ray scattering study of a 3M
aqueous solution. The radial distribution function has been analyzed to
indicate that iron(IIl) is tetrahedrally coordinated to four oxygen atoms
exclusively. The report of the scattering experiment also noted the
presence of the first two ligand field bands at 900 and 640 nm. The
analysis of this spectrum as that of tetrahedral iron(IIl) could only be
achieved by the assumption of an "unusual and unexpected" ligand field
strength of ~1100 em™. This is far too large for a tetrahedral field
of four oxygens (Dq = 735 cm™ for orthoclase feldspar) even with the
presence of the distortion away from tetrahedral that was suggested.

The difficulties associated with the analysis of a radial
distribution function (RDF) to provide estimates of interatomic
-separations and the number of nearest neighbors within a particle
dissolved in a solvent have been mentioned in section II, E-2 above.
They include,in particular , accounting for the solvent scattering and
analyzing for the area under the peaks of the RDF. A 3M solution of the
nitrate polymer;' a polyelectrolyte; is expected to significantly distort

the liquid structure of water from that in the pure solvent, yet it was
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the scattering curve of the pure solvent that was applied as a

subt ractive correction to that of the polymeric solution. The second
substantial criticism of the report of this scattering data is that no
mention was made of fhe method of analysis of the area under the

peaks of the RDF. The area under the first peak was used as substantial
evidence for four rather than six nearest neighbors per iron. It is

quite likely(ss) that this area measurement is a sensitive function of

the mathematical analytical method employed.

The X-ray scattering report also included the Mgssbauer
spectrum of the polymer over the temperature range 5-300°K. The
spectrum is quite similar to that of ferritin, exhibiting the gradual
decay of the quadrupole split doublet and the simultaneous gradual
appearance of the six-line magnetic hyperfine as the temperature is
decreased from 70° to 5°K. The isomer shift and quadrupole splitting
are also similar to those observed in ferritin. On the basis of the
similarity of the Mgssbauer spectra of ferritin and the nitrate polymer,
which, from the results of the X-ray scattering experiment, contained
tetrahedral iron(IlI), it was proposed that all the iron in the ferritin
core was tetrahedrally coordinated, as [FeO,].

3. Mgssbauer Spectra

A second structural model for the ferritin core is the
Towe hydrolyzate isolated(ﬁ) from iron(III) nitrate solutions (0.06 M) at
80°C. The crystallinity is sufficient to allow a partial analysis of the

structure by X-ray diffraction. The structure is based on hematite,
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a-Fe,0, with the iron(IIl) ions occupying octahedral sites. A sample
was kindly provided by Ken Towe of the Smithsonian Institufe. The
Mijssbauef spectrum of this compound was recorded from 300° to 5°K
with the assistance of B. Persson and M. Bent at the California Institute
of Technology. The values of the usual Myssbauer parameters were
similar to those of ferritin and the nitrate polymer. The quadrupole
split doublet began to decompose a little above liquid nitrogen tempera-
ture, and by liquid helium temperature the familiar six-line hyperfine
was well established. There was a slight asymmetry in the several
spectra near the origin due to absorption by a beryllium window used in
the experimental set-up. This Mgssbauer spectrum at various
temperatures is shown in Figure 24. The close similarity of the
Mbossbauer spectra of ferritin, the nitrate polymer (assumed tetrahedral
by the X-ray scattering experiment) and the Towe hydrolyzate (octa-
hedral by X-ray analysis) is shown in Table 20.

The isomer shift values are more nearly characteristic of
octahedral than tetrahedral iron(III) and the internal field established
at 5°K is close to that (515 kOe) of the calibrant hematite, a-FeZO,,,
which contains octahedral iron(Ill). The low value of 315 kOe at 70°K
suggests tetrahedral coordination but at this temperature the hyperfine
is a very minor component of the spectrum. Its measurement is
consequently uncertain, The limitations of any empirical correlations
of Missbauer parameters with electronic and structural characteristics

of iron were discussed above (II.D), but the evidence from the
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Figure 24
The Mossbauer spectrum of the Towe
hydrolyzate(s) as recorded in a wax pellet at room
(300°K), pumped nitrogen (~40°K), and helium (4.2°K)

temperatures.
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Table 20

Isomer ShiftscI Quadrupole Splittings Internal Field

Material (°K) (mm/sec) (mm/sec) (kOe)
Ferritin®(30-300)  0.50 + 0.05 0.60 + 0,10
Ferritin®(77) 0.47 £ 0.05 0.74 £ 0.04
Ferritin®(4. 2) 493 + 10
Polymer®(298) 0.48 0.67
Polymerc(70). ' 315
Polymer®(5) 455
Hydrolyzate (300) 0.44 +0.01 0.61 + 0,03
Hydrolyzate (5) 496

2 Reference 145,
b Reference 103,
c Reference 84.

4 Measured with respect to stainless steel.
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Miassbauer. suggests that iron(IlI) in ferritin, the nitrate polymer,

and the Towe hydrolyzate is in octahedral coordination. The presence
of two different sites is expected to broaden, if not split, the

Mgssbauer resbnances particularly under the influence of a strong
magnétic field as is established in these compounds at low temperatures.
No such effects were seen. The Mgssbauer results and the ligand

field spectral data, taken together strongly support the contention that
only octahedral iron(Ill) is present in these structures.

A notable omission from the above discussion has been the
third synthetic model' for the ferritin core, the van der Giessen gel.
The Mossbauer spectral parameters have been briefly reported as
similar to those in the table above. Hyperfine splitting at liquid
helium temperature has also been observed. (147) However, a detailed
report of the Mgssbauer results has not appeared. The structure
proposed for the gel on the basis of the X-ray powder pattern is based
on a cubic cell of side 8, 37 A, yet no arrangement of iron atoms could
be found(34) to account for the observed intensities.

4, Magnetic Studies

The temperature dependence of the magnetic moment per
iron was determined for the Towe hydrolyzate, the nitrate polymer,
FeOHSO‘,;' and y-FeOOH. These results are shown in Figure 25 with
the literature data(sa) on the Fe(OH),Fe and Fe~O-Fe dimeric. systems.

Several important features of this diagram should be noted. ‘All roam
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Figure 25
| Temperature dependence of the magnetic moment from
300° - 80°K for a representative group of polynuclear
iron(IlI) compounds. The data for [Fe(pic),0H], and
ent, [(FeHEDTA),0] - 65,0 were taken from the literature, (14
(1) [Fe(pic),0H],
(2) Ken Towe hydrolyzate
(3) Inorganic (i. e., nitrate) polymer
(4) FeOHSO, - jarossite
(5) v~FeOOH
(6) ent, [(FeHEDTA),0]- 6H,0
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temperature moments are depressed from the high spin value,
indicating antiferromagnetic coupling between iron atoms. In the two
mineral systems studied,the gram susceptibility was almost independent
of temperature from 300 - 80°K, resulting in a magnétic moment that
varied as ~T%. This behavior of a decreasing moment with decreasing
temperature was also observed in the two dimei'ic systems studied.
The magnetic behavior of the Towe hydrolyzate and the nitrate polymer
differed dramatically from that of the other four cases.

The magnetic susceptibility of the iron in the Towe
hydrolyzate did not obey the Curie-Weiss law. Moreover, it showed
marked field strength dependence between 4 and 10 K gauss that was
particularly striking at temperatures below 200°K. The inflection in
the plot of magnetic moment against temperature was also observed in
the preparation of the van der Giessen gel. The room temperature
magnetic moment in this latter gel (at 10 K gauss) was 4.04 B, M.,
increasing steadily to 4.59 B. M. at 200°K, 4.66 B. M, at 158°K, and
then decreasing to 4.60 B. M. at 115°K and 4.48 at 91°K. This magnetic
moment has been reported to depend on the strength of the magnetic
tield. 146) It appears that these two synthetic models of ferritin quite
closely resemble each other in their magnetic properties, particularly
in their field strength dependent behavior.

This behavior contrasts strikingly with that of the nitrate
polymer and of ferritin, The room temperature magnetic moment of

ferritin was found to be 3.8 B. M. and effectively temperature independent
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down to 80°K, in agreement with other reports. The lower magnetic
moment of the nitrate polymer was also temperature independent. A
recent study has found a field strength dependence of the magnetic
susceptibility of ferritin at high field strengths (30 K gauss) and low
temperatures (< 70°K). At field strengths up to 10 K gauss and
temperatures down to 80°K which were used in this study, only a slight
field strength dependence of the susceptibility was observed in the case
of the nitrate polymer and the protein.

The particle sizes of the ferritin core (70 A), nitrate
polymer (70 &), van der Giessen gel (30 A), and Towe hydrolyzate (50 A)
are in the range of superparamagnetic particles, As discussed inII. A
above, particles of these dimensions are predicted by the Néel theory
to obey the Curie law. The presence of a strong magnetic field could
determine the fluctuations of the orientation A, removing the apparent
Curie behavior of the small particle. The distinguishing feature between
the two particles that show this small particle effect and the two that
do not is the presence of a surface layer of diamagnetic matter. The
polypeptide chains coat the ferritin core, while the nitrates coat the
‘nitrate polymer. As a result, both appear in the electron microscope
as discrete spheres. In contrast , the Towe hydrolyzate and van der
Giessen gel both appéar as clusters of the smaller particles. This
physical contact can; presumably, affect the magnetic behavior, allowing

a particle-particle interaction to be superimposed on the intrinsic



169

magnetic properties of the particle. It is proposed that this additional
interaction accounts for the differences ‘in magnetic behavior between
these two compounds and the pair of "insulated'' particles.

| The ferritin cores can be isolated from the protein by
a number of different treatments. On isolation much of the phosphate
present in the protein core is lost and the cores'aggregate and
precipitate. A sample of cores isolated by Chlorox treatment was kindly
provided by K, Towe of the Smithsonian Institute. The temperature
dependence of the magnetic moment was determined down to 85°K. The
behavior was quite different from that of the cores inside the intact
protein. '

The room temperature moment of 3. 37 B. M. was maintained
down to 170°K after which the moment decreased to 3.0 B. M. at 85°K.
The importance of the organic protein to the magnetic properties is
apparent from the results obtained in this and the other studies mentioned
above., On this basis the nitrate polymer bears the most resemblance
to ferritin, However, it is also apparent that the magnetic behavior is
not a particularly sﬁitable criterion for distinguishing among structural
- models because of the importance of particle size and particle-particle
interaction to the magnetic properties.

5. Infrared Spectra

Infrared spectroscopy was applied to the problem of the
structure of the ferritin core by an extensive comparétive study that

included mineral phases of FeOOH, synthetic models of the core, and
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protein-itself, Ferritin is a particularly sturdy protein and is initially
fractionated from other proteins by heat denaturation at 80°C of all
non-ferritin proteins present. Its gross structure is particularly
compact, with the core fitted snugly inside the protein shell. Both
these observations suggest that any structural information obtained
from the infrared spectrum of ferritin recorded in a pellet of potassium
bromide (formed in vacuo under pressure) will probably apply directly
to the nature protein. On this not unreasonable assumption, the
following study was based.

Samples of many of the compounds used in this study were
made available to G. Rossman for a study of polymeric oxo- and
hydroxobridged systems. The spectra obtained in both studies were
identical. Spectra of a- and y-FeOOH are included with those of 8~
and 6-FeOOH (118) in Figure 26 reproduced with permission from
reference 118. The four spectra show comparatively sharp absorptions
near 3500 em™ indicating the presence of discrete OH. The bands at
796 and 890 cm™ in a~FeOOH and at 1018 cm™ »-FeOOH are assigned
to OH absorption. Overtones of these two sharp bands in a~-FeOOH
occur as weak and fairly broad bands at about 1645 and 1760 cm'l. In
the region below 1000 cm'l, each phase has a characteristic absorption
pattern that serves to readily identify it.

The spectra of a colloidal preparation of iron(IIl) hydroxide, |

the nitrate polymer, the Towe hydrolyzate, and of ferritin cores isolated

by Chlorox treatment are shown in Figure 27, also reproduced



171

Figure 26. Infrared spectra of iron(IIl) oxyhydroxides.

A) | oa-FeO(OH), goethite, 0.91 mg/400 mg KBr pellet,
ambient temperature.

B) B-FeO(OH), akagonite, 0.46 mg/400 mg TIBr pellet,
ambient temperature,

C) v-FeO(OH), lepidocrocite, 0.92 mg/400 mg KBr pellet,
ambient temperature. Insert shows a 0.50 mg/400 mg
T1Br pellet at 78°K in the OH region.

D) §-FeO(OH), 0.48 mg/400 mg T1Br pellet, ambient .

temperature.
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Figure 27. Infrared spectra of ferritin models
A) "Ferric hydroxide' air-dried overnight. 3.85 mg/400 mg
T1Br pellet, ambient temperature,
B) Saltman-Spiro polymer, Fe,O,(OH),(NO,), - 14 HO0, 0.86
- mg/400 mg KBr pellet, ambient temperature
C) | Towe hydrolyzate, 0.49 mg/400 mg KBr pellet, ambient
temperature.
D) Horseferritinmicelles, 0. 64 mg/400 mg KBr pellets,

ambient temperature.
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with permission from reference 118. The broad overlapping bands
below 1000 cm™" contrast strongly with the much sharper ones of
structurally well defined mineral phases, e.g., a- and y-FeOOH.
The band at around 3500 em™ ! is broad indicating that OH present is
not discrete, but is probably present as 'lattice’ water. In the low
energy region below 1000 cm'l, the spectrum of the nitrate polymer is |
quite different from the three other remarkably similar spectra. All
four spectra have bands at about 1640 cm™" that can be attributed to the
bending mode of water. The strong band at 1380 cm™ in the nitrate
polymer is due to the nitrate and that at 1130 ecm™ in the micelles fo the
phosphate present.

Spectra of ferritin recrystallized from cadmium sulphate
(5%), lyophilized ferritin, and hemosiderin are shown in Figure 28. . |
The hemosiderin results are considered in section IIl. E below. The
bands in the crystalline ferritin spectrum are generally sharper than |
those in the spectrum of the lyophilized preparation. This is particulé.rly

significant for the OH absorptions near 3500 and 1100 em™t.

The

3500 em™ absorption consists of two components in the crystalline
ferritin spectrum, The pattern below 1000 em™ is generally similar in
both compounds, closely resembling that of the isolated micelles and
the Towe h&drolyzate. The sharp absorption band at 627 em™ is the
most unusual feature of the spectrum of crystalline ferritin. It is not

observed in the lyophilized preparation. It is assigned to a phosphate
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Figure 28
- Infrared spectra of iron storage molecules
(A) crystalline ferritin, 1.15 mg/400 mg potassium
bromide, ambient temperature.
(B) lyophilized ferritin, 1.08 mg/400 mg potassium
bromide, ambient temperature, |
(C) lyophilized hemosiderin, 1.93 mg/400 mg potassium

bromide, ambient temperature.
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absorption, as is the 1110 cm™" peak. An alternate assignment of both
these bands to sulphate (from the crystallizing solution) is possible.
However, the 1110 ¢cm™ band was also observed as a broad absorption
in the spectrum of the sulphate free lyophilized material. Its
appearance in this spectrum is attributed to a gi‘eater degree of
structural definition of the phosphate in the crystvalline material, This
increased definition sharpens the absorption band, as it does the

1110 em™ band, and allows it to be resolved from the broad envelope
‘in that region. Both protein spectra show two strong broad absorptions
at 1540 and 1650 cm™'. These are assigned to the N-H and C=O

structural units of the protein, (149)

with the superposition of the -OH
absorption on the 1650 ¢cm™" band.

A comparison of the region below 1000 cm"1 among this
entire range of compounds shows the presence of a pattern of broad
overlapping bands in this region for compounds of small particle' size.
The absorption patterns of colloidal iron(III) hydroxyde, the Towe
hydrolyzate, the aggregated micelles, and the two ferritin preparations
are all quite similar. The small particles do not contain structurally
discrete -OH," although crystallization of ferritin does produce a new
band assignable to discrete OH. At this point it should be noted that all
attempts to exchange out with deuterium oxide the ~OH in the nitrate

| polymer and the ferritin cores were unsuccessful. Crystalline ferritin

also shows much more discrete absorptions assigned to phosphate.
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In summary the following points can be made:

a) a-FeOOH and v-FeOOH are structurally well organized
substances that are not suitable models for the ferritin core. However
these spectra were recorded on particles much larger than the ferritin
core. r‘

A smaller particle size is expected to broaden some of
the bands below 1000 cm™ but those due to structurally discrete units,
e.g., -OH, are expected to remain sharp. No such absorptions for
discrete -OH were observed for ferritin.

| b) Of the two synthetic models studied, the Towe hydrolyzate
resembles the ferritin core more closely than does the nitrate polymer.

c¢) Crystallization of ferritin causes greater structural
definition of the phosphate groups and, to a lesser degree, of some of
the ~-OH present. Coversely the isclated micelles still contain some
phosphate present in poorly defined sites.
6. X-ray Powder Patterns

A comparative study of the compounds investigated by infrared
spectroscopy was carried out using X-ray powder patterns. Compara-
tively long exposure times were generally required. Molybdenum
radiation with zirconium filfers on the incident and diffracted beams
- was used to pbserve the often weak diffuse bands produced by the small
| particles., The X-ray data obtained in this study for the compounds
below are listed in Table 21 The powder patterns are shown in

Figures 29, 30, and 31, Compounds (2) and (3) were kind gifts of
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J. Multani, then at the University of California at San Diego.
Figure 29: (1) iron(III) fructose polymer.
- (2) iron(III) citrate polymer.
(3) iron(III) nitrate polymer.
Figure 30: (4) van der Giessen gel.
(5) Towe hydrolyzate.
(6) a~FeQOH,
Figure 31: (7) crystalline ferritin.
(8) isolated ferritin cores.
(9) hemosiderin,

Concerning the patterns of the three iron(Ill) polymers,
it is clear that the citrate and nitrate polymers are quite similar in
Structure, while the fructose polymer appears amorphous. Neither of
course has the crystallinity of a-FeOOH (6). The reported pattern of
the van der Giessen gel contains a number of other weaker lines that
were not observed in this study. The Towe hydrolyzate (5) has
- several medium and weak lines that distinguish it from the nitrate and
citrate polymers. Crystalline ferritin shows only two weak lines.
Other lines of equivalent intensity have been reported at 2,24, 1, 98;
and 1,73 A in addition to several very weak lines. These extra
important lines appear in the pattern of isolated ferritin cores, the Towe
hydrolyzate; but not in the nitrate polymer. The hemosiderin results

are considered in section III. E below.,
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Figure 29
" X-ray powder patterns of iron(III) polymers using molyb-
denum K o radiation, long exposure times, and zirconium
foil filters on the incident and diffracted beams
(A) iron(II) fructose polymer (23 hou.rs)
(B) iron(I) citrate polymer (24 hours)
(C) iron(I) nitrate polymer (20 hours)
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Figure 30

X-ray powder patterns of iron oxyhydroxides using
molybdenum K o radiation, suitable exposure times,
and zirconium foil filters on the incident and diffracted
beams |

(A) van der Giessen gel (31 hours)

(B) Towe hydrolyzate (21 hours)

(C) a-FeOOH (10 hours)
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Figure 31
X-ray powder patterns of iron storage molecules using
molybdenum Ka radiation,: long exposure times, and |
zirconium foil filters on the incident and diffracted beamd
(A) erystalline ferritin (26 hours)
(B) isolated cores (23 hours)

(C) hemosiderin (67 hours)
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With the exception of a-FeOOH, all patterns.have as their
strongest lines those at ~2.5 and 1.5 A. It has been suggested(149)
that the same lines as seen by electron diffraction of the nitrate
polymer are due to higher order reflections from oxygen octahedra,

5 A’ wide, sﬁrrounding iron(III) and from the height of layers of these
octahedra. This suggestion was based on data from iron oxyhydroxide
mineral phases. This coordination structure would be consistent with
the spectral and Mgssbauer data discussed above. Several important
observations can be made from these results:

a) The fructose polymer is ainorphous but the nitrate and
citrate polymers appear isomorphous. Both are of small particle
size 70 A yet show a high degree of crystallinity in their powder patterns.

b) The Towe hydrolyzate produces a pattern that is close
to that reported for ferritin and observed here for the isolated micelles.
On isolation and aggregation, the ferritin cores appear to become more
crystalline. The crystalline protein produces a very weak pattern
under the conditions used.

7. ESCA Study
The phosphorous 2py /2, 3/2 and iron 2pg /2 electron binding
energies were measured by the ESCA technique. W. Proctor of Varian
Associates is thanked for recording the spectra, shown in Figure 32,
.The phosphorous spectrum is broad and poorly deﬁned,' probably as a

result of its low concentration in the protein. The band maximum is
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Figure 32
ESCA determination of the binding energy in crystalline
ferritin of
: lect
A: phosphorous 2py /2,3/2 electrons
B: iron 2p3 /2 electrons
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poorly defined and no structural conclusions can be drawn. The iron
spectrum is more interesting, showing what may be two components.
The presence of the lower binding energy component is uncertain.
Higher resolution data are required. The earlier discussion on ESCA
showed that the iron binding energies of FeO, and FeQ, in FePO, could
be resolved if both sites were present in significant amounts. If the
suspected two component nature of thiL‘az band is confirmed, it will
provide the first unambiguous demonstration of the presence of two
different iron coordination sites in the core of ferritin.
8. A Summary

A variety of structural information has been obtained from
the studies reported and discussed above. No one structural model
stands out unambiguously as the '"best’” model, but the evidence does
favor the Towe hydrolyzate, containing octahedral iron(IlI). The nitrate
polymer was shown to contain only one iron(III) coordination strﬁcture,
the octahedral one. It closely resembled ferritin in the temperature
dependenée of the magnetic moment attributed to the surface coating
of diamagnetic nitrate anions. Its iron content is ~one third that of a
full ferritin core, signifying a more open structure, which is, none the
less, well defined for a particle of 70 A dimension. The powder pattern
lines are not the same as those of ferritin, and the infrared spectrum

below 1000 A also shows some differences.
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The Towe hydrolyzate on the other hand differs from
ferritin in its magnetic properties but closely resembles it in X-ray
and infrared properties. The absorption spectrum is consistent with
the octahedral iron proposed. It appears more crystalline than ferritin
but nearly equivalent to the isolated cores. The increased crystallinity
in the isolated cores can be related to the loss of ordered phosphate
during isolation that was observed in the infrared spectra, The
interesting suggestion from this is that the phosphate acts in the
protein core in a structurally discrete fashion but in the process lowers
the overall crystallinity of the core. Surface bound nitrate has sharp
absorptions and it is possible that the phosphate acts within the core to
coat smaller crystallites of varying shapes, preventing their cohesion
into a polymeric sphere analogous to the nitrate polymer. The little
data available on the van der Giessen gel from this and other studiels
indicate that if has many structural features in common with the Towe
hydrolyzatg. Its uncertain chemical and structural composition makes
it a less 'attractive model than the Towe hydrolyzate for the ferritin
core.

A necéssary requirement of any structural model is that it
contain a significant amount of octahedral iron(III). The spectral results
provide no evidence on the presence of tetrahedral sites. Mbgssbauer
spectra suggest the presence of only one site. A preliminary ESCA

result may indicate two sites,' but requires more careful study.
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The arrangement of these octahedral iron(III) units has
been suggested above to depend on the phosphate present. The contrast
in properties between ferritin and jarossite excludes the possibility
that the octahedra are linked in chains as in the jarossite structure.
The octahedra are linked in all three dimensions in a very compact
fashion, in what can only be called an aggregate of crystallites. This
is not to suggest that the ferritin core is composed of discrete subunits.
These crystallites are imagined to be structurally intermixed in a
variety of orientations; lessening the crystallinity of the core. The
resultant structure w_ill consequently never by adequately represented

by any of the mineral phases or by synthetic models.
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E. Hemosiderin

1. PreEaration

Hemosiderin production was induced in five female New

Zealand white rabbits by intravenous injections of 800 mg of iron as
iron dextran (Imferon, Lakeside Labs, Wisconsin) over a five week
period. This preparative procedure follows closely that reported in
other investigations. 121) The animals were killed three days after
the last injection. Two of the five were found to have unusually large
amounts of peritoneal fluid. The livers were removed by careful
dissection and perfused with cold saline (0. 9%) prior to being frozen
in dry ice. The total mass of the five livers was 740 g. After freezing,
each liver was wrapped in canvas and put under pressure (15,000 ps.i.),
producing a canvas filtered effluent that was pooled prior to further
fractionation. The technical assistance of Sandy Webb and Betty Aalseth
in the above procedure' is gratefully acknowledged.

To remove the soluble ferritin fraction the crude hemosiderin
preparation was washed with distilled water and centrifuged (1400 g,
30 min.) until the supernatant was clear; The heavy red brown sediment
was suspended in a large volume (X 20) of distilled water and homogenized
in a Waring blender. The homogenate was filtered through an increasing
number of layers of cheesecloth up to twenty layers. Most of the hemo-
siderin passed through the cloth and was then further fractionated by
washing and centrifugation in distilled water (1400 g, 5 min.) ten times.

A portion of this fractionated hemosiderin was freeze dried, producing
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a red brown powder that was further dried in vacuo over phosphorus
pentoxide, prior to analysis and use in the physical studies reported
below. The yield of hemosiderin from the 740 g of liver was just over
1 gram.

2. Analytical Data

The analytical results (Schwarzkopf Lab.) for dried
hemosiderin with the corresponding data for rabbit ferritin and

(122) are shown in Table 22.

hemosiderin reported by other workers
After storage for several weeks in a refrigerator, the iron content of

the dried hemosiderin was determined to be 12, 36% (Galbraith Lab. ).

Table 22
Fe N P _S Cc
this work 15.08 8.48 1.27 1,03 38.45
hemosiderin 25.8 7.8 3.4 0. 84 -k
ferritin 14,9 11.3 1.3 0.90 -k

* Not reported.

The amount of insoluble material in this preparation was
determined by first reducing the iron present with sodium dithionite
{ox. pot. - 0.1 volt). A weighed amount of hemosiderin was suspended
in dithionite (4%) and homogenized manually with a tissue grinder fitted

with a teflon plunger (A. H. Thomas Co.). After prolonged agitation for
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up to 30 hours the material was filtered through a preweighed millipore
prefilter and filter (0.22 ). In two independent determinations, the
amount of the material deposited on the millipore filteres was 75 and
86% of the initial hemosiderin used.

3. Infrared Study

The infrared spectra of hemosiderin was recorded as a
potassium bromide pellet in the range 4000 - 300 em™. Itis compared
in Figure 28 with the spectrum of a lyophilized and of a crystallized
sample of horse ferritin. This figure is included here as well as in
Section III. D above.

4, X-ra'z Results

The X-ray powder pattern of hemosiderin was only obtained
after an exposure of 67 hours to molybdenum radiation, using a
zirconium filter on both the incident and the diffracted beams. The
patterns pr'oduced by ﬁemosiderin, crystalline ferritin, and by ferritin
cores released by treatment with Clorox detergent(ﬁ) are shown in
Fig‘ure 31, which also has been included in Section III. D above. The
d spacings (in A) and visual estimates of their intensities are listed in
" Table 23. The time of exposure used is included at the head of the
table.

5. Magnetic Study

The temperature dependence of the magnetic moment per
iron was determined from 30b° to 85°K. The gram diamagnetic

susceptibility of the organic components present was taken as
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Figure 28
Infrared spectra of iron storage molecules
(A) crystalline ferritin, 1.15 mg/400 mg potassium
bromide, ambient temperature.
'(B) lyophilized ferritin, 1.08 mg/400 mg potassium
bromide, ambient temperature.
(C) lyophilized hemosiderin, 1.93 mg/400 mg potassium

bromide, ambient temperature.
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Figure 31
X-ray powder patterns of iron storage molecules using
mblybdenum Ka radiation, long exposure times, and
zirconium foil filters on the incident and diffracted beams
(A) crystalline ferritin (26 hours)
(B) isolated cores (23 hours)

(C) hemosiderin (67 hours)
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Table 23
hemosiderin (67 hr) ferritin (26 hr) isolated cores (23 hr)

d(A) d(4) d(A)

2.49 w 2.49 m 2.49 s

2.22 ww 2.21m
? 1.20 ww
? 1.70 w

1.49 w 1.46 m 1.47 s

w: weak; m: medium; s: strong; ?: may be present.
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-0.5%x107° c. g.s. units. The results using both iron analysis data,
12,36 and 15,08%, are shown in Figure 33. Estimates of the errors
involved from the iron analysis data alone are apparent from the
diagram. A field strength study of the susceptibility from 0. 3 to
10 kOe at‘two temperatures, 298.5 + 0.5° and 121.5 + 0.5°K,was made.
The results are presented as the intensity of the output signal from the
magnetometer versus the applied field. This intensity is a linear
function of the field for a simple paramagnet, and is zero at zero field.
The experimental results are shown as curves I and III in Figure 34
The lowest field measured was 340 oersteds, and the data have been
extrapolated back to zero intensity at zero field. Lines II and IV are
the least squares lines of best fit. The correlation coefficient and the
magnetic field axis intercept for II, the low temperature case, are
0.997 and -430 oersteds. The corresponding values for the high
temperature instance, IV, are 0.998 and -310.

6. Discussion

-On the basis of an extensive physical and chemical study of
hemosiderin and ferritin it has been suggested(lzs) that the term
" hemosiderin be used only if the material is totally insoluble in water.
This definition has been applied in this work to allow ready separation
of hemosiderin from ferritin. The comparative analytical results of
Table 22 indicate that, at least in iron and nitrogen content; this

preparation of hemosiderin is intermediate between the hemosiderin
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Figure 33
Temperature dependence of the magnetic moment per
iron for hemosiderin (freeze-dried preparation)
calculated with the two iron analytical results obtained
I 12,36%
II115,1%
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Figure 34
The dependence of the output from the magnetometer I, in

arbitrary units, on the strength of the applied field H, in

kOe for hemosiderin.

I:. experimentally determined behavior from 350 -
10,000 Oe at 122°K, 4

II, least squares line of best fit, I =24, 37 H + 10.47.
The intercept on the H axis is =420 Oe and the
correlation coefficient 0, 997,

IIl: experimentally determined behavior from 350 -
10,000 Oe at 298.6°K.

IV: least squares line of best fit, I =8,39 H + 2,58,
The intercept on the H axis is -310 Oe and the

correlation coefficient 0. 999,
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and ferritin prepared by others. The comparatively low iron content

is matched by a large amount of insoluble matter (~80%) that accounts
for almost all of the non-iron components. The insoluble nature of these
components suggests that they are denatured macromolecules or

cellular debris. Although ferritin and hemosiderin differ in many
physical and chemical properties it has been very difficult to prepare
hemosiderin quantitatively free of ferritin. Small amounts of fatty acids,
cholesterol and other proteins have been reported in various prep-
arations. (1)

The most striking observation from the three infrared
spectra shown in Figure 28 is the similarity of the spectra of hemo-
siderin and lyophilized ferritin, All spectra were recorded as pellets
of potassium bromide. The pellet preparation procedure is expected
to affect the protein conformation but to have little influence on the
ferritin core inside the polypeptide shell. Most of the spectré,l features
of interest are assigned to the inorganic not the organic components of
the preparations. In both spectra the absorption bands at 3300, 1650,'
and 1100 ecm™" are broader than those in crystalline ferritin. These
bands can be assigned to the asymmetric and symmetric water
stretching modes, the water bending mode, and to the iron-bound hydroxyl
bending mode, respectively. The sharp 618 em™ band of crystalline
ferritin is absent in the other two cases. The only apparent differences
between the spectra of hemosiderin and lyophilized ferritin are the
shoulder at 1740 cm™ and the sharpness of the 1233 cm™ band. These

features are present only in the hemosiderin spectrum.
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These spectral comparisons suggest that the organic
component of hemosiderin is primarily protein derived from ferritin.
The smaller organic components that have been identified as minor
constituents of other preparations of hemosiderin could account for the
1740 and 1233 cm™ spectral features. These bands can be assigned
to carbonyl and carbon-oxygen stretching modes that are expected to
be observed with small organic molecules. This spectral similarity
is the more striking in view of the different water solubility properties
of the two substances. Lyophilized ferritin is quite water soiuble
while hemosiderin is totally insoluble, indicating that the ferritin
derived protein presént in hemosiderin is probably denatured.

The X-ray pattern of hemosiderin shown in Figure 31
consists of only three weak lines even aft er prolonged exposure. The
weak, diffuse character of these lines indicates a low degree of
crystallinity in the preparation. The d spacings are those reported(34)
for crystalline ferritin, although only two of them were observed in the
ferritin crysta.ls used in this work. These data also support the
contention that hemosiderin is derived from ferritin., A comparison of
- the diffraction pattern of hemosiderin with that produced by protein-free
isolated cores indicates that hemosiderin is not just an aggregate of
ferritin cores. The isolated cores appear more crystalline than those
still inside the protein. It has been suggested above that this increase

in crystallinity results from a decrease in phosphate. In this regard,
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it is of interest to note that in this and other preparations of hemo-
siderin the phosphorous content is at least as great as that in ferritin.

Although the room temperature magnetic moment per iron
in hemosiderin of ~4 B. M. agrees with values determined by other
investigators, (122) the temperature dependence of this moment is
reported here for the first time. The unusual behavior is shown in
Figure 33. As the temperature decreases from 300° to 200°K, the
moment increases. Below 200°K it decreases to a value at 85°K close
to that at room temperature. The results lof the field strength study
shown in Figure 34 indicate that hemosiderin has a finite internal
magnetic field at zero applied field of 300 - 400 oersteds. This |
behavior is similar to that observed for the iron in gastroferrin. The
explanation proposed for that case can be applied here, namely, that
there is a weak ferromagnetic interaction between clusters of anti-
ferromagnetically coupled iron(III) ions. This explanation may be less
valid in the case of hemosiderin because of the poorly characterized
nature of the material. |

The evidence discussed above from infrared and X-ray
studies indicates that hemosiderin is derived from ferritin by
denaturation. Denaturation is a nonspecific process that produces, in
this case an insoluble form of ferritin. The structural changes that
‘result in insolubility are undetermined. Consequently any preparation
of hemosiderin is expected to be heterogeneous. The temperature

dependence of the magnetic properties of this product of denaturation



- 210

is particiﬂarly sensitive to heterogeneity since it is largely determined
by particle size and particle-particle interactions that are both
expected to be affected by denaturation. In summary; the evidence
suggests that a reasonable model for the structure of hemosiderin is
that of an aggregate of ferritin molecules that have been rendered
insoluble by some denaturation process. The internal structure of the
core remains essentially unchanged fromthat of the core in ferritin
but the protein is rendered insoluble. On this basis the preparation

is expected to be heterogeneous, and the difficulty of separating ferritin
from hemosiderin is understandable. The theory of hemosiderin being
a simple aggregate of cores isolated from ferritin, but without the
protein component of ferritin, is inconsistent with the results obtained

on the present preparation.
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IV. BIOLOGICAL IMPLICATIONS

The results of this study emphasize the widespread occurrence
of sizeable polynuclear clusters of iron(Ill) in biological systems.
Prior to this investigation, ferritin was considered to be the only
protein to contain polynuclear iron(III) hound to oxygen ligands. This
investigation has identified polynuclear clusters of quite different sizes
from that found in ferritin. Phosvitin binds 50, gastroferrin 200,
irons in a polynuclear fashion. Hemosiderin was shown in this study
to be derived from feri'itin by denaturation. It does not constitute a
further éxample of a specific polynuclear iron-binding protein.
Furthermore, binding can induce unusual coordination structures for
the iron(III) bound, e.g., the polynuclear array of tetrahedral iron,
[FeO,], in iron phosvitin at pH 7.5.

As discussed above both "hard-boiled" and ""raw' egg phosvitins
bind polynuclear iron(ﬁI) although in different coordinations. Both can
inhibit therefore iron transfer across the mucosal wall by retaining,
within the gut, a considerable number of iron(IIl) ions in a polynuclear
cluster. The competition for the iron present in the gut betwéen the
protein and low mblecular wéight chelates is known(l) to be an
important part of the control mechanism regulating iron uptake.
Gastroferrin also affecté iron absorption by binding a polynuclear cluster
of iron(II) , but the relationship of this binding to the physiological role
of the protein;' a naturally occurring component of the gut; remains

to be established.
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In summary,' this study,using a variety of physical techniques
of the structural and electronic properties of the iron bound to a number
of iron proteins has extended the awareness of the presence of poly-
nuclear iron in biology. Polynuclear protein-bound iron can contain
as little as 50 iron atoms (phosvitin) or as many as 4000 (ferritin).

An intermediate value (200) occurs in gastroferrin. It is anticipated
that other systems binding different numbers of iron will be discovered.
The storage function of ferritin probably sets the upper limit of 4000
on the size of the polynuclear array. This binding of polynuclear iron.
by a protein can help explain the effect of such proteins on iron
absorption from dietary sources of iron. This effect for phosvitin was
shown to be independent of the preparation of the dietary phosvitin,
i.e., as "raw'" or "hard-boiled'". There are, needless to say, many
other ways to cook an egg. The influence of various culinary methods

on the iron binding capébility of phosvitin deserves further investigationfwo)
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V. INSTRUMENTAL METHODS
A. Magnetic Studies

Magnetic susceptibility measu:{'ements on solid samples (freeze-
dried powders) of the iron(III) proteins were carried out on a vibrating
sample magnetometer (Princeton Applied Research) fitted with a liquid
helium dewar (Andonian Associates) that allows temperature control
from room temperature to liquid helium. The apparatus was used
only down to liquid nitrogen temperatures in these studies. The
sample (0. 33 cm’ in volume) was packed in a Kel-F holder that was
fitted to the end of a sample rod assembly containing a copper/constantan
thermocouple that fitted into the sample holder and was separated from
the sample by only a thin layer (less than 2mm) of Kel-F. A heater
inside the dewar assembly boiled the coolant liquid, warming the
resulting gas that flowed by the sample, and the heater current was
used to vary the tempei‘ature continually and automatically. (This
feature of the system was designed by G. R. Rossman at the California
Institute of Technology.) The thermocouple was calibrated with liquid
nitrogen, liquid hydrogen, and liquid helium. Measurements were made
‘using liquid nitrogen to cool the sample from 300°K to about 80°K,
over a period of 15 ~ 2 hours,' long enough to allow the thermocouple
and sample to maintain thermal equilibrium with each other.

The magnetometer output, proportional to the suscéptibility of

the material in the sample region,' was continuously plotted versus the
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thermocouple reading on a X - y recorder (Hewlett-Packard 7100 BM).
The raw data were corrected for the diamagnetism of the sample holder
and the effects of the density changes of the gaseous coolant and then
calibrated with the room temperature values of the compounds. Room
temperature data were calibrated with HgCo(SCN),, and a sample of
high purity annealed nickel metal,

The strength and hysteresis characteristics of the magnetic
field were precisely determined with a "Li n.m.,r, probe. Routine
measurements of the magnetic field, as required in the various studies
of the field strength dependence of the susceptibility,' were made using
a transverse Hall probe (F.W. Bell 600 gaussmeter).

Solution susceptibility measurements were made on a Varian
HR-200 n. m.r. spectrometer. The sample and reference solutions
were contained in the outer and inner compartments of coaxial n.m.r.
tubes (Wilmad Glass Co.).

B. Spectroscopic Studies

Absorption spectra in the near infrared (NIR), visible (VIS), and
uitraviolet (UV) regions were recorded with Cary 14RI and Cé.ry 17
spectrophotometers fitted with the absorption scales 0 - 0.2 and 0 ~ 2,0,
Room temperature solution spectra were recorded in quartz cells
(1 cm; 5 cm; and 10 cm). Low temperature solution spectra were
obtained in the VIS-NIR regions using a i:l v/v mixture of ethylene
glycol and Tris buffer, (0,005 M,v pH 7.5) in a Pyrex ce.ll,’ suspended in
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a quartz dewar over liquid nitrogen. The all-quartz dewar was flushed
with nitrogen before use and while cooling. At the temperature of
measurement (about 150°K) the glycol-salt mixture is a stable, clear
glass.

Solid state spectra were obtained on samples prepared as Nujol
mulls and pellets of pqtassium bromide, thallous chloride, or thallous
bromide. The pellet solvent was chosen to match the refractive index
of the sample. Although the thallous halides have excessive absorbance
at wavelengths below ~430 nm, their refractive indices were
particularly approprigte to the study of the various iron mineral phases.
Low temperature spectra of solid samples were obtained by fixing the
pellet in a brass block suspended inside a quartz dewar. The lower part
of the block that was not in the sample beam was immersed in liquid
nitrogen to cool the sample. Pellet temperatures close to 77°K were
obtained in this fashion.

Infrared spectra were recorded on a Perkin-Elmer 225 grating
spectrophotometer, using samples in potassium bromide pellets. Raman
spectra were recorded on a Cary 81 Raman spectrophotometer fitted
‘with a helium-neon laser (Spectra Physics 125) of output 60 mW,
Solution samples were contained in a glass capillary (1 X 70 mm).
Depolarization measurements were made by using a half-wave plate
between the laser beam and the sample and Poloroid film between the

sample and the monochromator.
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A Varian spectrometer operated in the X-band region was used
to obtain e. s.r. spectra of lyophilized preparations. The magnetic
field was regulated by a field dial accessory (V-FR2503),

The ESCA spectra were recorded on a Varian research
instrument in the manufacturer's laboratory. The incident radiation
was.magnesium K o and the spectrum was averaged over at least
twenty scans using a multi-channel analyzer.

X-ray powder patterns were recorded using molybdenum K o
radiation filtered through a thin (0.006") foil of zirconium metal. The
camera contained this thin zirconium foil over the entire aperture
between the film and the sample.

Elemental analyses were carried out by Schwarzkopf Labs,
New York, and by Galbraith Labs, Knoxville, Tennessee. Routine
solution analysis for iron was carried out by atomic absorption

(Varian 303) at the Jet .Propulsion Laboratories, Pasadena.
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PROPOSITION I

The nature and possible genetic origins of the subunit
composition of the transferrins remain controversial. It is proposed
that the time dependent effects of various denaturing solvents on the
observed molecular weight of transferrin be carefully investigated;
that transferrins from species along various branches of the evolutionary
tree be studied for their subunit composition; that the amino acid
sequences of the fragments produced by cyanogen bromide treatment be
determined for a variety of species. An important group of animals to
study is that of the most primitive living vertebrates, the cyclostomes,,
represented by the hagfish and lamprey.

(1)

The transferrins are'”/ a group of homologous glycoproteins of
molecular weight 70,000 - 90,000 that strongly bind two molecules of
iron(IIl) per mole of protein. They have been reported(z) in a variety
of vertebrates, and appear to function in iron transfer from storage
areas to immature red blood cells.

Several observations suggest that transferrins consist of two
similar or identical subunits: (1) Electron spin resonance and tempera-
ture dependent magnetic susceptibility measurements indicate(3) that
the two iron binding sites are equivalent and non-interacting
(2) the carbohydrate portion is arranged as two identical branched(1 8)
carbohydrate chains attached at two different aspartic acid residues

. . (4 . .
along the polypeptide cham( ); (3) maps of tryptic peptides show many

(5,6)

fewer spots than expected from the lysine and arginine content ;

(4) the high molecular weight of ~80,000, Within the conceptual
framework of genetic economy, these results suggest that the organism
would operate more efficiently by synthesizing two half molecules to be
subsequently joined rather than by synthesizing, uninterruptedly, a

single chain.
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The most probable linkage between any subunits is a disulphide -
bridge and several investigations of these linkages in the transferrins

(5)

have been reported. In the first study, reduced and carboxymethylated
transferrin isolated from fresh plasma had a sedimentation coefficient
in tris buffer of 1. 248, giving a molecular weight of 42-44, 000,
However, this same preparation was eluted from a G-200 column before
the native protein, indicating a molecular weight about twice that of
whole transferrin. In two subsequent studies, other investigators
decisively refuted this work., In the first study, (1) the sedimentation
behavior of the reduced and carboxymethylated preparation was
compared with similarly treated single chain proteins, bovine serum
albumin (67,800 molecular weight) and pepsin (33,000). Experiments
were performed in urea and guanidine hydrochloride to minimize non-
covalent interactions between chains. Szoo’ obs for chicken ovotrans-
ferrin, human and rabbit serum transferrin was greater (0.72) than
that for either BSA (0. 68) or pepsin (0.45). This order is consistent
with a single chain transferrin.

(7)

The second investigation' / confirmed these sedimentation
_result's for human serum transferrin and extended the observations to
include the intrinsic velocity, gel filtration in guanidine hydrochloride,
tryptic fingerprinting, and quantitative terminal amino acid analysis.
These additional studies confirmed that transferrin exists as a single
polypeptide chain. Varying the time of hydrolysis and the mapping
solvent conditions increased the resolution in the tryptic fingerprinting,.

At least 54 spots were resolved, 70% of the maximum number possible.

In the sedimentation studies a small peptide chain of 5§-10,000 molecular
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weight could be missed but no small chain was seen in gel filtration.

There is no corroborated evidence in these transferrins for the
existence of subunits linked by -S-S- bonds. Genetic economy seems
to be violated. These authors did suggest that, with duplicate iron
binding sites and carbohydrate linked peptides, some bits of the
sequence could occur in duplicate. Chain synthesis would be derived
from the transferrin structural gene duplicated and subsequently fused
in the evolutionary past, but whose two halves still maintain significant
regions in common. There are at least two other groups of i)roteins
where gene duplication has probably occurred. Ferredoxins, (8,9)
non-heme iron sulphur proteins involved in electron transport, are
54-55 residues long and have been isolated from bacteria, plants and
green algae. All have similar sequences, suggesting a common arch-
typal origin. The many bacterial sequences reported show substantial
internal repitition in the two halves of the malecule, persuasive
evidence for their evolution by gene duplication from a common
precursor of roughly half the present size. There is also strong
evidence(m) for gene duplication in the structural gene for the light
chains of immunoglobulins, Ig G. A primordial gene equivalent to a
| polypeptide of 12,000 molecular weight has been proposed(lo) to
account for the simultaneous occurrence of diversity and constancy in
these chains.
Genetié changes can have important consequences for a

bifunctional protein. A recent report(n) describes the creation by

genetic manipulation of a covalent linkage between two enzymes
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'specified by the second and third structural genes of the histidine
operon of Salmonella typhimurium. The two enzymes are separate
molecules in the wild type organism. Inthe mutant they are incorp-
orated into a single enzyme with complete retention of both enzymatic
activities. Different organisms exhibit different patterns of control(lz’ 13)
for the regulation of the metabolic pathway from aspartate to threonine,
lysine, methionine and isoleucine. E. coli has three kinds of
aspartokinases and two kinds of homoserine dehydrogenases. Four of
these activities are incorporated into two bifunctional enzymes, each
with one of the two kinds of activites. By contrast Bacillus polymyxa
has only one aspartokinase, and Rhodospirillum rubrum only one
aspartokinase and one homoserine dehydrogenase. In the globins
genetic duplication(M) without subsequent fusion has occurred several
times, giving rise to myoglobin and hembglobin, and to the various
hemoglobin chains. |

Evidence for thé duplicate nature of the polypeptide chain in
egg white transferrin has now been presented. (15) Cleavage of the
polypeptide chain at the methionine residues was achieved by |
cyanogen bromide treatment producing three fragments of molecular
Weight 21,000, 9400, and 7000 in the molar ratio 1:1:1. Two moles
of each fragment were produced per mole of whole protein.

A very recent observation, (16) as yet unpublished, on pigeon
serum transferrin supports the existence of transferrin subunits.
Migration of the protein in 1% SDS-acrylamide gels corresponds to
that of a protein of molecular weight 80,000. After standing for a week

in 1% SDS, the migration is that of a 40,000 molecule. The preparation
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_has been reduced and alkylated as in the studies above but it seems that

the subunits created in this way interact so strongly that their
dissociation in the denaturing SDS is quite slow.
In order to clarify the significance of the earlier experimental

results, it is proposed that the time dependent effects of the various

denaturing solvents on the observed molecular weight of transferrin
be carefully investigated. None of the three studies discussed above
makes any reference to any time dependent phenomenon. Further, to
obtain a more definitive picture of the nature and possible genetic

origins of the subunit composition of the transferrins, it is proposed

that a wide-ranging investigation of transferrins from other species
along different branches of the evolutionary tree be initiated. Two
areas of investigation are apparent. First, sedimentation studies in
denaturing solvents and gel electrophoresis in SDSwould identify the
presence of sub-units. Second, various transferrins would be treated
with cyanogen bromide and the resulting peptides sequenced. Most
transferrins for which amino acid analysis data are available(z) have
about 10 methionine residues. This is the number found in egg white
transferrin, which produces peptides of suitable size for comparatively
easy sequence work.

An important group of animals to investigate is the cyclostomes,
the most primitive living vertebrates which have evolved independently
since earliest vertebrate origins. They are represented today by the |

14)

hagfish and lamprey. The lamprey hemoglobin is an evolutionary

carryover from the time prior to the production of @ and 8 chains. It
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has dnly one chain. A lamprey transferrin containing about 12
methionine residues has recently been reported. (17

A final consideration in comparative inter-species studies of
genetic differences is the rate of acceptable mutations in the protein.

These rates have been correlated(M)

with biological function. Cyto-
chrome ¢, which has to mesh with other macromolecules on the mito-
chondrial membrane, has changed more slowly than the globins, which
interact with smaller molecules. The fastest rate occurs in the
fibrinopeptides which are cut off from fibrinogen during blood 'clotting
and then discarded. The transferrins gather, transport, and deliver
iron atoms. Their mutation rate is expected to be about that of the
globins, which do exhibit marked differences in subunit interaction
between species. The extent of these différences, if reflected also in

the transierrins, should be sufficient to resolve the controversy over

the subunit nature of the protein.
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PROPOSITION 1II

The use of ""street' drugs of unknown composition is widespread.
To make information about the constituents of these drugs available
prior to use, it is proposed that analytical methods suitable for use by
the chemically unsophisticated be developed for the determination of the
two potentially lethal constituents STP and strychnine; that an analytical
service, using the sensitive and precise GLC methods recently developed,
be initiated to identify the constituents of drug samples submitted for
analysis by members of the Caltech community.

In the universal search for altered mental states, contemporary
society in the United States has endorsed caffeine, nicotine, and alcohol
as its culturally permissive drugs. (1) Supposedly available only on
prescription are the sedative/muscle relaxant barbiturates, the
stimulant/appetite subpressant amphetamines, and the various opium
derivatives, e.g., morphine. Drugs that are legally proscribed
include cannabis, hashish, and LSD. The ready availability and wide
usage of both prescriptive and proscriptive drugs is a fact of
contemporary life.

(2)

A survey'’ among students at Caltech in March 1967 indicated
that at least 13. 7% had used marijuana one or more times, and that
5.5% had used LSD one or more times. There is no reason to believe
that these figures have decreased. Consequently, the occurrence of a
number of '"bad" trips remains a feature of student life.

Careful quality control procedures are employed in the production
of caffeine, nicotine, and alcohol. No such precautions can be expected

for drugs made available through illegal channels, especially "street

drugs'. Most buyers of these drugs are young, many of college age.
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They face a real risk of physical damage from drug constituents that
occur in all combinations from innocuous chalk dust to rat poison.
The structures of the drugs referred to in this proposition are shown
in Figure 1.

Two common constituents of street drugs can result in
inadvertant injury or death. 2,5-dimethoxy-4-methylamphetamine (STP)
is being used increasingly in drugs sold as L.SD or mescaline., An
individual under the influence of STP is quite likely to enter a state of
physiological shock if treated for a ""bad' trip with either of the
commonly employed anti-hallucinatory and anti-confusion agents,
ax-diphenyl-4-piperidenemethanol (azacyclonol, frenquel), and
2-chloro-10-(3-dimethylaminopropyl)-phenothiazine (chlorpromazine,
thorazine). Several deaths were attributed to this reaction when STP
first appeared in street drugs. Strychnine, a common rat poison, is
extremely toxic to humans. The minimum lethal dose(3) orally in rats
is 5 mg/kg, corresponciing to 350 mg- for the standard 70 kg man.
Strychnine also stimulates the circulatory and central nervous systems,
and so finds its way info street drugs. Its effective dose as a
hallucinatory stimulant is dangerously close to the lethal dose, and this
has apparently led to several deaths. |

Because of its importance in toxicology, several simple

(4-7) 4re known for strychnine. Understandably, no

colorimetric tests
critical assessment of possible interference from street drug

constituents has appeared.
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Gas-liquid chromatographic (GLC) procedures for the analysis .
of amphetamines and barbiturates have been developed for medica1(8’14)
and forensic(g) purposes, although their use is not widespread. A
recent study(g) reports the relative retention times of 42 derivatives of
mescaline, amphetamines, and related compounds. The homologous
internal reference used was n~propyl amphetamine, which is not
commercially available, for use or abuse. Volatility was decreased
by using acetamide derivatives. A sensitivity of 0.02 pg/ml was
achieved. This was sufficient to determine from a 2.5 ml blood sample
therapeutic use (0.04 pg/ml, 2 hours after ingestion of 25 mg of
amphetamine) as well as cases of abuse (0.15-0.55 ug/ml blood;

1-200 pg/ml urine). The sensitivity and separation characteristics of

(10)

GLC make it the preferred method of detection over thin layer

chromatography and colorimetric methods. (13)
These analytical procedures are commonly applied to
physiological samples obtained after drug ingestion. To meet the real

need for information about the constituents of a random street drug

sample prior to ingestion, it is proposed that the following program be
initiated. |

(1) The two most obviously dangerous constituents are
strychnine and STP. Simple analytical methods, not requiring
sophisticated instrumental techniques should be developed to allow
chemically non-sophisticated users to identify these compounds. Some
of the colorimetric tests for strychnine include: oxidation by dichromate
in sulphuric acid (80%), producing a blue-violet solution (the Otto

reaction for lactams)(ﬁ); addition of nitric acid to give a yellowish
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coloration(4); addition of ammonium vanadate in sulphuric acid to

)

produce - a deep blue célor that changes into red('7 ; other procedures(s)
involving extractions have been reported. These strychnine tests
should be reinvestigated to evaluate their reliability in the presence of
street drug constituents. The marked structural dissimilarity between
strychnine and these constituents suggests little interference, yet the
well-known reactivity of a methoxy substituted phenyl ring will probably
complicate any test involving oxidation.

A possible methodology for equally simple tests to distinguish
STP from mescaline and other amphetamines can be described. Unlike
the other amphetamines listed, the phenyl ring of STP is substituted.
The methoxy substituénts can be identified qualitatively by Zeisel's
test(n) for alkoxyl groups. Hydriodic acid cleaves the methoxy group
on warming, releasing volatile methyl iodide, which reacts with a
mercuric nitrate moistened filter paper. The mercuric iodide formed
creates a light orange or vermilion color. Both STP and mescaline
would give positive Zeisel's tests, and be converted to the polyphenols

shown below,

OCH, ?Hs ’ oH = CH;
~CH=NHE; goisel | CH,-CH-NIf,

—— e s e
CH, CH,
OCH, OH

STP
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CH, CH,~CH,-NH, HO CH,-CH,~-NH,
Zeisel
CHO HO
OCH, OH
mescaline

Both these phenols are ortho~ or para-~diphenols and are very sensitive
to oxidation. The triphenol may be so reactive as to scavenge oxygen
from the atmosphere, giving a quinone. The stereochemistry of the
-OH groups in the triphenol only is suitable for chelation to transition
metal ions. Complex formation with simple hydrated iron(III) ions
would inevitably lead to oxidation of the ligand. Complex formation can
drastically alter the redox potential of the iron({I)-iron(III) couple.

The 1:1 complexes of iron(IIl) with the quadridentate ligand nitrilo-
triacetate (NTA) and the pentadentate ligand N'-(2-hydroxyethyl)ethylene-
diamine-NNN'-triacetate (HEDTA) may be stable to reduction by the
phenolic ligand and preferentially form a 1:1 adduct with either phenol
that would exhibit an intense charge transfer band in the visible region.
Such a band is responsible for the bright red color of the 1:1 iron(IIl);

thiocyé.nate complex,

(2) In a wider sense individuals should have the opportunity to
find out what is present in a mixture of drugs, many of whose combina-
tions are dangerous, if not toxic, Their decisions to ingest such a
mixture will then not be made out of ignorance of the constituents and

their possible damaging side effects. Such information is available
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to users of nicotine, caffeine, and alcohol. A service should be

initiated to analyze these drug mixtures using the instrumental facilities
available. The rapid and reliable GLC methods discussed above have
been developed for fast batch analysis, and the time required to perform
the analyses for the Caltech student community could not involve more
than two to three hours per week. Samples for analysis would be
submitted anonymously, with a code number supplied by the owner, and
the analytical results with code numbers posted on a general noticeboard.
An attempt is being ma,de(lz) by students and health officials to establish
such a service at the State University of New York, Stony Brook.

The many social and legal obstacles to the implementation of the
second proposal are hopefully not insurmountable. As a student health
service, this analytical service would be invaluable., Since the
phenomenon of street drug usage is not likely to disappear, it seems

sensible to minimize the health hazards it poses.
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Figure 1 (Continued)
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PROPOSITION III

The possible role of glycoproteins in tissue calcification can
be investigated through a detailed physical chemical study of the
interaction between sialic acid and calcium(I) ions. It is proposed
that the interaction be investigated using the calcium(II) isomorphs
europium(Il) and (III). Suitable techniques for this study include
Mpssbauer and "H n. m, r. spectroscopy. The competition for binding
to the isomorphs among ions that bind calcium(II) in vivo would be
investigated. ‘

Glycoproteins(l) are conjugated proteins with one or more
heterosaccharides as covalently bound prosthetic groups. They occur
in a variety of species from platyhelminths to vertebrates as the
dominant 'components of the important mucous secretions. The
biological significance and wide distribution of the glycoproteins are
apparent from the following examples that have been studied(z):
o,-acid glycoprotein of serum; hen albumin; sub-maxillary gland
glycoproteins, typical of components of mucous secretions; milk
caseins; fetuin, the a-globulin from foetal calf serum; transferrin,
with genetic polymorphism resulting in large part from hetero-
sapcharide variations; urinary glycoproteins that can neutralize the
infectivity of swine influenza in chick embryos; enzymes as
ribonuclease B and serum cholinesterase; the all-important immuno-
globulins; blood group specific substances dependent on the hetero-
saccharide sequence for specificity; glycoprotein components of bone
and connective tissue.

The most characteristic carbohydrate component of glyco-
proteins is sialic acid, the general name for N-acylated and N-acylated,

O-acetylated neuramic acid. Open chain and ring structures for neuramic
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acid are shown in Figure 1. Most of the glycoproteins listed above
contain significant amounts of sialic acid. When present in a hetero-
saccharide chain sialic acid commonly occupies the terminal position.
It is a strong acid, pK, ~ 2, and under physiological conditions
interacts strongly with ions in the environment. The function of
glycoproteins and their constituent sialic acid in bone and connective
tissue will be of concern in this proposition.

The X-ray pattern of the mineral phase of bone and teeth is that
of the mineral apatite. (3,13) Ideally, apatite is Ca,,(PO,)s(OH), but
the biological apatite deposits are characterized by poor crystallinity,
crystal sizes of colloi_dal dimension, and variable composition. Other
ions that have been found in these deposits include magnesium, sodium,
pyrophosphate, carbonate, fluoride, citrate, and organic components
probably from the surrounding matrix. Studies and theories of tissue
calcification have been many over the years yet to quot e a recent
review, (3) "no theory of biological calcification is at present available
that can provide a satisfactory biochemical and biophysical explanation
of this phenomenon at the molecular level."

)

Calcification has been variously suggested(3 to result from the
spontaneous precipitaﬁon of calcium phosphate--the action of a phosphatase
on organic esters built up during the glycolysis that accompanies
calcification--the combined action of a specific AT Pase producing matrix
bound pyrophosphate and a pyrophosphatase to subsequently split the
pyrophosphate. Evidence for each of these proposals is incomplete, and

results apparently in conflict with each have been reported. Crystal
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nucleation by matrix components has also been intensively studied,
The existence of a biological catalyst or ""local factor' to bind Ca2+
and PO,f- and release apatite has been proposed. There is however
good evidence from electron microscope studies for the role of matrix
biopolymers in nucleation catalysis. Apatite crystallization has been
observed in the 640 A interband region of collagen, with the c-axes of
the crystallites alligned almost parallel to the collagen fiber axis.

The role of mucopolysaccharides and glycoproteins in the calcification
of connective tissue has been a matter of controversy(4) for some time.
The following recent evidence strongly suggests an important role for
these biopolymers.

A purified protein-polysaccharide fraction from hyaline
cartilage has been shown(s) to prevent the precipitation of apatite even
in supersaturated solutions. Hydrolysis by proteolytic or hyaluronidase
action abolished this inhibitory effect. Electron microscopy showed
mucopolysaccharide containing vesicles in the extracellular matrix.
They accumulate apatite and have no morphological relation to collagen
fibres. A homogeneous cation-binding glycoprotein has been isolated
recently(e’ 7 from bone powder. Of the 40% carbohydrate, 16% is due
Ato sialic acid as N-acylneuramic acid.

The cellular and extracellular matrix components of the calcifying
tissues in enamel, cartilage and bond vary. Obviously more than one
mechanism of calcification might operate in different tissues. There
is good evidence that glycoproteins play some role as nucleation
catalysts. They could act as ion binders to build up local conditions of

high supersaturation that would lead to mineralization. Sialic acid occurs
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as an anion at the end of carbohydrate chains and interacts with the
surrounding environment. It is expected to be one of the major
carbohydrates that bind Ca*,

There is at present no experimental information on the nature
and extent of the interaction between calcium(II) and sialic acid.
Unfortunately, the calcium(II) ion is inert to most spectroscopic
techniques. It provides only a small perturbation to properties of the
sialic acid that are amenable to spectroscopic investigation, e.g.,
1H n.m,r. 43Ca n.m.r. is possible but inconvenient and a strict
isomorphous replacemént for calcium(Il) is needed. The criteria for
choosing this isomorph are that it closely resemble calcium(II) in ionic
radius, stereochemistry, and steric requirements. Charge similarity
is of less importance than ionic size. Europium(II) has been reported(a)
to partly mimic the biological activity of muscle stimulation that is
associated with calcium(l). The compatibility of Eu(Il) and Ca(Il) in

terms of the above criteria can be seen from the data listed in Table I. (8)

Table I
Property Europium (II) Calcium(II)
ion size (&) 1.12 0.99
main coord. no. 8 8
log K for EDTA¥* 9.6 10.6
log K for picT 2.8 2.5

* EDTA is ethylenediamine tetra-acetate.

T

pic is picolinate.
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Europium(IIl) also mimics the ionic radius (0. 95 A) and main
coordination number (8) of calcium(II). Other possible probes for
calcium(II) might come from the series of lanthanides, although the one
closest in ionic radius is promethium (0,98 A) a fleeting fission product
of uranium.

There are several favorable consequences of the use of europium
as a probe for calcium. Europium is a Mgssbauer nucleus. 151Eu
has a nuclear spin of 5/2 and a natural abundance of 47.8%. The isomer
shifts of europium(II) and (III) are very different and appear to be
sensitive, ) at least in the case of europium(Il), to the nature of the
compound. Europium(ll) has an absorption band at 400 nm that has
some sensitivity to the chelating groups. (8) Both valencies are para-
magnetic and are expected to greatly shift the "H n. m.r. resonances
of molecules that are bound to them. Tris(dipivalomethanato)

)

europium(III) (10) and its dipyridine adduct(11 have been shown to cause
remarkably large shifts in the 'H n.m.r. spectrum of coordinated
molecules. Shifts of tens of p. p. m. have been reported, sufficient to
reduce a spectrum with substantial regions of overlap to one of first
order. Use of the shift reagent and spin decoupling has led to‘the
complete spectral analysis for cis-4-terbutylcyclohexanol, the steroid
androstan-2-ol and the triterpene friedelan-3-ol. (12)

The possible role of glycoproteins in tissue calcification deserves

clarification through a detailed physical chemical study of the interaction

between sialic acid and calcium(II) ions. It is proposed that this

interaction be investigated using the calcium(Il) isomorphs europium(II)

and (III). Mossbauer and 1H n.m.r. spectroscopy are‘suitable for study
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of the nature and extent of the binding between the isomorphs and sialic

acid. The nucleation catalysis aspect of glycoprotein activity can be

studied by competition studies between sialic acid, phosphate, and

1
carbonate for the calcium(Il) isomorphs. H n.m.r, resonances of

sialic acid are sensitive to europium binding, and these resonances

would reflect any displacement of sialic acid by competing ions. These

studies might well be extended to include other carbohydrate disaccharides

and other metal ions that compete with calcium(II) ions in tissue

mineralization.
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PROPOSITION 1V

Knowledge of the solution conformational behavior of the anti-
inflammatory drug indomethacin, whose crystal structure has recently
been determined, is important in the study of this drug's action. It is

roposed that this behavior be studied through the temperature dependence
of the '"H n. m. r. spectrum; that the importance of the peptide torsion
observed in the solid state be determined through a proposed chemical
modification and through the determination of the crystal structure of
two other anti-inflammatory drugs structurally related to indomethacin.

One of the most potent of the many and varied drugs used(l) to
combat inflammation is indomethacin, 1-(p-chlorobenzoyl)-5-methoxy-
2-methylindole-3~-acetic acid. A two dimensional representation of the
molecule and the numbering used in the following discussion is shown in
Figure 1. It has recently been reported(2'4) that during the complex and
largely unknown biochemical processes that occur during inflammation
indomethacin acts as a potent inhibitor of the production of local hormones
called prostaglandins, . These hormones are released locally by tissues
as part of the defensive responses to infection or trauma, Their
presence in other tissues is inflammatory. Indomethacin apparently acts

(5)

as an anti-defensive drug, preventing the uncontrolled distribution of
these hormones by inhibiting their synthesis. In this respect indomethacin
is 20 times more potent than aspirin.

The molecular details of the synthesis of prostaglandins and the
inhibition of that synthesis by indomethacin are largely unknown, It has
been suggested(ﬁ) that indomethacin may inhibit enzymes and affect

cellular membranes. Such mechanistic considerations on a molecular

level depend strongly on detailed information about the malecular structure
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yet only very recently has the crystal structure of indomethacin been

reported. () The structure does have several unusual features which -
can be best seen in the stereo view of the molecular configuration shown
in Figure 2,

The geometry of the linkage between the p-chlorophenyl group
and the indole ring is subject to two steric influences. In the first
instance the methyl substituent at C(2) of the indole ring is only 2.85 A
from the carbonyl oxygen, preventing the carbonyl group from being
coplanar with the indole ring. The torsion angle O(1)-C(10)-N(1)-C(2)
is 25.5°, As a result the C(10)~-N(1) bond loses some double bond char-
acter in being lengthened from a normal amide length of 1. 32 A to
1.416 A. The N(1) is moved 0.06 A out of the plane of its three
adjacent carbon atoms. The second stei'ic constraint involves H(8) of
the indole ring and H(16) of the benzene ring. The planes are tilted
away from each other with a torsion angle C(12)-C(11)-C(10)-Q(1) of
39.3°. The major intérmolecular interactions observed in the crystal
packing are the formation of molecular dimers through the carboxylic
acid residues and the overlapping of the indole ring with the acetic acid

(7)

group of another molecule. It was suggested' ’ that these unusual
“orientations of thé benzene ring, the carbonyl group, and the indole
ring under reaction conditions might play an important role in the
chemistry of indomethacin. "

These reaction conditions occur of course in the solution, not the

solid phase. The crystal structure results show the molecule in one low

energy configuration with some intermolecular influences operating.
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Their influence on which configuration the molecule takes up in the

solid phase is unknown. The study of space-filling molecular models
shows that the molecule has available several different conformations
resulting from rotation about the bonds linking the two rings, N(1)-C(10)
and C(10)-C(11). These rotations involve the two steric influences
mentioned earlier. N(1)-C(10) rotation brings the indole methyl and
carbonyl oxygen into proximity while C(10)-C(11) rotation causes the
indole H(8) and benzene H(16) to interact sterically.

Rapid rotation about these bonds and the resultant time averaged
1H n.m,r. spectrum is hindered by appreciable energy barriers. For
N(1)-C(10) rotation the potential energy maxima occur with close steric
interaction of the O(1)-indole methyl and the O(1)-indole H(8) pairs.

The maxima for C(10)-C(11) rotation correspond to the contact of H(16)
and H(12) of the benzene with H(8) of the indole. Both rotations could
operate simultaneously. The height of these barriers is probably less
than 20 kcal/mole. These interactions as seen viewing along the indole
ring are shown in Figure 3 together with qualitative potential energy
profiles. |

‘The relative amount of each low energy conformation present in
solution depends on the height of the energy barriers between them and
on the temperature. A careful analysis of the 'H n. m. r. spectrum and
its temperature dependence is the most promising method of study of the
preferred solution conformations of indomethacin., Two of the resonances

that are expected to be most sensitive to rotational changes are the indole
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methyl and H(8) peaks. Both can be expected to be unambiguously
determined in a stable conformation since the methyl is the only C-bonded
methyl in the molecule, and H(8) is partly shielded by its position over
the benzene ring. The temperature dependence of the methyl resonance
will monitor the N(1)-C(10) rotation while that of H(8) will monitor the
C(10)-C(11) rotation.

Since the knowledge of the conformational behavior of indomethacin

in solution is important in the study of this drug's action, it is proposed

that this behavior be studied through the temperature dependence of the
'H n.m.r. spectrum.‘

The effects of this unusual twisting about the peptide bond on
the pharmacological activity could be separated from those resulting
from the relative non-planar orientations of the aromatic rings by ring
closure between indole H(8) and benzene H(16). A possible methodology
for the reaction using éhemical activation of the peptide followed by
photochemically induced ring closure and dehydrogenation is shown(g)
in Figure 4. The structures of two other anti-inflammatory drugs,
phenylbutazone and aminopyrine,‘ are shown and compared to the peptide
'part‘ of indomethacih in Figure 5. These two pyrazolones bear some
structural similarities, as well as obvious differences, to indomethacin
around their amide type linkage. Their preferréd configuration in the
solid state as shown by X-ray structure determinations might shed some
further light on the importance of the unusual torsion observed in

indomethacin.
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Figure 3
N(1)-C(10) rotation:
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Figure 3 (Continued)
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Figure 4
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Figure 6
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PROPOSITION V

Chronic manganese poisoning produces some of the neurological
symptoms of Parkinson's disease and can be treated in a similar way,
by the administration of £-dopa, a metabolic precursor of the missing
neurotransmitter dopamine., It is proposed that the strength and nature
of the bonding interactions between manganese and the ligands {-dopa
and dopamine be investigated.

One of the most spectacular clinical applications of a chemical
agent in the treatment of a diseased state has been the recently developed(l’ 5)
treatment of Parkinson's disease with ¢~dopa, 3-(3,4-dihydroxyphenyl)-
£-alanine. Parkinson's disease is known to be a degenerative process
characterized by a lessening of voluntary movement with increasing
tremors and muscle rigidity. A lack of a biogenic amine neurotrans-
mitter dopamine, 4-(2-aminoethyl)pyrocatechol, was implicated as the
metabolic irregularity but administered dopamine was bound or
inactivated at the periphery of the brain and never reached the target
tissue in the corpus striatum. The therapy was modified by the
replacement of dopamine by its inactive precursor {-dopa which can
penetrate the blood-brain b;rrier, The subsequent intracerebral
synthesis of dopamine from {-dopa resulted in an almost complete
reversal of the diseé.se syndrome. The structural formulae for £-dopa
and dopamine are shown in Figure 1.

Chronic manganese poisoning has been recognized as an
industrial hazard for manganese miners that leads to substantial

disablement. The impact of flooding the brain with manganese is to

produce neurological symptoms resembling those of Parkinson's disease.



264
‘Howéver the connection between the therapuetic effects of £-dopa and
the metabolic processes in the brain effected by manganese remains
largely unknown,

Manganese poisoning apparently causes some permanent brain
damage that persists after the introduction of excessive amounts of
manganese has ceased. The nature of this permanent damage in the
brain and the part played in it by manganese is unknown. Healthy
working miners maintain a high tissue concentration coupled to a rapid
turnover rate. Inthe ex-miners suffering from poisoning this rate has
returned to normal and the high tissue load of manganese has cleared;
excessive manganese is assumed to be still present in the brain, but
even such elementarf information as its state of ionization has not

"been reported.

. It has been suggested that brain manganese is tightly bound by the
catecholamines. It is also possible that manganese binds to and
inactivates an enzyme in the catabolic production of the amines.(3)
Formation of a very stable complex between ¢-dopa and manganese

would in effect make the neurotransmitter dopamine unavailable for use.

There is little information available on the bonding interactions

between manganese and catechalamines. It is proposed that these be

investigated in the particular instances of ¢-dopa and dopamine. Both
compounds are likely to act as bidentate ligands. Study of molecular
models shows that only £-dopa can adopt a configuration suitable for
binding two manganese ions. Dimer formation is possible in either of
the two conformations shown in Figure 2. Formation constants for the

complexes could be established by pH titrations which, together with
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solution susceptibility studies would detect any dimer formation. Any
isolated solids could be compared by solid state infrared and electron
spin resonance methods. The d5 manganese system exhibits only spin
forbidden bands. of low intensity (e < 0.1) in the visible and near-infrared
spectral region and these would probably be hidden under charge transfer
bands in the metal complexes.

The bidentate ligand acetylacetone forms a 3:1 ligand:metal
complex with manganese(II) that is trimeric and readily oxidized in air(4)
to manganese(III).

The ease of oxidation and polymer formation may well differ
between manganese(Il) complexes formed with £-dopa and dopamine,

A detailed study of these complexes is a necessity before further

speculation and investigation on the neurological role of manganese is

possible.
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Figure 2




