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U. Weser

1. Introduction

Our knowledge of the structural properties and enzymic function of a
large number of copper proteins has accumulated during the last few
decades. The main results have been comprehensively reviewed (7—4)
or presented at symposia (5—54). This survey is devoted to erythro-
cuprein, one of the most actively studied copper proteins. Erythrocu-
prein is sometimes called haemocuprein, hepatocuprein, cerebrocuprein,
cytocuprein, or erythro-cupro-zinc protein. Alternatively, the name
superoxide dismutase has been suggested as descriptive of its activity:
the enzyme-catalyzed disproportionation of anionic monovalent super-
oxide radicals. However, whether or not the enzymic reaction is specific
for Og- still needs to be investigated!). Thus, the name erythrocuprein is
used throughout this review.

Erythrocuprein was first isolated from bovine erythrocytes and
bovine liver in 1939 (55). The preparations contained approximately
0.349%, copper and the molecular weight was approximately 35,000. In
contrast to the bluish-green copper protein isolated from erythrocytes,
a colourless copper protein of the same molecular weight and Cu content
was found in liver. This result was challenged by Mohamed and Greenberg
(56) who prepared the coloured protein from horse liver. Twenty years
later the isolation and characterization of erythrocuprein from normal
human erythrocytes have been described (97—67). Cu balance studies
revealed that 60%, of erythrocyte copper is present in erythrocuprein
(60). The same copper concentration was found in a soluble copper
protein from normal human brain called cerebrocuprein 1 (62—64).
It was already apparent that a striking similarity existed between all
these soluble, copper-containing tissue proteins having a molecular
weight of 32,000 +2,000.

During the last seven years intensive studies of both human and
bovine erythrocuprein have been performed (65—83). Carrico and
Deutsch were able to demonstrate the identity of erythro-, cerebro-,
and hepatocuprein using copper proteins from human tissues: the
amino-acid analysis, immunochemical behaviour, and physicochemical
properties were identical in all three. In 1970 they found, in addition
to the 2 copper atoms, a second metallic component, namely 2 atoms of
zinc (69).

McCord and Fridovich (70) proposed an enzymic function for
erythrocuprein. They demonstrated that erythrocuprein is able to dis-
proportionate monovalent superoxide anion radicals into hydrogen
peroxide and oxygen. Detailed enzyme studies (746, 747) led to the pro

1) see Note added in proof
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posal of another, even more important function for erythrocuprein,
namely the scavenging of singlet oxygen in metabolism. When ery-
throcuprein was exposed to mercaptoethanol and some protein-
unfolding agents, such as urea or sodium dodecylsulphate, subunits
of molecular weight 16,000 were observed after electrophoretic separation
(74, 82). Furthermore the zinc content was confirmed by two different
groups (72, 74) using bovine erythrocuprein. The preparation, and the
structural and chemical properties of erythrocuprein are discussed
below in detail.

2. Preparation

Two main preparation procedures are employed. Treatment with organic
solvents such as chloroform/ethanol and acetone (55—57) was the original
method, which is still successfully used today (70, 72, 74). Of course,
substantial modifications arose from the introduction of gel and ion-
exchange chromatography. In the alternative procedure only aqueous
solutions are employed and subjected to different chromatographic
processes (67, 68). There is no doubt that the latter method represents
the most gentle treatment of a protein. However, erythrocuprein has
been found to be one of the most stable proteins (79) and survives a brief
treatment with organic solvents without any measurable damage. An
essential advantage of the first isolation procedure is the shorter time
required, offering less opportunity for possible denaturation of the pro-
tein due to microbial growth or other undesired side reactions.

2.1. Isolation from Erythrocytes

Erythrocytes were harvested at 1,800 x g using citrated blood. The cells were washed
4 times with isotonic NaCl solution. Lysis of erythrocytes was achieved within
12 h at 4 °C by adding an equal volume of water. The haemolysate was then treated
in the cold with a mixture of 4.25 volume of ethanol and .15 volume of chloroform
(70, 72, 74). After dilution with 0.1%, volume of water (70, 72) or isotonic NaCl (72),
a pale yellow supernatant was obtained upon centrifugation at 1,800 x g for 30
min. This supernatant was treated with 0.05 volume of saturated lead acetate
(57—60, 72) or with solid KoHPO,4 (300 g per litre) (70). With lead acetate almost
all erythrocuprein was found in the precipitate and had to be eluted with 0.33 M
phosphate buffer. The use of phosphate gave two liquid phases, leaving the erythro-
cuprein in the upper phase. After the collection and centrifugation of the upper
phase, 0.75 volume of cold acetone was added .The extracted crude erythrocuprein
containing precipitates obtained after lead acetate or acetone treatment was sub-
jected to DEAE-23 chromatography or, as performed in the author’s laboratory,
separated on a Sephadex G-75 column (74) prior to DEAE —23 cellulose chromato-
graphy. Typical elution patterns are depicted in Fig. 1 and Fig. 2. The overall
enrichment was some 3000-times compared to the erythrocuprein content of the
haemolysate.
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Fig. 1 (74). Elution pattern of crude bovine erythrocuprein separated on Sephadex-
G-75. The second peak contained most of the erythrocuprein
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Fig. 2 (84). Separation of erythrocuprein on DEAE-23 cellulose. Cu and Zn are
montiored using atomic absorption

In the alternative method batch adsorption of the haemolysate was carried out
at 25 °C (67) using DEAE-23 cellulose previously equilibrated with sodium cacody-
late buffer. The DEAE columns containing the adsorbed proteins were eluted with
0.15 M NaCl. The copper-containing fractions were monitored either by spot test
(85) or atomic absorption (86). Some authors (60, 85) have used an immunochemical
assay for the detection of erythrocuprein in the different fractions. The eluted
copper proteins were then subjected to Sephadex-G-75 filtration and the erythro-
cuprein-containing fractions separated on two consecutive DEAE-23 colnmns
having two linear gradients, one ranging from 0.03 to 0.23 7/2 and the other from
0.01 to 0.085 7/2. A final Sephadex-G-75 separation was employed to yield a highly
purified product.
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2.2. Isolation from Liver, Heart or Brain

Heart (82) and liver (87) homogenates (1 part tissue +2 parts buffer) were clarified
by centrifugation at 13,700 X g for one hour and the supernatant treated with 0.25
volume ethanol and 0.05 volume chloroform. After centrifugation at 25,400 x g the
supernatant was treated with phosphate and acetone as described above. Concentra-
tion of dilute solutions was performed either on DEAE-23 cellulose or by membrane
filtration. Again, we thought it more appropriate to perform the gel exlcusion
chromatography on Sephadex-G-75 directly after the acetone treatment (74, 87).
The group of Porter (64) homogenized liver tissues in 0.25 M sucrose followed by
differential acetone precipitation, treatment with chloroform-ethanol, DEAE-23
chromatography and preparative paper electrophoresis. However, the treatment
with organic solvents was rather lengthy in this isolation procedure.

Carrico and Deutsch (68) used the aqueous isolation procedure. Liver and brain
were homogenized and extracted three times with cacodylate buffer (1 part buffer
4 1 part tissue). The extract was dialysed and clarified by centrifugation at 18,000
X g for one hour. Further treatment was essentially as described for the isolation
from erythrocytes.

2.3. Conversion into the Apoprotein

Usually the apoprotein was prepared by employing excessive dialysis
against cyanide, EDTA or 1,10-phenanthroline (69, 70, 77, 72). How-
ever, these apoproteins still contained considerable amounts of copper
and zinc (5—209%, of the original content). We have devised a new method
(76, 78) using chelator-equilibrated gel columns. EDTA proved most
convenient, as already observed (69, 72). Concentrated erythrocuprein
samples were layered on top of a Sephadex-G.-25 column which was
previously equilibrated with 10 mM EDTA, pH 3.8. The migration rate
of the protein was adjusted in a way such that 810 hours elapsed before
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Fig. 3 (76). Elution pattern of bovine apoerythrocuprein by gel filtration using
Sephadex-G-25
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the apoprotein fractions appeared. The apoprotein was clearly separated
from the metal chelates of smaller molecular weight. No Cu2+ or Zn2+
could be detected in the apoprotein (Fig. 3).

The reconstitution of the apoprotein with Cu?t and Zn2+ was most
successful under anaerobic conditions using the two-column technique
(78). The first column contained the chelator-equilibrated gel; it was
connected to a second column as soon as the apoprotein started to appear.
The upper 20 mm of the second G-25-Sephadex column was previously
equilibrated with ImM Cu2+t and Zn2+. The transfer of the apoprotein to
the second column was monitored at 253 nm and the two columns were
disconnected when it was complete. The elution of the second column was
continued using 5 mM potassium phosphate buffer, pH 7.2, previously
saturated with No.

2.4. Preparation of the Subunit

Subunits of molecular weight 16,000 may be readily obtained after
incubating native erythrocuprein or the apoprotein (74, 80, 82) together
with 19, mercaptoethanol in 4 M urea or with 0.25 M boron hydride in
4 M urea. However, these subunits proved unstable when exposed to air.
Recombination products having molecular weight 24,000, 32,000 and
64,000 are observed. Even the reaction of free SH moieties with iodo-
acetamide did not prevent these associations, which suggests a consider-
able contribution from hydrogen bonding and/or electrostatic forces

(Fig. 4).
Agsgh /\

Approx. mol.wt. 48000 32000 16000
i | |

S (%A

Mcl wt. 60(|JOO 32600 12400
|

| | | I
0 200 400 600 800ml
Effluent volume

Fig. 4 (80, 84). Sephadex-G-75 chromatography of alkylated erythrocuprein sub-
unit (A). Test chromatography using catalase (60,000), erythrocuprein (32,600)
and cyt. ¢ (12,000) (B)
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3. Characterization

3.1. Molecular Weight, Ultracentrifugation and Electrophoretic Data

Molecular weight has been determined in several ways, the most common-
ly employed being determination by sedimentation equilibrium. In
general, the molecular weight of human erythrocuprein is reported to
be 33,600 (60) and the corresponding value for bovine erythrocuprein
32,600 (70). These values can be considered identical since they are
within the experimental error. A summary of different determinations
is given in Table 1.

The sedimentation pattern of erythrocuprein from either source gave
one single boundary throughout, indicating a high homogeneity (64, 70,
72) of the protein. An example is given below (Fig. 5) using cuprein
isolated from bovine liver (hepatocuprein).

Fig. 5 (87). Sedimentation velocity Schlieren patterns of Cuprein isolated from
bovine liver (hepatocuprein). Protein concentration was 7 mgf/ml in 100 mM po-
tassium phosphate buffer, pH 7.3. Photographs were taken at 16-min intervals
after reaching 60000 rpm. Sedimentation from left to right

Electrophoretic studies of the isolated erythrocuprein employing
starch or polyacrylamide gels have been carried out by most of the
above-cited authors. The homogeneity was not as satisfactory as in the
sedimentation experiments; a major component and a slightly faster
component were always detectable. At the moment it is not known
whether there is a genuine second component or whether the erythro-
cuprein decomposes during the disc-electrophoretic separation. The
electrophoretic separation pattern of bovine erythrocuprein is essentially
the same for erythrocuprein from human tissues (64, 68).
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3.2. Amino-Acid Analysis

The molar ratios of the amino-acid residues were determined after
erythrocuprein was subjected to acid hydrolysis at 110 °C for 20 to 96
hours. The method of Moore and Stesn was used throughout (88, §9).
The sulfhydryl content of human erythrocuprein was determined using
the spectrophotometric assay of Boyer (90). Total half-cystine was
analysed as S-carboxy methyl cysteine in acid hydrolysates (97) of
reduced and alkylated erythrocuprein, or as cysteic acid in acid hydroly-
sates oxidized with performic acid. The data are summarized in Table 2.

The amino-acid analysis revealed some similarity between human and
bovine protein. Striking differences can only be seen in the threonine
content, which was approximately one third higher in the bovine protein,
and in the absence of tyrosine in the human protein,

The amino-acid composition reported by Porter, Sweeny and Porter
(64) can be considered as a preliminary result. Thus, the values given
by Haréz and Deutsch (67) for human erythrocuprein and by Carrico
and Deutsch (8) for the corresponding proteins from human liver and
brain should be closest to the actual amino-acid composition. It is still
uncertain how many tryptophan residues are present in human erythro-
cuprein. From measurements of the decrease of the fluorescence emission
in the presence of N-bromsuccinimide it was concluded that 1.25 moles
of tryptophan per mole of protein are present (92). With MCD studies
(78) and chemical analysis by the method of Spies and Chambers (93)
the absence of tryptophan residues was demonstrated using bovine
erythrocuprein. Other spectrophotometric methods developed by
Edelhoch (94) or Beaven and Holiday (95) detected 0.4—0.9 mole of
tryptophan per mole of the bovine protein (72).

3.3. Metal Content

The presence of copper in erythrocuprein was first demonstrated by
Mann and Keilin (55). In 1970 zinc was found in human erythrocuprein
(69). The metal ions were measured by different spectrophotometric
assay procedures using 2,2-biquinoline, bis cyclohexanone oxalyldihy-
drazone, and dithizone as chelating ligands (85, 97—700). Alternatively,
atomic absorption spectroscopy (86), neutron activation analyses, and
emission spectroscopy (69) were successfully employed. From the
neutron activation analyses it became apparent that metals other than
zinc and copper were present in amounts less than 0.1 g-atom per 33,000 g
of protein. From the different analyses (Table 8) it can be concluded
that erythrocuprein contains 2 g-atoms of each of copper and zinc.

10
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Table 3. Copper and zinc content of evythrocuprein isolated from human and bovine
tissues. Daia taken from: a (64), b (69), c(72), d (74), ¢ (82), f (55), and converted values
using a molecular weight of 34,000 from g (66), h (58), i (87)

Copper Zinc
(g atoms per mole of protein)

Human Erythrocuprein

Liver 1.702, 1.83b 1.66P
Brain 1.96P 1.91b
Erythrocytes 2.08, 2.02P, 1.9h 1,947

Bovine Erythrocuprein

Liver 1.88f, 1,991 1.881
Heart 1.64¢ 1.76¢
Erythrocytes 1.88f, 2.0¢, 2.054, 1.94e 2.0¢,2.014,1.7¢, 1.76¢

Carrico and Deutsch (69) reported a very poor exchange of the metals
when using 64Cu or 85Zn. However, a slow transfer of radioactive copper
into erythrocuprein can be observed if §4Cu is added to whole blood.
Approximately 25%, of the radioactivity added was present in erythro-
cuprein after 12 hours (60).

3.4. Spectra

3.4.1. Ultraviolet and Visible Absorption Spectra

Although many studies have been performed on human erythrocuprein,
no comprehensive and detailed spectrum of this metalloprotein in the
visible and ultraviolet region has yet been reported. Carrico and Deutsch
(66, 68, 69) measured the absorption spectra manually and, due to
this technique, a fine structure was not observed. Keele, McCord and
Fridovich (82) published a comparison of the UV absorption spectra of
human and bovine erythrocuprein in the wavelength region 240 to 310
nm. In Fig. 6a distinct fine structure can be seen in the absorption
spectrum of human erythrocuprein. Absorption bands appear at 254,
260, 266, 326 nm and shoulders at 270, 282 and 289 nm.

It is interesting to note the unusual diminished absorption in the
280 nm region (e3¢5 = 17,000). This was attributed at the low content
of aromatic amino-acid residues, especially typosine and tryptophan.
The absorption in the visible region was extremely low. Apart from
the broad absorption band at 675 420 nm (eg75 =275), a shoulder
can be observed at 440 nm (Tig. 7). According to the definition given by
Malkin and Malmstrom (3), erythrocuprein is classified as a non-blue
copper protein.

11
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Figs. 6 und 7. Absorption spectrum of human erythrocuprein. The protein was
isolated using the method given in Ref. (74). Recording was carried out with a

Unicam SP 1800.
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Fig. 8. Spectrum of bovine erythrocuprein in the UV region (74).
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Fig. 9. Spectrum of bovine erythrocuprein in the visible region at room tempera-
ture (solid line) and at 77 °K (dashed line) (74).
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A striking difference of both the absorption profile and the molar
absorption coefficient in the UV region can be recognized using bovine
erythrocuprein (Figs. 8, 9). The molar coefficients of absorption were
calculated as 9,840 at 259 nm and 313 at 680 nm (74). The ratios of these
absorbancies Agsg/Agso was 31.5, which agreed with the values obtained
in other laboratories (70). This ratio differs substantially from that of
human erythrocuprein (Aggs/Ag75 =65). It was suggested that the
marked decrease of absorbtion in the UV region might be accounted for
the absence of tryptophan in the bovine erythrocuprein (82). However,
this point must remain open until it is clear whether or not the human
protein really contains two tryptophan residues.

Low-temperature absorption studies promised valuable information
in the visible region (Fig. 9). As expected, the absorption of erythrocu-
prein at 680 nm was increased by a factor of approximately 5 and the
shoulder at 430 nm was more distinct than at room temperature. The
absorption band at 680 nm and the shoulder at 480 nm cannot be precisely
assigned at present, though they are presumably due to either a pure
d—d transition or a charge transfer band, or a mixture of both. Further-
more, the possibility that the 680 nm band represents more than one
d—d transition was not excluded (73). This thought gained substantial
support from CD and especially MCD data.

3.4.2. Optical Rotatory Dispersion (ORD) and Magnetic Optical
Rotatory Dispersion (MORD)

The ORD and MORD spectra were measured from 220 to 600 nm (Fig.
10). The optical rotation remained negative throughout the spectrum; a
trough is seen at 225 nm. A magnetic field of 8 kgauss produced no
distinct changes in the ORD spectrum of erythrocuprein from 250—600
nm. However, a positive MORD was detectable at wavelengths <240
nm.

3.4.3. Circular Dichroism (CD) and Magnetic Circular Dicroism (MCD)

Little information was obtained from ORD and MORD measurements
concerning structural aspects of erythrocuprein. The application of CD
and MCD spectroscopy promised to be a better tool (Figs. 11 and 12).

The positive CD Cotton effect at 260 nm and the negative Cotton
effect at 274 nm may be at least partly attributed to amino-acid residues.
The side-chain residues of L-cystine, L-phenylalanine. L-tyrosine or
L-tryptophan cause Cotton effects at 250—310 nm (707). However,
copper complexes of simple amino acids show CD extremes at 245—
290 nm. Therefore, some contribution to the 260 nm band of erythro-

14
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Tig. 10 (74). ORD (---), MORD (-} and corrected MORD (.. ..) spectra of bovine
erythrocuprein. MORD was corrected by substracting the ORD portion. Molar
rotations werc calculated from 220—290 nm on the basis of mean residue weight,
and from 300—600 nm on the basis of the molecular weight of erythrocuprein. The
values are not corrected with respect to the refraction index of the solvent
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Fig. 11 (74). Absorption (—), CD (---) and MCD(. ..} spectra of bovine erythrocu-

prein. Molar magnetic ellipticity is given at 49.5 KG and was corrected for natural
CD

15



U. Weser

cuprein may arise from the chelated copper (702). Reconstitution ex-
periments with the apoprotein and Cu2+ support this view. Further-
more, the CD spectra of 1:1 cupric chelates of glycyl amino acid dipep-
tides show CD bands at 310—320 and 260—280 nm. The bands at 260 nm
are thought to arise from ligand to Cu2* charge-transfer transitions. FFor
the Cotton effects around 320—340 the suggestion was made that the
315 nm band may be a n—a* transition of an amide group.

CD studies have been found appropriate to detect the split components
of the d—d transition of cupric complexes of L-amino acids. According
to these investigations, the copper complexes show four CD components
in the d—-d transition region from 850 to 530 nm (703). The composite
nature of the 600 nm (610 nm in Ref. (73}) CD band of erythrocuprein is
seen from shoulders at wavelengths >600 nm. When a magnetic field
was applied, the resolution of the bands was apparent. Two MCD com-
ponents (and possibly a third) of the d -4 transitions at 595 and 640 nm
were detectable. The complementary utility of MCD and CD for resolving
overlapping absorption bands is obvious (704, 705) (Fig. 12, Table 4).

0

25+
T
(=]
e

50+

75 | | |

200 225 250
A [nml

Fig. 12 (74). Correlation of mean residue ellipticity vs. wavelength for bovine ery-
throcuprein. (—) 10 mM phosphate, pH 7.2; (---) 9M urea and (...) 0.1M dodecyl
sulphate

CD measurements were carried out in the region 185—230 nm and
in the presence of urea and dodecyl sulphate to obtain some information
on the protein conformation (Fig. 12, Table 4). According to Refs.
(106—112), random-coil peptides display a characteristic negative Cotton
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effect centered at 196 nm. A negative Cotton effect is observed at 216—
218 nm (z—=* transition) and a positive CD band {(z—=* transition)
at 196 nm, both being attributable to a folded-sheet protein. «-Helical
peptides characteristically differ from these conformations in their CD
properties: two negative CD bands are located at 222 nm and 208 nm
and a positive Cotton effects is found at 191 nm. The CD spectrum of
erythrocuprein exhibits only one negative Cotton effect in the wavelength
region 200—250 nm of relatively low ellipticities (73, 74). No double
minimum such as is characteristic for «-helical content was present. The
ellipticity value was only about 8%, compared to peptides of helical
structure such as poly-«,L-glutamate (708). Thus, it can be assumed
that the helical portions of erythrocuprein are low. The wavelength of
the negative Cotton effect at 208 nm of erytrhocuprein agrees neither
with the CD spectrum of a folded-sheet peptide nor with the CD data
of a random-coil peptide. Surprisingly, urea or dodecyl sulphate had

40

-60 | I | !
700 600 500 400 300
Wavelength (nm)

Fig. 13 (87). CD spectra of bovine erythrocuprein at different pH values. a) pH 6.0;
b) pH 11.5; ¢) pH 12.5; d) readjusted with HCl to pH 7.5
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virtually no effect on the CD spectrum. The question remains as to
whether this protein has mainly random-coil or folded-sheet structure,
or a protein conformation which differs from both. The pH dependence
of the CD spectra revealed an interesting phenomenon (87). Up to pH
11.5 only very slight changes were observed in the CD bands and these
were fully reversible upon readjustment to neutral pH. Above pH 12
dramatic changes (pink colour) appear in the optical properties of ery-
throcuprein, indicating the denaturation of the protein. These changes
could not be reversed by lowering the pH (87).

A CD spectrum similar to that obtained at pH >>12 was recorded in
the presence of excessive cyanide at pH 8.8 except that the positive
Cotton effect around 610 nm was absent. The removal of cyanide by
dialysis brought back the original spectrum. Like the CD spectra, the
optical spectra were different at pH > 12 and after the addition of cya-
nide. The absorption band at 680 nm was shifted towards 500 nm.
Again, the removal of cyanide brought back most of the original spectrum
while the pH effect at pH > 12 was irreversible (87, 773).

3.4.4. Electron Paramagnetic Resonance (EPR)

Oxidized bovine erythrocuprein revealed some EPR signals (74, 87, 82)
very similar to those obtained with human erythrocuprein (67, 68).
The EPR parameters were g, =2.263, g, =2.062 and A, =0.014 cm—1
(78,81, 114). Four hyperfine components were centered at the g position.
Superhyperfine splittings (approx. 14 G} were slightly detectable already
at pH 7.5 (Fig. 14) (74) but were much more distinct at pH 11.8 where
nine superhyperfine splittings could be counted. This effect was fully
reversible, as seen in Fig. 15. It would be most attractive to assign these
nine superhyperfine splittings to four nitrogen atoms bound to the copper.
However, it has to be taken into consideration that the value of the
copper hyperfine splitting constant in the perpendicular direction [A A
can be of the same order of magnitude as that of the ligand hyperfine
splitting. Therefore, it could be misleading to assign the number of
superhyperfine lines to the number of coordinating nitrogen atoms (87).
On the other hand, magnetically equivalent nitrogen atoms are not
necessarily structurally equivalent. Possible assignments of three to
four nitrogen atoms in planar arrangement were suggested on the basis
of the similarity between the visible absorption properties of the cyanide-
treated protein and that of Cu(II)-triglycylglycine (778). Nevertheless,
the x-ray analysis will be awaited with great interest.

In contrast to a number of other Cu enzymes, the erythrocuprein
copper was fully detectable by EPR (3, 87, 774). Exposure of the protein
to 6 M guanidine hydrochloride caused no measurable changes in the
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Fig. 14 (74). a) Reductive titration of bovine erythrocuprein using aqueous dithio-
nite. (Erythrocuprein conc. 0.305 mM; reaction vol. 100 ul; reduction with 7.04
mM dithionite (0—5 ul) under argon for 2.5 min at 20 °C before ireezing to 77 °K;
microwave frequency 9.175 GHz, modulation amplitude 1 G; microwave power
5 mW.); b) Dependence of different dithionite concentrations on erythrocuprein
reduction

EPR spectrum. Thus, detection of the number of transferable electrons
was possible (Fig. 14). Aqueous dithionite effectively reduced erythro-
cuprein. Plotting the height of the g, signal versus dithionite concentra-
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Fig. 15 (78). EPR spectra of bovine erythrocuprein (0.15 mM) at different pH values.
@ pH 6.7, @ pH 11.8; @ readjusted to pH 8.0. From pH 2—8 no measurable
changes were observed. Spectra were recorded at 77 °K. Microwave frequency
9.169 GHz; modulation amplitude 2G; microwave power 5§ mW
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tion resulted in a straight line. One mole of erythrocuprein required
one mole of dithionite, indicating the transfer of two electrons per mole
of erythrocuprein. If ascorbate was employed as a reducing agent, no
reduction was observed. Even reaction times up to 30 min displayed no
ascorbate-induced reduction of erythrocuprein.

As in the CD measurements, dramatic changes occurred in the EPR
spectrum when the pH was raised above 12. A copper biuret-type EPR
spectrum appeared (g, =2.179 and A, =0.019 cm~1) and a completely
new copper singnal was observed after the back titration to neutral pH
(g, =2.235, g, =2.056 and A, =0.0175 cm1), indicating irreversible
denaturdtion of the native copper protein (87).

Short-time treatment of erythrocuprein with cyanide was found to
produce considerable changes in the visible absorption spectrum and
CD properties. EPR measurements of cyanide-, cyanate-, thiocyanate-,
and azide-treated erythrocuprein revealed some interesting changes in
the EPR parameters (87, 773, 167, 762). These are summarized in Table 5.

In addition, these anion-binding studies have been supported by
optical titrations and by nuclear magnetic relaxation dispersion (NMRD)
measurentents. An example is presented of cyanide-treated erythro-
cuprein (Fig. 16).
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Table 5. EPR pavameters of anion-evythrocuprein complexes (113)

Complex 8 8. Ay
gauss

Native erythrocuprein in water 2.27 2.09 137
Azide

2 per mole 2.263 2.074 145
3 per mole 2.260 2.072 148
4 per mole 2.254 2.069 153
8 per mole 2.253 2.066 155
200 per mole 2.242 2.054 158
2 azide and 2 cyanide 2.22 180
Excess cyanide 2.21 188
Excess cyanate 2.268 2.068 160
Excess thiocyanate 2.27 2.076 148

Relative value

| L | | | l J

Molar equivalents cyanide

Fig. 16 (773). Changes occurring on addition of stoichiometric amounts of cyanide
to erythrocuprein. Diminished absorption at 680 nm O and decay of molar relaxivity
at 0.1 MHz [
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From these anion-binding studies it was concluded that there are at
least four anion-binding sites of different nature on the protein which
can be classified into two portions. One of these portions strongly binds
two moles of azide, causing a minor change in the visible absorption
spectrum and an altered EPR spectrum, although the NMRD is unaffec-
ted. These two binding sites are thought to be the Zn2+ of the protein.
The second portion of binding sites is attributed to the Cu?+ which binds
the cyanide. In this case, substantial changes were observed in both
the EPR and the absorption spectrum and the NMRD was lowered to
the diamagnetic level (773). More experimental support is needed before
it can be decided whether or not Cu?+ and Zn2+ form a ligand-bridged
bimetal complex. Some evidence of the proximity of Zn2* and Cu?+
was recently obtained by using erythrocuprein with the Zn2+ partially
replaced by Co2?*. This substitution caused a marked reduction of the
Cu-EPR signal indicating magnetic interaction between the two para-
magnetic ions (798).

3.4.5. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy proved a convenient method for
studying the presence of metals in metalloproteins. In some cases it
has proved possible to draw conclusions concerning the site of the metal
binding (769—777). This method is especially suitable for those metals
which cannot be studied by means of Mdssbauer or EPR spectroscopy.
The binding energies of Cu 2pg/s and Zn 2pg/e in erythrocuprein were
determined and compared with the corresponding values of different
Cu/Zn amino-acid complexes (775—777). The intensity of the signals
was approximately the same whether Cu or Zn amino-acid chelates
were employed. However, in the case of erythrocuprein a marked change
was observed. The intensity ratio of the signals was 1:2.5 (Zn:Cu).
Since two gram atoms of each metal are present in erythrocuprein, it is
suggested that the Cu might be located in the outer sphere of the
protein portion while Zn must be less accessible to the Mg K « radiation.
The Zn 2pg;» signals were 1021.5 4 0.2 €V in the amino-acid chelates and
the aquo complex, and an almost identical value of 1020.5 eV was meas-
ured in erythrocuprein. Considerable differences are observed in the
Cu 2ps/e signals for the Cu amino-acid chelates (934.2 +£0.3 eV) and
erythrocuprein (931.9 eV) (Fig. 17). Surprisingly, two different types of
Cu can be characterized in the Cu[Cu(Asp)g] complex. The extraneous
Cu?+ had a signal at 932 eV while the binding energy of the inner Cu
2pss2 was monitored at 934.1 eV. It is interesting to note the virtual
identity of the binding energy of the extraneous copper in Cu[Cu(Asp)2]
and in erythrocuprein.
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Fig. 17 (1715—117). XPS spectrum of a) Cu[Cu(Asp)2], (Cu 2ps/2}; b) bovine erythro-
cuprein Cu 2pg/2; ) bovine erythrocuprein Zn 2pg;e. The temperature was 25 °C.
Pressure 105 Torr. Measurements werc performed in a Varian V-IEE 15 photo-
electron spectrometer. The electron binding energy was determined using the Cls
signal (284 eV) obtained from Scotch tape

3.5. Immunochemical Properties

Immunochemical assay, employing either the Oudin agar diffusion
technique (779) or the Ouchterlony agar diffusion test (720), was used
to examine the homogeneity and identity of the protein portion of
erythrocuprein from different sources. According to these techniques
a high purity of erythrocuprein was reported already in 1959 (57) and
1961 (60). However, the sensitivity does not appear to be very satisfac-
tory. Erythrocytes from pigs, rabbits, chicken, and steers were tested
for the presence of erythrocuprein by the agar double-diffusion technique.
No reaction was found between antihuman erythrocuprein serum and
haemolysate form these species (60). At higher concentrations of erythro-
cuprein form human tissues, a precipitin line was observed in the Ouch-
terlony test using rabbit anti-erythrocuprein serum (67). The correlation
of the precipitin reaction between the purified erythrocuprein from human
blood, liver and brain is depicted in Fig. 18. Reactions of complete iden-
tity were obtained for the three proteins.
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Fig. 18 (68). Comparison of immunological properties of human cuprein isolated

from erythrocytes (Q), liver (@), and brain(M). Quantitative precipitin reactions
of rabbit antibody to erythrocuprein were performed

3.8. The Apoprotein

The apoproteins made from human and bovine erythrocuprein have been
examined in several laboratories (69, 70, 72, 74, 76, 78). The purest
apoerythrocuprein was obtained using the gel-filtration technique (76).
This bovine apoerythrocuprein was metal-free and homogeneous as seen
from several parameters. The numerical value of the molar absorption
coefficient at 259 nm was only 37%, of the corresponding value of the
native protein (72, 74) and the fine structure of the apoprotein was well
resolved. Six maxima were detectable at 250, 258, 262, 264, 268, and 275
nm. Apoproteins prepared by the dialysis procedure displayed a much
higher absorption coefficient; for example, apoerythrocupreins prepared
from human and bovine erythrocuprein showed 70%, (69) and 54%, (72),
respectively, of the absorption of the native protein (Fig. 19).

The polyacrylamide gel electrophoresis showed a much lower conta-
mination compared to other preparations (69, 72). The slightly faster
movement of the apoprotein compared to the native erythrocuprein is
obvious. Sedimentation velocity measurements revealed one symmetrical
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Fig. 19 (722). Absorption spectrum of bovine apoerythrocuprein in the UV region.
The protein concentration was § mg; potassium phosphate buffer 10 mM, pH 7.2.
Temperature 25°. Recording with a Unicam SP 1800 spectrophotometer

boundary of the apoprotein. The szgo value was 3.0 (78), which is in
very close agreement with the corresponding sedimentation constant of
the native protein. Carrico and Deutsch (69) reported a considerably
lower sgpq value of 2.86. They also recognized variable portions of a slower
sedimentation component among different preparations which were
completely absent in the apoprotein prepared by gel filtration (Fig. 20).

The pH stability of the native erythrocuprein was intriguing (727).
Exposure to pH values from 2—12 for 5 min had no damaging effect on
enzyme activity and absorption spectra (722). However, the apoprotein
appeared to be less stable. In contrast to the native protein, the fine
structure of the absorption spectrum of the apoprotein was present only
between pH 2.5-9.5. At pH 7.2 no measurable amounts of Cu2* or Zn2+
could be removed from the native or the partially reconstitued protein
by means of EDTA (69, 70, 72, 122). A rather low pH value, pH 3.8, was
necessary to remove the Cu?*+ and Zn?2+ completely. This low pH probably
made the metal ions more accessible to the EDTA or may have caused
a drastic reduction of the kinetic stability of the metal ions bound in the
native metalloenzyme.
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Fig. 20 (78). Sedimentation diagram of bovine apoerythrocuprein. The protein
concentration was 2.1 mg and 4.1 mg dissolved in 5 mM phosphate buffer, pH 7.2.
Direction of sedimentation left to right, speed 60,000 rpm. Schlieren bar angle
50° 12 mm Al-valve synthetic boundary cell. Photographs were taken at 16-min
intervals after reaching full speed

3.7. CD and MCD Data of Apoerythrocuprein

The CD and MCD data for bovine apoerythrocuprein are summarized
in Table 6.

Table 6. UV, CD, and corvected MCD data of purified apo-evythrocuprein. The employ-
ed magnetic field was 49.5 kG applied parallel to the light beam. The corvected MCD
data ave expressed in wmolar magnetic ellipticity values at 49.5 kG, the values ave
corvected for natural CD (78)

Solvent CD([60]-values Corrected MCD uv
{[6]-value) {e-value)
10 mM phosphate 294 ( 1100)
buffer, pH 7.2 284 (— 890) 276 (—13 600) 275 ( 3830)
269 (—4450) 269 (- 14 000) 268 ( 4130)
262 (—10 300) 264 ( 4190)
262 ( 3300)
259 ( 3670)
252 ( 2410)
281 ( 4600)
6 M guanidyl hydrochloride 275 ( 5400)
pH 5.9 269 (—5520) 277 (—16 000)
269 (—16 100) 269 ( 5400)
262 (—5710) 260 (—12 300) 261 ( 4200)
259 ( 4200)
252 { 3300)
6 M guanidyl hydrochloride 281 ( 5670) 294 (—27 920) 295 ( 7900)
pH 117 269 (— 9 270)
246 (38100)
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1f the CD spectrum of the native protein is compared with the corre-
sponding spectrum of the apoprotein (78) a dramatic change can be
observed at wavelengths =250 nm (73, 74). In contrast to the cupro-zinc
protein the apoprotein does not show any ellipticity above 310 nm. The
most characteristic feature of the CD curve of the metalloprotein in the
wavelength region from 250 to 320 nm is the broad positive Cotton
effect at 261 nm ([0] = + 19,500). However, the apoprotein spectrum
obtained in phosphate buffer exhibits only a small positive Cotton effect
in that range and at much higher wavelength within this range a much
smaller ellipticity. Two further electronic transitions can be detected
from the two dichroic shoulders of relatively low intensity at 269 and
284 nm. An attempt was made to assign the 295 nm Cotton effect to the
contribution of tryptophan (73), though this Cotton effect appears at
somewhat too high wavelengths for tryptophan derivatives and peptides
(7123, 124). There is no doubt that the CD bands from 260 to 300 nm of
the apoprotein are caused by aromatic amino acids or side-chain residues
of L-cystine. In erythrocuprein most probably ligand to Cu2+ charge-
transfer transitions overlap with the Cotton effects of these amino acids
(702, 7125). A further change in the CD spectrum of the apoprotein at
wavelengths =250 nm occurs on dissolving the apoprotein in 6 M
guanidyl hydrochloride (pH 5.9). The small positive Cotton effect at
294 nm disappears and two negative bands are located at 262 and 269
nm. If the pH of the guanidyl hydrochloride solution is adjusted to 11.7
a broad positive band at 281 nm is observed for the apoprotein.

It was demonstrated that MCD is an excellent tool for the quantita-
tive determination of tryptophan (726, 727). It was found that the 1Ly
transition of tryptophan causes a positive B-term MCD band at 290 nm.
At that wavelength no bands of other amino acids interfere with this
MCD Cotton effect of tryptophan. Also, the intensity of this band seems
to be almost independent of the conformation of a protein and, therefore,
is suitable for the calculation of the tryptophan content of proteins.

The MCD spectra of erythrocuprein (74) and apoerythrocuprein do
not show the characteristic positive MCD Cotton effect of tryptophan.
According to these MCD measurements erythrocuprein and the apopro-
tein should not contain any tryptophan residue. This result is in contrast
to the report of Bannister, Wood and Dalgleish (72, 73). These authors
measured the tryptophan content according to Edelhoch (94) and they
found 0.4 mole per mole of protein. However, this method becomes
less reliable when the tyrosine/tryptophan ratio is high and when correc-
tions for the UV absorption and the cystine content are taken into
consideration.

According to preliminary results (728), the negative MCD band at
277 nm and the shoulder at 283 nm arise from electronic transitions of
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the tyrosine ring. The phenyl residue of phenylalanine causes negative
MCD Cotton effects at 269 and 260 nm. On dissolving apoerythrocuprein
in 6 M guanidine hydrochloride instead of phosphate buffer, the circular
dichroism spectrum changes significantly; in particular, the positive
Cotton effect at 294 nm disappears completely. However, the MCD
spectra of apoerythrocuprein are essentially similar in phosphate buffer
or guanidine hydrochloride. The two MCD Cotton effects of phenylala-
nine and the Cotton effect and shoulder of tyrosine are present in both
spectra. As with the UV and CD spectra, a dramatic change occurs in
the MCD data of apoerythrocuprein if the guanidine hydrochloride
solution is adjusted to pH 11.7. A broad negative MCD band is observed,
at 294 and the broad positive CD band at 281 nm, both being character-
istic for the tyrosyl anion. The magnetic ellipticity value at 293 nm of
the dipeptide amide leucine-tyrosine is 11,700, that of apoerythrocuprein
27,900. According to these MCD measurements, the protein contains two
tyrosine residues; this is in good agreement with the results found by
amino-acid determination using automatic amino-acid analysis of the
hydrolyzed protein (72, §2).

3.8. Reconstitution Studies

Bovine apoerythrocuprein was reconstituted employing different Cu2+
or Zn?*+ concentrations (Fig. 21, a, b). The protein concentration was
kept constant and the metal concentration varied. The titration of
apoerythrocuprein with Zn2+ confirmed the results by Fee and Gaber
(773) that four preferred metal binding sites are present in the protein
portion. It was interesting to note that the fine structure of the UV
absorption spectra of apoerythrocuprein and the Zn protein remained
essentially constant (72, 78, 722). This was not the case if Cu2* was
employed. One Cu?* alone was able to produce both a profound increase
of absorption and a change in the absorption profile (72, 78). In fact,
the 2 Cu apoprotein displayed almost the same characteristics as the
fully reconstituted protein although Amax was shifted in all cases some 50
nm to lower wavelengths. It might be concluded that some hidden
d—d transitions (702, 725) could be responsible for the strong UV absorp-
tion of the Cu-apoprotein chelates. In all reconstitution experiments
where Cu2+ and Zn?t were employed the Zn2*+ was able to cause a shift
of the visible absorption maxima to shorter wavelengths by 50 nm and
a slight increase in the UV absorption (Table 7).

The absorption of the aerobically reconstituted erythrocuprein was
somewhat lower in the UV region, and Amax in the visible region was
shifted to a longer wavelength. Futhermore, the shoulder at 430 nm was
not distinct. No spectral changes as compared to the native erythro-
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Table 7. Absorption of veconstituted evythvocuprein and the Cu2t-apoprotein chelates
in the visible vegion (122)

Reconstitution A max (e-value) shoulder
Technique nm at 430 nm
Native erythrocuprein 680 (313) distinct

The apoprotein — —

Aerobic reconstition

2 Cu2t + apoerythrocuprein 750 (240) —
2 Cu2t 4 2 Zn?t -+ apoerythrocuprein 700 (315) —
Anaerobic reconstitution
2 Cu?* 4 apoerythrocuprein 730 (290) —
2 Cu2t 4+ 2 Zn2+ 4 apoerythrocuprein 680 (360) detectable
Anaerobically reconstituted
erythrocuprein (two-column technique) 680 (300) distinct
201~
15—
c
L
a
5 10
8
2 8
7
05—
0 Fig. 21a

31



U. Weser

08—

06—

Absorption

| I
280  pnm 300

Fig. 21b 0

|
260

A

Fig. 21 (78). a) UV spectra of different Cu2+-apoerythrocuprein chelates recorded
at room temperature using a Unicam SP 1800 spectrophotometer. The apoprotein
was prepared using EDTA equilibrated G-25 Sephadex columns. 3.54 mg of the
protein were dissolved in 1 ml § mM potassium phosphate buffer, pH 7.2, and
titrated with increasing Cu2t concentrations. (D the apoprotein; for the following
spectra the concentration is expressed: Cu2+ X (mole apoerythrocuprein)~1, @ 0.43;

® 0.86; @ 1.30; ® 1.73; ® 2.10; @ 3.10; @ 4.00

b) same experimental setting with Zn2* instead of Cu2?+. () 3.54 mg apoprotein;
for the following spectra the concentration is expressed: Zn2+ X (mole apoerythro-
cuprein)~1; @ 1.90; @ 3.80; @ 14.00; ® 33.00; ® 51.00

cuprein were observed when the reconstitution was performed anaero-
bically (78). Amax was shifted by 50 nm to 680 nm and the shoulder at
430 nm was detectable. Best results were obtained using the column
technique for the reconstitution of erythrocuprein (Fig. 22, Table 7).

The purity of the reconstituted erythrocuprein was examined using
analytical polyacrylamide electrophoresis (722). All preparations were
virtually free from contamination. Again, the 2 Cu-apoerythrocuprein
complex, the fully restored erythrocuprein, and the native protein all
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Fig. 22 (722). UV spectra of reconstituted bovine erythrocuprein and the 2 Cu2+-
apoprotein complex. (1) the apoprotein; @ -+ 2 Cu?t aerobically reconstituted;
® + 2 Cu?* anaerobically reconstituted, Ng atmosphere; & aerobic reconstitution
2 Cu?t +2Zn?t; (B anaerobic reconstitution 2 Cu2t 42 Zn2+, Ng atmosphere;
® anaerobically reconstituted erythrocuprein using the two-colunm technique;
@ native erythrocuprein

displayed essentially the same electrophoretic behaviour. In contrast to
the native protein, the apoprotein and the partially reconstituted
Zn2+ protein migrated somewhat faster. From this phenomenon it
might be concluded that two different binding sites for Cu2+ and Zn2+
are present in the protein moiety. This conclusion was also drawn from
anion binding studies (773).

The EPR data supported the electrophoretic, spectroscopic, and enzy-
mic proofs of a successfully reconstituted erythrocuprein. It was surpris-
ing that the aerobically reconstituted erythrocuprein and even the 4 Cu2+
apoprotein showed most of the EPR characteristics of the 2 Cu—2 Zn
enzyme. Only the A, values of the 4 Cu protein and the aerobically
reconstituted erythrocuprein were different. It is suggested that in the
last two metalloproteins the Cu2+ ligand distances are somewhat distorted
or the ligands are slightly displaced due to conformational changes in the
protein portion (Talbe 8).
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Table 8. EPR pavameters of veconstituted bovine evythrocuprein (78)

g 8. Ay 8m
(Gauss)

Native erythrocuprein 2.258 2.037 132 4-2 2.080
Anaerobically reconstituted erythro-

cuprein 2.258 2.037 1837 4+2  2.080
Aerobically reconstituted erythro-

cuprein 2.259 2.037 143 +2  2.080
4-Cu-apoprotein 2.265 2.037 145 +2 2.080
2-Cu 4 native erythrocuprein 2.260 2.032 137 42 2.080

Fig. 23 (74). Acrylamide-gel electrophoresis in the presence of sodium dodecyl
sulphate and mercaptoethanol. a) Cytochrome ¢ (mol. wt. 12,000); b) haemoglobin
subunit (mol. wt. 15,500); c¢) ovalbumin (mol. wt. 46,000); d) catalase (mol. wt.
60,000) and e) erythrocuprein. All reference compounds (conc. 2 mg/ml) and
erythrocuprein were incubated in the presence of 0.1 M sodium phosphate buffer
(pH 7.2), 19, 2-mercaptoethanol, 4 M urea and 19, sodium dodecyl sulphate for
1 h at 45°, Aliquots of 10 ul (approx. 20 ug protein) were subjected to gel electro-
phoresis for 2h at 100 V and 200 mA. The butfer of the upper electrode chamber
contained 0.1%, sodium dodecyl sulphate in 0.1 M sodium phosphate buffer (pH 7.2).

The lower electrode chamber contained 0.1 M sodium phosphate (pH 7.2).
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3.9. The Subunits

Some four years ago studies on erythrocuprein which was oxidized with
mild performic acid or reduced and alkylated revealed that the protein
contains a subunit of molecular weight about 12,000 (729). Subunits of
molecular weight 16,000 were detected after the native erythrocuprein
had been subjected to sodium dodecyl sulphate treatment in the presence
of mercaptoethanol (74, §2). In addition to the 16,000 molecular-weight
subunits, it was noted that a short-time treatment revealed protein
portions of molecular weight of approximately 64,000 which may be
attributed to tetrameric species (Fig. 23).

It was obvious that the disulphide bridges were reduced to the free
SH moieties. Alternatively to mercaptoethanol, boron hydride was
successfully employed as a reducing agent (80). As stated already under
2.4, even the stabilization of the free SH moieties using iodo-acetamide
could not prevent this uncontrolled recombination. It was most attractive
to assign the recombination of these alkylated monomers to electro-
static forces and/or hydrogen bonding. This thought was substantiated
by heating the aggregated dimers in 4 M urea for 3 min to 95°, followed
by rapid cooling in an ice bath. Surprisingly, monomers were obtained
which remained stable for several days (797). In contrast to the native
blue erythrocuprein, the monomeric Cu protein was colourless although
it was EPR-active.

3.10. Microbial and Plant-Type “Cuprein”

During recent months Cu-Zn proteins of striking similarity with erythro-
cuprein and displaying superoxide dismutase activity were successfully
isolated from plants and microorganisms. The absorption spectra of
both the garden pea enzyme (799) (mol wt. 31,000) and the Cu—Zn
protein from Newrospora crassa (200} (mol wt. 31,000) displayed almost
the same features as bovine erythrocuprein. The ultraviolet absorption
of the respective Cu—Zn protein isolated from Saccharomyces cerevisiae
(207) was higher in the 280 nm region, which is most likely due to the
higher content of aromatic amino-acid residues. Furthermore, the micro-
bial enzymes contained only three to four half-cytine residues (Table 9).
An interesting phenomenon was the splitting of the native microbial
proteins into 16,000 mol. wt. subunits in the presence of protein-unfold-
ing agents, and in the absence of disulphide reducing agents. In contrast
to the bovine erythrocuprein, these microbial enzymes probably have no
disulphide bridges at all.
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Table 9. 4 comparison of amino acid content belween mammalian, plani-type and
wmicrobial “‘cuprein’”’

Bovine Garden Neurospora Saccharomyces

Erythrocu- Pea (799) crassa (200) cerevisiae 8)

prein (84)
Lysine 22.8 10 12 21.3
Histidine 16.8 18 11 10.7
Arginine 8.7 6 9 8.1
Aspartic acid 34.1 45 36 33.7
Threonine 22.4 30 26 18.8
Serine 15.4 14 14 21.3
Glutamic acid 22.5 19 20 27.3
Proline 14.6 14 14 15.6
Glycine 50.4 56 39 40.1
Alanine 19.6 21 20 27.5
Valine 28.4 21 22 27.2
Methionine 2.1 0 0 0
Isoleucine 18.1 20 13 11.4
Leucine 17.5 21 11 14.4
Tyrosine 2.3 0 2 2.4
Phenylalanine 8.5 9 6 12.8
Tryptophan 2 — — —
Half-cystine 5.9 6 3 3.4
Cu 2.05 1.97 1.93 1.80
Zn 2.01 2.02 1.80 2.02

a) recalculated from experimental data of 201 and 214.

4. Enzymic Function

For a long time erythrocuprein was thought to act exclusively as a cop-
per-transporting protein. This was a very attractive conclusion since
over 509, of the erythrocyte copper content is present in erythrocuprein
(60). However, in the absence of any known function of a metalloprotein,
it is always tempting to assign to it the role of storage or transport of
the respective metal ions. For example, caeruloplasmin was considered to
be the main copper-transporting protein in blood plasma. It subse-
quently turned out that this copper protein is a key enzyme in iron
metabolism, responsible for the oxidation of Fe2+ to the Fe3+ bound in
transferrin (730—732).

The enzymic-catalyzed reduction of cytochrome cox using the xan-
thine - xanthine oxidase reaction led to the assumption that Og was the
active reducing agent (733). Myoglobin and carboanhydrase were able
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to inhibit this reduction. From kinetic data it was concluded that the
O3 must be rapidly disproportionated by myoglobin or carboanhydrase.
The main activity was detected in a minor protein component present
in the carboanhydrase preparations (733). This contaminant protein
was successfully enriched by employing washed bovine erythrocytes
(70). The purified protein turned out to be identical with the long-
known erythrocuprein. Further details of the enzymic function of ery-
thruprein will be discussed in the following paragraphs.

4.1. Model Reactions Using Non-Enzymically Prepared Og:

Oz From Tetrabutyl-Ammoniwmm Superoxide. Tetrabutyl-ammonium
superoxide was found convenient for the superoxide dismutase assay
since it dissolved readily without decomposition in N,N-dimethyl form-
amide (70). Infusions of this solution into a cuvette containing aqueous
oxidized cytochrome c reduced the available cytochrome c. In the pres-
ence of different erythrocuprein concentrations the reduction rate was
progressively diminished. According to Mc¢Cord and Fridovich (70) an
enzyme unit was defined as 50%, inhibition of the rate of reduction of
cytochrome c. Alternatively tetranitromethane was found appropriate
for monitoring Oz (70, 736—748) where the stable nitroform anion
C(NOg)3 is being formed (Equ. (a)):

Oy + C(NOg)gy = Og + C(NOg)3 + NOg (a)
HOp + O + H* = Oy + Hy0p (b)

Using this reaction, McCord and Fridovich evaluated the rate con-
stant for the reaction of superoxide dismutase with Oz as approx-
imately 5 X 1011 M~1 sec~1. The corresponding value for the spontaneous
disproportionation of Oz near neutral pH (Eq. (b)) is assumed to be
8.5 X 107 M~1 sec—! (second-order rate constant) (739, 740). Fridovich
et al. concluded from these data that erythrocuprein accelerates the Op:
disproportionation by 3—4 orders of magnitude.

Oz Prepared by Pulse Radiolysis. Pulse radiolysis proved most con-
venient to prepare Oz in relatively high concentrations without the
use of dimethylsulphoxide or N,N-dimethyl formamide as possible inter-
fering solvents (739, 7182, 193, 194). Moreover, the time resolution was as
low as 1 usec which allowed the determination of the kinetics and
mechanism of the enzyme. Oxygen-saturated aqueous solutions contain-
ing trace amounts of ethanol (85 mM) as a scavenger for OH radicals
were irradiated by 4 MeV electrons. The Og- concentration was monitor-
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ed from its absorption at 250 nm (739, 740). In contrast to the pH-
dependent spontaneous disproportionation (793), no such dependency
was observed in the presence of erythrocuprein. A second-order rate
constant of 1.6 4-0.3 x 109 M—! s—1 was determined for the reaction
between O3 and erythrocuprein (782). This value is near the upper limit
expected for a diffusion-controlled enzyme-substrate reaction (795) and
thus in marked contrast to the corresponding value obtained by McCord
and Fridovich. Unfortunately, there was no indication of substantial
copper reduction during the reaction with Oz .

O3 Generated by Flavin-dependent OgActivation. It was shown above
that artificially produced O3- is a convenient tool for the study, of the
enzymic reaction of erythrocuprein in a simple model system avoiding
undesired interference from other sources. However, Qg formation,
including all known intermediate states, should also be studied in the
light of its possible biological relevance. Thus, attention will be focused
upon the formation of Oz using a biochemically most important com-
pound, namely the flavin moiety (for comprehensive studies see Refs.
183—185).

Experimental evidence for the participation of the flavin moiety in
O3 formation in nonenzymic reactions was presented by Ballou et al.
(757). During the oxidation of different reduced flavins by molecular
oxygen substantial yields of O3- were obtained. Tetra-acetyl riboflavin
proved most appropriate as a model compound (753). The respective
EPR parameters for Oz were in close agreement with those obtained
in the KIO4—H203 system, in the xanthine oxidase reaction (749),
and in the oxidation of the reduced tetra-acetyl riboflavin. They also
agree well with the EPR data obtained earlier (754—756). The time
course of the appearance and decay of Oz- produced by the reaction of
tetra-acetyl riboflavin is shown in Fig. 24.

Measurements made during the first 50 msec after passing the maxi-
mum and in the presence of either erythrocuprein or cytochrome ¢ show
an accelerated decay of the O3+ From Fig. 24 it can further be concluded
that the superoxide anion is present in much higher concentrations at
pH 10.6 which is probably due to the higher stability of O3- at elevated
pH values (793). On the other hand Og- is involved in autocatalytic
reoxidation of reduced flavins, as demonstrated in stopped-flow studjies.
For example, in the presence of 0.1 uM erythrocuprein the reoxidation
of tetra-acetyl riboflavin by Og was diminished by a factor of 4 (757).

It was suggested that the reduced flavins yield a flavin-oxygen
complex called HFIOOH which may exist in two isomeric forms (Fig. 25).
Either of these intermediate compounds can follow the different decay
modes depicted in Fig. 25. Only the intermediate type V yields the
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protonated superoxide radical Héz. However, it seems of great interest

to examine the question, to what extent does Oz or H()z represent the
sole substrate for erythrocuprein. Why should not erythrocuprein be
able to react with some of the other intermediate flavin residues? This
question will be discussed in more detail in Sections 4.5 and 4.6.
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Fig. 24 (757). Time course of the appearance and decay of O,-. EPR signal produced
by reaction of 1.25 x 10—4M reduced tetra-acetyl riboflavin and 6.5 x 10-4M Og
at 20 °C. Top curve, in 0.1 M glycine pH 10.6. Bottom curve, in 0.1 M glycylglycine
pH 8.4. All times include the 5 msec quenching time. Maximum intensity at pH
10.6 corresponds to 1.19 x 104 M oxygen radical. Modulation amplitude 10 gauss
at 100 kHz. Microwave power 12 mW. Microwave frequency 9.2 GHz Temperature
84 °K
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Fig. 25 (784). Decay of the reduced flavin-oxygen complex HFIOOH

4.2. Enzymically Produced O3:

The most established source for Oy in enzymic systems proved to be
the flavoproteins (783—785). Already in 1949 Horecker and Heppel
(747) described some oxygen dependency of the cytochrome-c reduction
using the xanthine-xanthine oxidase reaction. It was concluded (747,
142) that reduced oxygen species might be the reducing agents. Catalase
was unable to inhibit this reaction, therefore univalently charged oxy-
gen was presumed to be the active agent. O3+ was indirectly detected
using chemiluminescence during the aerobic action of xanthine oxidase
in the presence of xanthine and luminol or lucigenin (743—747). The
actual presence of Oy was demonstrated in EPR studies using the
enzymic reactions of flavoproteins (748—757). Knowles et al. (149)
employed the rapid-freezing technique and were able to show that O%:
is indeed a product of the oxidation of the reduced xanthine oxidase
(Fig. 26).

As in the case of the reduced flavin-oxygen complex HFIOOH,
where any of a number of possible intermediates are being formed
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Fig. 26 (749). EPR signals of O} obtained both cnzymically and non-enzymically.
Recording at —170 °C, rapid freezing technique (752) ; a) xanthine—xanthine oxidase
reaction. Note the molybdenum signals (overmodulated). The sloping base line is
attributed to an iron signal; b) non-enzymically induced Oy from HgOg and NalOy,
pH 9.9; ¢) same as (b) but at pH 13.2

(Oy, OH or OH*), a similar mode of action can be taken into considera-
tion for the native flavoproteins. The specific action of different flavin
oxidases, dehydrogenases and hydroxylases can most likely be attributed
to specific proteins which are bound with the flavin moiety and are in a
position to dictate the particular breakdown of HFIOOH. For example,
the oxidases were thought to react specifically, yielding oxidized flavin
and H30g, while the dehydrogenases were supposed to yield both flavin

and superoxide radicals (HF1' 4+ HO3). The hydroxylases were assumed to
account for the reaction of one of the activated oxygen intermediates
with the respective substrate.

Only those flavoproteins where Oz is being formed are able to
display cytochrome-c reductase activity which can be inhibited by
erythrocuprein (Table 10). However, it cannot be fully excluded that
erythrocuprein may react with the above-mentioned intermediate
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Table 10. Effect of erythvocuprein on cytochrome-c veductase activity of flavoproteins.
The cytochvome-c veductase activity was measured in aiv-equilibrated solutions contain-
ing 0.1 M pyrophosphate, pH 8.5, in the presence of 3.33 X 10=% M cytochvome ¢ and
70 pg bovine catalase. The concentvation of evythvocuprein in this assay mixture was
0.62 ub. The temperature was 25° {150)

Molecular Activity?)

In absence In pre- Under
Enzyme Reductant of ery- sence of  anaerobic
throcu- erythro-  conditions
prein cuprein
Glucose oxidase 0.1 M glucose 0.038 0.034
D-amino oxidase 1.86 x 10-2M D-alanine 0.054 0.060
L-amino acid oxidase 1.25 x 10-3M L-leucine 0.127 0.126
Glycollate oxidase 6.7 x 10-1M glycollate  0.68 0.50
Lactate oxidase 3.33 x 1074M L-lactate <<0.010 <0.010
P-hydroxy benzoate 1.5 x 10-4)M TPNH + 213 213
hydroxylaseb) 3.3 x 10-4M p-hydro-
xybenzoate
Melilotate 2 % 10~4M DPNH 4 72 60
hydroxylaseb) 1.5 x 10~4M melilotate
Old yellow enzyme 2  x 10-4M TPNH 5.3 0.37 1.27
Ferredoxin TPN 2  x 10-4M TPNH 4.6 1.25 2.3
reductase
Flavodoxin®) 2  x1074M TPNH +
3.2 x 10-8M {ferre- 0.102 0.047
doxin TPN reductase
Lipoyl dehydrogenase 2  x 10-4M DPNH 2.7 0.26 0.21
Glutathione reductase 2 x 10-4M TPNH 0.9 0.072 0.10

a) Molecules of cytochrome ¢ reduced per min. per molecule of enzyme-bound flavin.

b) The quoted values are due in part (and possibly completely) to the nonenzymic
reduction of cytochrome ¢ by the hydroxylated products of these enzymes.

) A coupled system containing 5 x 10-5 M flavodoxin. Results are corrected for
the blank rate due to the ferredoxin TPN reductase alone.

flavin compounds. In this case the cytochrome-c reductase assay is
useless and a completely different assay ought to be developed for the
evaluation of the enzymic activity of erythrocuprein.

Massey and coworkers were able to demonstrate that superoxide is
formed at the reduced flavin site of the flavoproteins (783, 784). When they
used ‘‘deflavo-xanthine oxidase”, no O3 was detectable. In other labora-
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tories (748, 156, 158) the non-heme iron portion of xanthine oxidase was
made more or less responsible for the Oa- formation. In fact, ferredoxins are
able to produce superoxide radicals (748, 756—158, 196) although much
more slowly (about one fourth) compared to Og- formation using the
reduced flavin-complex. A recent study by Misra and Fridovich (158)
suggests that the non-heme iron portion of xanthine oxidase supports
the Og- formation together with the reduced flavin site. However, since
deflavo-xanthine oxidase displays no superoxide formation, the produc-
tion of superoxide at the flavin moiety of xanthine oxidase should be
given priority. Nevertheless, the ubiquity of non-heme iron proteins of
ferredoxin structure, especially in mitochondrial metabolism, is opening
up a new field of interest for both O+ and erythrocuprein.

4.3. Enzymic Properties of the Native Protein, the Partially Reconsti-
tuted Protein and the Fully Reconstituted Erythrocuprein

McCord and Fridovich (70) defined a unit for the enzymic activity of
erythrocuprein as the protein concentration necessary to decrease the
velocity of the cytochrome-c reduction by a factor of 0.5, provided their
standard mixture is employed. The reduction velocity

y=4d Cyt Cred X dt_l = k[Cyt Cox} X [OE}

is diminished when the concentration of either component decreases.
However, the suppression of both the enzymically catalysed production
of Oz and the velocity of the cytochrome-c reduction may also be
observed using enzyme inhibitors; for example, p-mercuribenzoic acid.
This inhibitor was shown to have a pseudo-erythrocuprein activity due
to the diminished reduction velocity of cytochrome ¢ (Fig. 27).

In awareness of this problem, both the reduction velocity of cyto-
chrome ¢ and the actual concentration of cytochrome ¢ were studied
using the xanthine - xanthine oxidase reaction. To achieve the complete
reduction of cytochrome c, sufficient O+ had to be available; on the
other hand, added erythrocuprein was still able to diminish this reduc-
tion. According to the results given in refs. (77) and (79), a cytochrome
¢ concentration which was 10—20 times lower than the concentration of
xanthine and xanthine oxidase met these requirements. Under these
conditions both the initial reduction velocity and the plateau height
were proportional to the erythrocuprein concentration. The advantage
of using the plateau height was, firstly, convenience of measurement,
since the plateau remained constant over 30 min, and secondly, false
interpretations due to pseudoerythrocuprein activity were minimized.
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Fig. 27 (79). Reduction of oxidized cytochrome ¢ by O produced during the enzy-
mic-catalysed oxidation of xanthine. (D in the presence of catalase (16 nM),
erythrocuprein omitted; @ after addition of erythrocuprein (25 nM) and catalase
(16 nM) ; @ without either erythrocuprein or catalase; @ in the presence of erythro-
cuprein (25 nM), catalase omitted; & in the presence of both catalase (16 nM) and
p-chloro-mercuri-benzoic acid (400 uM). The assay was performed at 25 °C in a vol-
ume of 0.76 ml. The concentration of the different components dissolved in 50 mM
phosphate buffer, pH 7.8 was: Xanthine 0.33 mM; cytochrome cox, 27 uM; EDTA,
0.1 mM; xanthine oxidase, 0.21 uM. The reduction of cytochrome ¢ was recorded
in a Unicam SP 1800 spectrophotometer at 550 nm

The diminished initial reduction velocity as a measure for the pres-
ence of erythrocuprein may be conveniently used in model reactions
where no enzyme is involved in the Oy production (70, 757). However,
in a biological system where the formation of O- is enzymically catalysed,
measurement of the plateau hight appears to be more appropriate. At
least the formation of urate has to be controlled if the initial velocity
of the cytochrome-c reduction is measured using the xanthine - xanthine
oxidase system.

Erythrocuprein was found to be extraordinarily stable with regard
to temperature, pH, and storage conditions. An interesting phenomenon
was that enzyme activity was stimulated by 300%, after erythrocuprein
had been exposed for 5 min to pH 10.8 +1.0 and was accompanied by
profound changes in the EPR spectra (see also 3.4.4.) at pH~ 11. From
the EPR data it may be concluded that the ligand conformation around
the Cu?* is quickly adjusted to the prevailing pH conditions. However,
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it may be assumed that conformational changes in the protein portion
are not as quickly reversible, indicating some metastable situation.
Profound conformational changes in the tertiary structure of a Zn
enzyme have already been described (765) and should be considered here
in this context.

Table 11. Enzymic activity of different Cu2+ andjor Zn?+ apo-
evythvocuprein chelates. The vecipvocal comcentrations of these
diffevent metal apoprotein complexes were compared under
equilibrium conditions ([Cyt creq] X [Cyt coxl ™t =1). For each
metal protein 4 different assays werve performed. Incubations
were carvied out at 25°. The assay mixtuve was composed of :
xanthine, 3.3 X 10-4M ; beef-heavt cytochrome cox, 2.7 X 1075M ;
catalase, 1.6 X 10-8M ; xanthine oxidase, 2. 1 X 10~7M  HEPES
buffer, 5 x 10°2M, pH 7.8 (78, 122)

Metal apoerythrocuprein Required metal apoprotein
chelates (aerobically recon- concentration to yield
stituted) [Cyt crea] X [Cyt coxl™1=1
[Moles X (mole protein)—1] [umoles1 x litre]
Apoerythrocuprein 0

+1 Zn2+ 0

+2 Zn2+ 0

+3 Zn2+ 0

+4 Zn2t 0

+1 Cu2+ 1.0

+2 Cu2+ 3.1

+3 Cu2t 9.1

+4 Cu2+ 20.0

+1 Cu2+ + 1 Zn2+ 2.2

+1 Cu2+ +2 Zn2+ 3.5

+1 Cu?+ 4+ 3 Zn2+ 6.7

+2 Cu2t + 1 Zn2t 14.3

+2 Cu2+ + 2 Zn2+ 17.0

+3 Cu2+ 1 Zn2+ 20.0

Native erythrocuprein 33.4

stored at 4 °C

Native erythrocuprein 27.2
stored at 22°C

Anaerobic reconstitution Ng,

2 Cu?+ 42 Zn2+ 28.5
two column technique 33.5
Aerobic reconstitution 17.2

45



U. Weser

4.3.1. Differently Reconstituted Metal-Apoprotein Chelates

Enzymic studies using different Cu2t andfor Zn?*+ apoprotein chelates
shed some light on the problem of the nature and number of metal ions
involved in the enzymic disproportionation of superoxide anions (78).
The highest specific enzyme activity was obtained when two Cu2+ were
present and in addition two Zn2+ or two other Cu?+ ions (Table 11).
The need for two distinct Cu2* ions can be seen by comparing the activ-
ity of the 2 Cu2+ — 1 Zn2* protein with the activity of the 3 Zn2+, and
the 1Cu2+—2 Zn?+ proteins, respectively. Only the 2 Cu2+—1 Zn2+
protein was active in a similar way to the 2 Cu2+ —2 Zn2+ protein. The
enzymic properties of the 4 Cu2+, the 2 Cu2+—2 Zn?+, and the 3 Cu?+ —
1 Zn+ proteins were essentially identical. Considering the fact that the
4 Zn2+ protein is enzymically inactive while the 2 Cu2+ — 1 Zn2* protein
is almost fully active, the conclusion can be drawn that the 2 Cu?+ are
responsible for the electron transfer while the two additional Cu2?+ ions
(substituted for Zn?+) act as essential cofactors. A two-electron transfer
has already been shown in Ref. (74) where dithionite was used as a
reducing agent.

4.4, Evidence of Accelerated HyO¢ Formation in the Presence of
Erythrocuprein

In comparing the spontaneous and the enzymically catalyzed dispro-
portionation of O+ into H90O2 and Og, the initial velocity of the HaOq
formation would be expected to increase in the presence of erythrocu-
prein. McCord and Fridovich (70) demonstrated that HsO4 is a product
of the erythrocuprein-catalyzed reaction, but they did not find that the
initial velocity of the HgOs formation is higher. Accelerated HoOs
formation can be seen, provided the assay for HoOg is sufficiently fast
(79, 7114, 166). In the presence of 10 uM erythrocuprein (Curve ®)
the rate of HoOy formation after 1 min was as high as 2409, compared
to the control (Curve @) (Fig. 28).

It is possible that even more H203 is detectable. The erythrocuprein-
catalyzed disproportionation of Oy- is probably fast enough to minimize
other reactions of Og- in the assay system, while in the slower spontane-
ous disproportionation some of the Oz- may be lost, for example, via the
cycle of Haber and Weiss (167).

0y + Hp0s + H*¥ = Oy 4 Hs0 + -OH

‘OH + Hy0p = Hy0 +4 Oy + H*
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Fig. 28 (79). Time course of hydrogen peroxide formation in the presence of erythro-
cuprein and p-mercuri-benzoic acid. (D control, @ 100 nM, @ 500 nM, & 10,000
nM erythrocuprein, & 130 uM p-mercuri-benzoic acid. 2.25 ml of the assay mixture
was composed of: homovanillic acid. 0.9 mM; horseradish peroxidase, 0.5 uM;
EDTA, 0.1 mM; xanthine, 0.33 mM; 50 mM potassium phosphate buffer (pH 7.8)
served as the solvent. Fluorescence readings were taken at 425 nm using 1 cm light-
path quartz cells

4.5. Specificity of the Substrate

In the preceding chapters — with the exception of the discussion of
different flavoproteins — no such discussion was started regarding the
specificity of the superoxide anion as the sole substrate for erythrocu-
prein. In this context let us recall some basic principles of the chemical
and physical properties of oxygen (for extensive reviews see Refs. (772—
178 a)).

The O2 molecule can be considered as a stable biradical. In contrast
to the Ny molecule, two a*-antibonding molecular orbitals are occupied
according to Hund’s rule, each by one electron. Both electrons have the
same spin direction. This binding situation represents the ground state
of the electronic triplet expressed as:

*

354 [7ta,y (4) 7z (1) 7y (1))
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Upon excitation of this triplet ground state, two metastable singlet
states

15t [y () ag( 1) a*(4)] and  Aglmey (4) m( 1) ay(o)]
and two excited triplet states
35 [May (3) May (3)] and 357 [y (3) may(3)]

are possible. Because of the high excitation energy required (36,000 and
49,000 cm—1), the excited triplet states seem rather unlikely to occur
in biochemical systems. However, evidence for singlet-type oxygen in bio-
chemical processes has been reported (746, 747, 160, 179—187). The
excitation energy of 14405 is 22 kcal (8,000 cm~1), and 87 kcal (13,000
cm~1) is required to produce 12};02. These two singlet states differ in
their electronic occupation of the m*-antibonding molecular orbitals.
The 14,0, has both antibonding electrons located with antiparaliel
spin in one zm*-antibonding molecular orbital, leaving the second un-
occupied. In the 137 state, the two electrons of the triplet ground state
remain in the two m*-antibonding orbitals, but with antiparallel spin.
In principle, the conversion of 12; into *Ag-oxygen is possible. According
to Khan (159) 0% is an established source of 14, oxygen while 137
oxygen, apparently, is preferentially formed from Og- (746).

A simple method for the production of singlet oxygen using a satura-
ted solution of potassium superoxide in dimethylsulphoxide has been
described by Khan (159). The resulting 155 oxygen was monitored by
the fluorescence of added anthracene. However, the exact mode of forma-
tion of singlet oxygen is still unknown. A pronounced quenching of the
anthracene fluorescence was observed after the addition of water. Never-
theless, the generation of singlet oxygen in aqueous media, for example,
during the xanthine-oxidase catalyzed oxidation of xanthine, was taken
into consideration. Arneson (746) concluded from his measurements
employing xanthine oxidase and aldehyde oxidase that singlet oxygen
is formed from Oj:, which was measured by chemiluminescence. This
chemiluminescence was quenched in the presence of erythrocuprein,
sulphite, cysteine and cytochrome ¢ (747). Singlet oxygen may even be
formed in the absence of O3 (747, 760). During the reaction of lipoxidase
on its substrate linoleic acid, a “singlet oxygen-like” intermediate was
observed which was quenched rather specifically by erythrocuprein. In
this system no cytochrome-c reductase activity was measured which
could be attributed to Oz (747). Thus, Rotilio et al. (147) propose that
the main activity of erythrocuprein is to quench singlet oxygen rather
than to accelerate the O3+ disproportionation.
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Fig. 29. Possible substrate complex for erythrocuprein

Thanks to its electron affinity, oxygen is able to accept up to four
electrons (Fig. 29).

The electrons are filling the empty ¢* molecular orbital and the half-
filled #* molecular orbitals. As the number of electrons increases, the
0—0 distances are progressively increased, finally causing dissociation.
In Fig. 29 the substrate specificity of Oz: for erythrocuprein should be
critically examined. Considering the fact that erythrocuprein reacts
extremely fast (~2 x 109 M-1s-1 ((82) with O3z and/or HC.)z prepared
by pulse radiolysis, it seems rather likely that this Cu—Zn protein could
well react with some intermediates of Oz-. For example, the flavoproteins
form the intermediary flavin-oxygen complex called HFIOOH (783—
785). 1t could be possible that erythrocuprein reacts already with this
complex. Futhermore, no conlcusion can be drawn as to whether the
metals, molybdenum and iron, involved in the electron transport are
oxidized, leaving the oxygen molecule in the reduced state as Og, or
whether the metals are reduced and molecular oxygen or some singlet-
type oxygen intermediates are formed. This redox mesomerism (786) and
the various possible intermediate states of oxygen given in the dashed

square of Fig. 29 makes it hard to assign a substrate specificity for
erythrocuprein.

4.6. The Biochemical Reactivity of Copper in Erythrocuprein

Unfortunately, our knowledge of the structure of nearly all copper
proteins including erythrocuprein is rather limited. Thus for the time
being great caution is necessary in the interpretation of physical and
chemical properties. Extensive studies using Cu model complexes of low
molecular weight were carried out as an approach to understanding
these structural and functional properties (4, 8, 53, 187, 788).
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The biochemical properties of Cu in the different Cu proteins could be
formally described as (Fig. 30):

I II II1 v
[Cu’] 00 [ Cu’ o Cu” o Cu” 9
cw] o> e ] 2> |cpr| 02 > Cu” ...0
[Cu’

+0,
[Cu’} 12402 \

.. 1Ag02

Fig. 30. Redox mesomerism of Cu in different Cu proteins

In Cu compounds of high covalence no precise decision can be reached
regarding the oxidation state of the copper (53), while in ionic systems
reference to the occupancy of the 34 subshell is sufficient. Thus, the oxida-
tion states given in I—IV are of merely formal nature. The interesting
phenomenon in this scheme is the redox mesomerism of Cu which implies
that the chelated metal ion could have different biochemical actions.
Type I would represent the reversible oxygenation as found in haemo-

cyanin, type II would be the superoxide dismutation, provided Oz
really is the substrate, and types III and IV are represented by the
catalatic and oxidative action displayed by a considerable number of
copper proteins (polyphenol oxidases, amine oxidases etc.). The bio-
chemical specificity of each chelated copper is more of less given by the
macromolecular ligands.

An extensive study of the catalatic and peroxidative activity of
different Cu complexes was performed by Sigel (788). It was demonstrated
that one or two coordination sites of the copper had to be vacant to
allow the binding of the substrate (Fig. 31).

The type III complex remained essentially inactive. Proof of an
intermediate Cu2+-peroxy complex was shown by an absorption shoulder
at 360 nm (789, 790). This biochemical reactivity was induced not only
by ethylene diamine and its derivatives, but also by monomeric or
polymeric amino acids or nucleotides.

In this context we wanted to find out to what extent the copper
chelates of, either the free amino acids or some low molecular weight
peptides, would be in a position to display superoxide dismutase activity.
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Fig. 31 (790). Blocking of copper coordination sites

We tested all the amino acids present in bovine erythrocuprein, but only
the copper complexes of histidine, tyrosine and lysine showed enzyme
activity similar to that reported for erythrocuprein, i.e. inhibition of
cytochrome-c reductase activity and quenching of singlet-type oxygen
(Fig. 82, Table 12). In the presence of the metal-free ligands and Cu2+
alone, no such biochemical activity was detected (779). It has to be
emphasized that the Cu-chelate concentrations used were in the micro-
molar region, i.e. their concentration was almost 3 orders of magnitude
lower than the Cu2+ concentrations employed by Sigel (790). As the
copper amino acid concentrations required for superoxide dismutase
activity are extremely low, it is hard to give a precise assignment of
the exact number of coordinated amino acids with Cu2* in solution.

The Cu chelates using EDTA or serum albumin display no superoxide
dismutase activity. It is very attractive to conclude that — as in the case
of the catalatic action of Cu2+ — one or more Cu-coordination sites are
fully accessible to water or the substrate.

Studies concerning the residence time of water bound to Cu2+ have
recently been performed with native erythrocuprein (797). A residence
time of 4 X 1076 —10-8 s was determined on each of the two Cu2+ per
protein molecule. This constant is not so different from the second-order
rate constant for the erythrocuprein—O3- reaction (782). In other words,
the coordinated water can be most rapidly exchanged by Oz andjor
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Fig. 32 (779). Chemiluminescence assay of bovine erythrocuprein and different
Cu?+-amino acid complexes at pH 7.8. (D) None; @ Cu(Lys)s; 50 nM; @ Cu(His)e,
100 nM; @ Cu-Tyr, 145 nM; (® bovine erythrocuprein, 8 nM. The assay components
were pipetted in a disposable scintillation vial at room temperature. The total
volume was 2.22 ml. The assay mixture was composed of; HEPES buffer, 50 mM;
xanthine, 0.33 mM; catalase, 800 i.U.; luminol, 1 mM; The reaction was started
with 0.08 units xanthine oxidase (definition as given by J. Cooper, P. A. Srere,
M. Tabachnick and E. Racker, Arch. Biochem. Biophys. 74 (1958) 306). The first
reading was taken after 10 sec. During the counting the coincidence of the Packard
scintillation counter was turned on. The background was 4 £+ 1 cpm

singlet-type oxygen. However, this fast exchange is only possible when
the copper is readily accessible to the substrate. From XPS measurements
(see Chapter 3.4.5) it was concluded that Cu?+ is probably located in the
outer sphere of the protein molecule.

At the moment no decision can be made as to whether or not erythro-
cuprein is an essential enzyme in metabolism. In order to assign a specific
role to it, two criteria must be fulfilled: firstly appropriate ligands
bound to the Cu2t must be able to induce a ‘“‘superoxide dismutase”
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Table 12. Superoxide dismutase activity of different Cu2+*-amino
acid chelates. All the amino acids and peptides used weve in the
L-form. The cyfochvome-c veductase assay was performed as
given in Table 17 (179)

Cu?2+-Chelate Required equivalent of
chelated Cu2* to yield
[Cyt crea] X [Cyt cox]™t =1
[ moles™1 x litre]

Native bovine erythrocuprein 16.7
1-Cu-apoerythrocuprein 1.0
Cu(Lys)2 0.9
CuTyr 0.6
Cu(His)g 0.5
Cu(His-methylester)s 0.2
Cu—Leu—Tyr 0.5
Cu—Lys—Ala 0.2
Cu—His—Leu—Gly 0.6
Cu—Gly—His—Leu 0
Cu—His—Leu—Leu 0.3
Cu—Leu—His—Leu 0.04
Cu—Leu—Leu—His 0
Cu?Zt-aq 0
Cu—EDTA 0
Cu—bovine serum albumin 0

activity; and secondly, the protein molecule has to be in a position to
protect the free coordination site of the copper ion from unspecific and
undesired binding with a large number of naturally occurring ligands.
Last but not least, it has to be realized that the question of substrate
specificity is still open. Whether or not erythrocuprein reacts with radicals
other than oxygen is another most important question.

4.7. Possible Role in Metabolism

Although erythrocuprein has been known since 1939, it was 30 years
before a biochemical function was assigned to this copper protein. There
is substantial evidence that erythrocuprein is involved in the dispro-
portionation of Oz andfor the quenching of singlet-type oxygen. In
metabolism Op- is enzymically produced. However, the only source so
far established for the formation of Oj- is represented by the flavoprotein
dehydrogenases, although evidence of O3 was recently reported during
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the oxidation of epinephrine (792) and ferredoxin (748, 756—158, 196).
On the other hand, radiation or extraneous reagents, for example, the
1,1'-ethylene-2,2"-dipyridylium ion known as the herbicide ‘“Diquat”
(768), give rise to the formation of O3-. The decay products of Oz are
highly active in the organism and should be rapidly destroyed. The
reaction of O3+ can be either oxidative, as shown by the oxidation of
dihydroxy phenols (792), or reductive, as comprehensively studied in
the cytochrome-c reductase essay. The extent to which the scavenging
of Og-, some intermediate superoxide complexes or singlet-type oxygen
will have priority is a most interesting question and a challenging task
for further studies. All these excited oxygen species would be extremely
reactive and “burn” anything in the living cell. Singlet oxygen-like
intermediates are reported to be generated directly and not via Og-
(160). De Luca and Dempsey (180) have suggested that singlet oxygen
may be produced in the mechanism of oxidation in firefly luminescence.
Nevertheless, the ubiquity of erythrocuprein in a great number — if
not all — aerobic cells and its reactivity in the biochemistry of oxygen
suggest that this metalloprotein may possess a most important and
possibly essential function.
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Note added in proof. Shortly after submitting this manuscript to the
publishers an overwhelming number of studies on the cupreins have
appeared in the literature. The two papers anounced in 3.4.4. as being in
press (761, 762) have become available and describe different experi-
mental conditions of selective metal removal from erythrocuprein leaving
the remaining protein portion undamaged. Physical and chemical char-
acterization was performed using EPR, CD, optical spectra, electro-
phoretic behaviour and enzymic function. Proteolytic attack by carboxy-
peptidase B on the 2 Cu protein resulted in the loss of only one lysine
residue. Both Cu of the native enzyme could be reversibly reduced
using ferrocyanide. Stoichiometric addition of HpO2 under anaerobic
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conditions caused the disappearance of the Cu EPR signal. This phenom-
enon was somewhat later confirmed in a quantitative study by Symo-
nan and Nalbandyan (202). From EPR measurements (762) it was
further concluded that the copper sites were equivalent and rhombic.
Ligand exchange studies led to the proposal that the copper binding
site is composed of three nitrogen atoms as strong ligands while the
fourth ligand is considerably weaker and can be easily exchanged with
solvent anions (762, 797). An orthorhombic crystal form of bovine
erythrocuprein was grown at 4 °C. From x-ray crystallographic investiga-
tion the dimeric molecule (4 subunits) had space group P 21 2; 2 and
a=51 A, b=61 A4, and ¢ =147 A (203). A monoclinic crystal form was
obtained in 58%, 2-methyl-2,4-pentanediol. This second crystal form had
space group Ca: a=93.4 A, 6=904 A, ¢=71.6 A, #=95.1° and four
subunits (2 molecules of erythrocuprein) were also detectable per
asymmetric unit.

From fluorescence emission and other physicochemical studies strong
evidence was obtained that unlike in the case of bovine erythrocuprein
tryptophan was found in human erythrocuprein (204). In a comprehensive
pulse radiolysis study Kilug, Rabani and Fridovich (205) determined
the rate constant of superoxide dismutase to be 2.3 X 10° M-1s-1,
They confirmed the results of Rotilio, Bray and Fielden (182) who meas-
ured somewhat earlier a constant of 1.64-0.3 x 109 M-1s-1. Both
groups were able to demonstrate the constancy of this rate constant
in the approximate pH region from pH 5 to 10.

Proof of the generation of O3z- during electrolysis of aqueous solutions
was obtained in the laboratory of Fridovich (206). The Ogz- catalysed
oxidation of adrenaline served as a monitor which could be inhibited
by superoxide dismutase. Ultrasonication of buffered aerated solutions
gave rise to the formation of Oz which could be detected using the
cytochrome-c reductase assay (207). This sonication induced cyto-
chrome-c reduction was also inhibited by native erythrocuprein. Another
sensitive superoxide dismutase assay using the reduction of nitro blue
tetrazolium by Ogz- was developed by Beauchamp and Fridovich (208).
This assay allowed the detection of erythrocuprein in the ng/ml region.
During the metalloenzyme conference in Oxford, 1972, Fridovich
summarized the basic facts on superoxide dismutase (erythrocuprein)
(209).

The significance of superoxide during the hydroxylation of aromatic
compounds was shown using the NADH-phenazine methosulphate-Os
model system (270). From their observations that rat liver microsomes
are in a position to catalyse an NADPH-dependent oxidation of adre-
nalin to adrenochrom Aust, Roerig and Pederson concluded the participa-
tion of Og- (270). Another physiological function of erythrocuprein — the
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protection of biomembranes against oxidative breakage — was shown
be Fee and Teitelbaum (277) who studied the peroxidation of red blood
cells. Zimmermann et al. (212) supported these results in the case of the
lipid peroxidation of the inner membranes of rat liver mitochondria.
There was additional indication that during the oxidative breakdown
of the mitochondrial membrane Oz cannot be considered to be the
exclusive substrate for erythrocuprein. In the author’s laboratory a
further study on the enzymic catalysed oxidation of xanthine using
the chemiluminescence test (747) was carried out (273). At higher pH
the initial light emission was followed by a distinct maximum which
was shifted towards a longer time. In the presence of erythrocuprein
this maximum appeared much earlier. Cupreins isolated from bovine
liver and Saccharomyces cerevisiae were compared in a detailed study
(274) and three short contributions deal with x-ray photoelectron
measurements of the native and the Co-substituted erythrocuprein
(215—-217). The Co substituted erythrocuprein was already discussed
by Rotilio on the metalloenzyme conference in Oxford last year (278
and 795).

Singlet Oxygen Decontaminase (S.0.D.). It has been demonstrated that
'2202 can be generated from potassium superoxide (759) or during
photochemical reactions (279). Unfortunately, the unequivocal answer
whether or not singlet oxygen can be formed directly during a chemical
reaction in the dark avoiding the superoxide mediated formation of
singlet oxygen was not possible (747, 760, 179, 212, 213, 220). This was
due to the complexities of the employed assay mixtures. With the report
by Peters et al. (227) final evidence was presented that 14,02 was ex-
clusively formed in the dark using an aqueous solution of CrO§~ at
neutral pH.

4 CrO§" 42 Hz0 = 4 CrO% +7 Oy + 40H~

There was also unequivocal proof that no superoxide at all was
generated during this chemical reaction. Thus, this result supports earlier
observations of a direct singlet oxygen generation in biological systems
avoiding the pathway via superoxide.

The evidence that during the reaction of Crog' with water 14,04 is
exclusively generated (279) prompted us (222, 224) to use this chromium
peroxocomplex as a substrate for erythrocuprein. Stomberg and Brosset
(223) showed in 1960 that the chromium ion is in the oxidation state 45
and surrounded by four 03§ groups. No evidence from X-ray crystallo-
graphic data so far was obtained for the presence of superoxide. The
possibility that Oz may be formed during the aqueous decomposition of
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CrO§~ was examined using the cytochrome ¢ reductase assay and the
nitro blue tetrazolium staining method. Both assays for superoxide
proofed absolutely negative (224). CrO3~ and CrO3~ did not disturb
these assays since additional potassium superoxide caused a strong
positive reaction for the presence of O3.

Using CrO3 ™ as a substrate we were able to demonstrate the specificity
and efficiency of the cupreins to scavenge highly energetic 14,05 (Table
13). Even in concentrations up to 2 X 10~10M erythrocuprein was able to
quench the 14,0, mediated chemiluminescence.

Table 13. Singlet oxygen decontaminase activity of Cu-chelates and evythvocuprein. The
erythrocuprein concentration vequived to produce a 50%, inhibition of the chemilum-
inescence was taken an enzyme unit fov quantitating the singlet oxygen decontaminase
activity. The assay mixtuve contained: HEPES buffer, 0.1M, pH 7.8, luminol, 0.3
mM ; crystalline KsCrOg, 0.3 mM ; the total volume was 5.1 ml. Counting was pevform-
ed as described in the legend to Fig. 32

Cu2+-Chelate Required equivalent of chelated Specific
copper to yield 509, inhibition activity .
of 14402 induced Units X mole~1
chemiluminescence
Moles x [108] X [10-5]

Native erythrocuprein 0.0036 2800

Boiled erythrocuprein 260 0.038

Apoerythrocuprein 0.42 24

Cu-EDTA 300 0.033

Cu(His)s 10 1

Cu(Lys)2 23 0.43

The reactivity of native erythrocuprein was higher compared to the
superoxide dismutase activity shown in Table 12. Of utmost importance
was the observation that the model chelates and CuSO4 were virtually
inactive compared to the native enzyme. The difference was 4 orders of
magnitude which implies a much higher specificity for this enzymic
reaction of the cupreins. The powerful reactivity of erythrocuprein is
further demonstrated by the fact that the apoprotein displayed a detect-
able enzymic activity due to traces of copper which were undetectable
by atomic absorption measurements or EPR spectroscopy. No such
difference between apoprotein and the boiled native enzyme was observed
using the superoxide dismutase assay.
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The long known phenomenon that singlet oxygen species are being
evolved during biochemical reactions led to the assumption that these
oxygen species were the actual physiological substrates for erythro-
cuprein {747, 179, 213, 219). However, the question remained open con-
cerning the superoxide mediated formation of these oxygen species. No
final decision could be made due to the rather complex nature of the
employed assay systems. With the present study unequivocal evidence
was obtained that superoxide was not involved in the singlet oxygen
production.

The high specificity of erythrocuprein with regard to scavenge singlet
oxygen supports the statement of the entatic state of metal ions in metal-
loenzymes (225, 226). The protein portion of the native erythrocuprein
is providing the proper ligand for the metal ions producing this entatic
situation. In contrast, the low molecular weight Cu-chelates are virtually
inactive because the copper would not be in this entatic state required to
induce this singlet oxygen decontaminase activity.

Considering all the presented data the conclusion must be made that
the main physiological function of the cupreins is the scavenging of
singlet oxygen species rather than catalyzing the superoxide dispro-
portionation. The occurrence of superoxide would be just one specific
pathway for singlet oxygen formation. The protective action of a singlet
oxygen decontaminase upon membrane lipids, all sorts of unsaturated
compounds including nucleic acids and a great number of reducing
agents can be considered essential in the metabolism of the aerobic cell.
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I. Introduction

The importance of iron in mammalian organisms is such that one
requires to make no case for the study of this mineral and its metabolism.
The major role of haemoglobin and myoglobin in the transport and
storage of oxygen together with their characteristic red colour has
made them objects of study ever since the advent of biochemistry.
Indeed many of the most outstanding contributions to the development
of physiological chemistry and its steady transition into biochemistry
and molecular biology can be traced to investigations on these two
proteins. The other essential role of iron as a component of a series of
haem enzymes involved in the terminal pathway of electron transport,
leading to the ultimate electron acceptor molecular oxygen and associated
with the concomitant production of energy, has been studied for many
years.

There are a number of other iron containing proteins in mammals
as reference to Table 1 will show. Flavoprotein dehydrogenases involved
in a number of oxidation reactions, catalase and peroxidase accounting
for metabolism of hydrogen peroxide, and a varied number of oxidases
and oxygenases catalysing the introduction of molecular oxygen into a
series of substrates ranging in diversity from tryptophan to steroids
represent the better known of those proteins which have well established
catalytic functions. Transferrin, the f£;-globulin found in plasma, trans-
ports iron from one part of the body to another and has been extensively
dealt with in a previous review in this series (7).

There remain two iron containing proteins which together account
for one quarter of the total iron in man and it is with the best char-
acterized of these that we will be concerned here, namely ferritin.
Haemosiderin, the other of these two, will not be discussed.
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In 1894 Naunyn-Schmiedeberg (2), the well known German pharma-
cologist described a protein to which he gave the name Ferratin. This
substance, isolated from pig liver, contained 69, iron and a variable
amount of phosphate and remained the object of some considerable
criticism until 1934. In that year the Czech scientist Laufberger (3)
described the isolation of a pure protein rich in iron, by heat treatment
of horse spleen followed by repeated ammonium sulphate and alcohol
precipitation. The name ferritin was proposed by him, as he put it “in
memory of Schmiedeberg’s ferratin”, and in a detailed publication (4)
he described its purification, its high iron content (over 209, by weight),
and prophetically remarked that in his opinion ferritin was a substance
that served as an iron depot in the organism.

In order to simplify the treatment of the present state of our knowi-
edge about this protein a few brief definitions seem in order. Ferritin
refers, unless otherwise specified to the protein from horse spleen, about
which most is known at present. Apoferritin is the term used for the pro-
tein part of ferritin, and unless specified also refers to the horse spleen
protein. Native apoferritin is the term used to describe the nearly iron
free protein which can be isolated from ferritin by centrifugal techniques
(Fig. 1). Full ferritin is defined in Fig. 1 as is sron-poor ferritin: they are
molecules which contain the maximum amount of iron and much less
than the average amount of iron respectively.

Sedimentation Pattern of Horse Spleen Ferritin

O

Apoierriﬁn

full ferritin' “partially-filled”  ferritin

e

meniscus

Distance from centre of rotation

Fig. 1. Fractionation of native ferritin by ultracentrifugation. The change in con-
centration dC{dr is plotted against the distance from the centre of rotation {#)
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II. Physiological Function of Ferritin

As is described in Section I11 below, ferritin is widely distributed through-
out the various organs of mammals, with particularly high concentrations
being found in liver, spleen and bone marrow. Its function can be
surnmarized in physiological terms quite simply: it represents a depot
in which surplus iron can be stored within the cell in a non-toxic form
and from which it can be mobilized as and when required either within
that particular cell itself, or in other cells of the organism. Although the
precise function of ferritin in other species is less well characterized, this
is presumably its major role there. However, in mammals we can distin-
guish a number of distinctive features of the function of ferritin in different
organs, and these are summarized in Fig. 2 (5).

ERYTHRO!D CELLS

FERRITIN{Fe34)
PROTOPORPHYRIN
HAEM+GLOBIN ERYTHROCYTE
L _—

HAEMOSIDERIN = Fe2*
y

(Fe3%) » HAEMOGLOBIN [Fe2*)
120 days
GUT J SPLEEN AND OTHER TisSUES
ERYTHROCYTE DESTRUCTION
MUCOSAL CELL 1
Felt .y Fe2* » Fe3*-TRANSFERRIN ¢ FeZ* — FERRITIN Fe3")
1L PLASMA Sy
FERRITIN (Fe3") ) \ 1
— SN
SWEAT, URINE, Fe3*-TRANSFERRIN
l DESQUAMATED SKIN EXTRACELLULAR FLUID
MUCOSAL
SLOUGHING
FAElCES HAEMOGLOBIN {Fe<*)3 Fe2* === HAEM ENZYMES
ERYTHROCYTE Z 1\ \
BIN [Fe<"
FeRRIT | MIOCLOBIN(FeZ

(Fe3+j  HAEMOSIDERIN (Fe3*
LIVER AND OTHER TISSUES

Fig. 2. Physiological role of ferritin in iron metabolism. For detailed explanation,
see text

In cells of the erythroid series (that is, cells which are precursors of
erythrocytes and which synthesise haemoglobin) transferrin molecules
carrying Fe3+ bind to specific receptor sites on the cell membrane and
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transfer iron to the cells (6). This iron, probably after reduction to Fe2+,
is then incorporated into ferritin: the process involves oxidation to the
ferric state (see Section VI). Ferritin iron then serves as a source of
iron for haem synthesis, and its mobilization requires reduction to Fe2+
(Section VII).

At the end of their life span, erythrocytes are phagocytised by cells
of the spleen, bone marrow and other tissues. Although the globin chains
are degraded, and the porphyrin excreted after conversion to bilirubin
in the bile, most of the iron is conserved; it is first stored in ferritin, and
can then be subsequently mobilized from these tissues by transferrin.

In liver, muscle and other tissues iron is taken up by the cells when
transferrin saturation levels are high and deposited first in ferritin and
subsequently transferred to haemosiderin. This pool of ferritin iron is
most likely used within these cells to meet requirements for synthesis
of haem enzymes, myoglobin and other non-haem iron proteins. The
ferritin can also store iron released from the breakdown of such iron
containing proteins in the course of their turnover. Mobilisation of iron
from these tissues once again probably involves reduction of iron to Fe2+
and its transfer across the cell membrane to transferrin. In such tissues
the level of transferrin saturation seems likely to play a major role in
determining the balance between deposition of iron in ferritin and its
mobilization from the storage form.

Ferritin also occurs in the cells of the intestinal mucosa where it has
been thought to play some role in regulating the amount of dietary iron
absorbed from the gut. From evidence of increased absorption of radio-
active iron in humans with iron deficiency compared with normal
subjects, who absorb very little, the idea of a “mucosal block” was

GUT MUCOSAL CELL PLASMA
Fedt
reducing apoferritin  apoferritin
agents Fe3* transferrin
ferritin
oz (Fe3+) reduction
et 2*

Fig. 3. The mucosal block theory of iron absorption. Iron taken up by the mucosal
cell is converted to ferritin: when the ferritin becomes physiologically saturated
with iron, no more is taken up by the cell until iron is released from ferritin and
transferred to the plasma
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advanced (7). Thus it was proposed that there was a mucosal acceptor
for iron which, when physiologically saturated prevented further entry
of iron through the mucosa into the body (Fig. 3). The suggestion (7)
that this acceptor for iron might be apoferritin seemed to be confirmed
by an experiment in which ferritin was crystallised from duodenal mu-
cosa following administration of a large dose of iron to guinea pigs
(8). The mucosal block theory, outlined in Fig. 3, postulates a major role
for ferritin in the absorption of dietary iron. Dietary iron, after reduction
to Fe?+ in the upper part of the intestine, is absorbed by the mucosal
cells and transferred to ferritin. The requirements of plasma iron are
then met from this pool of mucosal ferritin, the transfer of iron requiring
reduction and oxidation. Once the mucosal ferritin is saturated no
further iron is taken up.

This hypothesis has been criticised in some respects (9) on a number
of grounds that need not concern us here. Whether in fact ferritin does
serve to regulate the uptake of dietary iron, whether all the iron absorbed
from the diet passes through ferritin, or whether in the initial rapid
phase of iron absorption from the gut iron is transferred through the
mucosal cell without entering ferritin, remains to be fully clarified. It
does seem clear from experiments on dogs and man that ingestion of an
adequate amount of iron prevents the absorption of any further iron
fed for some time after (70, 77). And there can be no doubt that apo-
ferritin is produced by mucosal cells following iron administration and
takes up large amounts of iron, forming ferritin as Granick first showed
(8). Some of this ferritin iron is probably slowly reduced to ferrous
iron and transferred to the plasma over the course of the life span of the
mucosal cell; what remains in the cell at the end of its 7—10 days of life
is certainly lost when the cell is sloughed (72). At the very least then, it
seems that ferritin is a repository for quite a large amount of the iron
entering the mucosal cell: whether it is the means of getting that iron
from the lumen of the intestine to the plasma remains an open question.
Ferritin has been implicated in two further biological activities. On
intravenous injection it inhibits the constrictor response to topical
adrenaline of the precapillary sphincter and mesoarterioles in the
mesenteric capillary bed of the rat (73) and it inhibits the flow of urine
in hydrated dogs and rabbits by stimulation of the neurohypophysis
to secretion of antidiuretic hormone (74). Thus, it is both a vasodepressor
(and as such is released into the blood from liver under conditions of
experimental shock) and an antidiuretic.
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IIT. Distribution and Isolation

A. Distribution of Ferritin

The presence of ferritin in the spleen of dog, cat and jackal was estab-
lished by Kuhn et al. (15); they were unable to detect it in guinea pig,
rabbit or whale. Granick (16) then presented a comprehensive survey
in which he showed that ferritin was present in liver, spleen, bone
marrow and testes of horse, in human liver, spleen, bone marrow and in
liver and spleen of dog, guinea pig, mouse, pig and rat. Dog and cat
kidney as well as rabbit spleen, and testes of mouse, pig and rabbit
were also shown to contain ferritin. No ferritin was found at that
time in cattle, sheep, deer, chicken and bullfrogs, although as we will
see below many of these species have since been shown to contain
ferritin. The presence of ferritin in human cells (77) and in cells of the
human lines Hela, KB and HEP-2 in culture (77, 78) raised the inter-
esting possibility that ferritin might be rather widespread in its distribu-
tion within different organs and tissues. Indeed a recent paper reports
on the demonstration by an immunological procedure of ferritin in liver,
spleen, bone marrow, heart, lung, kidney, pancreas, thyroid, adrenal,
brain, intestine and placenta of human (79). The presence of ferritin
in serum had been established by its identification as the active compo-
nent of vasopressor material (73). The development of the rat meso-
appendix assay (20) enabled detection of ferritin in plasma of patients
with diseases that were characterised by shock (27), hypertension (27) or
oedema (22, 23). Using a quantitative immunoprecipitin method ferri-
tinemia was demonstrated in patients with hepatocellular necrosis
(24—26) and severe haemolytic anaemia. Indeed in patients with high
serum levels of ferritin, the protein could be detected in unconcentrated
urine specimens (26), but could not be detected in normal healthy sub-
jects (26). More recently a much more sensitive radioimmunoassay has
been developed for ferritin {27, 28) and this has enabled the unequivocal
demonstration of low levels of ferritin in the plasma of normal human
subjects. Moreover, using this method the levels of ferritin in the plasma
of patients suffering from a variety of disorders of iron metabolism has
been shown to closely reflect the state of body iron stores (27, 28). Thus
levels of 35.6 ng/ml were found in normal subjects, 5.4 ng/ml in iron
deficiency anaemias and 1700 ng/m!l in iron overload (27). It seems likely
that the presence of ferritin in serum reflects leakage from tissue stores.
However, the possibility that serum ferritin has some function (other
than the vasopressor activity referred to earlier) has not been explored.

As pointed out earlier (Section II) ferritin can be isolated from the
mucosa of guinea pigs (8). It is also found in rat mucosa where a number
of groups have concerned themselves with its possible role in iron
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metabolism (see Section II and X). Although it has not been isolated,
reports have appeared concerning ferritin particles in rat macrophages
and associated mast cells (29) as well as in guinea pig erythroblasts (30).

It has been observed that the content of liver ferritin in adult female
rats is more than twice that in male rats (37). The level of ferritin in
both sexes is low until about 7 weeks after birth: from then on the levels
in both increase, but the level in females rises about twice as rapidly as
that in males (32). An analysis of the distribution of ferritin in liver cells
has shown that it is almost exclusively confined to hepatocytes whereas
the Kupfer cells seem to be the major site of haemosiderin deposition (33).

Ferritin is not however confined exclusively to vertebrates nor even
to mammalia. It has been isolated from dolphin and tuna fish (34, 35),
though not to the author’s knowledge as yet from whales, and its occurr-
ence has been confirmed in both eggs and early embryos of the frog
(Rana pipiens) (36), in snail hepatopancreas and ovotestes (37), in octo-
pus vulgaris (38) and in invertebrates — worms (39) and molluscs (40).
Following its original observations in plants by Hyde et al. (47) its
presence in plants, where it seems to be extensively present in chloro-
plasts, has been widely reported — pea embryos, willow, Xanthium,
Soyghum, to name but a few (47—435). Phytoferritin is similar to mamma-
lian ferritin in its electron microscopic appearance, iron content and
molecular weight and is principally found in the plastids, cotyledons and
shoots of young plants and in the chloroplasts of angjosperms. As the
chloroplasts mature they lose their ferritin: it is presumed that this
storage iron serves as a source of iron for various haem and non-haem
iron-containing enzymes required in the further development of the
plant tissue. Phytoferritin is usually found within the plastids packed
in a close packed semi-crystalline array, which has on occasions been
confused with virus particles (46). Such assemblies of ferritin are seen
only in tissues of mammals with a considerable degree of iron overload.
Not only are there a selection of phytoferritins reported in the literature;
since its discovery in a fungus (47) and its isolation from the fungus
Phycomyces (48), a recent report of a mycoferritin in the soil fungus
Mortiarrella alpina (49) together with its isolation extends the known
distribution of ferritin to the borders of the microbial world.

We may conclude that the distribution of ferritin throughout Nature
is quite widespread. Some preliminary comparisons between these
different ferritins will be presented in Section V.

B. Isolation

The original isolation procedure for horse spleen ferritin developed by
Laujfberger (4) took advantage of the stability of the protein to heating
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at 80 °C, its precipitation by half saturation with ammonium sulphate
and its ready crystallisation from 59, cadmium sulphate. Further small
modifications in the method were introduced by a number of other
workers (73, 15, 50), but the method itself remained unchanged in its
basic essentials. Omission of the heat treatment step (57) made no
difference in the purity of ferritin isolated from horse spleen. Although
this method is ideally suited for horse spleen it has a number of dis-
advantages when used for ferritin isolation from other mammalian
tissues. Despite the heat treatment and ammonium sulphate steps
other proteins can be carried through the isolation procedure, especially
if they become adsorbed to ferritin. Thus, for example haemoglobin
when present in large amounts, is a major contaminant of ferritin. It
also seems to be the case that the lower the level of ferritin in a tissue,
the more likely it is that other proteins will be isolated along with the
ferritin. Yet another difficulty associated with the original procedure is
that not all other ferritins crystallise so well, or in such good yield, as
that from horse spleen. The ferritins of human liver and spleen, as was
first shown by Granick (76) form semiamorphous structures with rounded
edges, which cannot really be called crystals.

A number of modifications to the original isolation procedure have
been suggested. DEAE cellulose was used in the purification of rat liver
ferritin (52), but the product was only 809, pure. Drysdale and Ramsay
(53) used CM cellulose to separate ferritin from other iron-containing
proteins, but without achieving satisfactory purification. On account
of the large size of ferritin gel filtration on columns of Sephadex G-200
(94) or more recently of Sepharose 4B (55} has been used. A convenient
method for small scale isolation of ferritin is to utilize its high density
and to isolate the protein by repeated high speed centrifugation (56).
This technique can also be incorporated into large scale isolation methods.
A more recent method utilising polyacrylamide gel electrophoresis has
been described for small scale isolation (32). Methods for isolation of
ferritins from a number of mammalian tissues which we have found useful
(57) are summarized in scheme 1: the scheme also incorporates a number
of other methods which have been referred to above.

- For the isolation of ferritin from other organisms a number of quite
different problems are encountered. Thus in the preparation of ferritin
from rabbit liver, dolphin and tuna spleen (34, 35, 58) acetone precipita-
tion was used to purify the ferritin after ammonium sulphate treatment.
In the isolation of phytoferritin and Phycomyces ferritin the problems of
breaking open the cells must be satisfactory resolved. However, in
Phycomyces, once that has been done extraction of the cell contents with
butanol/water results in precipitation of most of the protein leaving
almost pure ferritin in the aqueous phase (48). Whether this method
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Scheme 1. Isolation procedures for ferritin (reproduced from (57))

Homogenize tissue in
4 vol. of water

Y
Heat at 70—75 °C for 10 min

"
Centrifuge at 2500 g for 10 min

v
Filter to remove residual precipitate

Treat supernatant with 35%, satd.
(NHy)2SO4 overnight

4
Centrifuge f(;r 15—20 min at 2500 g

Redissolve precipitate in water and dialyse
overnight against water

v
Centrifuge at 23000 g for 30 min

SN

Centrifuge supernatant at Concentrate supernatant by
78000 g for 2h ultrafiltration

Redissolve precipitate in Filter protein solution

water and centrifuge at through Millipore filter

7000 gfor 1h

Centrifuge supernatant at Recrystallize at Chromatograph on
95000 g for 2h 4 °C from 59, CdSO4 Sephadex G-200

For further purification
repeat last two steps three
or four times

T~ /.

Analyse
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could be utilized for the isolation of other ferritins remains to be estab-
lished. It is clear that horse spleen ferritin can be partitioned between
butanol and water with no loss of protein at the interface (R. R. Crichton,
unpublished observation).

C. Preparation of Apoferritin

Apoferritin can be prepared from ferritin either by chemical reduction
of the ferric iron to ferrous, or alternatively by centrifugal methods.
The method which was originally described (59) namely reduction in
sodium dithionite containing «,o’-bipyridyl at pH 4.6 followed by remov-
al of Fe?t+ by dialysis against water has one great disadvantage, namely
that autoxidation of dithionite can occur giving colloidal sulphur which
binds to the apoferritin and renders it useless for any subsequent investi-
gations (60, 67). This problem can be avoided by carrying out the
preparation in the cold under nitrogen using a pH of 5.0-5.2, adding
dithionite (7%,) to the ferritin in a closed vessel and then precipitating
the protein with ammonium sulphate (60). This latter procedure must be
repeated several times to obtain a truly iron-free preparation of apo-
ferritin. These workers were doubtful of whether the presence of bipyridyl
had any value. Suran and Tarver (57), like Behrens and Taubert (60)
omited bipyridyl, and removed the dithionite by gel filtration on a
column of Sephadex G-25. They also used thioglycollate at pH 8.6 and
noted that some apoferritin was produced. Thioglycollate (19, v/v) in
acetate buffer at pH 5.0—5.5 has been used in our laboratory for some
years for apoferritin preparation and has the great advantage that not
only does the thioglycollate chelate the ferrous iron produced, but there
is no problem of autoxidation and the time required to remove all of the
iron is typically less than 6 hr. Instead of dialysis, which requires several
days to remove all of the thioglycollate, we routinely apply the apo-
ferritin solution directly to a column of Sephadex G-25 in the buffer
in which the protein is subsequently required, and can isolate the protein
free of iron, thioglycollate and acetate buffer inside an hour or two.
This effectively reduces the time (and labour) required for apoferritin
preparations from 8—4 days to about 7—8 hr (K. Wetz and R. R. Crichion,
unpublished work). Apoferritin can also be prepared using a number of
other reducing agents such as ascorbate (see Section VII).

Native apoferritin can be prepared by a number of centrifugal
methods. Density gradient centrifugation (62} in isopycnic gradients of
CsCl or in sucrose have been used to fractionate native ferritin according
to its iron content. The native apoferritin sediments with a buoyant
density of 1.28, whilst full ferritin has a density in excess of 1.8. Typically
using an SW 27 rotor 100 hr are required at 25.000 rpm with a CsCl
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solution of density 1.30—1.40. Shorter times can be obtained with pre-
formed sucrose gradients in the SW 27 rotor, or by use of isopycnic
CsCl gradients in the SW 65 rotor for 24 hr at 50.000 rpm (R. R. Crichion,
unpublished work). Native apoferritin which constitutes about 20—25%,
of unfractionated ferritin (63) can also be prepared by differential centri-
fugation of ferritin solutions (63) and a fractionation according to iron
content by ammonium sulphate precipitation has been described (52,
64) in which the iron rich fractions come down first.

IV. The Iron Core

A. Shape, Size and Composition

Ferritin consists of a shell of protein subunits surrounding a core of ferric
hydroxyphosphate. For some time the inorganic component of ferritin
was thought to be attached to the surface of the protein (65). However,
the demonstration that ferritin and apoferritin have the same electropho-
retic mobilities and are precipitated equally well with horse ferritin anti-
body (66) together with electron microscopic evidence (67) clearly showed
that the iron is concentrated in the middle of the apoferritin protein shell.
The iron micelle has a diameter of 70—75 A whilst the protein shell has
a diameter of the order of 120 A (67—70, 62). Somewhat lower values are
found in dried preparations (77, 72). The micelle contains ferric iron,
predominantly as (FeO.OH) but also with some 1—1.5% phosphate
(4, 50) and it seems that the iron: phosphorus ratio is constant for ferritins
of different iron content (52). The composition (FeO.0OH)g. (FeO.OPO3H)
has been suggested (73, 74). The percentage of iron in the micelle on this
basis is 579%,.

There would appear to be some discrepancy in the values calculated
for the number of iron atoms/molecule of full ferritin 7.e. the maximum
iron content that can be obtained. Fischbach and Anderegg (62) isolated
full ferritin by density gradient centrifugation and determined its
molecular weight to be 900,000 by small angle X-ray scattering. They
further showed that the full ferritin fraction had an iron: protein ratio
of 0.52, and hence assuming that the iron was 579, of the micelle, and the
molecular weight of the protein was 465,000 (63), they arrived at a
molecular weight of 418,000 for the micelle and concluded that it contain-
ed 4,300 iron atoms. This would appear to agree well with the value
that can be derived from molecular weight determination of full ferritin
by low angle X-ray scattering (62) referred to above, and to the value
calculated by Harrison (75) from the electron microscopic results of
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van Bruggen (76) of 860,000. Assuming the molecular weight of apo-
ferritin to be 440,000 (as discussed in Section V. A below) these lead to
values for the micellar molecular weight of 460,000 and 420,000 respec-
tively; using the composition reported above, this corresponds to 4,700
and 4,300 iron atoms/molecules respectively. Further support for this
value comes from calculations of the maximum content of (FeO.OH)
that could be contained inside a sphere of diameter 74 A. The total
volume is 160,000 A3, and if one assumes (77) that the volume occupied
by an (FeO.OH) molecule is 3543 A3 (value based on packing volume
in mineral iron hydroxides) and that packing is such that little or no
water is present, then one could accomodate 3,800—4,500 iron atoms per
ferritin molecule.

The data of van Bruggen (76) leads however to another and rather
different conclusion: the iron: protein ratio of full ferritin can be calculat-
ed from his data as being 0.46, which for a protein of molecular weight

Table 2. Iron and phosphorous contents of fervitin from different species

Species and tissue mg Fe:mg Fe atoms/ Molar ratio
protein molecule P:Fe

Horse, spleen unfractionated

(4) 0.32 2,550 0.084
(50) 0.35 2,730 0.130
(52) 0.30 2,370 0.117
full (62)%) 0.52 4,120

0.53 4,200
non crystalline fraction (49) 0.35 2,800 0.139
Rat, liver (55) 0.38 3,000
kidney (55) 0.30 2,350
spleen (55) 0.41 3,240
heart (55) 0.40 3,170
thigh muscle {55) 0.38 3,000
hepatomashb) (55) 0.10—0.44 800—-3,500
Rabbit, liver (58) 0.19 1,520 0.148
Dolphin, spleen (34) 0.21 1,660 0.061
Tuna fish (35) 0.16 1,160 0.058
Rana pipiens, cgg (36) 0.13 1.030
Phycomyces unfractionated (48) 0.10 800
from CsCl gradient (48) 0.20 1,600
Mortiavelia alpina (49) 0.20 1,600

?y R. R. Crichton, unpublished observations.
b) The iron content is a function of the growth rate of the tumour.
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440,000 corresponds to an iron content of 3,600 atoms/molecule. And
when one searches the literature the highest value for iron:protein ratio
one finds (apart from that of Fischbach and Anderegg (62) for full ferritin)
is 0.40 (92, 64), which corresponds to 3,200 atoms/molecule. We have
determined the iron:protein ratio of a full ferritin fraction prepared
according to Fischbach and Anderegg (62), and find a value of 0.53. This
corresponds to an iron content of 4.200 atoms Fe/molecule of apoferritin.

Unfractionated horse spleen ferritin typically contains 209, of the
dry weight as Fe. The iron: protein ratio is about 0.32, corresponding to
about 2,500 iron atoms/molecule. In this calculation I have assumed that
Fe is 579, of the micelle; hence the micelle contributes 35%, of the dry
weight, the protein 659, and the Fe:protein ratio is 0.32. For com-
parison, on this basis full ferritin with 4,300 atoms/molecule would
contain 279, of its dry weight as Fe. In Table 2 are collected together
iron:protein ratios for ferritins from various species. The iron content of
mammalian ferritins seems to be consistently higher than that found in
any of the other species. In rat, the amount of iron/molecule of protein
is fairly constant in different organs with the exception of kidney, where
the value is somewhat lower, and in liver tumours (hepatomas) where
the iron content is a function of tumour growth rate (78).

B. Electron Microscopic Studies

The iron oxide core of ferritin is of sufficient density to be seen in the
electron microscope without staining. The cores do not appear to be
homogenous, and it was suggested originally that the iron was distri-
buted in four electron dense regions (67). Subsequently it was proposed
that the core patterns seen in electron micrographs can be accounted
for by assuming that they represent projections in various orientations
of molecules containing six electron dense regions arranged either at the
vertices of an octahedron (79, 80) or at the vertices of a trilateral prism
(76). Although the “classical” maximum contrast electron micrographs
of ferritin often show such an arrangement of four dense regions, often
in a square or diamond formation and this arrangements is often thought
to be typical of ferritin, the advent of electron microscopes of higher
resolving power has led to the conclusion that such micrographs result
from artifacts (77, 87). Haggis summarized the problem by pointing
out (77) that such “classical” pictures of the ferritin core can only be
obtained by gross underfocusing, and concluded that no particular
number of electron dense groupings is common. More recently the
problem has been reinvestigated by a high-resolution through focus
study of ferritin (82). At high resolution (near 5 A) there seems to be
no evidence for substructure in the cores. There remains however, some
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controversy from electron microscopic studies as to whether the majority
of cores contain only one crystallite, or whether more than one crystallite
can grow within one molecule at a number of different sites (83, 84).
Haggis (77) reported variation in the appearance of the cores in different
molecules. In some molecules the core was of uniform density and poly-
hedral, as has been reported for the in focus micrographs of the ferritin
core made by H. E. Huxley (75). In others a number of different core
configurations were seen. The shapes seen by Haggis approximated to
irregular triangles, diamonds, squares, pentagons and hexagons. In
other molecules two or more dense regions were seen divided from each

Plate 1. Dark field (hollow cone illumination) electron micrograph of the ferritin
mineral core (4. K. Kletnschmidt and A. Tanaka, in preparation) at a magnification
of 230,000, enlarged > 15. The cores appear with line spacings of around 10 A,
mostly unidirectional
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other (even in true focus pictures) by narrow cleavage lines, or else
cleavage lines which ran partly across the core to form U shapes. How-
ever, as discussed below evidence has been inferred from X-ray diffrac-
tion data that the cores have an ordered crystalline structure (85).
Haggis (77) attempted to obtain an electron diffraction pattern from
ferritin and succeeded in obtaining a ring pattern with strong spacings
at 2.55 A and 1.47 A and weaker bands at a number of other spacings
between 2.0 A and 1.0 A. Bands above 8.5 A would not have been de-
tected. The ferritin spacings could not be readily identified with those
of any of the common ferric oxides or hydroxides.

Two more recent studies on the core of ferritin by electron microscopy
should be mentioned here. Massover (86) using the ultrahigh voltage
electron microscope at Toulouse has visualised ferritin cores with a low
signal to noise ratio in brightfield images at both 1 MeV and 2 MeV. In
dark field images, using exposure times of only a few seconds and beam
currents of less than 1 wAmp. the cores are seen to have substantial
elements appearing as smaller and larger granules, rod-like particles
and varying amounts of homogenous material. These substructures have
been visualised in one and the same core at 3 MeV under conditions of
precise focus as confirmed by optical diffraction (§7). Dark field micro-
graphs of the mineral core have also been obtained (Plate 1) by Drs.
Kleinschmudt and A. Tanako in New York and in these high resolution
studies line spacings of close to 10 A (between 9.6 and 10.3 A) have been
measured by optical diffractrometry. The lines (Plate 1) are mostly
unidirectional. It is not yet clear if these are actually line spacings
of microcrystals, or an indication of microcrystalline sheets. The multiple
configuration that can now be seen in dark field microscopy (of Plate 1)
suggests that model building will go through a 10 A “unit structure”
(4. K. Kletnschmidt, personal communication).

C. X-ray Diffraction Studies

Low angle X-ray scattering from ferritin solutions (62) shows that
to a resolution of 20 A the core approximates to a single uniform density
object of average diameter 74 A. An examination of ferritin cores under
a variety of conditions (85) both wet and dry, by X-ray diffraction and
electron diffraction resulted in essentially the same diffraction pattern
both in intensity and in line breadth in each case. The spacings and
approximate intensities correspond to those found by electron diffraction
(section B, above): Thus the strongest intensities are at 2.5 A (approx.),
2.23 A and 1.47 A,

It is possible to separate the cores from apoferritin by treatment with
1 N NaOH for several minutes at room temperature and this treatment
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removes about 80%, of the original phosphate from the cores (50). Such
cores gave the same diffraction pattern as intact ferritin (85). Thus the
phosphate does not seem to contribute significantly to the diffraction
pattern nor does it appear to be an essential structural component of
the core. Confirmation of this view comes from studies on ferritins that
were reconstituted from apoferritin by three different procedures (Sec-
tion VI) in the absence of phosphate: these gave electron diffraction
patterns that were similar to those of native ferritin although the crystal-
lites were smaller in some cases (83).

Using single large wet crystals of ferritin, powder patterns typical of
ferritin core patterns could be obtained. From a stationary crystal both
sharp spots, from the protein crystal lattice, and very weak diffuse rings,
from the iron cores can be seen simultanously. There seems to be no
indication that the diffraction pattern of the core has any preferred
orientation with respect to the crystal lattice of the protein, supporting
earlier work on single crystals of ferritin and apoferritin (88) which had
led to the conclusion that the atomic arrangement of the cores was not
specifically related to the structure of the protein (see below). The X-ray
diffraction patterns of ferritin cores give broad lines which are relatively
weak, and show some similarity to that of 3-ferric oxyhydroxide. This
material has a hexagonal cell with a=2.94 A and ¢ =4.51 A (89, 90).
Strong lines are present in the ferritin pattern corresponding to the (1010)
and (1120) reflections of this cell, but other lines do not fit this cell. The
ferritin pattern can however be indexed on a hexagonal cell with a =2.94
A and ¢=9.40 A. The spacings calculated for this cell agree quite well
with those observed and it is interesting that in the more recent EM
studies of Kleinschmidt and Tanaka referred to above line spacings of
about 10 A were observed.

The oxyhydroxides of iron consist essentially of close packed layers
of oxygen atoms with iron atoms situated in the interstitial holes. Thus
the iron atoms, depending on whether they are surrounded by 6 or 4
oxygen atoms have either octahedral or tetrahedral coordination. A
crystalline model of the ferritin core has been proposed by Harrison et al.
(85) which fits the X-ray and electron diffraction data involving close
packed oxygen layers with iron randomly distributed among the eight
tetrahedral and four octahedral sites in the unit cell.

A difiraction pattern somewhat similar to that of ferritin cores was
found in a hydrolysate of ferric nitrate, and a different structure was
proposed (97) which has however a closely related unit cell to that of
Harrison et al. (85).

Another X-ray and electron diffraction study of ferritin (92) also led
to the conclusion that the structure was not similar to that of natural
oxides or hydroxides of iron. The diffraction pattern could also be indexed
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on a hexagonal cell with a=11.79 A and ¢=9.90 A. An examination
of the intensity of the diffraction lines did not permit any conclusion
to be reached on the position of the iron atoms between the layers of
oxygen atoms and it was tentatively concluded that the Fe3+ was
distributed between tetrahedral and octahedral sites. The conclusion is
reached in a subsequent communication (93) that there are 32 molecules
of FeO.OH per unit cell, and that for full ferritin containing 4,000 iron
atoms there are 140 unit cells per core, corresponding to a volume of
170.000 A3, Thus the iron core occupies almost all of the cavity inside
the apoferritin protein shell (about 160.000 A3).

D. Magnetic and Spectroscopic Properties

The magnetic susceptibility of ferritin was determined by Michaelis
et al. (73) in the temperature range of 275°—301 °K and a value of 3.81
B.M. for the wetr was found. Bayer and Hauser (94) later reported an
effective magnetic moment of 3.84 B.M. and noted a marked deviation
of the temperature dependence of the magnetic susceptibility from the
Curie laws at 239 °K and 90 °K. Measurements in the range 4.2—300 °K
showed that ferritin is antiferromagnetic with a Néel temperature of
20°-1:3 °K (95). The theory of Smart (96) for antiferromagnetic exchange
between iron atoms clustered in groups of two gave the best agreement
between theoretical and experimental values. The antiferromagnetic
exchange constant was J/k=-—4.8 (°K) and the magnetic moment
of uert =3.85 B.M. The ground state of free Fe3* ions is 6S with S =5/2.
However, the experimentally derived magnetic moment of 3.85 B. M. is
almost exactly what would be expected from spin quantum number
S =3/2. If we are dealing in ferritin with a normal Fe3+-complex S =3/2
would be theoretically impossible. Accordingly, Schoffa sought to explain
the reduced magnetic moment for ferritin iron by the transfer of 2
electrons from ferritin atoms to Fe3+ on the cation-anion-cation super-
exchange and further suggested that antiferromagnetism and super-
exchange were possibly caused on the cubic magnetic structure of iron-
oxygen micelles in ferritin.

Blaise et al. (97) made a thorough field dependence study and found
a marked dependence of the magnetic susceptibility of ferritin on field
strength. At very high fields they found a value of uesr=5.08 B.M.
(97). The Curie point situated at —200°K proves the existence of a
strong negative coupling between the atoms. The measurements of the
Mossbauer effect showed the progressive establishment of a magnetic
order below 30 °K. The Méssbauer spectrum at liquid nitrogen tempera-
tures and above {Fig. 4} has an isomer shift and quadropole splitting
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T'ig. 4. Méssbauer absorption spectra obtained using a 57Co in Pd source at room
temperature and ferritin as absorber at 11 °K, 86 °K and 293 °K (reproduced from
(703))

of 0.47—0.50 and 0.6—0.74 respectively {97, 95). At low temperatures, a
six line hyperfine spectrum is observed (see Fig. 4), characteristic of
magnetic ordering. As the temperature is raised, so the hyperfine spec-
trum is replaced by the paramagnetic quadropole split doublet spectrum.
This supermagnetism was explained by Blaise ¢t al. (97) as being due to
an antiferromagnetism of fine particles (superantiferromagnetism) anal-
ogous to that seen in certain metal oxides reduced to fine powders.
Girardet has summarized the quantitative results of these experiments
(99): the magnetic moment of a grain is of the order of 10-18 y.e.m.,
which, for 4000 ferric ions in the state 6S5/9 in a molecule of full ferritin,
is in accord with the theory of Néel of the antiferromagnetism of fine
grains. )

A study of the ESR and Mdssbauer spectra of iron in ferritin
(700) over the range 4.2—295 °K confirms that the temperature depend-
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ence of the spectra can be explained by the superparamagnetic properties
of the micelles. A weak ESR signal is also observed near g =4 at 77 °K
and above, and this has been attributed to a small number of Fe3+ which
are not bound to the micelle. Distinct differences are reported in the
Mossbauer spectra of fractions of varying iron content which can be
explained by differences in the size and shape of the micelles.

The similarity between the Mossbauer parameters of ferritin and a
synthetic polymer derived from hydrolysed ferric nitrate have been
pointed out previously (707): the polvmer has a similar room tempera-
ture Mossbauer spectrum with isomer shift and quadropole splitting of
048 and 0.67 mm/sec. respectively. At very low temperatures the
spectrum of the polymer is also closely similar to ferritin.

V. Structural Studies on Apoferritin

A. Molecular Weight and Subunit-Structure

Apoferritin was shown to have a sedimentation constant Sgow of 17.65
(63). A more recent study (702) has shown that the S value is markedly
dependent on protein concentration, and a value of 17.12 S was obtained
by extrapolation to zero concentration (Fig. 5). A comparison of the

i i .
0.5 1.0 1.5
Protein concentration {mg/ml )

Fig. 5. Dependence of sedimentation coefficient of apoferritin on protein concentra-
tion
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Table 3. Molecular weights and sedimentation coefficients of apoferrvitins

Sedimentation Oligomer Molecular
Coefficient ‘Weight Subunit
Horse spleen 17.12S (702) 443,000 (702) 18,300—18,800 (707)
430,000 (703)
17.6S (63) 465,0008) (63)
480,0002) (88) 25,000—-27,000D) (709)
462,000 (69)
440,000 —
465,000 (705) 18,000—19,000 (705)
Horse liver 16.9S (57) 18,400--18,800 (57)
Human liver 17.3S (57) 18,000—18,700 (57)
Human spleen 168 S (57) 18,300—18,500 (57)
Rat liver ~178¢) 19,000¢)
Guinea pig 17.75 (7113)
Phycomyces 18S (47) 25,0009) (47)
~175¢#) 18,000¢)
Mortiarella alpina 19,300 (48)

The numbers in parenthesis refer to original references.

3) The original values quoted here used a value of 0.747 ser ¥. When the value

of 0.731 (from amino acid analysis) is used these reduce respectively to 440,000

and 454,000.

It it is assumed that 1.4 g of detergent are bond/g of protein (see text) this value

reduces to 18,000—19,000.

¢ R. R. Crichton and H. Hubers, unpublished observations.

9) A value of 24,000 was assumed for the subunit molecular weight of horse spleen
apoferritin.

&) R. R. Crichton, in preparation.

b)

published sedimentation coefficients (Table 3) shows that for the species
examined so far, they are closely similar.

The molecular weight of apoferritin was first determined by sedi-
mentation diffusion (63) in 1944 and a value of 465,000 reported. Sub-
sequent investigations have employed X-ray diffraction (88), low angle
X-ray scattering (69), light scattering (704), approach to sedimentation
equilibrium (705) (the meniscus depletion technique of Yphantis) and
true sedimentation equilibrium (702). The values are given in Table 3,
and range from 430,000-—480,000. However, as has been pointed out
(106) the value of 0.747 used in two of these determinations (63, 88) for
9, the partial specific volume of the protein, is rather higher than that
which can be calculated from the amino acid composition of the protein
(67, 107). When this latter value of 0.732 is used for ¥ in the previous
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calculations values of 440,000 and 454,000 are obtained. Thus we may
assume that the molecular weight of apoferritin is about 440,000 daltons.

That apoferritin consists of subunits, and not of one long polypeptide
chain was conclusively demonstrated by Harrison and Hoffmann
(7108, 109). From chemical studies (discussed in Section V. B below) a
value of 23,000—24,000 for the subunit molecular weight was calculated
(709, 770, 7177). Degradation with dilute alkali led to partial splitting of
the protein into 2.1 S component (709). Treatment of native apoferritin
with sodium dodecyl sulphate, urea or a number of other reagents did
not result in any splitting into subunits. However, with frozen, lyophilised
or alcohol dehydrated apoferritin, treatment with SDS resulted in com-
plete splitting of the molecule into subunits. All of the apoferritin was
in the form of an SDS-protein complex which sedimented at 2.5 S at
SDS-protein ratios higher than 1:3. The molecular weight was determined
for the SDS-apoferritin complex from measurements of the sedimentation
and diffusion coefficients and by the approach to equilibrium method
and found to have a molecular weight of 38,000 to 41,000. After allowing
for the SDS bound, by equilibrium dialysis, the protein subunit molecular
weight was calculated to be 25,000—27,000. Thus it was concluded that
apoferritin consisted of 20 subunits of molecular weight 23—25,000 (709).

A reinvestigation of the subunit molecular weight was carried out by
Crichton and Bryce (172) using the method developed by Schapiro and
Mazizel (174) of electrophoresis in polyacrylamide gels in the presence
of SDS and a value of 18,200 -4 1200 was found for apoferritin subunits.
Since this was in such considerable disagreement with the previously
published value, independent confirmation of the subunit molecular
weight was sought by other methods. Molecular weight determinations
on calibrated columns of agarose gel in 6M guanidine hydrochloride, by
sedimentation equilibrium centrifugation of subunits dissociated in
6 M guanidine hydrochloride and of subunits dissociated by treat-
ment with acetic acid followed by dialysis into dilute buffer at pH
3.0, all gave values of 18,300—18,800 (707). The conclusion seemed
inescapable that the polypeptide molecular weight was lower than had
been previously thought and that there were most probably 24 subunits
per apoferritin molecule. Shortly after these results were published
confirmation of the subunit moleculer weight by sedimentation equilib-
rium and gel filtration in 6M guanidine hydrochloride and electro-
phoresis in SDS-polyacrylamide gels (705) was published by Bjérk and
Fish (Table 2). As we have pointed out (707) if one assumes, as has been
recently demonstrated (775), that 1.4 g SDS is bound per g of protein
then Hofmann and Harrison's data (709) can be recalculated to give a
molecular weight of 18,100—19,600. It would seem most likely that that
the value reported by these authors was too high on account of under-
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estimation of the amount of SDS bound to the protein. It has been shown
that the removal of SDS from proteins is not easily achieved by dialysis
(176).

Comparative data for the subunit molecular weights of a number of
other apoferritins are given in Table 3. The human apoferritins and the
horse liver and rat liver ferritin all have subunit molecular weights and
sedimentation coefficients which are closely similar to horse spleen
apoferritin, and they certainly must have the same subunit structure.
In fact, the same is true for the Phycomyces apoferritin: although the
first report of its subunit molecular weight gave a value of 25,000 (48)
this was based on the assumption that horse spleen apoferritin had a
subunit molecular weight of 24,000. Redetermination of the subunit
molecular weight in our laboratory gave 18,600. The subunit molecular
weight for the apoferritin of the soil fungus Mortiarella is also similar
to that of horse, indicating that most probably the subunit structure is
the same in this species.

B. Structural Studies on Horse Spleen Apoferritin

Apoferritin from horse spleen has an isoelectric point of 4,4 (52) and is
clearly an acidic protein. The results of a number of determinations of
the amino acid composition are listed in Table 4. Those of Mazur et al.
were carried out using microbiological methods (52), and the remainder
(51,061,107, 110, 177} by ion exchange chromatography using the amino
acid analyser. There is poor agreement between the earlier analysis and
those carried out using ion-exchange chromatography. However, when
these latter are compared, the agreement is in general quite good with a
number of notable exceptions. The content of cysteine, of proline and of
tryptophan differs, consistently higher values being reported from our
laboratory than from that of Harrison and Tarver. The question of
whether there are 3 cysteine residues or only 2, and of whether these are
present as a disulphide bridge and a free sulphydyl group, or as 2 or 3
cysteine residues is amenable to analysis by chemical modification
experiments. Thus, the reaction of apoferritin, unfolded in 6 M guanidine
hydrochloride with a number of SH reagents such as iodoacetic acid and
N-ethyl maleimide both with and without prior reduction in mercapto-
ethanol can be used to answer these questions. Reaction of apoferritin
with N-ethyl maleimide leads to the incorporation of only one residue
of reagent per subunit. The same result is found with the other reagent.
However, when the protein is reduced with mercaptoethanol and un-
folded in guanidine under conditions where no subsequent oxidation of
SH groups can occur, the number of SH groups/subunit increases to 2:
it thus seems that there are 2 cysteine residues per subunit in apoferritin,
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Table 4. Amino acid composition of horse spleen apofervitin. These vesults are expressed
invesidues of each amino acid per 18,500 daltons. Wheve data for one ov move amino acid
ave lacking, those have been allowed for in calculating the number of vesidues fov the
remainder

(52) (110) (57) (117) (67) (107)
Cysteine 2.5 1.8 1.4 2.0 2.8 2.8
Aspartic acid 9.4 16.8 16.7 17.4 17.0 17.3
-+ asparagine
Threonine 10.2 5.4 5.2 5.5 5.4 5.5
Serine n.d. 8.2; 6.9 8.4 9.5 8.8 9.0
Glutamic acid
+ glutamine 21.4 22.3 23.2 24.6 23.4 23.9
Proline 2.5 2.8; 22 2.1 2.1 2.8 2.8
Glycine 8.4 9.7 8.9 9.9 9.7 9.9
Alanine 4.0 134 12.4 14.2 13.7 14.0
Valine 6.6 6.7 5.6 7.1 6.8 6.9
Methionine 2.4 2.9; 2.6 3.1 3.0 2.7 2.8
Isoleucine 1.9 2.9: 35 2. 3.8 3.4 3.5
Leucine 29.4 22.0; 239 235 25.2 24.5 25.0
Tyrosine 52 5.2 4.5 5.2 4.9 5.0
Phenylalanine 6.8 6.8 6.3 7.3 7.2 7.3
Histidine 5.6 4.6; 5.0 5.0 5.9 5.7 58
Lysine 9.9 7.5 7.3 9.0 8.6 8.7
Arginine 11.0 8.2 8.6 9.8 9.3 9.5
Tryptophan 1.1 0.8 n.d. n.d. n.d. 2.1

of which both are present as free SH groups (K. Wetz and R. R. Crichton,
in preparation).

The variation in the proline content cannot be readily explained and
it seems likely that whether there are 2 or 3 prolines per subunit must
await final sequence determination. It is interesting that in the earlier
report of Harrison (110) a value of 2.8 was found However, in the more
recent report the proline value is the mean of 14 determinations, and
should probably be regarded as more representative (777).

The tryptophan value reported by Harrison et al. (170) is less than
half that found by us (707). The estimation by Harrison et al. (110) was
by modification (778) of the method of Spies and Chambers (119) using
the p-dimethylaminobenzaldehyde reagent with samples of apoferritin
which had first been denatured. Bryce and Crichton (107) determined
tryptophan both by the spectrophotometric method of Edelhoch (720)
in 6M guanidine hydrochloride and using 2-nitrophenylsulphenyl chlo-
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ride, a reagent which is rather specific for tryptophan (727) and has
been widely used in the determination of tryptophan. The values obtained
by both methods were in good agreement. A further check on the trypto-
phan content can be obtained by using the equation of Edelhoch (720)

}‘:230 = N,rp5690 + Mtyr1280 + LCySIZO (1)

It is clear that if there were only 1 tryptophan residue/subunit, the
molar extinction coefficient at 280 nm (Eqg0) would be 12,450, whereas
if there were two it would be 18,140. The published values for E] me/ml
at 280 nm are 0.86—0.97 (75), 0.90 (722) and 0.982 (723) : these correspond
to Eggg values of 16,080—18,000, 16,700 and 18,110 respectively. It thus
seems clear that there are in fact 2 tryptophan residue/subunit.

The value reported for lysine and arginine by Harrison et al. (110)
are lower than found in the later analyses and may reflect the fact that
their overall recovery was only 94%,. In fact this is true of almost all
of the other amino acids as well. If the content of lysine and arginine
is 19 per subunit, we would anticipate that there must be 25—26 acidic
residues per subunit (assuming that the pK of Asp and Glu residues is
about 4.0) Harrison et al. (170) report an amide content of 17—18 moles
per 18,500 daltons and Swran and Tarver 15 (57). Since there are 41
residues of Glx and Asx per subunit this would imply that there are 23—
27 residues of Glu and Asp, and hence that the total number of carboxyl
groups is 24—28 per subunit, which agrees well with the number cal-
culated above. We have in fact coupled all of the free carboxyl groups
in the protein to glycinamide using a water soluble carbodiimide after
completely unfolding the protein to a random coil in 6M guanidine
hydrochloride, and find a total of 22 additional glycine residues per
subunit by amino acid analysis of the product (K. Wetz and R. R. Crich-
ton, in preparation). This also agrees well with the data presented above.

Endgroup determination on apoferritin gave no significant amount
of N-terminal group, and carboxypeptidase A did not release any C-
terminal amino acid (770). The N-terminal amino acid was shown to be
acetylated (724) and a ninhydrin-negative, arginine containing peptide
isolated from tryptic digests of apoferritin was shown to have the sequence
N-acetyl-SER-SER-GLU-ILE-ARG (724). The presence of N-terminal
N-acetyl SER was confirmed and a value of 19.6 moles of bound acetyl
group per mole of apoferritin reported {777). Carboxypeptidase B released
18—19 moles of arginine and 15 moles of lysine per mole of apoferritin.
The C-terminal peptide was isolated from a peptic digest of apoferritin
and its sequence reported as being SER-GLU-GLY-ASN-ALA-LEU-
LYS-ARG (777).
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Tryptic digestion of apoferritin was found to give fewer peptides
than would have been expected had it been a single polypeptide chain of
molecular weight 480,000 (705) thus reinforcing the view that the protein
was made up of subunits. A total of 19 peptides were found together with
8 more which occurred in trace amounts. Varying amounts of an insoluble
“core” were found ranging from 209%, to 509, and this appeared to con-
tain predominantly acidic peptides. Arginine was found in 8 of the major
peptides, histidine in 6, tyrosine in 5 and tryptophan in only one. It is
interesting to note that these numbers reflect rather well the amino acid
composition in Table 4, with the exception of tryptophan: one of the
arginines must be in a ninhydrin-negative peptide, and so 9 of the 9—10
arginines are accounted for. The other tryptophan might well be in the
core, or else both tryptophan residues are in the same peptide. We
have also carried out trypsin digestion and separated the peptides both
by ion-exchange chromatography and by fingerprinting (67). The number
of peptides that we find is 25, which is rather more than would be
expected on the basis of the lysine plus arginine content. However, we
know that several of these are the product of incomplete tryptic digestion
(i.e. they contain more than basic amino acid) and in one case of chymo-
tryptic digestion (M. D. P. Boyle and R. R. Crichfon, unpublished work).
Sequence analysis is presently in progress on these tryptic peptides
in the author’s laboratory.

From the amino acid analysis (Table 4) it is clear that treatment
of apoferritin with CNBr, which cleaves peptide bonds adjacent to
methionine residues, should result in 4 peptides. In fact, when such
cleavage was carried out we were able to isolate 5 peptides (725—730).
The molecular weight of these peptides can be determined by gel chro-
matography in 6 M guanidine hydrochloride on columns of agarose (730),
and they were found to be 1-9,500; 11-8,400; I1I-6,400; 1V-3,400; and
V-1,000 respectively. One of these peptides, I, contains an intact methi-
onine residue, which can be cleaved in better yield following reduction
with dithiothreitol (730). The four unique CNBr peptides 11-V together
account for the amino acid composition of the protein (K. G. Bitar and
R. R. Crichton, in preparation). Determination of the new end groups
released after CNBr treatment of apoferritin established that there were
equimolar amounts of gly, glu (or gln) and ile, and these are the end
groups found in 3 of the peptides (72§). The order of the CNBr fragments
has recently been established (Fig. 6): I is a mixture of III and IV, II
is C-terminal (since it contains no homoserine) and III is N-terminal
(since it has no free N-terminal amino group) — the order of peptides
is thus III-IV-V-II (K. G. Bitar and R. R. Crichton, in preparation).
The sequence of the CNBr peptides, which have been isolated in large
amounts in our laboratory, is proceeding steadily at present.
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[NAcSer Met Met Met Arg|
l CNBr
I v I
[NACSer Met H CHI Arg|
l CNBr
m iz
[NACSer H [ _H|

Fig. 6. Order of CNBr peptides in apoferritin: treatment of apoferritin with CNBr
generates 3 peptides, one of which (I) can be further cleaved to yield the peptides
ITI and 1V. NAcSer — N-acetviserine; Met — methionine; H — homoserine

An analysis of apoferritin by isoelectric focussing (737, 732) led to
the conclusion that there were several types of polypeptide chains
present. Both ferritin and apoferritin were reported to give 7—9 bands
in the pH range 4.1—4.6 which were grouped in three main components.
As is clear from the discussion above there is no reason to anticipate that
there is more than one polypeptide chain from the primary sequence
studies, although at this stage the possibility that there is microhetero-
geneity such as is found for example in horse haemoglobins (733), cannot
be excluded. Multiple bands on isoelectric focussing of ferritins have also
been noted by Lee and Richter (134): it was found that when the same
sample was refocussed, some of the bands were not consistenly present,
and it was concluded that these minor bands represented ferritin-
ampholyte complexes. We have applied isoelectric focussing to apoferritin
from human and horse spleen and liver and found only one band in each
case (735). We conclude (733) as do Lee and Richter (134) that the multiple
bands seen on isoelectric focussing of apoferritin are an artifact of the
method.

C. Comparative Studies of Apoferritin

Table 5 presents the amino acid compositions of a number of apoferritins
together with their isoelectric point (taken from the literature) where
available. There are a number of features whihc are of quite considerable
interest. In the first place, although there are clear cut differences between
the proteins of different species, a number of very considerable similar-
ities exist. Thus, for all of the apoferritins for which data is available
the content of non-polar amino acids (proline, glycine, alanine, valine,
methionine, leucine, isoleucine, phenylalanine and tryptophan) remains
constant at about 459,. What is even more remarkable is that the content

94



Ferritin

of aspartic acid + asparagine and glutamic acid + glutamine for all species
lies between 40—43 residues per subunit, whilst the content of basic
amino acids lysine and arginine is also fairly constant at between 18—20
residues per subunit. The isoelectric point varies between 4.3—5.5, so
that presumably the total number of glutamic acid and aspartic acid does
vary from species to species. The content of lysine varies between 9 and
11 for all species except tuna, and the arginine content lies between 8 and
9.5 (probably 10 for horse) again with the exception of tuna, Tuna is quite
unusual in that the lysine content is extremely high (12.5 residues) and
the arginine is very low (6.2), and likewise the balance between Asp +
Asn and Glu- Gln is also markedly different from that in all other
species — 21 Asx and 19 GIx, compared with 17—19 Asx and 22—
26 Glx in all other species. None the less the total Glx + Asx and lysine
+ arginine content remains within the limits even in tuna fish. When
we consider potentially functional amino acids such as cysteine, histi-
dine and tyrosine, there are some interesting variations. Thus if
cysteine is required for the function of apoferritin in the Fe2+ oxida-
tion (Section VII), guinea pig would seem an interesting species to
examine, since it has only one cysteine. The histidine content never
falls below 4 residues/subunit, so that if histidine is involved in the
catalytic role of apoferritin (Section VII), it seems likely that any
essential histidine or histidines are preserved. The tyvosine residues,
for which an interesting role in subunit interactions seems likely in horse
(Section VI) fall to a value of 3 per subunit in Phycomyces, which may
turn out to have interesting consequences for the stability of subunit
structure in this species. However, it seems from the data in Table 5
that the characteristic amino acid composition of apoferritin, with 259,
Gly + Asx, 129, lysine +-arginine, 45%, non-polar amino acids and 129,
of hydroxyl amino acids is strikingly conserved in the species included in
Table 5.

D. Organ Specificity of Apoferritin

It has been claimed, on the basis of differences in electrophoretic mobili-
ties, that different ferritins occur in a number of different organs within
the same species (736, 737). Thus, the fetritin of human bone marrow
and reticulocytes was reported to differ electrophoretically from that of
spleen or liver (736). Three electrophoretically distinct forms of ferritin
were identified in spleen, liver and reticulocytes. In bone marrow (where
there is a mixed cell population of erythroid cells and reticuloendothelial
cells involved in salvaging iron from erythrocyte breakdown) two types
of ferritin were found, corresponding in their electrophoretic mobilities to
spleen and reticulocyte ferritin (736). Two types of ferritin had also
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Table 5. Amino acid compositions of apofervitin from vavious ovganisms. Values ave
expressed as moles of amino acid per 78,500 daltons

Horse Horse Human Human Guinea Dolphin Tuna Phyco-

spleen  liver spleen  liver pig spleen  fish myces
(57) (57) (57 (57) (713 (34) (35) b)
Cys 2.8 2.6 1.7 L5 1.1 n.d. n,d. n.d.
Asx 17.3 17.9 19.3 19.2 19.5 18.8 21.0 17.1
Thr 5.5 5.6 6.1 6.2 6.2 7.6 4.6 8.2
Ser 9.0 8.9 7.7 9.3 7.8 11.8 11.0 11.0
Gix 23.9 25.3 22.3 23.9 24.0 21.2 19.4 25.9
Pro 2.8 3.1 3.8 2.9 3.5 4.6 4.6 3.5
Gly 9.9 10.2 10.8 10.1 10.4 18.2 15.7 12.5
Ala 14.0 13.4 13.8 13.7 13.4 15.2 18.9 15.1
Val 6.9 6.9 6.0 6.3 7.0 8.8 7.4 8.3
Met 2.8 2.5 2.7 2.9 2.8 3.3 3.4 1.4
Ile 3.5 3.6 3.8 2.5 3.9 4.9 6.0 7.9
Leu 25.0 24.2 23.3 23.4 23.0 17.9 17.2 18.8
Tyr 5.0 4.1 4.4 6.0 6.2 5.1 4.1 2.7
Phe 7.3 7.7 7.0 6.9 6.5 6.3 7.6 3.1
His 5.8 6.5 6.9 54 7.0 5.4 5.8 4.0
Lys 8.7 8.8 10.4 10.4 9.7 10.9 12.5 9.8
Trp 2.1 2.1 2.2 2.2 1.9 n.d. n.d. n.d.
Arg 9.5 9.0 9.3 8.4 9.2 9.3 8.2 7.8
LP 4.43) 5.5%) 4.8 4.9 4.3 n.d.

a) (73).
by Crichton, R. R., in preparation.

been observed in human bone marrow by other workers (737), who
found that the form corresponding electrophoretically to reticulocyte
ferritin was the main incorporator of transferrin-bound 5%Fe. Gabuzda
and Pearson (138) were able to prepare doubly labelled ferritin in bone
marrow of rabbits. The administration of iron as 3%Fe bound to trans-
ferrin led to incorporation mostly into the reticulocyte-type ferritin;
this form of bone marrow ferritin was termed anabolic, since it was
presumed to be used for haemoglobin synthesis (739). Heat-damaged
erythrocytes, labelled with 55Fe were used to label the spleen-like ferritin:
very little of this labelled iron went into the anabolic ferritin, and this
ferritin was classified as catabolic, since it seemed to be involved in
storing iron derived from haemoglobin breakdown. The ferritins of rat
liver and kidney have been reported to be distinctive in electrophoretic
mobilities and the presence of two ferritins in rat heart was also noted
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(78). Some of these claims have been disputed by Lee and Richter (134)
who found the electrophoretic mobilities of ferritins from human spleen,
liver and bone marrow to be equal and identical, and the same to be true
for ferritins from adult, foetal and regenerating rat liver, from rat spleen
and from rat kidney, as well as for the ferritins from liver, spleen and
bone marrow of rabbit. The same finding for the ferritins of human and
horse liver and spleen has been made by Crichton et al. (57). Immunodiffu-
sion experiments showed reactions of identity between homologous
ferritins, whereas heterologous ferritins showed only partial identity,
as had been reported by others (73, 740). All four proteins had the same
subunit molecular weight and sedimentation coefficient (see Table 2).
However, the amino acid composition revealed distinct differences both
between organs and between species (Table 5): these differences were
confirmed by analysis of the tryptic peptide patterns, and it was con-
cluded that the apoferritins present in human and horse liver and spleen
are both organ and species specific. The tryptic peptide results for human
liver and horse spleen apoferritins differed markedly from those reported
by Richier et al. (147) who found only one peptide in human apoferritin
that was absent in horse and also one peptide in horse that was absent in
human, whereas Crichion et al. (57) found five peptides present in human
liver that were absent from horse spleen, whilst horse spleen had five
peptides that were not present in human apoferritin. These differences
may reflect different conditions of tryptic digestion and of fingerprinting.

The human cell lines HeLa and KB produce ferritins that are electro-
phoretically distinct from normal human ferritins (78, 742), although
they have close similarities to human ferritins in their immunological
properties (78). Similar observations have been made with two strains
of embryonic human skin cells and with HEP-2 carcinoma cells (77).
Since these early reports the presence of new molecular forms of ferritin
in neoplastic cells has been widely observed (743, 744).

In five hepatomas studied by Linder et al. (744) the tumour ferritin
migrated with an electrophoretic mobility similar to kidney ferritin from
the same rat strain (739) and had other similarities to kidney ferritin.
It is of interest that ferritin prepared from the livers of rats from 4 days
to three weeks after birth differed from that of adult liver ferritin and
was indistinguishable in its electrophoretic properties with adult kidney
and spleen ferritin (745). Treatment of 3-week old rats with iron induced
formation in liver of a ferritin with similar electrophoretic properties to
adult liver ferritin. It is thus tempting to speculate that iron treatment
at this stage of development may activate the genetic cistron for adult
liver ferritin (745), and that in some liver tumours, deactivation of the
adult liver ferritin cistron is associated with activation of the perinatal
liver ferritin cistron.
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E. Aggregation Behaviour

Both ferritin and apoferritin were found to give a number of stable
fractions on gel electrophoresis (78, 57, 7142, 146—157). Although hetero-
geneities were also demonstrated by chromatography of ferritin on DEAE
cellulose, no significant differences were found in the amino acid composi-
tions or in the fingerprints of tryptic peptides of these fractions (57).
Apoferritin was eluted as a single peak from DEAE cellulose (57, 752).
Three main fractions were observed by ultracentrifugation of horse
spleen apoferritin (57, 757) and these were shown to correspond to the
a, B and y fractions that had been reported from gel electrophoresis.
The components had sedimentation coefficients of 17—18S, 24—27S and
33—34S, which suggested that they were related as monomer, dimer and
trimer. Two further components were reported in human ferritin (77)
and a subsequent electron microscopic study showed that these corre-
spond to tetramer and pentamer (777). Indeed, as we have shown (57)
if the concentration of ferritin applied to polyacrylamide gels is suffi-
ciently high, up to eight bands can be seen, presumably indicating that
further aggregation to even higher oligomers can occur.

The possibility that disulphide bonds are involved in aggregation
seems unlikely, since treatment of both ferritin and apoferritin with
either mercaptoethanol or thioglycollate produces no changes in either
sedimentation or gel electrophoretic patterns. The sedimentation pattern
of an apoferritin fraction enriched in aggregates was unchanged by 24 hr
in 1M NaCl (57). Harrison and Gregory suggested that higher aggregates
of apoferritin were covalently linked, since the relative concentrations
of the different components remained the same at different concentra-
tions and after incubation with 8M urea or 2—6M guanidine hydro-
chloride, or after treatment with 19, SDS for 48 hr at 33 °C: nor was
splitting of oligomer-oligomer bonds achieved by mercaptoethanol or
sulphite, either in the presence or absence of urea (752). An analysis of the
aggregation by light scattering (704) established that the association
constants (25°) were: k3 (monomer to dimer) =1,67 x 106 and k3 (dimer
to timer) = 3.6 x 105. The corresponding free energy changes are AFj =
—7.72 kcal/mole and AF3 =—7.59 kcal/mole. These values are consistent
with reversible association involving non-covalent bonds. The possibility
the dissociable Fe2+ located on the outside of the apoferritin monomer
is involved in association was suggested.

Sephadex G-200 can be used to fractionate apoferritin aggregates
(117, 152). Thus, although the apoferritin emerges as a symmetrical
peak, the leading edge is enriched in § and y components and the trailing
edge contains predominantly a-component. In a subsequent report
it was shown that ferritin oligomers did not dissociate on dilution or on
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storage, that apoferritin dimers were stable down to 0.19 mg/m! in dilute
buffers, and that the intermolecular bonds involved in holding such stable
dimers, trimers etc. together were resistant to a variety of reagents
that would be expected to attack disulphide, peptide or ester linkages
(177). The earlier view of Harrison and Gregory (7152) that covalent bonds
were involved was abandoned and in view of the failure of the urea, guani-
dine hydrochloride and various salts to cause splitting it seemed that
predominantly polar interactions were unlikely. The stability of the
aggregated forms in high salt concentrations, in which hydrophobic
interactions would be stabilized (753) led to the suggestion that such inter-
actions may be important in apoferritin aggregation. Conditions that
lead to dissociation of the aggregates (high or low pH at low ionic
strength) also leads to some dissociation of the apoferritin monomer
into subunits (discussed in Section VI) which may imply that interactions
between monomers are similar to those between subunits. If the inter-
actions between monomers were predominantly hydrophobic, it is
somewhat surprising that treatment of the aggregated forms with 40—
509, dioxan did not cause dissociation (777). As will be discussed below,
such organic solvents have little effect on the conformational properties
of apoferritin monomers (Section VI).

It should be emphasised that in most ferritin preparations the content
of oligomers is never more than 10—15%,. Monomeric horse spleen ferritin
can be prepared by gel filtration on Sepharose 4B columns and such
monomers are reported to be stable during storage over several weeks
at 4 °C {754). These monomer-enriched fractions are of considerable use
in studies on protein penetration into cells and pinocytosis and facilitate
quantitative determination of antigenic sites on cell surfaces with ferri-
tin-labelled antibodies. Methods for the coupling of ferritin to antibody
molecules, and the use of these ferritin-labelled antibodies in biology
and medicine have been reviewed (755). The proportion of dimers and
timers can be increased by treatment of ferritin with cross-linking
reagents (750), K. Wetz and R. R. Crichton, unpublished work). Ferritin
monomers can also be isolated from acrylamide gels: such monomers
were also found to show no tendency to aggregate over a period of a few
weeks (757). However, trimers readily dissociated to give predominantly
monomer and dimer on subsequent electrophoresis suggesting that oli-
gomer stability is not high.

F. Conformational Studies on Ferritin and Apoferritin in Solution

Mazur (52) showed in an early study that the iron in ferritin protected
the protein against denaturation by acid, and also noted that at low
pH ferritin was less rapidly and less extensively digested by pepsin
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than apoferritin. This already suggested that the protein conformation
in ferritin might well be different from that in apoferritin. Further
evidence pointing in this direction came from ORD studies (758) in
which it was shown that the ORD spectrum of ferritin was independent
of the iron content of the protein (which would imply that the iron core
did not affect the determination of the «-helix content from the spectrum)
and that in contrast to ferritin, apoferritin prepared by chemical reduc-
tion of ferritin had an ORD spectrum that was conistent with additional
secondary structure. These ORD results were confirmed and similar
results obtained from the CD spectrum of ferritin and apoferritin (759).
From these studies it was apparent that the a-helix content of the protein
in ferritin was around 35—459%, whereas in apoferritin it was in excess
of 60%, (759).

The use of proteolysis as a probe of protein conformation in solution
can detect changes in conformation of proteins, although it cannot be
used to define any conformations. Apoferritin is digested more rapidly
and to a greater extent than ferritin by trypsin, chymotrypsin and sub-
tilisin, although with the latter enzyme this effect is only seen at low
enzyme concentrations. With all three enzymes an examination of the
peptides produced reveals that there are peptides present in apoferritin
digests which are absent from the corresponding ferritin digests (67,
760, 167 and R. R. Crichion, unpublished observations). With pepsin,
or cathepsin D, ferritin and apoferritin were both digested at the same
rate at pH 3.0 and the peptide patterns of the two enzymic digests of
apoferritin were found to be closely similar to the corresponding ferritin
digest. At lower pH values in agreement with the earlier results (52)
apoferritin was digested more rapidly by pepsin than ferritin, although
no qualitative difference in the peptide pattern was observed (767). It
was proposed that these results could be explained by assuming that at
pH 3.0 the broad specificity of pepsin and cathepsin D led to a rapid
stripping of the protein from the iron core so that no difference was seen
in the rates and extent of digestion. However, it was suggested that below
pH 3.0 apoferritin underwent a conformational change that rendered it
more susceptible to proteolysis (767).

Evidence for such a conformational change in apoferritin at low
pH was obtained from ORD and CD experiments. Both proteins under-
go a conformational change in the pH range 3.0—2.2 and the absolute
magnitude of the change is twice as much for apoferritin as for ferritin:
the changes for both proteins are consistent with the loss of about
10% of their ordered secondary structure (759). Near-ultraviolet CD of
apoferritin shows marked sidechain optical activity which was tenta-
tively attributed to tyrosine side-chains. Marked changes are seen in the
near UV CD spectrum as the pH is lowered, especially between 270 nm
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and 295 nm (759). These results are further discussed in section VI B
below. The effect of a number of organic solvents on the ORD spectra
of ferritin and apoferritin were studied (758) and it was found that no
additional helix formation took place in high concentrations of organic
solvent. Since the presumed disruption of hydrophobic interactions does
not produce substantial changes in the rotatory properties, it was con-
cluded (758) that the molecule does not have a large degree of con-
formational flexibility. It is clear from the ORD studies that the binding
of iron to ferritin does not induce an extrinsic Cotton effect in the region
of absorption of the optically inactive chromophene which is related to
the iron content. However, a subsequent CD analysis of native apoferritin
isolated by density gradient centrifugation gave a CD spectrum identical
with that of ferritin (757). The Fe:N ratio quoted for this fraction was
<<0.01. (this corresponds to <<12.6 atoms of Fe per moleculel)). In contrast
the apoferritin preparation used in the ORD and CD study which was
discussed above (759) and was prepared by chemical reduction contained
<0.02 atoms of iron per subunit ¢.e. <0.5 atoms of iron per molecule
of apoferritin. It seems clear that in order to resolve the question of
whether ferritin really does have a quite different conformation from
apoferritin one must either use native apoferritin that contains much
less than 1 atom of iron per molecule (which from expetience in our
laboratory is virtually unattainable by centrifugal techniques), or else
resort to an alternative strategy. This is to prepare ferritin from apo-
ferritin which has been reduced by chemical methods and contains #o
iron, and observe whether this reconstituted ferritin has a CD spectrum
which is typical of ferritin or of apoferritin. Methods for the reconstitu-
tion of ferritin from apoferritin are detailed in Section VII. If the
reconstituted ferritin has a ferritin-like CD spectrum, then it is clear
that the introduction of iron into apoferritin leads to changes in the
conformation of the protein which are compatible with a reduction in
the ordered secondary structure, and particularly in the a-helix content.

VI. Subunit Structure of Apoferritin

A. Introduction

The reasons for dealing with subunit structure in a separate section are
as follows, The principal function of ferritin is to act as a soluble storage
form for ferric iron, in which iron can be deposited and from which it

1) For a molecule containing one iron atom the Fe:N ratio would be 0.0008.
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can be mobilized. For the maintenance of the ferric hydroxyphosphate
micelle in a soluble form, the stability of the subunit structure of the
protein is of obvious importance. However, as will be discussed in
Section VII and VIII the various models proposed for iron uptake
by and iron release from ferritin make a number of assumptions, as well
as a number of predictions about the stability of the subunit structure of
apoferritin, and of the protein in ferritin. Further, to answer the question
of how the process of subunit assembly takes place within the cell during
the synthesis of apoferritin (Section X) requires a knowledge of subunit-
subunit interactions derived from studies on the assembly process
outside the cell.

In this section the following terms will be used: apoferritin monomer
— the molecule containing 24 subunits with Sggw value of 17S: subunit
— the polypeptide chain of molecular weight 18,500 and sedimentation
coefficient of 2.3S: Subunit dimer, subunit tetramer — molecules con-
sisting respectively of 2 or 4 subunit polypeptide chains, of molecular
weight 37,000 and 74,000.

B. Stability of Subunit Structure to Dissociation

The first demonstration that apoferritin could be converted to subunits
was made by Hofmann and Harrison in 1962 (709), when they demonstrat-
ed that the anionic detergent SDS could split denatured apoferritin
to a 2.5 S component. This observation was confirmed for ferritin (762),
although in this study it was shown that the dissociation of ferritin into
subunits was only 509, complete after 30 min at 60 °C in 0.19, deter-
gent. Such dissociated material could be reconstituted by removal of
the detergent using dialysis over a period of days. An apparent mole-
cular weight of 12,000 was quoted for these subunits which was certainly
in error on account of the method of molecular weight determination
used. Subsequent studies showed that both ferritin and apoferritin,
without any prior denaturation. could be dissociated completely into
subunits of molecular weight 18,200 by treatment with 19, SDS, in the
presence of mercaptoethanol for 4—6 hr at 37 °C followed by overnight
dialysis into buffer containing 0.1%, SDS, 0.1%, mercaptoethanol (772).
We have subsequently established that such SDS dissociated subunits
can reassociate to apoferritin monomer on prolonged dialysis against
buffer to remove most of the SDS — whether all of the SDS is removed
on dialysis seems unlikely (R. R. Crichton, unpublished observations).
The effect of other protein denaturants on subunit dissociation has
also been studied. Thus 10M urea did not dissociate apoferritin (709)
and produced no change in the optical rotatory properties of ferritin
and apoferritin (758). However, 10M urea did produce a considerable
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reduction in the depth of the trough at 233 nm for ferritin that had been
lyophilised. Concentrations of guanidine hydrochloride of up to 3M
had no effect on the ORD spectra of both ferritin and apoferritin. How-
ever, 6M guanidine hydrochloride caused changes in the optical ro-
tatory properties of both ferritin and apoferritin consistent with con-
siderable loss of helix: the pH of the solution was 6 (758). In a sub-
sequent report it was shown that below pH 5.0 both ferritin and apoferri-
tin underwent considerable decrease in secondary structure as determined
by CD in 10M urea. Sedimentation velocity studies showed that ferritin
was dissociated into subunits in 7M guanidine hydrochloride at pH 7.5
but apoferritin remained in an aggregated state under these conditions.
CD studies indicated that extensive disruption of the ordered secondary
structure accompanied subunit formation. At pH 4.5 gnanidine hydro-
chloride did dissociate apoferritin into subunits. Reassociation of the
protein to apoferritin monomer was achieved by removal of the gnanidine
in the presence of dithiothreitol and the monomer had a similar content
of a-helix to that of native apoferritin. However, the f-pleated sheet
structure observed in the native protein was not restored (757). In an
earlier study (707) it was shown by sedimentation equilibrium studies
that apoferritin could be completely dissociated into subunits of mole-
cular weight 18,500 by treatment with 6M guanidine hydrochloride
at pH 7.0. However, the dissociation procedure employed here used 4 hr
at 37 °C followed by dialysis for 16 hr at room temperature in the
guanidine hydrochloride solution in contrast to the 30 min-2 hr used in
the later investigation (757). A complete time and temperature depend-
ence study of the denaturation of ferritin and apoferritin in protein
denaturatants would seem to be well worth carrying out.

‘By far the most useful procedure for the reversible dissociation of
apoferritin is that of Harrison and Gregory (152). Using a procedure
originally derived by Fraenkel-Conrat (163) for the dissociation of viral
coat proteins from their nucleic acid, it was found that treatment of
apoferritin with 679, acetic acid in the cold followed by dialysis into
dilute buffer at pH 3.0 generated apoferritin solvents of sedimentation
coefficient 2.7 S. These subunits could be reassociated by dialysis into
buffer of pH 5.0 and the extent of reassembly was found to be favoured
by the addition of mercaptoethanol or dithiothreitol. An extension of
these studies on the reversible dissociation of apoferritin at low pH are
discussed in Section VIC.

The stability of the apoferritin molecule to dissociation at low
concentration has recently been examined (702, 764). Using apoferritin
that had been acetylated {764) or N-methylated {702) with radioactive
reagents no evidence for dissociation into subunits was found at concen-
trations of 0.1 ug/ml and 0.5 ug/ml respectively.
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Richter has shown that by injecting SDS-dissociated subunits into
rabbits antibodies are produced which are capable of precipitating
subunits: such antibody populations also precipitate ferritin or apoferri-
tin. When antibodies directed against ferritin are absorbed out, there
remain antibodies capable of precipitating subunits. It is presumed that
antibodies which are precipitated only by subunits are directed against
antigenic determinants in the subunits which are hidden in apoferritin
monomers (765).

C. Subunit Dissociation at Extremes of pH

A study of the dissociation of apoferritin in subunits by extremes of
pH was initiated for a number of reasons. The observation (752) that
treatment with acetic acid produces stable subunits at pH 3.0 together
with evidence of a pH dependent conformation change in apoferritin
below pH 3.0 (759) and the observation that at pH 3 apoferritin is present
only as 17.6 S monomer (R. R. Crichton and C. F. A. Bryce, unpublished
work) suggested that at low pH apoferritin can be reversibly dissociated,
and that a significant hysteresis occurs in reassociation of the subunits
to apoferritin monomers. In the course of studies on subunit dissociation
(709) and on oligomer formation from apoferritin monomers (752)
it was shown that partial dissociation of apoferritin into 2—8 S subunits
occurs at high pH.

The dissociation of apoferritin at extremes of #H was examined by
sedimentation velocity techniques (766). It was established that between
pH 2.8—10.6 the apoferritin monomer (~17S) was the only species
that could be detected. Between pH 2.8—1.6 and 10.6—13.0 both mono-
mer (17S) and a low molecular weight component (2—3S5), presumed
to be subunit, were detected. The dissociation follows a smooth sigmoidal
curve (Fig. 7a) in both cases with mid points, corresponding to equal
amounts of 175 and 2—3S component at 2.2—2.4 for the acid dissociation
and 11.8—12.2 for the alkaline dissociation (the exact values are depend-
ent on the buffer used). When apoferritin is completely dissociated
into subunits at low pH (either by exposure to buffer of pH 1.6, or by
treatment with 879, acetic acid) and is then dialysed into buffer of higher
pH, reassociation does not take place in dilute glycine buffers until pH
values in excess of that required to induce subunit dissociation (Fig. 7a).
The reassociation then follows a sigmoidal curve until complete reassocia-
tion to a 17S monomer is attained at pH 4.3. Although we have not as
yet been able to follow reassociation completely in a more concentrated
buffer (200 mM cf 10 mM) it is clear (Fig. 7a) that subunit reassociation
occurs at a much lower value and that the hysteresis observed between
dissociation and reassociation is much less in the more concentrated
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Fig. 7. Dissociation and reassociation of apoferritin at extremes of pH. (a) O
dissociation in 0.2 M buffer: M reassociation from pH 1.5 in 0.2 M buffer: O dis-
sociation in 10 mM buffer: @ reassociation from pH 1.5 in 10 mM buffer: & Aegggq/
Acog7max for dissociation in 10 mM buffer: A Agagr/Ac2g7max for reassociation from
#H 1.5 in 10 mM buffer. (b) @ dissociation: O reassociation from pH 12: A spectro-
photometric titration of tyrosine residues: M dissociation reported in (777). All
other data from (766)
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buffer than in the dilute glycine buffer. Reassociation of the protein to
monomer from alkaline pH cannot be achieved (since the exposure to
PH 13.0 causes irreversible denaturation): however, when the process of
reassociation is carried out from pH 12.0 (where 70%, dissociation has
occurred) no hysteresis is observed (Fig. 7b).

Since it is apparent that 1009, monomer and 1009, subunit can be
obtained at pH 3.0 in dilute glycine buffers depending on whether the
protein has been exposed to low pH or not, it is possible to use difference
spectroscopy to investigate conformational changes in the process of
subunit dissociation. The acid difference spectrum can be accounted for
by the transfer of 4—5 tyrosine per subunit from the interior of the
protein into the solvent. This process is reversed on reassociation, but
shows the same hysteresis as found by sedimentation techniques. The
difference spectrum in alkali is more complex, but is consistent with the
deprotonation of tyrosine residues which have a rather high pK (11.8).
The acid and alkaline difference spectra follow the same profile as the
fraction of subunit (Fig. 7). In addition to the involvement of tyrosine
residues in the conformational change at low pH, spectral evidence was
obtained that one tryptophan residue per subunit is transferred from a
hydrophobic environment to the solvent just before subunit dissociation
begins between pH 3.5-3.0 and returns to a hydrophobic environment
subsequent to reassociation (pH 4.0—4.5). The dissociation and reassocia-
tion of apoferritin at low pH is a cooperative process involving the
protonation and deprotonation of at least two carboxyl groups of rather
low pK. In contrast the alkaline dissociation is not cooperative. The
transfer of the tryptophan residue to the solvent just prior to dissocia-
tion is very sharp with a pK of 3.25, and may also reflect the involve-
ment of a carboxyl group or groups in this process.

The reversible dissociation and reassociation has also been studied
at low pH by gel filtration, and it is clear from these results (767) that
during both dissociation and reassociation both subunit dimers and sub-
unit tetramers were observed in addition to monomer and subunit. The
ratio of monomer to subunit -+ subunit dimer 4 subunit tetramer observ-
ed by gel chromatography were quite different to that found by sedi-
mentation techniques; this is illlustrated for subunit dissociation in
Fig. 8, where at pH 2.16 the ratio of fast/slow component in sedimenta-
tion velocity is 1:1, the ratio of monomer to subunit + subunit oligomers
is 1:20. In contrast, the ratio of monomer to subunit 4 subunit oligomers
at pH 3.8 is 20:1 from gel filtration and 1:1 by sedimentation velocity.
The imposition of a slow transport process on the equilibrium in gel
filtration may affect the equilibrium be mass action so that rate limiting
steps are affected. On this assumption we might assume that the rate
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limiting step in dissociation and reassociation is the conversion of
subunit tetramer to subunit dimer (R. R. Crichton, in preparation).

An earlier report (768) that lyophilised apoferritin could be resolved
by gel filtration in 109, acetic acid (pH 2.1) into several components
gave essentially similar results to those found in the present study, but
the correlation with subunits and oligomers of subunit was not estab-
lished.

00230nm

1.04

0.5

20 4 60 8 100
Fraction number
Fig. 8. Gel filtration of apoferritin (10 mg) at pH 2.16 in 10 mM glycine/HCI buffer
on a column (100 cm x 1 cm) of Sephadex G-100. The peaks, in order of elution,
correspond to oligomer, subunit-tetramer, subunit-dimer and subunit (R. R. Crich-
tom, in preparation)

D. Towards a Model for Subunit Interactions

From the evidence presented in Section VI C above we may conclude
that most likely all 5 tyrosine residues per subunit are at the subunit —
subunit interface; that a tryptophan residue in the vicinity of the
interface acts as a signal, changing its position in the interior of the
protein for the solvent just before dissociation occurs; and that the
subunit - subunit interface contains at least 3 carboxyl groups of rather
low pK (2 of pK 2.16 and 1 of pK 3.25). The pK of the - and y-carboxyl
group of aspartic and glutamic acid are 3.85 and 4.25 respectively; one
reason for the low pK values associated with subunit dissociation may
be the presence of salt linkages between carboxyl groups and amino
groups at the subunit—subunit interface. It has been reported (unpub-
lished work of W. I. P. Mainwaring cited in (75)) that succinylation of
the lysine residues of apoferritin leads to its dissociation into subunits
of molecular weight 25,000. In a detailed study of the effects of chemical
modification on the stability of the apoferritin monomer (766) it was
found that conversion of seven out of the nine lysine residues per subunit
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to homoarginine did not cause dissociation. It was also shown that the
modification of nine out of the ten arginine residues per subunit with
cyclohexanedione, of both tryptophan residues per subunit with 2-
nitrophenyl chloride, nitration of one the five tyrosine residues per
subunit or carboxymethylation of 2 cysteine residues per subunit and of
1 histidine residue per subunit did not cause subunit dissociation of
apoferritin monomers (766, 723). More recent studies have established
that following modification of 22 carboxyl groups per subunit with
glycineamide in 6M guanidine hydrochloride the protein is dissociated
in subunits and cannot reassociate to apoferritin monomer (K. Wetz
and R. R. Crichton, unpublished work). This represents a rather drastic
modification and further work will be required to establish the role of
carboxyl groups and of basic residues in the subunit —subunit interactions.
Fig. 9 presents a model of the subunit—subunit interactions in apoferritin,
which is based on the spectroscopic and chemical studies discussed above.

ACID DISSOCIATION OLIGOMER ALKALINE DISSOCIATION
HCH2l, NH3 HOOCH ~CH2l, NH3~700C HCH2INH, ~00C
H Lp-c?NH, | rqcoNH
'N”"::ig HOoC ] NH-Conm ---00CH NHC g ~00c
Sw; Sw) v
- N
i b

- Y-om ; - —()-
1o )

o OO

= Y-on
Ho-{ )
- Y-on

~COOH NH{CH,1, I-COG™-*NH3(CH), NHa{CHl,

Fig. 9. A model for the subunit-subunit interface of apoferritin and for the effect
of acid and alkaline dissociation. The contributions of one subunit to the interface
have been represented schematically. However, it is clearly not possible to establish
whether one subunit contributes all 5 tyrosine residues to one interface, whist the
other contributes none, or any of the several other possibilities! An explanation of
the various interactions can be found in the text and in (766)

The evidence from studies with protein denaturants (Section VIB)
would imply that hydrophobic interactions may be of importance in
stabilizing the subunit—subunit interactions, and the spectroscopic
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evidence supports the view that the five tyrosine residues per subunit
are indeed in a predominantly hydrophobic environment. However,
the pH-dependence of dissociation in urea and in guanidine, the failure
of solvents such as dioxan to affect the secondary structure (Section V),
and the fact that two lysine residues and one arginine residue per subunit
are not modified in the monomer suggests that salt bridges may also be
of importance. This is borne out by the finding that several carboxyl
groups of rather low pK appear to be involved in the dissociation at
low pH. However, to take the model outlined in Fig. 9 seriously would
certainly be a mistake. An analysis of the forces responsible for the
stability of the subunit interactions in haemoglobin (769, 770) shows
that many different types of weak interaction are responsible for the
stability of the tetrameric structure, and while further analysis of such
interactions in apoferritin may throw light on possible amino acid
residues that are at the subunit—subunit interface, a detailed picture must
await the results of X-ray analysis.

E. Quaternary Structure of Apoferritin

Ferritin and apoferritin appeared to be cubic and isomorphous from
X-ray powder photographs (777). An analysis of single crystals of ferritin
showed that they were orthorhombic (772, 773). The space group
P2,2,2; was derived but it was concluded that this was not the true
space group. Harrison (88) examined crystals of apoferritin and of two
crystalline forms of ferritin and reported that wet crystals of apoferritin
and of one form of ferritin were face-centred cubic with ¢ =184 A. The
other form of ferritin was pseudocubic and truly face-centered on only
one face. The lattice form could be described in terms of an orthorhombic
cell of unit cell dimensions a =130 A, b =130 A and ¢ = 184 A. The space
groups could not be determined unambigiously from the X-ray data,
but it was concluded that for apoferritin the space group was possibly
F 432 and that there were four molecules per unit cell. The molecule
would thus have point group symmetry 432 and would be composed
of 24 n subunits. A possible molecular structure consisting of 24 subunits
situated at the vertices of a snub cube was proposed (Fig. 10a). A sub-
sequent investigation of the same cubic form of apoferritin (68) led
to the conclusion that the molecule contained “‘ordered disorder”, and
the apparent 432 symmetry together with a diffuse background was
explained by assuming that molecules with a lower point group symmetry
were lying on the lattice points, but in several different orientations such
that the crystal symmetry was produced statistically. Evidence for pseu-
do-eicosohedral symmetry was found in the X-ray diffraction pattern,
and this together with the occurrence of rather strong intensities near
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Fig. 10b

Fig. 10. Two possible models for apoferritin. On the right is a 20 subunit model with
the subunits disposed at the vertices of a pentagonal dodecahedron. The model on
the left consists of 24 subunits arranged at the vertices of a2 snub cube

the directions of the non crystallographic five-fold axes, and a body
of chemical and physico-chemical data suggested that the most likely
structure for the apoferritin molecule consisted of a pentagonal dodecahe-
dron (Fig. 10b). Two more recent electron microscopic analyses of the
arrangement of subunits in apoferritin by negative staining conclude
that the results are compatible with a 20 subunit structure in which
the subunits are situated at the vertices of a dodecahedron (774, 775).
As was subsequently pointed out one problem of such an eicosameric
structure is that all of the subunits cannot occupy equivalent positions
in the structure (68, 706). There must therefore either be two kinds of
subunits, for example 10 of one kind and 10 of another (68), or else the
same subunit must exist in two distinct and different conformations in
the same quaternary structure (776). The evidence for the existence of
eicosameric structures is rather weak (706) and the chemical evidence
available to date does not suggest that there are two kinds of subunit.
The prospect of a structure in which all subunits are equal but some are
more equal than others is not particularly appealing. As has been
pointed out in Section V the physico-chemical evidence points over-
whelmingly to a quaternary structure composed of 24 equal and identical
polypeptide chains. A final decision on the quaternary structure must
await further crystallographic investigations.

VIL. Formation of Ferritin from Apoferritin

A. Introduction

As will become clear from the discussions below two quite different
models have been advanced to explain the formation of ferritin. Historic-
ally the earliest demonstrations of ferritin formation by guinea pig
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liver homogenates from added apoferritin used ferric ammonium citrate
(74). 1t was subsequently pointed out that the aqueous chemistry of
iron (III) is dominated by its tendency to hydrolyse and polymerise,
and that complexing agents which maintain ferric iron in solution at
physiological pH do not necessarily prevent polymer formation (707).
Thus, one model for ferritin formation assumes that the form of iron
utilized for ferritin formation is polymerised ferric chelates (72). The
alternative model, proposed first in 1955 (777) is a simple redox process
in which ferrous iron undergoes conversion to ferric in the presence of
apoferritin and a suitable electron acceptor with concomitant formation
of ferritin. As we will see this latter model has been considerably support-
ed in recent investigations.

B. The Iron Micelle Model

The formation of ferritin from liver homogenates, apoferritin and
ferric iron was reported (74, 778). However, the incorporation of iron
obtained was only 15% of the level found in native ferritin, whereas
when ferrous iron was incubated with rat or horse apoferritin iron was
rapidly incorporated up to 80%, of the iron content of native ferritin
(177, 178). The possibility that the ferric oxyhydroxide core of ferritin
was first synthesised, and that protein subunits then formed a shell
around the core to stabilize it was first considered by Saltwman and his
colleagues (72). It had been reported by Granick (50) that when ferritin
was crystallised with CdSO, there always remained a small amount
of ferritin-like material that resembled ferritin except in its ability to
crystallise from CdSO4. When this noncrystalline ferritin fraction
was incubated with apoferritin crystalline ferritin could be recovered
from the solution (50). The time course of this process was stud-
ied (72) and it was established that in the course of a 45 min incubation
at 25°C and pH 7.4 all of the iron present in the original protein could
be recovered as crystallisable ferritin2). From electron microscopic
studies it was concluded that the non-crystalline ferritin lacked some
protein subunits, although this view has been challenged (779) and is
certainly at odds with earlier results of Farrant (67). A previous article
in this series (707) by Spiro and Saltman has emphasised the point that
the chemistry of ferric chelates such as ferric fructose, ferric citrate and
ferric hydroxynitrate in aqueous solution is dominated by the tendency
to polymerise giving water soluble micellar cores, which in several cases
have approximately the size of the cores of full ferritin (70 A diameter).

2) The ratio of apoferritin to non-crystalline ferritin quoted (72) must be in error:
a figure of 600 mg Fe/ml corresponding to 2 g ferritin protein/ml seems unlikely!
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X-ray scattering, Mossbauer spectroscopy, infrared spectroscopy and
magnetic susceptibility studies on the ferric hydroxynitrate polymer
(approximate composition Fe O3(0OH)4- (NOg)a- 1.5 HgO) shows that
it is closely similar in those properties to the core of ferritin (780). It
was also reported (72) that ferritin prepared from Fe2+ and apoferritin
under oxidising conditions had a different morphology from native ferrit-
in: the iron micelle had a diameter of 48 A instead of 70 A and the
overall diameter was 102 A instead of 120 A.

These observations led Saltman et al. to propose that there is an
equilibrium between ferritin and the non-crystalline form and apo-
ferritin subunits (Eq. 2);

Ferritin ﬁ non-crystalline ferritin -+ apoferritin subunits (2)

which can be perturbed by addition of large amounts of apoferritin
thus forwarding the formation of ferritin. A model was advanced for
ferritin formation in the absence of any oxidative processes (Fig. 11).

APOFERRITIN

SUB UNITS

IRON MICELLE

IRON
CHELATE

Fig. 11. Chelate model for ferritin formation: see text for details

Spontanous formation of ferric micelles is followed by their encapsulation
by apoferritin subunits and results in formation of ferritin. A sub-
sequent communication noted tht addition of apoferritin subunits,
prepared from ferritin by treatment of ferritin in 10 M acetic acid at
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0 °C followed by centrifugal separation of the core, to natural polymeric
iron cores such as ferric nitrate, ferric citrate, ferric fructose and ferric
ATP leads on rapid neutralization to formation of a synthetic ferritin
that closely resembles ferritin (787).

This model has a number of attractive features. Not only is it com-
patible with the fact that Fe3+ is the preferred form of iron under
physiological conditions, where the rate of autoxidation of Fe2+ to in-
soluble hydroxide under mildly oxidising conditions is extremely rapid
but it could also account for the stimulation of ferritin synthesis by iron
at the level of translation of a stable mRNA (Section X), since it seems
reasonable to assume that, whereas the apoferritin monomer shows
no tendency to dissociate under physiological conditions (Section VIB),
the molecule is presumably synthesised as apoferritin subunits, which
could then associate around performed micellar cores.

There are however a number of objections to this model, which have
been discussed by several authors (779, 782). As pointed out above the
observation that non-crystalline ferritin is deficient in apoferritin subunits
is at variance with the electron micrographs of Farrant (67): further
the Fe:N ratio quoted for non-crystalline ferritin was the same as that
of the crystalline ferritin from which it was prepared (72), which would
suggest that in addition to incomplete ferritin protein shells it also
contained free subunits. Indeed one major criticism of the model is
that it assumes that apoferritin monomer exists in equilibrium with
subunits. There is at present no evidence for this at physiological pH.
The model is also at variance with studies on the synthesis of apoferritin
following iron administration ¢z vivo (783, 184). It was shown in such
experiments that the first ferritin to appear after iron administration
was iron-poor ferritin and full ferritin only appeared some considerable
time after iron administration. The model clearly requires that full
ferritin should be the initial product of ferritin synthesis. If one
assumes that subunit dissociation is very slow from iron rich ferritin
compared with iron poor ferritin or apoferritin, then the newly synthesi-
sed apolerritin subunits would be incorporated preferentially into ferritin
of low iron content, which would rescue the model (785). One argument
which is at present difficult to assess is that in all of the synthetic ferric
micelles studied by Saitman ef al. the chelating agent is incorporated
into the micelle. To date there is no satisfactory explanation for the
formation of cores containing ferric oxyhydroxide and oxyphosphate.

C. Apoferritin—Catalyst for Ferritin Formation

Bielig and Bayer (177) demonstrated that Fe?+ in the presence of apo-
ferritin at pH 7.4 was converted at 0 °C by bubbling of Oy through the
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solution to a product that crystallised with CdSO4 and had an Fe:N
ratio of 2.4. Subsequently it was found that under identical conditions
a ferritin-like material could be obtained from rat liver apoferritin (778).
Thus the simple equation (Eq. 3) could be written to describe ferritin
formation:

Fe2+ 4 Qg + apoferritin ——> ferritin (3)

The formation of such ferritin-like material under several conditions
was reported, although the crystallites were not in all cases as large as
in native ferritin (85). Apoferritin and ferrous ammonium sulphate,
or ferrous sulphate gave such products on a) oxidation with Og in bi-
carbonate buffer, pH 6.8—8.0 (777): in the absence of apoferritin the
product was a-ferric oxyhydroxide. b} oxidation by KIO3 in NazS;03,
pH 5.4—7 .4 in the absence of apoferritin y-ferric oxyhydroxide is formed.
¢) oxidation by Oz in imidazole buffer, pH 6.7—7.0: this gave a third
unidentified product in the absence of apoferritin. The fact that products
which did not have the typical characteristics of the ferritin core were
formed in the absence of apoferritin demonstrated that apoferritin had
an effect on the way in which the ferric oxyhydroxide crystallised inside
the protein shell. Apoferritin was reported to affect the rate of oxidation
of Fe?t, as well as influencing the product formed (85). Niederer (185)
showed by following the disappearance of Fe2* using the quantitative
bipyridyl reaction, that apoferritin appeared to catalyse the oxidation
of Fe2t in the presence of suitable oxidising agents. In contrast, the rate
of oxidation of Fe2+ in the presence of bovine serum albumin or lysozyme
was slower than that with apoferritin: however, the rate in the absence
of any protein, whilst slower than with apoferritin, was still quite rapid.
From these observations he postulated that ferritin formation took
place by penetration of Fe2+ ions into the apoferritin shell followed by
oxidation at the inner surface of the protein catalysed by a catalytic
active site. The Fe3+ was presumed to form an intramolecular precipitate
which soon became too large to escape from the protein shell.

The absorption of the micelle at 420 nm can be used as a means of
following ferritin formation directly (722); values quoted for the Eith
of the micellar core of ferritin range from 100 (722) to 61.4 (723). Macara
et al. (122) have extended the previous studies of Harrison et al. (85)
using this more direct assay and found that progress curves for iron
uptake by apoferritin were sigmoidal, whereas those for ferritins of low
iron content were hyperbolic. In these investigations, the reaction was
started by addition of ferrous ammonium sulphate to a mixture of apo-
ferritin and a large excess of oxidant (KIO3 and Na3S203) in imidazole
buffer of pH 6.2—7.4. The rate of uptake of iron was dependent on the
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amount of iron already present in the molecule and the distribution of
the iron content of reconstituted ferritins was inhomogenous. The
reconstituted ferritin was found to be similar to native ferritin by a
number of physical methods (electron microscopy, sedimentation
velocity and X-ray diffraction). The effect of varying the iron concentra-
tion on the rate of ferritin formation gave a curve that was thought
probably to be S-shaped, although the formation of FeO.OH outside
of the protein at high iron concentration made it difficult to estimate
reaction velocity at high iron concentration. The rate constant for the
linear part of the curve was £=0.71 min—1. An unusual dependence of
the reaction rate on apoferritin concentration was observed: the rate rose
to a maximum at about 1 mg/ml apoferritin and then fell off at higher
concentrations. The rate of reaction increased with pH in the range
6.2—7.4, and it was noted that when stepwise additions of Fe2t were
made, although the initial uptake of iron followed a sigmoidal progress
curve, subsequent additions did not.

These findings were interpreted in terms of a crystal growth model
in which the surface area of the crystallites forming inside the protein
increases until the molecule i1s half full and then declines, the surface
of the crystallite controlling the rate at which new material is deposited.
A two step mechanism was proposed to explain the results, an initial
nucleation step which is zero order with respect to [Fe2+], followed by a
more rapid growth stage. The apoferritin appears to increase the rate of
nucleation, binding ferrous iron at sites where oxidation subsequently
occurs. Three alternative models for the oxidation and growth of the

protein shell channel micelle

binding sites

{e) (b) (c)

ar
microcrystallite:

Fig. 12. Models for the formation of ferritin (reproduced from 122). For details
of the three models sce the text
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core were considered (Fig. 12): a) a model in which the oxidation site
was also the site at which the core starts to grow; here oxidation and
nucleation can be regarded as a single step b} a model in which the oxida-
tion sites are situated in the channel between subunits so that, in contrast
to a) they remain accessible as the molecule is filled: crystal growth is
presumed to occur by the growing ferric oxyhydrate inside the molecule
binding Fe3+ more strongly than the oxidation sites, and thus causing
their transfer to the interior of the molecule c) the last model is similar
to b) except that in c) specific nucleation sites which bind Fe3+ are
present inside the molecule in addition to the oxidation sites: the
contrast is that in b) the interior of the protein simply provides a favour-
able environment for the crystal growth. Macara et al. (122) thus consid-
ered ferritin to be an enzyme in which the product remains firmly bound
to the protein.

A subsequent analysis of this process by Bryce and Crichton (123)
led to quite different conclusions. As had been shown in earlier studies
apoferritin catalysed the oxidation of Fe2* to Fe3+: molecular Oy was
nsed as electron acceptor and since the reaction was carried out in caco-
dylate/borate buffer of pH 4.3—6.0 using a double beam spectrophotom-
eter and the reaction initiated by addition of protein to ferrous ammo-
nium sulphate already dissolved in the buffer, the progress of the apo-
ferritin-catalysed reaction could be monitored directly at 420 nm. The
reference cell effectively eliminated the rate of antoxidation, which at the
pH values used, was slow. A number of other proteins were found to
have no effect on Fe2+ oxidation under these conditions. The product
of the reaction was similar to ferritin in its behaviour on electrophoresis
and gel filtration and appeared to be similar to ferritin on electron
microscopy and in the analytical ultracentrifuge. The progress curve
was hyperbolic and the increase in initial velocity was linear with
increasing apoferritin concentration in the range 0.1—4.0 mg/ml. With
respect to Fe2+ the reaction followed Michaelis-Menten kinetics over
the range 0.5—5 mM. The Km was 2.8 mM and keat 1.11 sec~1. The
corresponding keat reported by Macara ¢t al. (122) was 4.50 sec™1. The
pH dependence study showed that at pH 6.0 the reaction rate was still
increasing i.e. the pH optimum was well in excess of 6. The essential
difference between this study (723) and that of Macara et al. (122) was
that the reaction conditions were selected so as to ensure that the rate
of autoxidation was slow, and could be continuously compensated for by
the use of a double beam instrument, and that the buffer had sufficient
buffering capacity to cope with the generation of protons resulting from
hydration of Fe3*. It was further demonstrated that identical progress
curves were obtained when the loss of Fe2* was followed and that Fest
was not taken up at all by apoferritin (723).
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There are a number of questions concerning the catalytic activity
of apoferritin that remain to be answered by further investigations. The
form in which Fe2t+ is presented to apoferritin in the cell itself is not
known. Nor is it clear that molecular oxygen serves as electron acceptor,
and if it is what the other products of the reaction are. The mechanism
by which apoferritin can catalyse oxidation of Fe2* remains to be clari-
fied: some results from chemical modification and other approaches
towards delineating the active site are discussed in Section VIID below.
At any rate, we may conclude that the catalytic role of apoferritin in the
formation of ferritin seems to be well established and can be envisaged
in its simplest form as outlined in Fig. 12. Fe2+ diffuses into the apo-
ferritin molecule through channels between subunits, and is there oxidised
to Fe3+in a reaction that involves a catalytic active site in the apoferritin
molecule. Whether this is in the channels between subunits or in the
interior of the molecules remains to be established. What happens
thereafter is that the ferric oxyhydroxide forms a crystalline micelle
which grows in size until it can no longer escape from the interior of the
protein. Whether the apoferritin affects the process of micellar formation
and whether deposition of the core after oxidation is also regulated by
the protein must await further investigation.

D. The Active Site of Apoferritin

The term active site is now somewhat passé in a world of molecular
mechanisms for enzyme reactions (786). However, we will use the term
here in its original sense to define an area of the apoferritin molecule
which is responsible for the process of oxidation and possibly also of
core nucleation.

Mazur (52) noted that iron incorporation into ferritin could be
suppressed by iodoacetamide. The system used, namely liver slices
perfused with a ferric citrate solution, was too complex to enable any
definite conclusion to be drawn, since a great many factors were involved
in the iron uptake process. Niederer (785) found that the histidine (and
also other amino acids) alkylating reagent diazonium-H-tetrazole does
not affect iron uptake by apoferritin. In contrast bromoacetate, a weak
alkylating reagent, formaldehyde and S-propiolactone, both of which
react with amino groups and histidine residues, all inhibited iron uptake
to varying degrees. Iodoacetamide had no effect when used in the pH
range 4.5—8.0. The effect of Zn2+, both 7n vivo (187) and in vitro (785,
188) suggests that histidine may be involved in the catalytic activity.
In a study of the effects of chemical modification (723) it was found that
using the assay system described above the modification of both trypto-
phan residues per subunit with 2-nitrophenyl sulphenylchloride does
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not affect either keat or Km for the oxidation. Nor does guanidination
of seven out of nine lysine residues/subunit, the nitration of one tyrosine
residue out of five/subunit, nor the modification of nine out of ten argi-
nine residues/subunit with cyclohexanedione. The carboxymethylation
of both cysteine residues/subunit and of one histidine residue/subunit
out of six with icdoacetic acid at pH 8.0 results in a product which is
catalytically completely inactive in Fe2+ oxidation. We cannot therefore
decide at present whether histidine or cysteine or both are involved in
the oxidation. It has been recently found (K. Welz and R. R. Crichton,
unpublished work) that the modification of one cysteine residue/subunit
with N-ethylmaleimide does not affect the catalytic activity of apo-
ferritin.

E. Mechanism of Apoferritin Catalysis

It is clearly premature to discuss the mechanism of a reaction for which
data is only now beginning to accumulate. On the other hand the nature
of this catalysis by a protein which lacks haem or copper in contrast to
most other oxidases is clearly of interest and a few remarks about possible
mechanisms would seem to be in order. One model suggests itself imme-
diately, namely that Fe2+ can be bound, presumably on adjacent subunits,
at two sites which are sufficiently close to one another to generate super-
oxide which could then bring about the oxidation to Fe3+ with concom-
itant formation of water (B. G. Malmstrom, personal communication).
It has been recently suggested (789) that transferrin, which binds two
molecules of iron per molecule or protein, can catalyse the oxidation of
Fe2+ by oxygen. The formation of Fe3+-transferrin from Fe?* salts in
the presence of dissolved oxygen was previously studied (790) and two
mechanisms were advanced: a) the oxidation of Fe2+ to Fe3+ followed
by rapid reaction of the Fe3+ with apoferritin; (b) the formation of an
Fe2+-transferrin complex followed by oxidation of the iron to Fe3+.
It has been recently found (B. Sarkar, personal communication) that
Fe?+ appears to bind to transferrin in anaerobic conditions and that
rapid oxidation of the Fe2*-transferrin to Fe3*-transferrin occurs on
introduction of oxygen. Gaber and Aisen had earlier found no evidence
for the formation of an Fe2*-transferrin complex (797). If it is assumed
that Fe?+ binding precedes oxidation, and that juxtaposition of two
Fe2+ is required for oxidation, it can be further proposed that the catalyt-
ic site of apoferritin must be in the subunit —subunit interface since the
apoferritin subunits appear to approximate to compact spherical mole-
cules of roughly 25 A diameter, and the alternative of having the active
site internally would place the iron atoms too far apart. The location of
the active site in the channels between subunits together with the postu-
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lated requirement for two adjacent Fe2t-binding sites leads to the
prediction that the apoferritin subunit should be catalytically inactive,
although possibly still able to bind one molecule of Fe2+. In contrast,
subunit dimers might well retain full catalytic activity in Fe2+ oxidation.

A further unique feature of ferritin, as has been emphasised by
Macara et al. (122), is that the enzyme retains the product and ceases
to function once its maximum iron binding capacity has been attained.
The present model would predict that diffusion of the Fe3+ into the
interior of the molecule is the next step in ferritin formation, and that
micellar growth occurs without any blocking of catalytic sites. This
should also be capable of confirmation by detailed kinetic studies.
One final advantage of the present model is that it suggests the possi-
bility that Fe2+, in the process of mobilization from ferritin (Section VIII)
could use the same Fe2* binding sites; this might explain the observa-
tion that ferritin contains very small amounts of Fe2+ ‘at the surface’
of the protein (792) and is not incompatible with recent electrochemical
data on iron mobilization (793, 794).

VIII. Mobilization of Iron from Ferritin

A. Mobilization by Low Molecular Weight Reductants

Granick and Michaelis established that iron could be mobilized from
ferritin as I'e2+ (59). However, sodium dithionite is clearly not likely
to serve such a role physiologically. An analysis of the effectiveness of a
number of biological reducing agents was conducted both by Mazur
et al. (192) and by Bielig and Bayer (795). The former study established
that crystalline ferritin contained small amounts of its iron in the Fe2+
state together with free sulphydyl groups. Treatment of the ferritin
with anaerobic liver slices, glutathione, cysteine or ascorbic acid led to an
increase in ferritin-Fe2+. Thus following a 30 min incubation at pH 7.4
glutathione had converted about 0.99, of the ferritin iron to Fe2+,
ascorbate had converted 2.8%, and cysteine 10.5%,. The concentration
of the reductants used, (67 mM) was, however, rather high for these
results to be of physiological significance. Bielig and Bayer (7195) obtained
much less convincing evidence for such a pathway for iron mobilization.
Whereas the halftime for ferritin iron release as Fe2t+ with dithionite in
the presence of bipyridyl was 0.025 h, the best of the biological reductants
used (NADH, ascorbic acid and glutathione were tried), namely ascor-
bate, mobilized ferritin iron with a halftime of 96 h at pH 5.5.

In a more recent study the effect of NADH, ascorbate, glutathione
and cysteine were examined under a variety of conditions (R. R. Crichion
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and J. Dognin, in preparation). Cysteine was by far the most effective
in iron mobilization, but concentrations in excess of 50 mM were required
to attain rates of physiological significance. Ascorbic acid at concentra-
tions of 100 mM and above, and pH values of below 5 was also effective,
although whether such levels of ascorbate occur even in the most
dedicated of those seeking to avoid the common cold seems unlikely!
The rates of mobilization were not significantly increased by the presence
of biological chelating agents such as citrate or fructose. Release of iron
from o-ferritin with sodium dithionite was found to be much slower
than from p-ferritin (796).

B. Mobilization by Low Molecular Weight Chelators

The release of iron from ferritin without prior reduction was reported
by Saltman and his colleagues (797). Both nitrilotriacetate and EDTA
could mobilize iron from both ferritin and non-crystalline ferritin with-
out any requirements for reduction. However, although 409, of ferritin
iron could be mobilized in 120 h by nitrilotriacetate (at a concentration
of 100 mM) the only physiological chelating agent used, sodium citrate,
at the same concentration could only release 19, of the ferritin iron
in this time. The release of iron by chelating agents was always more
rapid from non-crystalline ferritin than from crystalline ferritin.

1.10-phenathroline released 129, of ferritin iron in 60 days at room
temperature (798). The activation energy for the process was 13 4-2
kcal/mole and the frequency factor of 101 secl. From the data the
mechanism was advanced (Eq. 4):

iron (III) in iron (II, III) at  1.10-phenanthroline jron (II) complex

ferritin micelles glow surface of ferritin fast with 1.10-phenan-
throline

4)

The rate of release was greatly increased by ascorbic acid. A polaro-
graphic study (794) showed that ferritin iron can be released by EDTA,
nitrilotriacetate and desferrioxamine B: all three chelates mobilize 20—
259, of ferritin iron in 200 hr. From these results it was proposed that an
equilibrium exists between the iron core and small quantities of iron
outside of the protein bound to electron acceptor sites which contain
sulphydyl groups (although no evidence for this was presented). The num-
ber of sites is dependent on the iron content of the ferritin. It was
suggested that iron could be removed from these electron acceptor sites
by the action of reducing agents and then chelated by complexing agents.
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In recent studies in this laboratory the effects of a number of biolog-
ical chelating agents on ferritin iron mobilization have been examined
(R. R. Crichton and J. Dognin, in preparation). Glucose, fructose, glycine,
succinate, citrate and AMP release very little iron from ferritin: the best
of these, fructose can mobilize 15%, of ferritin iron in 7 days. It seems
unlikely that such a low molecular weight chelating agent plays a signif-
icant role in ferritin mobilization i vivo.

C. Enzymic Mechanisms for the Mobilization of Ferritin Iron

Mazur and his colleagues were the first to consider the possibility that an
enzyme might be responsible for ferritin iron mobilization (799, 200).
The reduction and release of ferritin iron during anaerobic incubation
of ferritin with rat liver slices was accompanied by the accumulation
of uric acid in the tissue and in the medium. Xanthine oxidase was
reported to reduce ferritin iron under anaerobic conditions in the presence
of hypoxanthine or xanthine. Reduction was increased in the presence
of oxygen and by addition of catalase (799). However, it must be empha-
sized that the effect was not particularly great — at best a little less than
4umole Fe2t/mmole of total ferritin iron/hr (¢.e. about 0.49, of total
iron mobilized/hr). Tanaka (207) had reported earlier that xanthine
oxidase reduced ferritin iron anaerobically in the presence of hypoxan-
thine. The method used to detect this was to follow changes in the
magnetic susceptibility of ferritin. Green and Mazur (7199) also noted
changes on specific susceptibility of ferritin iron on incubation with
xanthine oxidase. Further studies showed that administration of xanthine
or hypoxanthine lead to an increase in plasma iron and from inhibition
studies it was suggested that the site of ferritin iron reduction was
associated with the non haem iron of the enzyme and takes place by
direct electron transfer (200).

Xanthinuria was observed in a patient with idiopathic haemochrom-
atosis, an inheritable disease in which very large amounts of iron are
found in liver and other tissues as ferritin and haemosiderin, together
with a marked reduction of the activity of xanthine oxidase in the
patient’s liver (202). This would certainly be compatible with a role for
xanthine oxidase in ferritin iron mobilization, as is the finding of high
levels of the enzyme in the intestinal mucosa (203, 204). In most of the
experiments of Mazur’s group, the physiological stimulus for release of
iron was tissue hypoxia, which stimulates formation of red blood cells
and increases the level of xanthine oxidase substrates. The effect of this,
it was argued (200) was to increase the reduction of ferritin and hence
tc increase the level of plasma iron. Further support for a possible role
for xanthine oxidase in ferritin iron mobilization comes from the observa-
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tion that ferritin catalyses the oxidation of sulphite to thiosulphate
and that addition of hypoxanthine and xanthine oxidase in the presence
of ferritin stimulates the rate of thiosulphate production by 35%, over
that produced by ferritin alone (205).

We have recently reinvestigated the possible role of xanthine oxidase
in ferritin iron mobilization and can find no evidence for its involvement.
The incubation of xanthine oxidase with ferritin under conditions where
the xanthine oxidase is metabolizing hypoxanthine extremely rapidly,
releases virtually no Fe2+ from ferritin under anaerobic conditions (R. R.
Crichton and J. Dognin, in preparation).

Niederer (185) has suggested that the reduction of ferritin involves
the same active site in apoferritin as iron uptake, since treatment of
apoferritin with formaldehyde, p-propiolactone and several divalent
cations delayed iron release by dithionite. However, a report by Osaki
and Sirivich (206) describing theisolation and characterization of a ferritin
reducing enzyme in liver homogenates of a number of vertebrates includ-
ing cow, pig, dog, rat, chicken and tadpole, and the partial purification
from beef liver was briefly described. NADH and FMN are required for
the enzymic reduction of ferritin iron to Fe2+t and the reaction is inhibited
by >>2 uM oxygen, but not by the xanthine oxidase inhibitor allopurinal:
hypoxanthine, succinate, ethanol and glucose are not effective as elec-
tron donors. The enzyme activity for which the name ferriductase is
proposed, seems to be located mainly in the soluble fraction of the cell:
none is found in the mitochondrial fraction. The isolation and characteri-
zation of this enzyme will be awaited with great interest.

IX. Iron Exchange between Ferritin and Transferrin

Transfer of iron between ferritin and transferrin was first demonstrated
by Mazur et al. (192), who found that the process required rat liver
slices, and that only the ferrous iron of ferritin was transferred. Bielig
and Bayer (195) in the same year demonstrated transfer of iron from
ferritin to transferrin across a semipermeable membrane. This process
required ascorbic acid. It was later reported from Mazur’s laboratory
that the transfer of iron from transferrin to ferritin by liver homogenates
requires ATP (207). A more detailed analysis of the transfer of iron from
transferrin to ferritin across a semipermeable membrane using radioactive
tracers was undertaken by Perkins (208). Transfer was found to be a
passive process which was unaffected by the iron moving against a
concentration gradient. A reducing agent was required for the transfer:
of those used ascorbate was the best. This requirement was in order to
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remove iron from transferrin, to form a ferrous chelate as an inter-
mediate and to ensure that iron was presented in the ferrous form for
uptake by ferritin. The transfer was enhanced by chelates such as AMP,
ADP, ATP, lactate, glucose, fructose, riboflavin and glycine. The
chelate formed on removal of iron from transferrin must be stable enough
to effectively remove the iron from transferrin, but not so stable as to
prevent its uptake by ferritin. Thus EDTA and nitrilotriacetate, whilst
extremely effective in chelating the Fe2* released from transferrin by
ascorbate, could not effectively transfer the iron to ferritin. The transfer
reaction is pH dependent with a pH optimum at 7.3, and transfer is
dependent on the iron content of the transferrin and ferritin. Thus
transferrin of 509, or less iron saturation does not transfer iron: ferritin
takes up most iron when it is about 509, saturated. The « fraction of
ferritin (monomer) takes up iron much more effectively than § and y-
fractions. These results could be explained by the scheme presented in
Fig. 13. Reduction of transferrin iron to form a stable Fe2t+ chelate is

Fed*. transferrin + chelate reducing, Fe2*. chelate
—_

agent ,‘ l
(o)

Fed*- ferritin “=—=== Fe?% ferritin

Fig. 13. Iron exchange between transferrin and ferritin. For details see text

followed by diffusion of this chelate through the semipermeable mem-
brane and uptake of the Fe2+ by ferritin: the apoferritin then catalyses
the oxidation of Fe2+ as discussed in Section VII. It was also reported
(209) that when apotransferrin was dialysed against ferritin in the pres-
ence of reducing and chelating agents, the reverse transfer continues until
transferrin is 409, saturated: the same mechanism is presumed to operate
in reverse, namely reduction of ferritin iron, chelation of the FFe2t+ and
its transfer across the membrane followed by its oxidation and uptake
by transferrin (again the question of whether the Fe2+ is taken up and
then oxidised, or whether Fe3+ is taken up remains unclear).

When we consider the transfer of iron between ferritin and transferrin
in vivo, there is much less known. Any mechanism that seeks to explain
this process must take account of the following facts: iron must be
presented to ferritin in the Fe2*+ form and must be mobilized in this
form. This necessitates a reduction step to convert transferrin iron to
the divalent form, and its transport into the cell chelated to a suitable
carrier. It has been reported that transferrin iron release to a membrane
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carrier is dependent on an NADH-linked electron transfer (270). Whether
it is necessary to involve an enzyme to mediate oxidation of the Fe?+
prior to its binding by transferrin remains to be established. It has been
suggested that ceruloplasmin might fulfil such a role (277): alternatively
the transferrin might catalyse Fe2+ oxidation itself (789). The weak
points in the scheme (Fig. 13) are clearly 1. the mechanism whereby
iron is released from transferrin: it is known that there are receptor
sites for transferrin on cell membranes (272, 273) but there is little
information regarding the mobilization of transferrin iron and its transfer
across the cell membrane. 2. the nature of the Fe2*+-chelator within the
cell, and perhaps within the membrane is not established. 3. the precise
mechanism by which transferrin takes up iron from the cell membrane
after binding of apotransferrin to the appropriate receptor site remains
unknown.

It seems that further progress in this area must await advances in our
knowledge of the transport of iron across cell membranes and the inter-
action of transferrin, and perhaps also ferritin with receptor molecules
on the outer and inner surface of the cell membrane.

X. Ferritin Biosynthesis and its Induction by Iron

Administration of iron to guinea pigs in large doses leads to the accumula-
tion of large amounts of ferritin in the intestinal mucosal cells (8). It
was suggested that iron would combine with pre-existing apoferritin to
form ferritin and that the presence of the iron micelle would protect the
protein against breakdown (274). The initial rate of synthesis of liver
ferritin is increased several fold in iron-treated as compared to normal
guinea pigs (275) and there is no comparable effect on the rate of synthesis
of mixed liver proteins. This would suggest that iron has no effect on
protein precursor pools and leads to the conclusion that iron administra-
tion accelerates the de novo synthesis of the protein moiety of ferritin.
In experiments in which liver ferritin was fractionated by ultracentri-
fugation it was shown that the apoferritin rich fraction was more active
than ferritin at short times after administration of tracer doses of 14C-
glycine to iron-stimulated guinea pigs and rats (783, 784). Stimula-
tion of ferritin synthesis in liver slices was observed following iron treat-
ment, and the uptake of labelled amino acids in slices from rats given
actinomycin D was found to be 859, less than controls without this
antibiotic3), which suggested that the control of ferritin synthesis was

9) Actinomycin D is a potent inhibitor of mammalian mRNA synthesis.
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at the level of RNA synthesis (276). However, Drysdale and Munro
(184) found the action of iron in stimulation of ferritin synthesis to be
insensitive to actinomycin D. They revived the hypothesis of Gramick
that iron causes an apparent induction by stabilizing an unstable
precursor of ferritin (presumably apoferritin} which would otherwise be
rapidly degraded. Thus, the loss of radioactive molecules was considerably
retarded by repeated injection of iron, suggesting that iron-rich ferritin
molecules were less susceptible to degradation than iron-poor molecules.
Further evidence that the effect of iron was not on mRNA synthesis
came from experiments in which it was found that rats which had lost
RNA from liver by protein deprivation had not lost their capacity to
respond to iron (277). The explanation advanced for these findings
was that mRNA for ferritin was stable during protein depletion or else
that a reduced amount of template was being utilized more efficiently.
That the stimulation of ferritin synthesis was not restricted to liver,
but could be demonstrated in slices of spleen, testis, intestine and kidney
was demonstrated by Yoshino et al. (218). These workers reported
evidence favouring control of the transcription of RNA into mRNA
as the site of iron action: actinomycin D inhibited the response to iron:
iron treatment stimulated incorporation of radioactive precursors
into a rapidly labelled fraction of liver nuclear RNA (presumed to be
messenger RNA): direct addition of iron to liver slices n wifro did not
stimulate ferritin synthesis, although the iron penetrated the liver cells.
This last effect has been recently confirmed (279) and it has been shown
that addition of iron in whole serum accelerates ferritin synthesis 2.5
fold. This effect of serum was attributed to its attenuation of the toxic
effects of iron on protein synthesis: the serum also reduced iron uptake
by the liver cells. Transferrin was not able to replace serum in this
attenuation whereas albumin completely free of transferrin, was able
to limit the uptake of excess iron by the liver cells and permit the specific
induction of apoferritin biosynthesis by iron.

Chu and Fineberg (220) have studied the regulation of induction
of ferritin synthesis in Hela cells, which originate from a human uterine
carcinoma, are able to synthesise ferritin (227), and respond to iron
administration by increasing their ferritin content (222). Acceleration
of apoferritin synthesis by incubation of Hela cells with 10—100 ug of
iron per ml was immediate and was not blocked by actinomycin D.
Bipyridyl prevented the stimulatory effect of iron, whereas desferri-
oxamine prevented cellular iron uptake and removed much of the cellular
ferritin iron. No measurable breakdown of radioactive ferritin was ob-
served in a 4hr incubation of desferrioxamine-treated cells which argues
against the stabilization hypothesis. More recently it has been reported
that the half life of ferritin in young rats is 1.9 days and in old rats 4
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days: the view is advanced that, since the rate of synthesis is the same,
the higher levels of ferritin iron found in older rats, about 4 times as much
iron, reflects the decreased rate of degradation (223).

The results of Chu and Fineberg (220) have been confirmed by in
vivo studies on ferritin synthesis in rat liver (224). In this latter study
cyclohexamide, which inhibits protein synthesis in rat liver (225)
abolished the effects of iron; this supports the view that iron acts
solely on the rate of de nove ferritin synthesis and not by stabilization.
Actinomycin D treatment enhanced the effect of iron in Hela cells (220)
and in rat liver (224). It was suggested that the induction of apoferritin
by iron could be explained in one of two ways: 1. that binding of iron
to nascent apoferritin chains on the polysomes relieves an inhibition of
synthesis according to the general mechanism of Cline and Bock (226)
2. in view of the synergistic effect of actinomycin D, that there is an
actinomycin-sensitive inhibitor at the level of translation for apoferritin
synthesis, such as has been proposed in the case of tryptophan pyrrolase
and tyrosine transamninase induction by glucorticoids (227). Iron would
inactivate the inhibitor, and actinomycin could enhance the effect of
iron by inactivation or blocking the regeneration of the inhibitor (220).

A different effect of iron-induced ferritin synthesis is obtained by
excess dietary Zn2+ (787). This results in formation of iron-poor ferritin:
the treated animals have an iron:protein ratio in liver ferritin that is
only one-third of control animals. However, the Zn toxicity does not
appear to interfere with the incorporation of radioactive acids into
apoferritin and the Zn-treated animals can still synthesise apoferritin
de novo in response to iron administration. The turnover rate of ferritin
iron and ferritin protein from Zn-fed rats seem to be more rapid than the
controls, which would be consistent with the view of Drysdale and Munro
(784) that ferritin of low iron content is more rapidly degraded than ferri-
tin of high iron content. The effect of Zn on the catalytic activity of
ferritin has been discussed earlier.

The site of ferritin synthesis within the cells seems to be on the “free”
polysomes (228—230). In contrast proteins such as albumin which are
secreted from the cell appear to be made on “bound” polysomes (those
which are attached to the endoplasmic reticulum). However, the regula-
tion of ferritin synthesis has not been studied in such ¢% vitro protein
synthesising systems.

The synthesis of apoferritin by reticulocytes has been studied (237)
and it has been established that administration of iron stimulates
ferritin synthesis two fold over controls. The control of ferritin induction
again seems to be at the level of translation. An analysis of apoferritin
synthesis in human erythroid cells from normal and thalassemic subjects
showed that thalassemic cells synthesised 37 times as much apoferritin
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as normal cells (232). The ratio, of ferritin to haemoglobin also increased
in the thalassemic cells. Erythropoietin can induce erythrocyte formation
in marrow cells in culture. When rat bone marrow cells are incubated
with erythropoietin a system is found which accumulates extracellular
iron within the interior of the committed cells: a part of the protein
formed as a result of the action of erythropoietin is ferritin (233). The
induced uptake of iron is inhibited by actinomycin D, puromycin and
cyclohexamide, which suggests that both RNA synthesis and protein
synthesis are required for iron accumulation and perhaps for ferritin
synthesis.

Studies on ferritin synthesis in duodenal mucosal cells have been
carried out by many workers. Oral and parenteral administration of
iron causes a 3-fold and 10-fold increase in synthesis of mucosal apo-
ferritin respectively (234). The doses of iron used were pharmacological
i.e. greatly in excess of those encountered under physiological conditions.
Similar doses were used to show that direct duodenal administration of
iron stimulated the synthesis of ferritin by iron-deficient rats and that
this newly synthesised ferritin did not prevent the uptake of more iron
(235). Using an introduodenal dose as low as 10 ug induced synthesis
of apoferritin by both iron-replete and iron-deficient rats and increasing
amounts of apoferritin were made as the dose was increased (236).
Mucosal ferritin synthesis in response to iron is also insensitive to actino-
mycin D but blocked by cyclohexamide, again suggesting that control
is at the level of translation and does not involve gene activation (237).

The effect of iron administration on induction of ferritin in a number
of tissues and in a series of hepatic tumours has been studied by Linder
(78, 144) and the increase in synthesis of ferritin following hepatectomy
of rats carrying transplantable tumours has been examined (238).

XI. Summary and Conclusion

Studies on the structure of apoferritin are advancing rapidly to the stage
where the primary structure of the horse spleen molecule should soon
be established. The quaternary structure of apoferritin from a variety
of organisms seem to be similar; the protein is in all cases made up of
24 identical polypeptide chains of molecular weight 18,500 daltons.
Studies on the subunit-subunit interactions are progressing, and a number
of amino acid residues at the subunit interface have been identified. The
process of oligomer formation from subunits is amenable to study at
low pH. Apoferritin catalyses the oxidation of Fe2t in the presence of

127



R. R. Crichton

oxidising agents with concomitant formation of ferritin. There is some
evidence for the involvement of cysteine and histidine in this process.
The mobilization of iron from ferritin may proceed via an NADH-
dependent ferriductase which has been detected in liver cells from a
number of animals. The regulation of iron uptake by ferritin and its
mobilization from ferritin has also been studied in model systems, but
the exact mechanisms involved ¢# vevo for iron exchange between ferritin
and transferrin remain to be established. Ferritin synthesis can be in-
duced by administration of iron both i vive and in cells growing in cell
culture: the process appears to be regulated at the level of translation
of a stable mRNA.

There remain a number of important questions concerning ferritin
which are as yet unanswered. Information regarding the micellar iron
core is not yet sufficiently advanced to allow a detailed molecular
structure for the iron core to be determined unequivocally. Nor is it
clear whether the structure of the core is determined by the protein,
although this seems likely. Whether apoferritin undergoes a major
conformation change on the uptake of iron is not yet established: there
is evidence both for and against. Although the catalytic role of apoferritin
in ferritin formation has been clearly shown, the precise mechanism for
the formation of the iron core remains uncertain. The mobilization
of iron from ferritin and the regulation of the balance between iron
transfer from transferrin to ferritin and vice versa remain to be clearly
determined. Although induction of ferritin synthesis by iron has been
shown not to require DNA directed mRNA synthesis, the precise nature
of the regulation involved is still a matter for speculation. Finally, the
precise subunit structure, as well as the nature of subunit-subunit inter-
actions, although under investigation, still remain to be clearly eatab-
lished. In short the present review is, as must needs be, a progress report.
However, that progress is being made, and will continue to be made,
in the clarification of the structure and function of ferritin is clear from
the results presented herein.
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I. Introduction

Molecular evolution of metalloproteins has had to incorporate and
preserve structural features that allow a fit of the metal atom at the bind-
ing site (7). The resulting conformation had to allow for the ligands
{certain amino acid side chain groups) to properly arrange in space so
that the enclosed complex could be one of well defined (square planar,
octahedral, etc.) symmetry. Such an ideal situation, yielding minimal
ground state energy for the metal atom, is difficult to achieve because of
conformational pressures introducing distortions which obstruct perfect
symmetry at the metal center. A strained situation thus prevails which
raises the ground state energy of the active site and enhances the cata-
lytic reactivity of the molecule. This effect has been named ‘enfasis’
(from the Greek ‘under tension’) by Vallée and Williams (2) who have
made use of the metal complex chromophore as a most sensitive spectro-
chemical label to probe the state of the protein (2, 3). As a concept,
entasis is thus mainly concerned with the results of structural constraints
on the state of the active site and is one of the various factors distinguish-
ing the metal-binding properties of metalloenzymes from those of more
simple model compounds (4).

There is, however, another aspect of the metal-polypeptide chain
interaction which is of relevance if the structural-functional relationships
in metalloproteins are to be understood. This is the effect of the metal-
binding event on the protein conformation and it can be formulated as
follows: the peculiar configuration of the ligands dictated by the chelate
symmetry requirements somehow distort the conformation which,
under the same conditions, the protein would assume in the absence of
the metal ion. In other words: metal-binding can result in a significant
conformational change of the polypeptide part of the molecule and the
resulting structure has to compromise the strains and stresses generated
on the polypeptide backbone by each single residue and by the metal
complex site. This raises the conformational free energy of the molecule,
the thermal balance of the

Metal + Apoprotein — Metalloprotein

reaction being thus accounted for by the free energy of metal-binding.
The final conformation of the protein may, however, be kinetically very
stable: 1.e. the metal is not necessarily easily released to yield the apo
(“denatured”) species. This is because the spatial arrangement of the
ligands, “imperfect” as it may be, and the protein conformation as a
whole are so coupled that the conformational fluctuations responsible
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for metal-exchange become an unlikely cooperative event. This “Mul-
tiple Juxtapositional Fixedness” effect has been recognized by Bush
et al. (5) to be a major factor in determining the stability of macrocyclic
ligands and explicitly formulated as an outlook complementary to the
entatic aspects of the metalloprotein state. It is thus obvious that a
static conformational description of the protein is somewhat insufficient
in that the stability of the molecule is ignored. This might, indeed, be a
most important feature of the protein as a whole in order to distinguish
homologous polypeptides that are, otherwise, conformationally similar.

In this article we propose to survey the role of iron as a conforma-
tional determinant in polypeptides and in non-haem proteins. This
aspect of iron coordination research has been either ignored or only
sporadically dealt with in reviews concerned with metalloproteins.
By stressing this often circumstantial aspect of iron biochemistry it is
our hope that the relevance of metals in general as fundamental structural
factors in biomolecules will be brought into proper perspective.

It is not our intention to review the entire field of iron proteins.
Rather, we will focus on certain cases for which the experimental evi-
dence concerning the conformational consequences of the iron-polypeptide
interaction are well established. Stereochemical aspects of metallo-
porphyrins have recently been surveyed (6) and some conformational
studies on haemoproteins were elegantly presented by Wiithrich in this
series (7). We will also ignore ferritin, where iron is non-structural but
is present as a micellar aggregate of mixed hydroxide-phosphate salt
coated by 20—24 globular protein units (8) (See the review by R. R.
Crichton in this issue).

The structural role of iron to be discussed here is, in general, somewhat
broader than that already described in the literature for Ca2+, Mg2+,
and the light alkali metal ions (9—77). These cations appear to function
mainly as effectors of enzyme activity, either by modulating conforma-
tional changes of small amplitude that regulate the affinity of the sub-
strate for the active site or, more directly, by bridging the substrate to
the enzyme. These proteins possibly are already in a native state, even
in the absence of the metal ion. By contrast, and with the possible excep-
tion of Mn2+, in most cases heavy metal ions are necessary constituents
to hold the structure of the metalloprotein in a conformation that is
close, if not identical, to that of the active species. This role is in addition
to whatever action the heavy ion may play in the catalytic event itself.

Another aspect of interest is how the oxidation state of the iron
atom controls the conformational state of the polypeptide. In certain
cases the electronic configuration of the ion is of fundamental importance
since only one valence state can exist chelated by the polypeptide. Such
appears to be the case in the siderochromes and in transferrin, where
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only Fe3+ is coordinated with significant affinity. Indeed, it was proposed
that reduction of ferrichrome might be the mechanism of release of the
metal inside the cell so as to make it available for biosynthetic purposes
(72, 13). With regard to non-haem electron transport iron proteins, a
suggestion made by Takano ef al. (74) for cytochrome c may be ex-
tended. By mediating an electron transfer between a preceding reductase
and a subsequent oxidase, a redox protein may have to alter its shape
slightly to fit the active sites of either one of the two connected enzymes.

We will also be concerned with the extent to which the polypeptide
chain itself participates in determining the final conformation of the iron
protein. That is, the extent to which the conformational state of these
compounds is perturbed by residue substitutions that are not funda-
mental either for metal-binding or for (contact or covalent) steric
interactions.

The compounds to be surveyed here comprise the siderochromes, the
transferrins, hemerythrin, the rubredoxins and the iron-sulfur proteins.
They differ widely in their size, function, oligomeric state, iron content
and nature of the metal-binding site. Historically this has caused their
study to follow different routes. Although the problem of the chemical
and electronic nature of the iron chromophore has dominated their
investigation, the peculiarities of their active sites have demanded
different approaches in each case. Furthermore, the procedures which
have been used to reveal differences among metal-free and iron-bound
(oxidized and reduced) proteins have provided only partial outlooks of
the conformational process. The ‘lock and key’ insights gained from very
sensitive biological recognition phenomena, namely, proteolytic digestion,
antigen-antibody reactivity, and membrane attachment (iron transport)
experiments, are not too instructive in molecular terms. In this sense,
although hydrodynamic properties are also of limited value, they yield
information that is unequivocal. Optical spectropolarimetry, very sensi-
tive to conformational features of the polypeptide backbone, is com-
plicated by the side chain aromatic chromophores and the metal site
itself; unless these side effects can be screened, interpretation of the data
is ambiguous at best. Of all the spectroscopic methods, NMRD is probably
the one that offers the highest resolution but this is still far from sufficient
for protein-sized molecules. For low molecular weight (< 2,000 dalton)
substances the technique is extremely useful if resonance broadening by

1) Abbreviations: NMR, nuclear magnetic resonance; PMR, proton magnetic
resonance; ppm, parts per million; TMS, tetramethylsilane; MW, molecular
weight; EPR, electron paramagnetic resonance; CD, circular dichroism; ORD,
optical rotatory dispersion; HiPISP, high potential iron-sulfur portein.
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a paramagnetic ion is not extreme. Contact shifts of the resonances and
iron substitution by a similar ion can provide valuable information for
solution studies. If atomic resolution is intended, X-ray crystallography
closely approaches this goal and is probably the most satisfying. However,
it gives data for conditions that are far removed from those prevailing
in solution and provides no information on conformational dynamics.
As discussed below, this last aspect is suitably probed by amide hydrogen
exchange studies once the purely conformational contribution to the
measured kinetics have been estimated by other techniques.

We intend to select from the literature only that information bearing
on the conformational state of these molecules. It should be stressed,
however, that because of the non-parallel evolution of their individual
research, the treatment given to each of these iron compounds necessarily
has to differ.

II. The Siderochromes

The siderochromes (from Greek: sideros ==iron, khroma = color) comprise
a group of ferric chelators, mostly peptides, which are involved in micro-
bial iron transport (73, 75, 76). Their molecular weight ranges from
about 500 to 1,100 daltons, which makes these compounds especially
suited for conformational studies. Our concern with the siderochromes
at this initial point is justified not only because of their relative simplicity
but also because they most clearly lead to the concept of ‘conformational
state’ which, in turn, will serve as a guideline in discussing larger mole-
cules. Furthermore, extensive studies in our laboratory and elsewhere
make these compounds among the best understood iron biomolecules in
physical terms. They should serve as realistic models to foster under-
standing of more complex structures.

According to Neilands (73) the siderochromes may be classified
into two broad classes; the hydroxamates and the phenolates, depending
on which of these two groups provide the dentates for metal-binding.
Our survey will be mainly concerned with the ferrichromes, a family
of similar ferric trihydroxamate cyclohexapeptides. Mention will be made
of results on ferrioxamine B, a linear ferric hydroxamate and some recent
evidence on enterobactin will also be presented. The latter, a cyclic
triester containing amide bonds, exemplifies phenolate iron-binding in
general. A number of reviews have been published which deal with the
chemical and biological properties of these compounds (73, 76—27a,b).
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A. The Ferrichvomes

The primary structure of the ferrichromes discussed here can be repres-
ented as

/Z
ERes3-Resz—Gly1—Orn3— Ornz-Ornl—I

where Res2:3 represent glycyl (Gly) or L-seryl (Ser) and Orn represents
&-N-acyl-6-N-hydroxy-L-ornithyl residues. The hydroxamic acid biden-
tates are thus furnished by the -~ substituted ornithyl side chains.

In the ferrichromes the iron is high spin ferric, with a magnetic
moment of 5.73 Bohr magnetons (22). The nature of the iron locus has
been studied by Mdssbauer (23, 24) and far infrared (25) techniques.
The low temperature EPR spectrum of ferrichrome A exhibits charac-
teristic g =4.3 and g =9.6 bands (26). These studies have indicated a
strong crystal field of low symmetry.

All the ferrichromes whose conformations have been studied are des-
scribed in Fig. 1. This structural model is based on the X-ray crystallo-
graphic study of ferrichrome A by Zalkin ef al. (27, 28) and in most
respects, it is confirmed by PMR solution studies (29, 30). The structure
exhibited by the model in Fig. 1 is globular with the three substituted
ornithyl side chains embracing the metal ion in octahedral coordination
while the cyclohexapeptide backbone assumes a distorted antiparallel
B-pleated sheet structure.

On the basis of chemical evidence suggesting cyclodimerization of
linear tripeptides (‘doubling reaction’) Schwyzer has proposed (37) a
conformational model for cyclohexapaptides involving two transannular
hydrogen bonds which pair the carbonyl oxygen and amide nitrogen
atoms of opposed residues, e.g., in ferrichrome it would be

€=0-.-H—N
Res3/ N

Ny—n...0=¢"

Orn3 .

The X-ray data yields, however, a distance between the Res3 N and
the Orn3 O atoms too great for an H bond ; the 2.99 & between the Res® O
and the Orn3 N is, in contrast, consistent with the presence of a moder-
ately strong transannular H-bond between them. X-ray studies on
cyclohexaglycine (32) and on cyclo Glys-(p-Ala)g (33) have detected the
presence of Schwyzer conformers in the crystalline samples. Furthermore,
a number of studies on synthetic cyclohexapeptides in solution (34) by
PMR have yielded consistent evidence supporting the pleated sheet
structure, especially in solvents of low polarity. This may not, however,
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Fig. 1. The structure of the ferrichromes (28, 30). The backbone bonds and atoms
are shown in heavier lines. H bonds detected in the crystallographic study {---)
were confirmed in the PMR investigations which also suggested the presence of a
second, weak, transannular H bond (- - -) for the seryl analogues in solution (59).
The compositional differecnces among the ferrichromes surveyed here are summarized
below:

R2 R3 R
ferrichrome H H CHg
ferricrocin CH-OH H CHj
ferrichrysin CHOH CH,OH CHj
ferrichrome A CHoOH CH,OH _/CH3
H” “CH.COOH

RR2 and R3 represent side chains of those glycyl or seryl residues at sites 2 and 3
respectively, site 1 being occupied by a glycyl residue (Rt = H). R represents the
acyl group in the hydroxamate moiety (acetic acid or #rans-f-methyl glutaconic
acid). The prefix ‘ferri’ refers to the naturally occurring ferric chelates. When replac-
ed by ‘alumi’ (as in ‘alumicrocin’), or ‘galli’ (as in ‘gallichrome’), Fe3t has been
substituted by Al3* or Gadt, respectively

be a general feature as structural constraints may yield other conforma-
tions (35).

A Pseudomonad has been isolated that can grow on ferrichrome as
sole carbon and nitrogen source. The first step in the degradation is
catalyzed by a highly specific peptidase which hydrolyses the amide
linkage between Orn! and Res3 (36). The peptidase acts on the ferric
complexes but not on the iron-free peptides. More recently, Emery has
found that the ferrichrome-mediated iron transport in Ustilago sphaero-
gena is specific for this ionophore; other ferric chelators or natural
ferric hydroxamates being inactive (37). The data suggest that the basis
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for recognition is conformation of the chelate rather than other physical
properties of the carrier since both the Pseudomonad peptidase and the
Ustilago transport system acted on the Al3+ analogue of ferrichrome
(‘alumichrome’) as well {37, 38). Furthermore, it has been noted that while
ferrichrome is readily crystallizable from methanol solutions the metal-
free peptide has not been crystallized (39).

We have extensively studied the solution conformation of the metal-
free ferrichromes, deferriferrichrome, deferriferricrocin and deferriferri-
chrysin (29, 40). By plotting the PMR chemical shift versus tempera-
ture for the different amides, an estimate of the relative extent of steric
shielding or intramolecular H-bonding can be obtained from their linear
slopes. Fig. 2, a and b, show this kind of plot for deferriferrichrome both
in Ho0 and in (CD3)2SO0. It is evident from such graphs that while little
distinction can be made between the extent of shielding of the amides
in water, at least two amides, namely those denoted by Gs (a glycy!

DEFERRIFERRICHROME

—
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Fig. 2. The temperature dependence of the deferriferrichrome and alumichrome amide
NH PMR chemical shifts, in water (pH 5.14) and in (CDg)2SO (29, 43). Ol and G!
refer to the itB ornithyl and glycyl amide proton, respectively, in the order of
scanning from low to high magnetic field (see Fig. 4). The resonances are assigned
in Table 1. Values in parenthesis are (103 x) the slopes of the linear plots, the mag-
nitude of these numbers reflecting the extent of exposure of the amide proton
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resonance) and Oz (an orthinyl resonance) could be internal in dimethyl-
sulfoxide, a less polar solvent. It should be observed that glycyl and
ornithyl NH resonances are readily distinguished since the first are
triplets (spin-spin coupled to two «-protons) and the second doublets
(coupled to a single a-proton). The relative shift of the resonances of the
two ‘internal’ amides towards higher fields has been explained (47) on
the basis that anisotropic shielding effects arising from the neighbor
—CO—NH— = electron clouds at the two f-turns will oppose the deshield-
ing resulting from intramolecular H-bonding, as, for example, in a Schwy-
zer type model. We favor this model for deferriferrichrome in dimethyl-
sulfoxide, but not in water, and have proposed (29) that such a conformer
is basically the same as in the chelate (Fig. 1). In the less polar solvent,
the main effect of complexation is thus on the ornithyl side chains which,
in the process of metal coordination, tend to acquire the “right” configu-
ration to achieve the octahedral geometry at the ionic center. In water
the conformational change is more drastic since the whole peptide back-
bone, in addition to the ornithyl residues, is driven into the new configu-
ration. The ultraviolet CD of aqueous solutions of deferriferrichrome and
of ferrichrome are shown in Fig. 3. Although a conformational inter-
pretation of the CD of metalloproteins is unwarranted unless the optical
rotation contribution of the metallic center itself is substracted (42),
the spectra shown in Fig. 3 are consistent with a conformational change
at the polypeptide backbone concomitant with the chelation event (43).
TFurthermore, while the CD spectrum of deferriferrichrome in water is
similar to that of random-coil polypeptides, that of ferrichrome shows
a negative peak at 217.5 nm and a positive one at 195 nm characteristic
of f-pleated structures (44).

Hydrogen-tritium exchange experiments by the Englander two-
column gel filtration technique had indeed suggested such a drastic
conformational difference between ferrichrome or ferrichrome A and
their metal-free derivatives (45). Thus while the time of exchange of the
deferriferrichromes was too short (<3 min) to be detected by this techni-
que, the iron complexes clearly showed a slowed kinetics, two to four
hydrogens exchanging with half times of 14 to 426 minutes, depending
on the pH and temperature. Inspection of the model (Fig. 1) shows that
there are only two exposed amide hydrogens, namely those belonging
to Gly! and Res?, which should exchange with faster rates. The other
four are protected by various extents of steric shielding and intramolec-
ular H-bonding. Thus, while the Ornl NH is extensively buried in a
pouch limited by the peptide backbone itself and the side chains of the
ornithyl and site 3 residues, the Orn2 amide is only partially shielded but
participates in a strong H bond to its own side chain NO oxygen atom
[2.80 A, from the X-ray data (28)]. Res3 and Orn3, in turn, structure the
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Fig. 3. Ultraviolet circular dichroism spectra of deferriferrichrome and ferrichrome
dissolved in water (43).

B-sheet. This early interpretation of the exchange data on the basis of
the X-ray model has been corroborated by PMR studies on the alumi-
chromes, namely the Al3+ analogues of the ferrichromes. Substitution
of the metal ion was necessary for the PMR work because of extensive
resonance broadening by the paramagnetic Fe3+ ion.

The PMR spectra of deferriferrichrome and of alumichrome in
(CD3)2S0O are shown in Fig. 4a and b respectively. The changes, apparent
everywhere in the spectrum, are more dramatic at the amide resonances
which appear clustered in the range of 7.5 to 8.5 ppm in deferriferri-
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Fig. 4. The 220 MHz PMR spectra of deferriferrichrome (a) and alumichrome (b)
dissolved in {CD3)eSO at about 45 °C (29). The lone peak at ~9,60 ppm in (a) is
assigned to the hydroxamic acid NOH resonance which is absent in (b). The rest of
the peaks below and above 5 ppm are amide NH and aliphatic resonances, respec-
tively. The sharp peak(s) at ~2 ppm arises from the acetyl methyl groups. Glycyl
and ornithyl NH resonances are readily distinguished by their multiplet character
as the former are triplets and the latter doublets. Arrows connect resonances show-
ing vicinal spin-spin coupling interactions, which allow their assignment to the
o, B, etc. protons. The resonances are referred to internal tetramethylsilane

chrome and expand to the range of 6.5 to 10 ppm in alumichrome.
Since, due to their H-bonding capability, the amide spectrum is so sen-
sitive to the NH environment, such a spread in their resonance region
is strong indication that the conformational location of the individual
protons is more constant with time in the chelate than in the deferri-
peptide. Indeed, no other oligopeptide examined by PMR to-date has
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exhibited such a wide range of NH chemical shifts. What is most inter-
esting is that the temperature dependence of these resonance positions
(Fig. 2¢ and d) do indeed show that two glycyls, namely Gly: and Glys,
exhibit a more pronounced slope (similar to those in the random deferri-
peptide in water), suggesting the other four amides, one glycyl and three
ornithyl, are more protected from interaction with the solvent as required
by the model (Fig. 1}.

On the basis of the single alumichrome spectrum shown in Fig. 4b
little can be said regarding an absolute assignment of the resonances to
specific residues in the hexapeptide, although relative assignments can
be achieved by double irradiation spin decoupling experiments. The
resonance identification could be solved, however, by a comparative
study of glycyl- and 1-seryl-containing analogues (30). The consistency
of the model (Fig. 1) with the spectral observations and the resonance
assignments was most illuminating and gave confidence that the model
provided by the X-ray studies would hold in solution, slightly perturbed
by side chain solvation effects. Thus the extreme low and high field
shifts of the Orn; (at ~10 ppm) and Orng (at ~6.5 ppm) resonances
respectively result from the strong H-bonding of the first (Orn? in Fig. 1)
to its own side chain and the lack of any H-bonding of the second (Orn!
in Fig. 1) that is buried in a hydrophobic environment. The two glycyl
resonances at ~8.8 ppm, ¢.¢. those exhibiting the strongest temperature
dependencies, were assigned to the glycyls at positions 1 and 2 in the
sequence (see Fig. 1). Finally the ornithyl and glycyl resonances at
~7.8 and ~6.8 ppm respectively, which exhibit reduced temperature
dependencies (Fig. 2) and that are assigned to Orn3 and Gly?® in the
primary structure, show chemical shifts that indicate stronger H-bonding
of the first relative to the second. The relative shift of this pair of
resonances towards higher fields is consistent with the p-turn peptide
bond anisotropies discussed above.

The correspondence between the PMR spectral characteristics of
alumichrome and the X-ray picture for ferrichrome A justifies using the
crystallographic model to describe the alumichrome conformation in
solution ; it would be desirable, however, to have some quantitative way
of evaluating the extent of fitness between both sets of data. In 1969
Bystrov et al. (46) proposed a Karplus-type relationship that allowed a
reasonable estimate of the conventional ¢ dihedral angle at the N—Cq
bond (47) on the basis of the amide NH resonance splitting due to proton-
proton spin coupling (Jnc). By applying Bystrov’s formula to the
alumichrome NH doublets a set of ¢ angles were obtained which, within
the accuracy of the method, gave an excellent fit between both sets of
data. Indeed, it was on the basis of this correspondence that a preliminary
assignment of most PMR resonances of alumichrome (29) was achieved.
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Later, comparative criteria proved this assignment to be correct and
enabled its extension to all the resonances (30). More recently Rama-
chandran et al. (48) have derived an improved Jnc(¢) relationship by
fitting the parameters involved to more extensive experimental data.
Table 1 shows the ¢ dihedral angles calculated by this latter method,
for a number of ferrichrome analogues in H20 and in (CD3)3SO, together
with the X-ray values.

Table 1
Sery Serg Orny Orng Orng
(a) H 20
Gallichrome 285 210 257
Alumichrome 286 211 260
Alumicrocin unresolved 287 205 253
Alumichrysin unresolved 189 286 208 268
Alumichrome A unresolved 189 287 208 270
(b) (CD3)250
Alumichrome 288 209 259
Alumicrocin 307 287 206 252
Alumichrysin 315 180 285 205 260
(¢) X-ray
Ferrichrome A 303 197 283 215 256
Ser? Ser3 Orn? Orn? Orn!

The ¢ dihedral angle between the HNC, and the NCoH planes. Values in (a) and
(b) are calculated from the amide HN-C,H doublet proton spin-spin splittings
(Jne) in water and in deuterodimethylsulfoxide, respectively, and on the basis
of the data reported in (30) and the Karplus relationship of Ramachandran et al.
(48). The labelling of the residues at the top refers to an arbitrary PMR classifica-
tion of the resonances while the data in {c¢) corresponds to the angles determined
by Zalkin et al. (28) for crystalline ferrichrome A, correctly labelled according to
the criteria used in Fig. 1.

In comparing the structures of these peptides, a point of interest is the
constancy of the glycyl residue at site 1. PMR studies on sake colorant
A (43) and ferrichrome C (49), ferrichromes which contain alanine at site
2 and serine or glycine, respectively, at site 3, have shown unequivocally
that site 1 is also occupied by a glycyl residue. It has been speculated
that either a glycyl or a D-amino acid residue at a position equivalent
to 1 in Fig. 1 are required if a stable g-turn (319 helix) is to be formed
(41, 50). Some statistical evidence supports this claim (57a,b) which is
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consistent with the X-ray crystallographic and PMR solution studies
on ferrichrome in that the

Orn3—NH- - -O=C—Res3
is a relatively stable hydrogen bond while the alternate
Orn3—C=0" - -HN—Res3

is of much lesser strength. It is thus to be expected that if the conforma-
tion of the polypeptide is of any biological relevance, as seems to be the
case, constancy of a glycyl at site 1 would be mandatory. It is hence
rather surprising that albomycin, a ferrichrome-type antibiotic, has been
reported to fill sites 1-2-3 with a triseryl sequence (76). A recent communi-
cation (92) indicates, however, that this peptide possesses only one seryl
residue, which makes it more likely to fit the structural features common
to other ferrichromes. Further research on albomycin would thus be of
interest.

It should be noted that in spite of the excellent correspondence
between the solution and crystallographic data exhibited by the ¢ angles,
distinct differences occur among the analogues. These differences,
although too small (<10 degree) to modify the model shown in Fig. 1
to any significant extent, are such that they could affect the stability
of the molecule as a whole. Thus, by slightly reorienting the peptide
NH or CO groups, the strength of any bridging H bond could be drastic-
ally affected given its angular and distance dependence. In going from
ferrichrome to ferricrocin to ferrichrysin, single L-seryl for glycyl substitu-
tions are involved. The steric and solvation requirements of these two
residues are different enough to result in noticeable conformational
differences among the deferripeptides (40). Upon chelation, the free
energy for metal-binding overcomes these forces so that formation of
the #riornithyl-metal complex dictates a uniform conformation for the
different cyclohexapeptides. However, the strains and stresses that con-
trol the conformation of the metal-free peptides are still present in the
chelate and although they are not of sufficient strength to control its
final structure, they will contribute in determining its stabiltiy.

Following Berger and Linderstrom-Lang (53), Hvidt, and Nielsen (54)
have elaborated the idea that proteins are not rigid structures but exist
in conformations which fluctuate in time about their native, folded
state. In studying isotopic hydrogen exchange, those amides that are
external, 4.e. hydrogen-bonded to the solvent, will exchange faster than
those that are buried or merely intramolecularly H-bonded. According
to the Linderstrom-Lang hypothesis, during the conformational ‘breath-
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ing’ process that proteins undergo in solution, amides that were protected,
in their native, ground state conformation, may become exposed and
hence able to undergo hydrogen exchange with the solvent. Although
sensu stricto other factors such as the dielectric nature of the amide
environment or the structuring of water at its proximity will also affect
the kinetics of the exchange reaction (55), the hypothesis advanced by
the Carisberg group is most useful in interpreting the H exchange be-
havior of proteins in terms of their conformational stability.

Early magnetic susceptibility measurements by Ehrenberg (22)
showed that iron-binding in ferrichrome is only weakly covalent. The
ionic character of ferrichrome was clearly evidenced by Lovenberg et al.
(96) by detecting a relatively fast exchange (£; ~10 min.) of its ion for
59TFe3+ at pH 6.3. Furthermore, Czech workers reported evidence for a
complex of ferrichrome with a second iron atom when the metal iron is in
excess (97). These last two experiments indicate that there is enough con-
formational flexibility in the molecule to allow iron release or uptake in a
fluctuating process that could randomly modulate the degree of exposure
of amide hydrogens to the solvent. Although the rate of amide hydrogen
exchange is minimal around pH 3, Emery noticed that in ferrichrome
the exchange rate is accelerated as the pH drops from ~5 to ~3 (45).
The converse was observed with ferrichrome A, however. On raising
the pH to 7.0, the exchange rates of both peptides increase (but still are
readily measurable) as would be expected from the known base catalysis
of the exchange process. Because of the excellent spectral resolution of
the NH resonances, it was found possible to study the 1H—2H exchange
of the individual amides of alumichrome by PMR (58). The pH trends
were consistent with those observed by Emery for the Fe3+ complex but,
on the average, faster rates of exchange at low (~3) pH and slower
rates at high (~7) pH were observed for the Al3+ relative to the ferric
complexes. We have noticed that external Fe3+ does not exchange for
Al3+ in alumichrome unless the solution is brought to acidic pH. Thus,
although the binding constant of model hydroxamates is substantially
higher for Fe3+ than for any other metal, the kinetics of the ion exchange
process is slower in alumichrome than in ferrichrome. However, because
of competition between the metal and hydrogen ions for the hydroxamate
NO- dentate, the metal exchange is acid-catalyzed. On the basis of the
Linderstrom-Lang hypothesis we have proposed that it is complex forma-
tion which confers the structural rigidity to the peptide backbone
and that as the complex is loosened (as detected, e.g., by the metal ex-
change Kkinetics) the concomitant relaxation of the molecule results in
more exposure of the protected, internal amides to interact — hence ex-
change — with the solvent. That is: the conformational fluctuations are
mainly those involved in the random metal exchange, which is itself acid-
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Table 2

AHt ASt AFt(25) t1/2(25)
(a) Gallichrome
Gly3 fast
Ornl 15.94+1.3 —24.34+4.1 23.1+1.8 161.30
Orn2 16.04+0.9 —22.2428 22.74+1.2 77.73
Orn3 179+£1.7 —15.745.6 22.61+2.4 68.99
(b) Alumichrome
Gly3 16.1-+0.6 —17.14-1.9 21,24-0.8 6.25
Ornl 20.94-1.4 — 9.344.7 23.742.0 415.87
Orn2 219406 — 47421 23.340.9 220.05
Orn3 21.640.8 — 58426 23.341.1 219.46
{c¢) Alumicrocin
Gly3 19.345.0 — 6.5+168 21.247.1 6.80
Orn! 18.841.3 —18.64-4.0 24.44-1.7 1396.75
Orn? 19.440.8 —15.342.5 24.04-1.1 1335.57
Orn3 21.14+1.0 — 8.3+32 23.64+-1.4 350.10
(d) Alumichrysin
Ser3 21.041.7 — 4.245.7 222+2.4 38.08
Ornl 22.3+1.8 — 9.74+49 252422 5491.57
Orn2 20.34-0.6 —14.841.9 24.74-0.8 2383.23
Orn3 259+1.5 32445 24.94-2.0 3463.08

Kinetic parameters for the amide 1H—2H exchange for several
ferrichrome analogues dissolved in D20, pD 5.14 (59). The data
are for the Al3+ chelates except in (a) where it refers to the
Gas+ complex of deferriferrichrome (‘gallichrome’). AHt and
ASt are the activation enthalpy and entropy values, respectiv-
ely, as estimated from Eyring plots. AFT (25) and ty2(25) are
the activation free energy and the reaction half time calculated
from the AHt and ASt data at 25 °C.

catalyzed. Indeed, analysis of the temperature dependence of the indivi-
dual amide exchange rates indicates that at low pH the exchange
mechanism proceeds with relatively large entropy barriers (ASY) sugges-
ting significant conformational changes to reach the activated state.
At neutral pH, the converse is observed, and this is especially sensed
by the strictly buried Ornl amide hydrogen, namely, that the activation
entropies are relatively small while the corresponding enthalpy values
(AHY) are significantly larger {58). The extent to which the conforma-
tional stability of the chelate is influenced by the primary composition
of the peptide was clearly exhibited by comparing the amide exchange
rates of the alumichrome analogues (59). At pH 5.14 (Table 2) the
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exchange half times of all the ornithyl NH'’s increased on replacing a
serine for a glycine at the Res? site (alumichrome - alumicrocin) and
even more on a subsequent seryl-for-glycyl substitution at the Res3
site (alumicrocin - alumichrysin). Thus a naive substitution of a glycyl
for a seryl at site 3 more than doubles the exchange half times of all the
slow amides and multiplies by 10 that of Orn3 without inflicting any
significant conformational change. Indeed, for this particular amide the
effect has been mainly enthalpic, as if the residue substitution resulted in
a structural stability gain.

The extent to which the conformational stability is coupled to the
metal-binding affinity is shown by the fact that iron is retained ~10
times more firmly to ferrichrysin than to ferrichrome (60) (there are no
reported data for ferricrocin). A similar argument may explain the rela-
tive trends observed by Emery between ferrichrome and ferrichrome A:
the stability of ferrichrome A (~1032) is higher than that of ferrichrome
(~1029) (76, 39) and the latter should exchange faster than the former.
The observation that the rate of exchange of ferrichrome A is further
retarded at pH 3 does in fact agree with the above interpretation as
ferrichrome A is the only ferrichrome that, owing to the three free
carboxylate groups on its ornithyl side chain acyl group (Fig. 1), should
be conformationally stabilized at about this pH. Indeed, ferrichrome A
can be easily crystallized out of aqueous solution in the range 2.5 <pH <
3.0. The faster 1H—2H exchange of the Ga3+ complex of deferriferri-
chrome (‘gallichrome’) relative to alumichrome [Table 2 (a) and (b),
notice the AS* differences] may reflect, again, different chelate stabilities.

In summary, what in the deferripeptides is manifested as conformati-
onal differences among the analogues (40), in the chelates is evidenced
as stability differences dramatically expressed in their different hydrogen
exchange kinetics and only slightly reflected in the PMR spectra.

B. Ferrioxamine B

Ferrioxamine B is a linear trihydroxamate with two peptide bonds
(Fig. 5). Its affinity for Fe3+ (1031) is comparable to that of the ferri-
chromes, the chelation not being stereo-specific as the complex lacks
optical activity (78, 67). Mossbauer studies have indicated the ferric
center is high spin with rhombic distortion (62). Although it is relatively
small molecule (MW =613), Emery (45) found that there are two
hydrogens that exhibit retarded exchange rates, the kinetics being
strongly pH dependent with minimal rates at pH ~4.5. The iron-free
derivative exchanged with very fast rates, thus indicating the import-
ance of metal-coordination in determining protection of the two amides.
Space-filling models show, however, that it is possible to embrace the
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Fig. 5. Structure of ferrioxamine B. (Desferal = deferriferrioxamine B mesylate)

ferric ion by the linear molecule so that octahedral coordination is achiev-
ed while orienting the amides in such a way that they become H-bonded
to the hydroxamate NO-, as is the case with the Om? NH in the ferri-
chromes.

C. Enterobactin

Enterobactin is a cyclic triester of 2,3-dihydroxy-N-benzoyl-L-serine
(Fig. 6). It is accumulated by E. colf and other bacteria when grown
under low iron conditions and mediates the anabolic utilization of iron
by these microbes, as do the hydroxamate siderochromes mentioned
above (73, 27). In enterobactin, however, the metal-binding ligands
are provided by catechol groups and the sustaining backbone is held
together by ester, rather than by amide, bonds.

The EPR of the iron complex exhibits the characteristic g =4.3
signal of high spin ferric ion in rhombic fields (63). It should be noted
that since binding of a 34 cation releases two protons per catechol
ligand, the chelate is a 3— anion, 7.¢. there is an excess of one electronic
charge on each benzenoid ring.

Cell cultures producing enterobactin do not accumulate it inde-
finitely because an esterase (presumably involved in the iron release
process) degrades the cyclic trimer to the linear tri-, di-, and monomeric
species. It has been observed that the hydrolytic activity of the purified
enzyme(s) depends on whether the substrate is free or complexed
(64, 65), which suggests a conformational recognition of the siderochrome
by the esterase.

The proton and carbon-13 NMR spectra of enterobactin and of its
Ga3+ chelate are consistent with the free and coordinated forms having
Cz symmetry (66). The PMR spectra (Fig. 7) show dramatic shifts in
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Fig. 6. Conformational model of chelated enterobactin (66). Bonds and atoms at
the cycloester triseryl backbone are marked with heavier lines. Hydrogen atoms are
not shown. A left-handed propeller configuration is shown for the ligands around
the metal ion center, but this has not yet been established experimentally

Harz
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Fig. 7. The PMR spectra of enterobactin (a) and of Ga3*-enterobactin (b} dissolved
in (CD3)gS0O at ~45 °C (66). The frequency scales are referred to TMS as internal
standard. The resonances below 8 ppm are catechol OH (singlets) or amide NH
(doublets). The group of three peaks, between 6 and 8 ppm, are ascribed to the aryl
CH. The other three protons, resonating towards higher fields, are the seryl CoH and
CpH. Inserts show the « proton resonances after the amide hydrogen has been
exchanged for denterium
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the resonances as well as changes in the magnitudes of the vicinal
proton spin-spin couplings as the metal is chelated. These reflect
changes in the electronic state of the catechol ligands as well as an overall
conformational change of the molecule.

A conformational analysis of the PMR data was achieved on the basis
of the J couplings between the C,H—CgH and NH—C4,H protons, which
yield estimates of dihedral angles along these bonds. Gross consistency
between the chemical shifts of the resonances and the particular location
of the H atoms in the three dimensional structure was required. It
was proposed that binding of the metal effectively enlarges the virtual
‘pore’ defined by the cycloester ring by rotating the C4H—CgH bond
from 6 ~42° to § ~— 60° (6 =0° for the eclipsed conformation), so that
the ligands can embrace the metal. In the process the NH—C,H bond
rotates from ¢ ~60° to ¢ ~—150° while the NH resonance shifts
from 9.06 to 11.72 ppm from TMS (66). The latter has been attributed
to a change in the hybridization state of the benzoyl-serine amide bond
which could arise from electronic delocalization between the ortho
phenoxide and the carbonyl groups, so that the ligands assume a quinoid
character:

|
HNG HN¢
N\\C--O" ~C-0"
o 0

o~ [*n

Such an interpretation is also supported by the 13C-NMR data. An
ortho, para electronic shift of this type has recently been proposed to
explain the optical spectral differences between free and metal-bound
phenoxides in the transferrins (67). In enterobactin, however, this
tautomerism is of fundamental conformational importance as it lowers
the energy barrier to rotate the amide bond to ~47° from the planar
trans configuration (Fig. 6), as is required in order to form a mononuclear
octahedral complex. Upon reorientation, the amide proton becomes
sterically more shielded from interaction with the solvent and this is
reflected in its temperature coefficient which (in absolute value) drops
from 4.7 X 10-3 ppm/deg in enterobactin to 1.3 X 10-3 ppm/deg in the
Ga3* chelate. Conversely, the driving force to form the mononuclear
complex will favor the electronic delocalization implied in the above
tautomerism.

The PMR data can be interpreted as suggesting that the ligands
have the left-handed propeller configuration shown in the model (Fig.
7), although a right-handed configuration cannot be ruled out. Molecular
models do not show either configuration to be any more strained than the
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other which might mean that, in actuality, both forms could exist in
equilibrium. The net optical activity of the ferric chelate (68) could
then be due to predominance of one form in solution because of some
minor energy difference in its favor.

In showing how the electron density at the active site of an enzymic
metallochromophore might be affected by conformational constraints,
complexed enterobactin clearly exemplifies entasis. I'urthermore, entero-
bactin is known to bind Fe3+ with much more affinity than its mono-
meric unit, 2,3-dihydroxy-N-benzoyl-L-serine (k = 1025). Although a
chelate effect should account for part of this difference, the conformational
change involved in metal-complexation by the cyclic trimer will impose
a significant barrier to metal release. Indeed, the final conformational
state of the chelate results from a number of concerted bond twists both
at the triester backbone and at the amide link, and release of one phenol-
ate bidentate is somewhat hindered by the whole molecular conformation.
This exemplifies the “Multiple Juxtapositional Fixedness” effect, al-
ready referred to in the Introduction, which helps account for the strong
binding (hence, conformational stability) of metalloproteins in spite
of the ‘entatic’ ligand misfit (hence, catalytic reactivity) of the metal.

In the case of enterobactin, the complete reduction of the complex
in a 1:3 Fe3S03: monomer solution, was achieved at a hydrogen {calomel)
electrode potential of ~ — 0.6 V, which should be contrasted with the
irreducibility of the corresponding cyclic triester complex down to
electrode potentials approaching hydrogen discharge (~— 1.8 V) (63).
A plausible explanation is that the reducible species is a partially dis-
sociated (7.e. hydrated) complex, present in equilibrium with the tri-
catechol chelate, which itself is practically irreducible. This is consistent
with the observation that the potential for full reduction decreases as
the concentration of monomeric ligand is increased beyond the stoichio-
metric requirement.

D. Discussion

The conformational studies on the ferrichromes and on ferrioxamine B
indicate that a number of intramolecular hydrogen bonds are formed in
the process of metal-chelation and that these contribute to the overall
stability of the coordinated conformation relative to that of the free
species. Consistent with this view, it should be mentioned that extensive
hydrogen bonding has also been observed in the low molecular weight
monovalent cation complexes of the antibiotics monensin, nigericin,
dianemycin, the enniatins and valinomycin by NMR spectroscopy (69,
70), X-ray crystallography (77, 72, 73), or both. Like the siderochromes,
these compounds act by mediating cation fluxes across membranes.
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The ferrichromes have exemplified the relation between the stability
factors in the metallopeptide conformation and the chelating tendency
of the free ligand. As discussed below for small proteins, the metal
is the gross conformational determinant while the primary polypeptide
sequence specifies the unique stability pattern of each metal-protein
complex. The need to think in terms of a dynamic conformational
state rather than a static geometrical description has thus been clearly
demonstrated. In the case of ferric enterobactin it is suggested that the
low redox potential is related to extremely difficult metal exchange,
which is a result of the structural rigidity imposed on the ligands by
features of the molecular conformation.

ITI. The Transferrins

The transferrins are a class of iron-binding glycoproteins which have
been found in the blood serum of a variety of vertebrates and are pre-
sumably also present in moth hemolymph [see (74) and references there-
in]. These proteins would appear to mediate the absorption and distri-
bution of iron (75), and could play some role in the movement of carbon
dioxide in the body (76). Proteins of similar characteristics, lactoferrin
and conalbumin, have been isolated from milk and avian egg white
respectively. It has been proposed (77) that conalbumin could prevent
bacterial contamination of the egg yolk by removing free iron. A similar
bacteriostatic action could be performed by lactoferrin in milk, and it is
possible that this protein is involved in controlling the intestinal flora
in infants (78).

There is some controversy regarding molecular weights of the trans-
ferrins, recent evidence suggesting a value of about 80,000 dalton for
that from human serum. This figure varies over a wide range depending
on the vertebrate species. The amino acid compositions for a number of
these transferrins have been reported (74); little is known regarding
their primary structures.

Besides Fe3+, the transferrins are able to bind a variety of divalent
and trivalent metal and rare earth ions (see 79—87 and references therein).
They do not, however, bind Fe2+ (82). Metal displacement experiments
(79) have shown that the highest binding affinity is for iron [dissociation
constant of about 10-23 to 10-29 (83-85}].

Studies by equilibrium dialysis (83), free electrophoresis (86), iso-
electric focusing (87), and DEAE-cellulose chromatography (88) have
suggested that the two metal-binding sites on the protein molecule are
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independent and equivalent. These data, together with evidence obtain-
ed by chemical oxidation and alkylation (89) and tryptic digestion (90),
have led to the suggestion that the protein is an aggregate of two identical
subunits. This possibility has been considered especially for bovine trans-
ferrin from chemical modification, sedimentation and viscosity data (97).
On the basis of the physical-chemical properties of reduced-alkylated
(92, 93), sulphitolyzed (93) and succinylated (94) transferrins, Bezko-
rovainy and coworkers favor an opposing view, namely that the trans-
ferrins are not integrated as an aggregate of subunits joined by either
physical (e.g., hydrophobic or hydrogen) or disulfide bonds (95). Sequence
determinations of cysteic acid peptides from conalbumin do not favor
the presence of two independent subunits (96a). It has been suggested,
however, that the present-day polypeptide is an evolutionary elonga-
tion of a shorter chain precursor by a process of partial gene duplication
with mutations accumulated with time (96a,b). The claim (74) that
hagfish, a most primitive vertebrate, contains a serum transferrin of
about 44,000 dalton which binds a single atom of iron has recently
been challenged (97). Aasa (98) has shown, however, that at about 5°K
two partly overlapping rhombic-type Fe(III) electron spin resonances
can be detected in both human transferrin and in conalbumin while
the hagfish protein exhibits no such sign of inhomogeneity.

The extent to which the two metal-binding sites are independent is
not yet satisfactorily understood. According to Davis et al. (85) the
dissociation constant of the monoferric complex

Tr—Fe <> Tr 4 Fedt

is approximately 100 fold larger than that of the diferric complex
Tr—Fes <> Tr—Fe 4 Fed+,

The electron spin resonance of the Cr3+ complexes showed differences
between the Hamiltonians for the two binding sites (99). Furthermore,
ultraviolet difference absorption and fluorescence spectroscopy studies
on the binding of trivalent lanthanide ions to transferrin indicate that
binding of a second ion is impaired when Nd3+ or Pr3+ have been bound
first (700). Since other lanthanides, such as Tb3+, Eu3+, Er3+ and Ho3+,
which have smaller ionic radii, are bound in pairs, it was suggested that
a nonequivalence between the two sites becomes manifest for large metal
ions. On the basis of metal-binding kinetic studies Woodworth (107)
has proposed a cooperative model wherein binding of a first metal ion
drives a conformational change in the protein that facilitates rapid
coordination of another ion at the second site. Although electrophor-
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etic evidence has been provided by Woodworth et al. (102) suggesting
that the claimed one-iron transferrin species (83, §6—88, 703) might
in fact arise by dimer formation between the zero-iron and the two-
iron species, recent sedimentation, electrophoretic, osmotic and water
proton relaxation dispersion studies (704, 705a) tend to confirm the
existence of three types of transferrins according to their iron content,
Consistently, spectroscopic studies on mixed Ga3+—Fe3+ complexes of
conalbumin have also been interpreted to indicate a difference between
the iron-binding sites of this protein (7055).

Warner and his collaborators (80, 706) first proposed involvement of
tyrosyl residues as ligands for the ferric ion on the basis of potentiometric
and spectrophotometric titration data. This has been further substanti-
ated by chemical modification (707, 708) and other difference spectro-
photometric (67) studies. Apparently two or three tyrosyl (87, 708),
two histidyl (83, 708—770) and an equivocal number of tryptophanyl
(777 a,b) residues are present at each binding site (772). EPR evidence
indicates that oxygen and as many as 4 nitrogen nuclei interact with the
metal (773, 774). Furthermore, bicarbonate is bound to the protein,
resulting in the usual salmon-pink colored form of the ferric complex
which is otherwise colorless (775a,b). The minimal possible distance be-

Fig. 8. Active center of the transferrins. The diagram summarizes a number of
contradictory reports regarding the structure of the coordination site and does not
pretend to satisfy all such evidence. The purpose is simply to hint how the active
center of the complexed proteins might be composed. The continuous line represents
the polypeptide backbone; two such centers are present per molecule
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tween the metal-binding sites has been estimated by EPR (83) and fluor-
escence (700) experiments to be 9 and 43 A respectively. Although the
structure of the transferrin iron-binding sites is still a matter of extensive
research and speculation, an octahedral complex as shown in Fig. 8 may
be proposed as a useful model for the present discussion. In regard to the
carbohydrate moiety (776 a,b) and other aspects of this class of proteins,
ample information is contained in a number of recent reviews (777—720).

A. The Conformational State

Since a number of denaturing treatments and chemical modifications of
conalbumin resulted in an impaired ability to complex iron, Fraenkel-
Conrat and Feeney (121) were led, in 1950, to suggest that metal coor-
dination does not arise from a simple interaction of the ferric ion with
some group in the protein. Rather, it was proposed, chelation is the result
of a specific configuration assumed by a number of residues which gener-
ates a site of the proper geometry to receive the iron atom. A close cor-
respondence between iron-binding and the protein conformation as a
whole was thus implied, analogous to the lock-and-key theory of enzyme
specificity and catalysis. The titration studies of Wishnia, Weber and
Warner (106) referred to above, led these authors to propose that seven
of the tyrosyl residues in conalbumin are buried (i.e. not in H* equi-
librium) and a large portion of the remainder, including those involved
in forming the iron complex, are hydrogen-bonded, thus contributing to
the secondary and tertiary structure of the protein. Furthermore, amino
acid analysis of fragment peptides derived from cyanogen bromide-
cleaved transferrin, have shown that the tyrosyl residues that chelate
the iron are indeed distributed over a relatively large region of the poly-
peptide chain rather than localized in a small section of the molecule (95).

Early studies showed that the metal-free and complexed transferrins
differ in their solubilities in 409, ethanol, and also in their resistances
toward proteolysis, alkali, thermal and urea denaturations, iodination
and treatment with disulfide-breaking reagents (722—726). Under all
conditions the ferric complex was found to be more stable than the apo-
protein. The stabilization against urea and guanidine - HCL denatu-
ration conferred by iron-binding has been corroborated recently by
Bezkorovainy and collaborators (92), who also observed that the metal
protects transferrin against the denaturation induced in the apoprotein
by succinylation (94). In an investigation where reductive alkylation
and trinitrophenylation procedures were combined with succinylation,
the same team found that six to seven protected free amino groups are
less reactive in the iron-complexed than in the metal-free protein (727).
Although these groups were apparently not involved in binding the metal,
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their modification lead to denaturation of the protein which implies
that in a metalloprotein of the size of transferrin the contribution of
certain residues in determining the tertiary structure, vis-a-vis metal
chelation, may be very important.

According to Feeney and collaborators (709, 725) metal-binding
simply stabilizes one of the several conformations which the apoprotein
normally assumes and which happens to differ in its susceptibility to-
wards a variety of degradative processes, such as denaturation by several
agents (heat, solvent, etc.), chemical reactivity of certain groups, proteo-
Iytic digestion, etc.

a) Biological Probes

At this point it is interesting to note that while iron chelation labilizes
the ferrichromes towards cleavage by the Pseudomonads FC-1 peptidase,
the opposite effect happens with the transferrins towards tryptic or
chymotryptic digestion. In both cases, however, the peptidases appear
to discriminate between two distinct states of the polypeptide backbone
and proteolytic digestion just exemplifies enzymatic recognition as a
conformational probe. Immunology and transport are two other ap-
proaches to this problem also arising from biological specificity.

Antitransferrin sera from rabbits reacted differently with iron-
saturated and unsaturated transferrin, as assayed by Ouchterlony plates
and immunoelectrophoresis (728, 729). The time course of light scatter-
ing for a reaction between bovine anti-conalbumin antibody and free
and complexed conalbumin (730) indicates that the response of the
anti-conalbumin antibody is higher towards conalbumin than towards
its ferric complex.

A vpartially succinylated transferrin can be obtained by succinylation
of Fe-transferrin and subsequent removal of the metal. It has been found
that antiboedies to native transferrin reacted with the partially succinyl-
ated protein but not with the fully succinylated derivative while partially
succinylated transferrin antiserum precipitated the native apoprotein
(737). 1t is unclear, however, whether this non-succinylated area includes
determinants exposed by a metal-driven conformational transition or if
it is simply a region masked by the Fe3+ ion itself. In general, immu-
nochemical differences do not exclude other possibilities such as elec-
trostatic charge effects in the free and chelated proteins or mere
coverage of the antigenic determinant by the metal ion. However, the
investigations of Faust and Tengerdy described below, which revealed
no differences between the primary antibody association constants of
the free and chelated conalbumins, argue against these alternatives.

The equilibrium and kinetics of the immunochemical reactions have
been studied by means of fluorescence quenching and polarization, light
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scattering, and saturated (NHy4)2SO4 precipitation techniques (732, 733).
The antigen-antibody {Ag—AbD) reaction may be divided into three
sequential steps:

kl k! k’
Ag 4+ Ab T (AgAb) —= (AgAb)n ~——> precipitate

% k,

Neither (NH,4)2SO4 precipitation nor fluorescence quenching indicated
differences between the rate of reaction of conalbumin or ferric conal-
bumin with the anticonalbumin antibody. It was hence proposed that
binding of iron to conalbumin does not affect the primary phase (—~AgAb)
of the immunochemical reaction but rather the rate of lattice formation,
which is what scatters light (730, 733). Fluorescence polarization com-
petition studies with conalbumin and with iron-conalbumin (734) have
provided evidence that the average size of the AgAb complex is smaller
for the ferric conalbumin than for the apoprotein. This has been further
substantiated by (NH4)2SO4 precipitation, antigenic competition with
labelled protein and AgAb ultracentrifugation experiments, all of which
have consistently indicated that the antigenic reactivity difference
between iron-conalbumin and the apoprotein manifests itself only in the
relatively slow aggregation of the AgAb complexes (secondary phase of
the Ag—AbD reaction).

The third line of biological evidence comes from studies on the effect
of metal-binding on the affinity of transferrin for reticulocytes (imma-
ture red blood cells). Jandl and Katz (135) demonstrated that ferric
transferrin binds with relatively higher affinity than apotransferrin to
the reticulocyte receptors. Later research by Fletcher and Huchns (75,
136) showed a 10 fold faster rate of reticulocyte iron uptake from diferric
transferrin than from the monoferric species. The authors indicated that
‘the availability of bound ivon to immature ved blood cells seems to vary
according to the way in which the iron is distributed in the molecule of
transferrin’. Such a recognition by the reticulocyte would imply that the
iron-binding sites are nonequivalent. Kornfeld (137) found a five fold en-
hancement of the binding affinity of human [131]transferrin to rabbit
reticulocytes when the protein is saturated with iron. The affinity of
43%, and 1009, Fe3+-saturated transferrins for the reticulocyte were
compared and the latter shown to attach more firmly to the cell (86).
Controlled chemical modification experiments in which lysine and N-
terminal free amino groups were blocked by reagents of different charge
and size showed that binding to reticulocytes was more affected than the
ability of the protein to bind iron (738). Furthermore, extensive removal
of the carbohydrate moiety from the conjugated protein was not reflected
in the biological activity (738). This would suggest that the protein
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backbone, rather than the heterosaccharide chains or the ferric chromo-
phore, is responsible for the transferrin-reticulocyte interaction. In any
event, binding the first iron atom causes a significantly greater effect on
the biological action than does the addition of a second ion (75, 736,
137).

b) Physical Evidence

Gel filtration may be used as a means of detecting different conforma-
tions of a protein. Kornfeld (137) has found that the elution of Fe3+-
saturated transferrin through Sephadex G-100 is retarded relative to
the apoprotein. Similar results have been reported by Charlwood (139)
who appears to have been able to resolve the three species (0-Fe, 1-Fe
and 2-Fe) of transferrin by this method, indicating a 0.7%, decrease in
the Stokes radius of the molecule per iron atom bound. Differential
measurements of sedimentation velocity showed about 1.8%, increase
in S;()w upon binding of 2 iron atoms per mole (739).

The hydrodynamic properties of iron-iree and iron-complexed conal-
bumin have been reported by Faust and T'engerdy (140) (Table 3).

Table 3

Property Conalbumin Fe-Conalbumin
Molecular Weight 85,000 85,000

Dao. w 5.30 5.72

Se0.w 5.05—5.15 5.26—5.35

f/fo 1.372 1.294

17 0.732 0.732

Axial ratio afb 4.5 3.0

Physicochemical properties of conalbumin and Fe-
conalbumin (740). Dgg.w is the diffusion constant in
water at 20 °C, Sgq.w is the sedimentation constant in
water at 20 °C, f/fy is the frictional ratio (f = observed
coefficient, fo = coefficient of an unhydrated sphere),
and 7 is the partial specific volume in mi/g.

Fuller and Briggs (147) obtained the same molecular volumes for conal-
bumin and ferric conalbumin but found differences in the axial ratios
of their equivalents ellipsoids. From the molecular volumes calculated
on the basis of the Stokes radius of an unhydrated sphere (- ~102,000
A3) the lengths of the equivalent prolate ellipsoid axes as well as the
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surface area may be estimated for the metal-free and iron-complexed
conalbumin (740):

a (A) b (A) Area = 4mab (A2)
conalbumin 79 17.5 17,600
ferric conalbumin 60 20 15,000

which means that the ferric complex has a more spherical and compact
shape than the apoprotein.

A prolate shape also appears to explain better the hydrodynamic
properties of iron-free (742) and of iron-saturated (743) transferrin.
Ferric transferrin (a/b =38) would, however, be more elongated than the
iron-free form (a/b =2) while the effective hydrodynamic volume (Ve)
would be higher for the iron complex than for the apoprotein. These
results not only differ from those given in Table 3 for conalbumin
but are also in partial disagreement with dielectric dispersion and vis-
cosity measurements (744) which have indicated that human transferrin
assumes a more spherical shape with iron-saturation, the axial ratio
decreasing from 2.5 (apo) to 2.0 (ferric). This latter investigation also
indicates a slight expansion (15.4 - 16.9) of the hydrated volume
concomitant with the binding of iron. Another parameter of interest is
the ‘hydration value’ (h) which appears to be relatively high for this
protein but, while Bezkorovainy (143) found h to decrease with iron-
binding, Rosseneu-Motreff ef. al. (144) reported that it increases from
0.6 to 0.7 grams of water per grams of protein. In this regard it is inter-
esting to note that water proton magnetic relaxation dispersion studies
of Koenig and Schillinger (145, 146) have indicated an increase from 13
to about 15 irrotationally bound water molecules when the apo protein
binds two Co3+ ions. Thus these two last sets of data yield about 169,
hydration increase concomitant with metal-binding.

Near its isoelectric point, binding of iron to transferrin results in the
introduction of a negative charge due to uptake of one bicarbonate ion
by the molecule. Aisen ef al. (86) first showed this effect when an increase
in the anodic electrophoretic mobility of the protein was correlated with
its extent of iron saturation. The observation has been corroborated by
isoelectric fractionation experiments (87). It is curious that although
DEAE-cellulose chromatography of partially iron-saturated transferrin
yields three peaks, as would be expected from the three species present
in the mixture, the 1 Fe-transferrin eluted first, followed successively by
the iron-saturated molecule and the apoprotein (88). Thus the order of
elution does not agree with the expectations based on the net electric

163



M. Llinas

charge of each species. As the interaction between the ion-exchange
bed and the protein is determined mainly by the electrostatic inter-
actions between the two surfaces rather than by their net charges,
Lane (88) has suggested that iron-binding causes significant alterations
in the distribution and extent of exposure of the protein charged groups.
Indeed, dielectric dispersion measurements have detected a decrease
of about 60 Debyes in the dipole moment of apotransferrin as a result of
iron-binding, without reorientation of the dipole relative to the equiva-
lent molecular ellipsoid axis (744). Furthermore, and in good agreement
with the reticulocyte transferrin uptake behavior discussed above, it is
binding of the first iron atom that causes the most dramatic effect as
the chromatographic difference between 1 Fe-transferrin and apotrans-
ferrin is greater than between the latter and 2 Fe-transferrin (88). It is
thus likely that there are three conformational states according to the
extent of iron chelation. Interestingly, rabbit apo- and iron-transferrin,
which show almost equal extents of association with reticulocytes, also
exhibit similar affinities for binding to DEAE-cellulose (747).

Upon iron-binding, changes in the 7~7 and 7~9 regions of the
PMR spectrum have been observed which were interpreted as arising
from a conformational change (745).

The optical activities of free and complexed conalbumin have been
examined in the visible and ultraviolet regions. In the range 300—675 nm
apotransferrin and conalbumin exhibit a plain negative rotary dispersion
which upon iron-binding becomes anomalous due to a negative Cotton
effect centered at about the 470 nm absorption band of the complex
(749, 150). The CD spectrum of iron-conalbumin exhibits a negative
band at 460 nm in agreement with the ORD observations (757). In the
range between 195 to 600 nm the ORD spectrum of conalbumin does not
differ significantly from that of other globular proteins such as oval-
bumin or lysozyme; a peak occurs at 199 nm and a trough at about 232
nm (752).

ORD and CD criteria have indicated 17—189%, a-helix in human
serum transferrin, the helicity being unaffected by metal-binding (753).
Similarly, the helix content of conalbumin has been estimated from ORD
data to range between 5 and 319, at pH 5.8. f-structures or hydro-
phobically bonded areas other than random coil and helices in the globu-
lar protein may be responsible for the wide variability in the helical
content as calculated from the A coefficients derived from Schlechter
and Blout plots (752). A conformation containing 289, helix, 329,
f-structure and 40%, random coil has been estimated for the native
apoprotein by the method of Greenfield and Fasman (157). The modified
two-term Drude equation is satisfied at wavelengths above 300 nm, the
rather anomalous dispersion below this wavelength arising probably
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from optically active, oriented, aromatic amino acids (752). In a similar
fashion, Moffit plots are not linear below this wavelength. Taking the
Moffit parameter b as an indicator of helix content, a loss of helicity was
found in an 8 M urea solution, or on lowering the pH from 8.7 to 2.8
(a process which is concomitant with denaturation of the protein), or on
increasing chloroethanol concentration from 0 to 209, (754). When the
latter treatment was carried up to 1009, chloroethanol, a significant in-
crease in helicity was observed which suggests this chaotropic agent?)
acts at low concentration by breaking the native structure and at high
concentrations, because of its lower dielectric constant, by protecting
intramolecular H bonds and hence favoring helix formation. Interest-
ingly, all these denaturing treatments accompanied a decrease and disap-
pearance of the 250—300 nm perturbations in the ORD spectrum,
suggesting a reorientation of the side chain chromophores exposing them
to the solvent with a gain in conformational freedom. Indeed, Koshland’s
reagent, specific for tryptophan, modified 1.8 of conalbumin’s 13
tryptophanyls in aqueous solution, 5.3 in 209, chloroethanol, and 7.4
in 100%, chloroethanol (754).

Upon iron-binding, the ORD curve below 300 nm was not signifi-
cantly perturbed (754, 756). The CD spectrum shows, however, noticable
effects. Native conalbumin exhibited a negative dichroic band at 296 nm,
a broad negative band centered at 274 nm, and a positive band at 252
nm. Iron coordination shifted the most positive regions of the spectrum
to higher values so that the two spectra are essentially identical except
for the magnitude of the ellipticities. In particular, the bands at 293—
296 nm may be associated with the tryptophanyl residues and the observ-
ed changes could arise from slight conformational alterations between
certain residues of the native protein and the iron complex (754). Analysis
of the 250—310 nm region of these spectra has led Tan (757) to suggest
reorientation of tryptophanyl and tyrosyl residues and of some disul-
fide bonds in or near the metal-combining site.

It is interesting to note that upon dilution of the apoprotein in
0.05 M sodium dodecyl sulfate at pH 7.3, a loss of the rotatory perturba-
tions in the 250—300 nm range was detected while the iron-conalbumin
complex dissociated, as detected by a disappearance of the absorption
band at 270 nm, suggesting the detergent affects the protein secondary
structure in a way such that the resulting conformation is unfavorable
for metal-binding (754). Recent low temperature EPR studies have

%) Generalizing the concept of Hatefi and Hanstein (155) by chaotropic agents we
mean solutes such that by affecting the structure and lipophilicity of water
favor the aqueous solubility of membrane-bound enzymes and, in general, of
proteins structural at the supramolecular level.
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indicated that perchlorate, a well known chaotropic anion, affects the
ligand fields at the ferric ion sites (757). This exemplifies again the tight
coupling that exists between the protein and the ferric moieties. In small
peptides, like the ferrichromes, the metal is a major conformational
determinant while in large proteins, like the transferrins, the interactions
of the residues in the primary sequence outweigh the conformational
effects of metal-binding.

Urea titration showed that while changes in the UV absorption
spectrum are evident in the apoprotein at 4 M urea, no effect is manifest-
ed by the iron complex even up to 5 M urea (777). Upon dilution in 8 M
urea the UV spectrum of conalbumin changes immediately while that
of the ferric complex does so slowly. Difference spectra for conalbumin
and Fe-saturated conalbumin in 8 M wurea referred to identical, but
urea-free, solutions of the same species each show peaks at 292 and 286
nm, the former band atributed to exposure of buried tryptophanyl
residues. The curve for conalbumin shows much higher absorbancy at
240 nm.

Conalbumin and Fe3+t-conalbumin exhibit similar fluorescence
spectra showing activation and emission maxima at 282 and 350 nm
respectively, the ferric chromophore quenching some of the fluores-
cence in the complexed protein. Within the range in which the complex
exists, pH and temperature have a greater effect on the 350 nm fluores-
cence (F350) of the apoprotein than on the ferric complex. The Fzso's
of Fe3+-conalbumin and of N¢-acetyl-L-tryptophanamide (a convenient
reference fluorescent substance) exhibit a reversible decrease as the
temperature is raised from 0 to 75 °C. Apoconalbumin exhibits a similar
trend up to 60 °C but above this temperature its F359 increases until at
64 °C it coincides with that of the reference. Above 64 °Cit decreases
while the protein precipitates. Furthermore, the curve for the apoprotein
exhibits hysteresis: a temperature decrease at any point of the curve
yields Fgso values that are lower than on the preceding ascending-
temperature curve. This is only a kinetic effect as the original F350 was
recovered upon overnight standing at 0°C. These experiments indicate
that both the fluorescent standard and the ferric protein are stable
towards heat within the studied temperature range. The increase of the
conalbumin fluorescence previous to its precipitation at 64 °C suggests
a gradual unfolding prior to denaturation, which exposes the buried
tryptophanyl residues thus freeing them from the quenching influence
of neighbor groups (777). The results are consistent with the experiments
of Azari and Feeney (7124) which showed stability for the Fe3+-conalbu-
min at 63 °C but denaturation of the apoprotein at this temperature.

The fluorescence decrease in the ferric peptide on going from pH 5
to pH 7 is concomitant with metal chelation and hence reflects fluores-
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cence quenching. For the apoprotein the fluorescence remains practically
constant in the pH range from 5 to 7.5 and then it gradually decreases
to 50%, of its initial value at pH 11.8. It was suggested by the authors
(777) that this quenching could arise from an energy transfer from excited
tryptophanyl residues to ionized tyrosyl residues. The F3sq increase on
raising the pH abovell.8 in conalbumin and above 12 in the ferric protein
might, again, be a reflection of a freeing of tryptophany! residues during
denaturation. Studies on the conalbumin CD spectra in the aromatic
{250—310 nm) region as a function of pH confirm these conclusions (757).

According to Tan and Woodworth (177) the color appearance and the
concomitant fluorescence quenching that are simultaneous with metal-
binding are suggestive of a charge transfer complex involving tryptophan.
Furthermore, the difference of ~5 X 103 in Aesge between the colored
metal-conalbumins and conalbumin are indicative that two trypto-
phanyl residues are bound to, or protected by, metal jons in the com-
plexed but not in the metal-free protein. Fron this evidence the authors
conclude that binding of Fe3+ “confers on conalbumin a stabilization
similar to that conferved on many enzymes by theiv substrates and on globin
by heme” (117). Moreover, the complexing of iron does not alter the CD
spectrum of conalbumin in the 190—240 nm wavelength region at pH
levels ranging between 7.2 and 8.0, suggesting that the secondary struc-
ture of the protein is unaffected by iron binding (756). A detailed CD
study of transferrin, conalbumin, and their copper complexes has recently
been published (758).

Hydrogen exchange studies have been performed on both conal-
bumin and transferrin (756, 759). Apoconalbumin, preequilibrated in
tritiated water, was separated from the radioactive solvent by gel
filtration and the exchange-out of the labeled hydrogen atom was
monitored in time by allowing the protein to equilibrate with an aqueous
solution, buffered at pH 8, followed by separation of the solvent by gel
filtration. According to Ulmer (159), about 225 labeled hydrogen atoms
per mole are retained (zero exchange-out time) at 4 °C and, after 24 hours,
approximately 45 of these are still unexchanged. Upon addition of iron
to the tritiated apoprotein the rate of exchange-out was reduced, so that
ferric conalbumin retained approximately 50 additional tritium atoms
per mole. Similar results were obtained by Emery (756) at 25 °C and the
same pH. If the retarded hydrogen exchange is attributed to any of the
650 peptide groups present in the protein, these results indicate that upon
binding of iron 7—8Y%, of the peptide hydrogens become unavailable for
interaction with the solvent. Furthermore, addition of iron to tritiated
conalbumin during any stage of the exchange-out reaction retards a
fraction of the unexchanged hydrogens in the apoprotein indicating that
metal-binding affects hydrogens exchanging both in the rapid and slow
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classes. This has been confirmed by a careful analysis of the pH- and
temperature-dependence of the kinetics (760). Iron titration of this
effect gave a value of two metal atoms/mole to saturate the exchange
retardation, in good agreement with a variety of data concerning the
iron-binding capacity of conalbumin (756).

The data reported by Emery (156) and by Ulmer (159) for the ex-
change-in kinetics are contradictory: while the latter finds that the
apoprotein takes up more radioactivity than ferric conalbumin, Emery
finds no significant difference between the two species in the rates of
tritium labeling. Thus, Ulmer suggests that the apo- and metallo-protein
differ in their conformation, the latter structure being more compact,
while Emery believes that metal-binding is a complex process such that
protection of local hydrogens is enhanced in certain regions of the protein,
while those in other regions may become more exposed for exchange. It
may well be that these contradictions are more apparent than real as
the two authors have done their experiments at different temperatures.
As has been observed in the ferrichromes (58, 59), the rates of hydrogen
exchange at a fixed temperature do not mean much in terms of the
dynamic mechanism involved; in a given conformation the relative
kinetics for the different amides differ according to the temperature of
the reaction. Only temperature-dependence studies give mechanistic
insights since the weight of AHt and of ASt in determining the exchange
rate is a function of temperature.

B. Discussion

As may be judged from the 190250 nm spectropolarimetric data, iron-
binding appears not to perturb significantly the polypeptide secondary
and tertiary structure. It seems, however, to affect the conformational
state of the protein through a local relative reorientation of a small
number of amino acid side chains which become locked in a defined
spatial configuration by complexation to the metal. As the size of this
molecule is relatively large, the overall conformational effect is highly
buffered by the interactions of the residues among themselves and with
the solvent. That the metal-coordination effect is more dynamic than
structural is suggested by the pH dependence of the hydrogen-tritium
exchange (756). As the pH is lowered from 8 to 6.5 the exchange rate
difference between the ferric complex and the apoprotein disappears.
This occurs notwithstanding the protein being mostly complexed at
both pH values. It may be proposed that, as in the case of ferrichrome,
lowering the pH has not driven the protein to a new static conformation
(as could be judged by complex formation) but rather has increased the
conformational fluctuation contribution to the exchange mechanism,
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so that the “protective” effect of iron chelation is no longer important.
At low pH it is likely that the hydrogen exchange proceeds through the
metal-loose state with which the native protein is in dynamic equili-
brium. Aisen and Letbman (167) have indeed found that transferrin does
not exchange iron at pH 7.3 unless citrate is added to the reaction
mixture. At pH 6, however, the exchange occurs spontaneously, i.e.
without mediation by an external chelator, thus suggesting that, as in the
case of the ferrichromes, acid-catalyzed metal exchange is a way of
activating the molecular conformational fluctuations. Such a dynamic
view of the change in the conformational state of conalbumin has been
implied by Faust and Tengerdy (134, 140) as an explanation for the
differences in antigenicity between conalbumin and its ferric complex.
Thus, although a minor change in the shape of the molecule from a less
to a more compact structure accompanies iron-binding, this does not
affect its antigenicity as judged by the primary antigen-antibody
reaction rates. However, free native conalbumin is a flexible molecule —
‘high motility protein’, in the sense of Linderstrom-Lang (162) — so that
it can adapt with relative ease to assume that conformation which is
thermodynamically more stable for a given chemical environment. The
structural stabilization conferred by iron-binding could prevent a
conformational adaptation upon changing chemical environments, such
as when the protein interacts with the antibody. The antigenic differ-
ences between conalbumin and its iron complex, which are manifest
in the secondary phase of the immunochemical reaction, might thus
arise by iron restricting some kind of conformational stretching of antigen
and antibody in the aggregation reaction that forms the precipitin lattice.

Similarly, the lower accessibility of tyrosyl residues to base titration
in ferric lactoferrin compared to ferric transferrin has been suggested
to be linked to their relative stabilities as metallocomplexes (67, 763).
Ferric conalbumin also appears to be more stable than ferric transferrin
(757). These stability differences may be of biological significance given
that a role of the serum protein is to distribute iron in the body rather
than to sequester the metal.

IV. Hemerythrin

Hemerythrin is an oxygen carrier iron protein found in certain species
of marine invertebrates within the Annelida, Brachiopoda, Priapulida
and Sipunculoidea. This respiratory pigment can be considered a rather
remote non-haem evolutionary relative of haemoglobin. It binds one

169



M. Llinas

mole of oxygen per two atoms of iron in a way that, in case of the sipun-
culids, is non-cooperative (764—766).

Under normal conditions, the sipunculid hemerythrin is an aggregate
of eight essentially identical subunits with a net molecular weight of
about 100,000 to 108,000 dalton (765—767). The octamer is readily
dissociated into monomers by treatment with mercaptan-blocking
reagents (768), detergents or exposure to extreme pH conditions (767)
suggesting that the subunits are held together by non-covalent bonds.
The monomer consists of a single polypeptide chain of 113 amino acid
residues, containing two iron atoms yielding a molecular weight of
13,500 dalton per subunit (765, 767, 169). Hydrodynamic data suggest
the native octamer is compact and symmetrical. Hence it is likely that
the monomeric units are arranged in a closed, e.g. cubic or square anti-
prism, configuration rather than in a linear array (767). The aggregation
is cooperative, involving an average free energy (8 monomers - octamer)
of ~6 kcal per mole of monomer (770). The enthalpy of association is
very small, the process being mainly entropic with ASassoc ~ 15—23 eu
per mole of monomer (777, 772).

Iron is readily released from the protein in dilute acid (769) and de-
coloration of oxyhemerythrin by Hg?+, Cu2+, Pb2+ and Zn2* has been
interpreted as displacement of iron by these ions (773). Methemerythrin
binds a variety of anions such as HS—, N3, SCN-, CNO-, CI-, F-and HO-
at the Fe2t site, which results in a modified reactivity of the protein
towards, e.g., mercaptan reagents (774). It also binds strongly ClOz and
other anions, which markedly affect the Og binding properties of the
protein (775). This has been interpreted as implying that arginyl 48
and 49 and cysteinyl 50 (see below) might be located close to the iron
locus (776). The reactivity of lysyl residues also appears to be affected
by binding of perchlorate (777).

The electronic configuration of the active site has been extensively
studied by magnetic susceptibility (778) and optical (774, 779, 180),
EPR (778) and Mossbauer (778, 7187, 182) spectroscopies. On the basis
of these physical studies, Klotz and collaborators (780) have proposed
a model in which the iron atomsin both oxy- and met-hemerythrin are
bridged by an O2%- ion (Fig. 9). According to these authors the two
molecules of water which act as external ligands on each iron atom of
deoxyhemerythrin are sequentially released upon oxygenation. In the
process Fe(I1) turns into Fe(III), the metal atoms becoming bridged by
0%, Parallels between the sulfur bridging ligand in iron-sulfur proteins
and the oxygen ligand in hemerythrin, have recently been proposed
(3, 783). In case of methemerythrin, the external ligand can be CN-,
Br-, etc. The Méssbauer evidence further suggests that while the anti-
ferromagnetically coupled high spin Fe(III) atoms are in similar environ-

170



Metal-Polypeptide Interactions: The Conformational State of Iron Proteins

ments in the methemerythrin complexes, such is not the case at the
p-oxo-u-peroxo Fe(III) dimeric active site (787, 782). Oxidation of
the two iron atoms is highly cooperative, intermediate oxidation states
being notoriously unstable relative to the fully oxidized or fully reduced
forms (784). The enthalpy of oxygen-binding to sipunculid hemerythrins
has been measured to be about — 10 kcal/mole under normal condi-
tions (766, 185). For more general aspects of the hemerythrins the reader
is referred to several comprehensive reviews (7186—789), while the specific
problem of the electronic state of the iron center has already been sur-
veyed in this series (790, 797).
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Fig. 9. Models for the central core complexes of native octameric hemerythrin (752).
Besides being complexed to the protein through amino acid side chains, each iron
atom is coordinated to an external, variable ligand X which can be Cl-, Br—, F-,
CN-, NCS—, N3, etc., when bridging the two Fe(III) centers or Ho0O, OH-, F-,
etc., when two ligands bind. B stands for either OH~ or an amino acid side chain
derived from the protein

A. The Conformational State

The amino acid sequence of hemerythrins from the sipunculids Golfingra
gouldis (169, 192—194) and Dendrostomum pyroides (195—-196) have
been completely and partially elucidated, respectively. Fig. 10 shows the
proposed primary structure for these proteins, which seem to differ in
four amino acid sequences. The latter might be of relevance in the appa-
rent higher aggregation affinity exhibited by the G. gouldii (170, 197)
relative to the D. pyroides (765) hemerythrin. Langerman and Klotz
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Fig. 10. The primary structure of Golfingia gouldii hemerythrin (789). The amino
acid sequence of the Dendrostomum pyroides pigment differs in having Gly, Ala, Glu,
and Arg at positions 9, 76, 79 and 82, respectively, and possibly an extra Lys
between positions 107 and 111 (796). It should be noted that monomeric Golfingia
hemerythrin is heterogeneous, sequence differences with that shown above having
been established at positions 79 and 96 where Thr and Ala substitute for Gly and
Ser, respectively (793, 794). Heavier circles distinguish potential iron ligand residues;
as described in the text, however, some of these are unlikely candidates

(770) have indicated that single residue replacements in the amino acid
sequence can result in significant perturbations of the oligomeric state of
the protein. However, partial identity is revealed when antisera to D.
pyroides hemerythrin is reacted with the G. gouldii protein (765). The
conservancy of single cysteinyl and methionyl residues at positions 50
and 62 might have structural implications as blockage of the —SH group
leads to dissociation of the octameric protein and the methionyl thioether
(by analogy to cytochrome c) is a potential ligand to iron (789).
Succinylation of hemerythrin dissociates it into monomers, presum-
ably by the introduction of negative charges, but it does not affect
the spectral properties of methemerythrin thus indicating that it
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does not perburb the iron chromophore (767). The modification does,
however, interfere with the Oy binding ability of the pigment even after
reduction of the metal to the ferrous state. Apparently ten lysine residues
are succinylated, suggesting they are located on the surface of the
subunit. This is consistent with experiments which show that, besides
the amino terminal residue, eleven free amino groups are exposed both
in hemerythrin and in apohemerythrin as detected by reaction with trini-
trobenzenesulfonic acid (798) or by amidination (799). The latter reac-
tions did not affect the 330 nm absorption of hemerythrin either, indicat-
ing that the iron complex was unperturbed.

All 18 carboxyl groups in the G. gouldii protein could be modified by
reaction with glycine methyl ester in the presence of 1-ethyl-3-dimethyl-
aminopropylcarbodiimide (200). Although the reaction appeared not to
affect the iron site, blockage of as few as 8 carboxyl groups resulted in
complete dissociation into the monomeric subunits. Thus, while carboxyl
ligands are not present at the active center, on the basis of kinetic data
the author concluded that one such group is involved in the subunit
interaction. Similarly, exposure of all four tryptophanyl residues in each
subunit was suggested by reaction of apo- and iron-proteins with N-
bromosuccinimide (207).

Histidine reacts with 5-diazo-1-H-tetrazole (DHT) to form di- or
mono-DHT derivatives according to the number of free ring nitrogens
on the residue side chain. Reaction of DHT with the native, aggregated
oxyhemerythrin and with hemerythrin subunits, showed three histidines
to be exposed. The modified protein retained the iron. However, when the
iron-free protein was acted upon by DHT all seven histidines present in
the polypeptide reacted to form the di-DHT derivative thus implying
that four histidines, the four that yielded the mono-DHT derivative
in the iron-protein, are somehow protected by iron-binding (795).
Furthermore, this study showed a red shift in the 360 nm absorption
band of mono-DHT-hemerythrin relative to actameric oxyhemerythrin
or to the monomer in 8 M urea. This was attributed to changes in the
quaternary or tertiary structure of the polypeptide which affect the ionic
or hydrophobic nature of a hypothetical histidine iron-binding site.
Since the histidyl at position 82 in the G. gouldii hemerythrin is replaced
by arginine in the D. pyroides protein (see Fig. 10), this particular residue
cannot be involved in iron complexation (796).

Controlled reaction of G. gouldii hemerythrin with tetranitromethane
has shown that tyrosyl residues 8 and 109 and, to a lesser extent, tyrosyl
67 are protected from nitration in the iron-protein (207—202). The more
readily nitrated residues, namely tyrosines 18 and 70 are, hence, likely
to lie on the surface of the monomer. This partial modification did not
affect either iron-binding, as judged by its visible absorption spectrum,
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nor the polypeptide conformation, as suggested by the lack of changes
in the far ultraviolet region of the CD spectrum (202). However, when the
nitration reaction was allowed to proceed so that only tyrosyls 18, 67
and 70 were modified, the 330 nm peak absorption decreased, indicating
that the antiferromagnetic coupling (203) between the two iron atoms
had been broken (207). Under similar controlled conditions, all five
tyrosines in the polypeptide were nitrated in the heat-denatured apo-
hemerythrin (207). Similarly, only three tyrosyl residues in the native
protein can be O-acetylated without affecting the spectral characteristics
of the iron chromophore (799). The modification, however, lead to disso-
ciation of the octamer into its subunits, suggesting some of the three
exposed tyrosines may be involved in structuring the oligomer. This
should be contrasted with the amidination experiments which were,
in this regard, of no effect, implying that neither lysyl residues nor the
terminal amine group are directly involved in the subunit binding site
(799). As the authors suggest, it would be of interest to attempt the
chemical modification on the undenatured iron-free protein so that
direct metal protection can be separated from purely conformational
hindrance of certain hydroxyls towards the external reagents. Unfor-
tunately, ‘procedures which unfold protein and rewder these hypothetical
(metal-binding) groups available also cause the loss of ivon and the release
of the potential ligands' [Fan and York (748)].

Ulmer and Valée (150, 779) have found significant differences in the
320—670 nm ORD spectra of G. gouldii methemerythrin as compared to
its oxygenated form. Similar observations have been made on the
protein from S. nudus in a study that also showed no detectable opti-
cally active transition for deoxyhemerythrin in this region (204).
Ligand-binding to the iron center results in observable changes in the
near ultraviolet (~290 nm) region of the optical rotatory spectra. Since
the CD around this wavelength is sensitive to nitration of phenolic
groups, tyrosyls have been suggested to be involved in the optical
activity in this region (785). The # - =* 7 - =* peptide transition region
exhibits negative ellipticity bands at about 222 and 209 nm and a posi-
tive band at about 197 nm, the latter band being about 35%, higher in
the S. nudus relative to the G. gouldii hemerythrin (785, 204). Further-
more, the CD in this region is unperturbed either by ligand-binding at
the active site or by dissociation of the octamer into its subunits (785,
204). This indicates that neither of these two events, that appear to drive
local conformational changes at the active site, seem to affect the struc-
ture of the polypeptide backbone. This is significant because the oxygen-
binding kinetics of S. nudus hemerythrin is apparently more complex
than a simple bimolecular reaction as two relaxation times are detected
in temperature jump experiments (766). The implication is that one of
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the processes might involve local aromatic side chain reorientation at the
O2-binding locus rather than an overall protein conformational change
(204). From the far ultraviolet CD spectra helix contents of about 709,
have been estimated for the G. gowldii (785) and D. pyroides (205)
hemerythrins, while for the S. nudus protein (205) similar data suggests
20%, random coil, 309, g-structure and 509, helix; 7.e., the sipunculids’
hemerythrins appear to be mainly helical.

Although mercaptans seem to be involved in the aggregation of the
subunits, Ag* itself was found to be ineffective in producing dissociation
(768). Titration of hemerythrin with AgNOj3 has indeed shown a lack of
reactivity of the silver ion unless the protein is dissolved in 8 M urea
{778). Under such conditions iron is released as the titration proceeds.
Since the single cysteinyl residue is not coordinated to iron (768), this
experiment suggests a conformational drift in urea that exposes the
mercaptan which, upon binding Agt, in turn relaxes the conformation
while releasing the iron atoms.

After a 75-hour HCl hydrolysis of the native, iron-containing, G.
gouldii protein only 5%, of the threonine was destroyed while the same
treatment on the iron-free species resulted in 37%, degradation of this
residue (769). A related finding is that nitrated, heat-denatured apo-
hemerythrin is hydrolyzed by pepsin faster than acid denatured nitro-
hemerythrin (207). Furthermore, carboxypeptidase A, which reacted
immediately on the iron-free protein, did not release any amino acid
from native methemerythrin even after incubation for 8 hours, suggest-
ing the conformation of the undenatured protein prevents access of the
peptidase to the carboxyl terminus residue of the polypeptide chain (769).
Of similar implications, but related to the amino terminus, is the earlier
observation that pork kidney leucine amino peptidase does not release
any amino acid from hemerythrin (206).

A monomer of aquohemerythrin, obtained by blocking the free
cysteine-SH with a mercurial or tetranitromethane, is relatively
unstable; on standing at room temperature it tends to precipitate while
releasing iron (207). In the process no qualitative change in the visible
absorption and CD spectra of the remaining iron-protein is observed.
This implies no perturbation of the iron locus and thus suggests an
intimate coupling between iron-binding ability, conformational stabiliza-
tion and quaternary structure. Furthermore, extensive nitration of native
hemerythrin, which modifies all five tyrosyl residues, is concomitant
with the release of only one iron atom per subunit as if the two iron
atoms were not similar (207). This would appear to contradict the Moss-
bauer data, indicative of identical chemical environments around each
iron atom when in this oxidation state (787). It may well be, however,
that nitration could cause minor conformational changes which propagate

175



M. Llinas

differently to each iron-binding site so as to generate subtle differences
between them which would, in turn, be responsible for the release of
only one of the two metal ions. The event, quoting Rill and Klotz (207),
“could remove some of the restrictions on the protein conformation and allow
some unfolding which would expose additional tyrosine residues that were
previously inaccessible. The far ultraviolet circular dichroic spectra of the
samples witrated to various extents show that distinct changes in the protein
spectrum occur wpon nitration and the subsequent release of iron. These
changes in the far ultraviolet (as in the visible) also parallel the extent of
iron loss and the production of nitrotyrosine with time and are in a divection
corresponding to conversion of part of the protein from helix to random
coil.”

B. Discussion

The circumstantial evidence presented above clearly indicates that iron
is intimately involved in determining both the conformational stability
of the hemerythrin subunit and its resistance towards hydrolytic degrada-
tion. Similarly, the primary structure would appear to affect the state of
the iron locus and of the polypeptide chain as is hinted by the subtle
differences observed in the visible and ultraviolet CD spectra among
hemerythrins extracted from various tissues of D. pyroides and which
happen to differ in their amino acid composition (205). Relative to other
iron proteins, research on the hemerythrins is still in its infancy. It
should be evident from our survey that additional investigations of its
soluble free and chelated forms are mandatory if further understanding
of the metal-polypeptide interaction in this protein is to be achieved.
The ease of availability of the crystalline octamer and the low molecular
weight of the monomeric unit should make hemerythrin especially suited
for X-ray crystallographic studies.

V. The Rubredoxins

The rubredoxins (meaning “red-redox agents”) form a group of non-
haem iron proteins of relatively low molecular weight, apparently involv-
ed in electron transfer reactions. Early observed in Clostridium thermo-
saccharolyticum (208), the protein from Clostridium pasteurianum (209)
was the first to be isolated, purified and crystallized. Rubredoxin has
since been found in other anaerobic (270), nitrogen-fixing (277) and photo-
synthetic green sulfur bacteria (272). A related molecule is present in
Pseudomonas oleovorans, an aerobic bacterium (273, 274). Except for the
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Ps. oleovorans rubredoxin, which may bind one or two, they all complex
a single iron atom per mole of protein. In all cases the iron atoms are
ligated each only by four cysteinyl mercaptides (277—279): this is the
characteristic defining this class of proteins.

Most reviews dealing with iron-sulfur proteins in their broadest
sense, include the rubredoxins [see e.g., (275, 2764a, b)].

A. The 1-Fe Rubredoxins

The 1-Fe rubredoxins are single polypeptide chain proteins of about 55
amino acid residues and 6,000 dalton molecular weight. The primary
structure of the Microccus aerogemes (220, 221) and Peptostreptoccus
elsdenii (210) proteins have been determined. The two amino acid
sequences (Fig. 11) reveal a relatively high mutation frequency, with a
noticeable conservancy around the four cysteinyl residues which are
critically involved in binding the iron and hence in the proposed electron
transfer role of the protein (270). Another curious feature of the anaer-
obic rubredoxins is the presence of N-formyl methionine as N-terminus
amino acid (222). Synthesis of the polypeptide is in progress (223).

The biological function of the 1-Fe rubredoxins is unknown. They
undergo reversible one-electron oxidation and reduction with a redox
potential of about — 5.7 mV (209, 279). Both the oxidized and reduced
forms of the protein are stable. Magnetic susceptibility measurements
and Mossbauer spectroscopic data have shown that the reduced and
oxidized forms of the proteins are high spin Fe(Il), S=2, and high spin
Fe(IlI), S=5/2, respectively (224, 225). Although the reduced rubre-
doxins do not show significant EPR, the oxidized form exhibits ab-
sorptions at g =4.3 and g =9.4 (277, 217, 218, 225). These resonance are
characteristic of Fe(IlI) in highly asymmetric environments (226, 227)
and, as already described, have also been observed in ferrichrome A,
enterobactin and the transferrins. X-ray (228, 229) and laser-Raman
spectroscopy (230) studies on the crystalline oxidized material shows
the iron center environment to be close to tetrahedral. The symmetry
appears to be maintained in solution whether the protein is in the oxidized
or reduced state, according to laser-Raman (237) and near infrared CD
(232) spectroscopic evidence, respectively. Eafon and Lovenberg (232)
have mentioned unpublished X-ray studies by L. H. Jensen indicating
persistence of the tetrahedral geometry around the iron center upon
one-electron reduction of the oxidized crystals.

The Conformational State

A remarkable stability of the clostridial rubredoxin to acid has been
noticed by Lovenberg and Sobel (209). Similarly, Bachmayer et al. (227)
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M.A, f-Met—Gln-LysIPhe- Glu-Cys-Thr-Leu-Cys-Gly-Tyr-Ile-Tyr-Asp- -Pro-lAla—Leu-Val-Gly-Pro-Asp-Thr-Pro-Asp-Gln—

1 (24)

P.0., Ala-Ser~Tyr-Lys-Cys-Pro-Asp-Cys-Asn-Tyr-Val-Tyr-Asp~  ~Glu-Ser-Ala-Gly-Asn-Val-His-Glu-Gly-Phe-Ser-
(119) (143)

P.0.o Leu~Lys-Trp-Ile-Cys-Ile~Thr-Cys-Gly-His-Ile-Tyr-Asp-Trp-Glu-Ala-Leu-Gly-Asp-Glu-Ala-Glu-Gly-The~Thr-

30 35 40 45
?.E. Gly-Thr-Lys- -(IPhe—i Ala- '*\—J Leu-  -Pro-Ala-Asp Trp-Val~Cys-ProsThriCys-Gly-Ala: Asp—}l.ys—lssy—ma-lxl’he-ll -
M.A. Asp-Gly-Ala~  JPhetGluzAspiVal- ~Ser-Glu-Asn{Trp-Val-Cys-ProsLeu Cys-Gly-AlasGly-Lys{Glu-AspiPhesGlu-
4 i bl Vel -Gy i Chey

25) (48)

P.0., Pro-Gly-Thr=  ~Pro-Trp~His-Leu-Ile-Pro-Glu-Asp-Trp-Asp-Cys-Pro-Cys-Cys- -Ala-Val-Arg-Asp-Lys-Leu-Asp-
(144) (167)

P.0.,  Pro-Gly-Thr-Arg-Phe-Glu-Asp-Ile- ~Pro- -Asp-Trp-Asp-Cys-Cys-Trp-Cys-Asx,Pro-~Gly-Ala-Thr-Lys-Glu-Asn-

50
P.E. aliLys-Met-Asp-COOH
M.A. allTyr-Gln-Ala-CDOH
(49)
P.0. Phe-Met-Leu-1le-

(168)
P.0., Tyr-Val-Leu~Tyr-Glu-Glu-Lys-COOH

Fig. 11. Primary structures of the P. elsdenii (P.E.) and M. aerogenes (M.A.) 1-Fe
rubredoxins (270, 220, 227). For comparison, the amino (P.0O.y) and carboxy
(P.O.¢) terminii fragments of the 2-Fe P. oleovorans homologue (239) are included.
The sequence of the Asx, Pro dipeptide at positions 160—161 in P.O. ¢ is uncertain.
Gaps (insertions or deletions) have been introduced as to achieve maximum number
of constant (shown underlined) residues. Residues suggesting evolutionary invari-
ance in the 1-Fe type protein are blocked. The numbering of residues at the top refers
to the 1-Fe rubredoxins while the residues along the P. oleovorans protein sequence
are numbered in parenthesis. The intermediate fragment of the 2-Fe protein,
missing above, is:

52 60
Ile]—Glu—Ser—Gly—Val—Gly—Glu—Lys—Gly—Val—Thr—Ser— Thr—His—

70
Thr—Ser—Pro— Asn—Leu—Ser—Glu—Val—Ser—Gly—Thr—Ser—Leu—Thr—

80 920
Ala—Glu—Ala—Val—Val—Ala—Pro—Thr—Ser—Leu—Glu—Lys—Leu—Pro—

100
Ser— Ala— Asp—Val—Lys—Gly—GIn—Asp—Leu—Tyr—Lys—Thr—Glu—Pro—

110 119
Pro— Arg—Ser—Asp—Ala—Glu—Gly—Gly—Lys—Aly—Tyr—[Leu

have found the M. aerogenes rubredoxin to be stable to 8 M urea and 509,
ethanol and only slowly denatured by 5 M guanidine. Since these authors
also noticed a relative resistance of the native protein to the action of
proteases, a compact, stable conformation was suggested for the chelate
structure.
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From the EPR spectrum, the iron:cysteine content, and some pre-
liminary characterization of tryptic and chymotryptic peptides of the
M. aerogenes rubredoxin, Backmayer et al. (218) proposed a simple model
in which the iron atom plays a fundamental structural role by holding
the molecule together (Fig. 12). The four cysteine residues are grouped in

Fig. 12. Model for the 1-Fe rubredoxins proposed by Bachmayer, Piette, Yasunobu
and Whiteley (278). A structural feature to be noted is the role of iron in bringing
together relatively distant parts of the polypeptide chain. Such a loop has been
confirmed by X-ray crystallography (see Fig. 14)

pairs of which one occupies sites 6 and 9, near the amino-terminal end,
and the other, near the carboxyl-terminal end, occupies sites 38 and 41;
i.e. two residues separate the cysteinyls of each pair. In order to satisfy
tetrahedral coordination of the iron atom, hinted at by the EPR data,
these authors suggested a folding of the polypeptide chain that generates
a loop of 28 residues. It was explicitly proposed that the iron atom is not
only serving as an electron carrier but that it also stabilizes the structure
of the protein. Experiments with model peptide fragments have indicated
that the relative separation between the four cysteinyl residues in the
primary structure is important in order to achieve stable Fe—(Scys)4
complexes (233).

The ORD and CD spectra of 1-Fe rubredoxins from various sources
have been published (277, 277, 219, 225, 234, 235). The changes in the
ORD spectra of the C. pasteurianum aporubredoxin and of the iron
protein (Fig. 13) in the oxidized and reduced forms where the aromatic
amino acids absorb, namely from 260 to 300 nm, are suggestive that the
environments around these side chain chromophores might change upon
binding and reduction of the Fe3+ ion (235). In case of the M. aerogenes
rubredoxin, it has been noticed (227) that the 280 nm extinction coef-
ficient of the native protein is about twice what could be accounted for
in terms of its tryptophanyl and tyrosyl contents, which more closely
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Fig. 13. The ORD spectra of reduced (---} and oxidized (—) C. pasteurianum
rubredoxin at pH 7.3 (279)

account for the absorbancy of the aporubredoxin. This obviously com-
plicates the interpretation of the observed ORD changes since the chelate
contribution to the ultraviolet absorption could add up to that due to
any conformational change. The trough at about 233 nm is indicative
that some secondary structure might be present in the apoprotein. A
significant increase in laevo rotation can be observed at this frequency
upon reduction of the native protein (Fig. 13), suggesting the possibility
of some conformational change during reduction (279). The magnitude
of such trough would indicate a relatively high helical content for the
protein as calculated from Moffit-Yang plots; the meaning of the data
are, again, uncertain as the contribution of the iron chromophore
to the observed rotations could not be substracted (270, 279). Further-
more, both a-helical and $-sheet structures show troughs in the 230—233
nm range of the dispersion mode so that it would be difficult to distin-
guish from such data which of the two structures is dominant. The CD
spectrum, however, allows a better differentiation between these two
possibilities (744, 236). Indeed, the shape of the negative band, peaked
at 224 nm (235), is suggestive of a f-pleated sheet predominance. Such a
contention is further supported by the X-ray data for the oxidized pro-
tein (228), to be discussed below. In view of the different location of
proline residues in the M. aerogenes and the P. elsdenii proteins, Bach-
mayer et al. (210) had indicated that a helix content of any significance
was unlikely in rubredoxin.

Reversible chemical reduction of the red oxidized crystals yields the
bleached reduced species without damage of the crystalline particles,
thus indicating that the conformational change which accompanies the
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redox transition is not a major one (227). The 220 MHz PMR spectra
show changes upon reduction of the oxidized protein (224). Although
the difference could, in part, be due to some conformational change,
the authors did not speculate on this, perhaps because of the strong pos-
sibility of resonance displacements arising from paramagnetic inter-
actions with the iron center concomitant with the electron transfer.
The order of reactivity of native rubredoxin with mercurials, namely

mercuric acetate > p-mercuri-sulfonate

> p-mercuri-benzoate > sodium mersalyl,

suggested that accessibility of the sulfides is limited by the bulkiness of
the reagent {279). Furthermore, the cysteines were readily alkylated
with iodoacetate in the metal-free polypeptide while no significant
reaction occurred with the ferrous protein even in 8 M urea or in 8 M
urea with 0.5 M 2-mercaptoethanol, indicating that the cysteinyl sulf-
hydryl reactivity depends on the removal of iron despite the presence
of reductive agents (279). In the same article, Lovenberg and Williams
{(279) report iron exchange kinetics measurements in C. pasteurianum
rubredoxin. For exchange to occur it was found that a sulfhydryl reagent
was required, presumably because of involvement of the cysteine ligands.
The reaction took about one hour for completion at the optimum pH
(~7). According to the interpretation given to the metal exchange in
the ferrichromes, these experiments may show a ‘“breathing’”’ of the
protein so that its conformation can fluctuate and result in a time de-
pendent exposure of internal groups. Unfortunately, the hydrogen
exchange of the rubredoxins has not yet been studied.

Using mercuri-iodide and uranyl derivatives, Jensen and collabora-
tors have been able to study by X-ray techniques the crystalline, oxidized
C. pasteurianum protein at 3 A resolution (228) and refined it, in the cry-
stallographic sense, to 1.5 A resolution (229). The proposed model is
shown in Fig. 14. The electron density map shows the polypeptide chain
to be rather irregularly folded to generate a globular structure of about
20 A diameter. The higher resolution data has allowed recognition of
amino acid sequences within certain peptide fragments (229). Apparently
no a-helix is present but extensive twisted antiparallel f-pleated sheet
is generated between the terminal ends of the chain and also within the
intermediate folded loop.

By comparing the X-ray data with the amino acid sequences of the
P. elsdenit and M. aerogenes rubredoxin, the N- and C-chain terminii
have been identified as noted in the figure. The tentative identification
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Fig. 14. Crystallographic model for the C. pastewrianum rubredoxin at 1.5 A
resolution (229). Only the polypeptide backbone and the Fe—Sgys complex are
shown. N and C designate the N and C terminus, respectively. The sulfur and iron
atoms are denoted by empty and filled circles, respectively

of the residues at 2.5 A resolution (228) has suggested that the oil drop
model might apply to this protein as the polar, hydrophilic side chains
project from the surface of the molecule and all but one of the seven
bulky side groups (there are seven aromatic residues in the protein)
appear to be internal. The metal center is located at one side of the
molecule removed from the middle peptide section (residues 11—36).
The analogy between the X-ray model (Fig. 14) and the loop scheme
(Fig. 12) proposed by Bachmayer et al. (218) is striking. It is evident
that although the protein lacks disulfide bonds, the iron bridge between
the amino and carboxy terminal fragments of the polypeptide chain would
serve a similar structural role (227).

B. The 2-Fe Rubredoxin

A rubredoxin-type protein of about 19,000 dalton, which binds up to two
iron atoms per molecule (237, 238), has been found as a component of the
w-hydroxylation system of the aerobic bacterium Pseudomonas oleo-
vorans (213, 214). Its primary structure suggests two sequences homo-
logous with that of rubredoxin from anaerobic bacteria (Fig. 11) (239).
On this basis the authors have speculated on the possibility of an evo-
lutionary divergence from a common ancestor for all these organisms so
that the heavier type rubredoxin may have resulted by gene dupli-
cation. In the process, the specificity of the enzyme was so affected that
1-Fe rubredoxins cannot substitute for the 2-Fe protein in the w-hydro-
xylation reaction.
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Lode and Coon (238) have found no significant optical or EPR
spectroscopic difference between the iron-saturated (2-Fe) and partially
iron-saturated (1-Fe) Ps. oleovorans rubredoxin suggesting that both
iron atoms are located in similar environments. The two species of
rubredoxin exhibit the characteristic g =9.4 and g =4.3 spin resonances
observed in the anaerobic bacteria rubredoxins and these have been
attributed to transitions within the lowest and middle Kramer's doublets
of the high spin ferric ion, respectively (227). The optical absorption,
ORD and CD spectra of the reduced protein show bands and Cotton
effects, respectively, which are similar to those of the ~6,000 dalton
rubredoxins.

The Ps. oleovorans rubredoxin contains a single methionyl and ten
cysteinyl residues. The amino acid sequence (Fig. 11) shows that the
cysteinyl residues are located in two groups of five each, one located
close to the amino-terminal end (239). Reaction of the aporubredoxin
with cyanogen bromide cleaves the molecule at the methionyl site. Each
of the resulting two peptides contains five cysteinyl residues and binds
one atom of iron. Furthermore, reaction of the 1-Fe (i.¢. the partially
iron-saturated) species with idoacetate bromide and subsequent cleavage
with cyanogen bromide yielded two fragments which indicated that the
exposed cysteines are those close to the amino-terminal end. The structur-
al implications of these experiments are depicted in Fig. 15, which shows
two possible models for the diferric protein, model C being favored by

A
. (Met)
NH3 ~4—¢—9—¢ 1 r—co
SsS s ss Ss S ss
HH R HH HH H HH
{Met)
(Met)
B C
co;

Fig. 15, Structural features of the Ps. oleovorans rubredoxin (238). A is a schematic
representation of the polypeptide chain showing the relative positions of the cyste-
inyl and methionyl residues on the primary structure. B and C depict two possible
ways of coordinating the iron atoms. Model C appears to be favored by the data
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the authors over model B (235). Apparently, only the iron atom located
closer to the carboxy end of the molecule, which is more tightly bound,
is involved in the redox action (238).

C. Discussion

The crystallographic bond lengths and angles of the C. pasteurianum
rubredoxin iron-cysteine complex, reveal one of the Fe—S bonds to be
much shorter (1.97 A) than the other three (ranging between 2.31 and
2.39 A). Such a distorted tetrahedral symmetry was explained on the
basis of “cumulative effects stemming from features in the protein part”
of the molecule (229). The large Dq values (d—d transition tetrahedral
splitting parameter) revealed by near infrared CD studies (232) have
been interpreted to hint at serious structural constraints imposed by the
protein that would somehow result in increasing the ligand field strength
of the cysteine sulfurs in rubredoxin above unusual values. Similarly
the C. pastewrianum and Ch. ethylica rubredoxins exhibit differences in
their EPR and CD spectra which have been attributed to conformational
effects arising from their distinct primary structures (225). The dual
nature of the protein-metal interaction is, hence, again exposed; on the
one hand the state of the iron atom is affected by strains generated by
the peptide moiety, while on the other hand the metal ion (and its ligands)
are among the most important elements in stabilizing the conformation
of the molecule (237). From this standpoint, it is obvious that further
conformational studies on the Ps. oleovorans protein ought to be reward-
ing since features of its secondary and tertiary structure should contain
the clue to understanding the differences in catalytic specificity between
the 1-Fe and 2-Fe rubredoxins.

V1. The Iton-Sulfur Proteins

Consistent with the definition used by other authors (240), by “iron-
sulfur proteins” we mean those iron proteins containing “inorganic”
sulfur, i.e. sulfur that is released as HjyS in acidic medium, is stoichio-
metrically related to the iron content in a one-to-one ratio, and which
is a structural component of the active site. All iron-sulfur proteins
known to-date are of the non-haem type and display a cysteine content
that is related to the iron and sulfur complement. This type of protein
is ubiquitous in living organisms exhibiting a variety of functions which
are always related to electron transfer processes.
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In this article a distinction is made between the ‘‘high potential
iron-sulfur proteins” (HiPISP) and the low potential type, the “ferro-
doxins”, for reasons that will become apparent later but that are prima-
rily based on a manifest lack of structural homology between the two
classes. Among the ferredoxins the 8 Fe: 8S “‘bacterial type” should be
distinguished from the 2 Fe: 2S “plant type” (which also occurs in bac-
teria) and these two shounld in turn be contrasted with the 4 Fe: 4S
HiPISP. A 6 Fe: 6S type, reported in nitrogen-fixing bacteria (247, 242)
has recently been disproven (243). As will be apparent from the text
that follows, the experimental approaches that have been used and the
conclusions drawn are of wide applicability and illustrate the general
features of the metal-polypeptide interaction in this class of protein.
These are a consequence of the peculiar makeup of their active sites and
of the redox transitions they can undergo.

A. The High Potential Iron-Sulfur Proteins

The high potential iron-sulfur proteins are single polypeptide chain
4 Fe: 45 proteins of about 10,000 molecular weight having a particularly
high redox potential {~—+4350 mV (244)]. Of unknown biological func-
tion, these proteins have been purified from the photosynthetic bacteria
Rhodopseudomonas gelatinosa, Thiocapsa pfennigii and the obligate
photoanaerobe Chromatium vinosum [see (245) and references therein].

Fig. 16. Primary structure of the Chromatium HiPISP (245). The only ambiguity
in the proposed sequence is for the assignment of residues 77 and 78:

1 10
Ser—Ala—Pro—Ala—Asn—Ala—Val—Ala—Ala—Asp—Asn—Ala—Thr—Ala—
20
Ile—Ala—Leu—Lys—Tyr—Asn—Gln—Asp—Ala—Thr—Lys—Ser—Glu—Arg—
30 40
Val—Ala—Ala—Ala—Arg—Pro—Gly—Leu—Pro—Pro—Glu—Glu—Gln—His—
50
Cys—Ala—Asp—Cys—GIn—Phe—Met—GIn—Ala— Asx—Ala—Ala—Gly—Ala—
60 70
Thr—Asp—Glu—Trp—Lys—Gly—Cys—Gln—Leu—Phe—Pro—Gly—Lys—Leu—
80
Ile—Asn—Val—Asn—Gly—Trp(Cys, Ala) Ala—Ser—Trp—Thr—Leu—Lys—Ala—
86
Gly—~COOH
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The amino acid sequence of the Chromatium HiPISP has recently
been reported, except for some ambiguity at residues 77 and 78 (245).
It possesses four cysteinyl residues, which are located at sites 43, 46, 63
and 77 (Fig. 186).

Besides their high redox potential the Chromatium HiPISP also has
the distinguishing characteristic of being diamagnetic while in the
reduced state and paramagnetic when oxidized (246), a single electron
being transferred during the redox transition (247). The paramagnetic
state is S =1/2 and shows a rather peculiar g =2.115 and g =2.37 EPR
signal (240).

The iron and inorganic sulfur atoms have been visualized by X-ray
crystallography to integrate a single 4 Fe: 4S cluster in a cubic array
as depicted in Fig. 17 (248—250). The iron-sulfur cluster is anchored to
the protein by coordination of each of the iron atoms, located at alternate
corners of the cube, by the cysteinyl side chain sulfides. Average bond
lengths, determined at 2.25 A resolution, are given in the legend to Fig.
17, the distances suggesting some bonding interaction between all four

Fig. 17. Structure of the iron-sulfur cluster of the Chromatium HiPISP (250).
The iron atoms, represented by smaller filled spheres, are coordinated each to one
cysteinyl and three inorganic sulfides (larger empty spheres) in a tetrahedral fashion.
The average bond lengths revealed by the crystallographic studies are:

Bond type Distance (A)
Fe—Fe 3.094+0.14
Fe—Sinorg 2.3540.24
Fe—Scys 2.014-0.26

iron atoms. Furthermore, within standard deviations and the crystallo-
graphic limits of resolution, a tetrahedral environment was indicated at
each iron atom. 57Fe Mossbauer (257) and PMR (252} studies have,
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however, indicated the possibility of an imperfect tetrahedral symmetry,
perhaps due to geometric effects that were unobserved by the X-ray
studies.

The Conformational State

Dus et al. (244) have found that the native iron protein from Chromatium
and from Rps. gelatinosa is only slightly susceptible to tryptic digestion.
That the anti-lytic protection is conferred by metal-binding was suggested
by the fact that after exhaustive reduction with mercaptoethanol and
alkylation of the cysteinyl residues, the resulting S-f-aminoethylated
derivative was readily digested by trypsin. The authors also observed
a higher stability of the Chromatium relative to the Rps. gelatinosa
protein as indicated by the relative reactivity of their inorganic sulfides.
It should be noted that the HiPISP from these two species differ, at least,
in the composition of their N-terminal decapeptide and exhibit pI’
(0°) at pH 3.68 and 9.50, respectively, when in their reduced states.
HiPISP also appeared to be much more stable than the bacterial ferre-
doxins with regard to the reactivity of both their iron and inorganic
sulfide moities.

Unlike the native protein, urea treatment resulted in a measurable
reactivity of the iron with o-phenanthroline, the ferrous-o-phenanthroline
complex remaining attached to the protein (244). The metal is so tightly
bound that attempts to remove it without complete denaturation of the
protein failed. Release of HoS was promoted in 8 M urea even at pH
6.0, a process which, in absence of the denaturant, requires a pH below
1.0. This should also be contrasted with the bacterial ferredoxins, which
spontaneously release H,S at about pH 4.

The CD spectrum shows lack of any ellipticity band around 222 nm,
a position where the characteristic n-z* amide transition in right-handed
a-helices occurs (247). Furthermore, the overall CD spectrum of the
HiPISP differs qualitatively, as well as quantitatively, from those of
other non-heam iron-sulfur proteins. This is consistent with the Méss-
bauer (253) and EPR (240) data that have indicated a different nature
of the iron center in HiPISP relative to the ferredoxins and justifies, in
part, the independent treatment we are giving these two classes of
proteins.

A preliminary description of the geometry of the Chromatium mole-
cule has been provided by Kraut and collaborators on the basis of X-ray
studies (250). They state: “The 2.25 A structure of HiPIP confirms the
suggestion (248) that the four tron atoms form a tetrahedral cluster near the
center of an approximately spherical protein molecule. The molecule is
contained in a prolate ellipsoid whose axes ave approximately 35 A and
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20 A. Cysteine residues at positions 43, 46, 63 and 77 bind the four iron
atoms to the cluster. Residues 1—42 lie in one end of the circumscribing
ellipsoid and residues 47—86 lie in the other. A turn of 31¢ helix formed by
vesidues Cys 43-Cys 46 can be considered as a hinge connecting the two halves
of the molecule. Each half separately is held together by a network of hydrogen
bonds. All but two of the apolar side chains in the molecule line the interphase
where the two halves come together enclosing the cluster and provide a highly
hydrophobic environment for the vedox cemter. Solvent accessibility fo the
cluster through this hydrophobic interface is evidently prevented in the model
by close van der Waals contacts between side chains. It 1s possible, however,
that in the actual molecule these contacts are sufficiently relaxed to provide
access to the cluster.”

These X-ray studies have indicated a negligible effect on the structure
of the 4 Fe: 4S cluster upon oxidation of the protein. There is, however,
chemical and spectroscopic evidence that suggests some change in the
conformational state concomitant with the redox transition. Dinitro-
phenylation of HiPISP from Chromatium and Rps. gelatinosa completely
derivatized the single histidyl residue in the oxidized proteins but not
in the reduced species (244). Furthermore, reduction shifts the pI" (0°)
from pH 3.88 to pH 3.68 (244). A 0.2 pH unit difference corresponds to
ca. one unit charge difference between the two states of the protein.
As the authors noted, at 3.5 <pH <3.9 the oxidized protein should
exhibit an excess of two charges over the reduced protein: one because
of the reductive electron loss and the other from a single proton gain.
The anomaly in the observed charge might be explained by assuming
that reduction results in masking of an undetected negative counter ion
(244). Consistently, the CD in the 430—650 nm wavelength region shows
significant qualitative differences between the oxidized and reduced
forms of the Chromatium HiPISP (247). In conjuntion with the X-ray
crystallographic data this would indicate that the observable alterations
in the symmetry of the chromophore have to arise from changes in the
spatial arrangement of the polypeptide chain.

B. The Ferredoxins

The name ‘ferredoxin’ was first proposed for a non haem iron-redox-
protein (hence its name) isolated from Clostridium pasteurianum and
presumably involved in the hydrogen gas evolution from pyruvate by
this bacterium (254). The smallest of the known iron-sulfur proteins,
~6,000 dalton, the clostridial ferredoxins are, however, the most complex
in terms of the iron and inorganic sulfur content: 8 Fe: 8S. They are
single chain polypeptides of about 55 residues of which eight are cysteines
(Fig. 18).
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1 4 5 10 15 20 25

D.G. Pro-Ile-Gln-Val-Asp-Asn-Cys-Met-Ala—Cys-Gln-Ala-Cys-Ile-Asn-Glu-Cys-Pro-Val-Asp-Val-
M.A, ﬁ-Tyr-ValiI_lg—l -Asn-Asp—Ser—st!Ile-Ala Cys-Gly-Ala-Cyss Lys—Pro-l-ﬂ_g_-gE—m—Val Asn~ -&4‘ ln‘Gln—IGlz -Ser-
C.B. &»Phe-\lal-_l_l_e_i -Asn-Asp-Ser-CystVal-Ser-Cys-Gly-Ala-CystAla-Gly-6lu-Cys-Pro—Val Ser-Alajlle-Thr-Gln<Gly-Asp-Thr-
C.P. |[AlatTyr-Lysille; -Ala-Glu-Ser-Cysival-Ser-Cys-Gly-Ala-CysiAla-SeriGlu-Cys-Pro-ValiAsn-Ala;TlelSer-GlnAGly-Asp-Ser~
C.a. JAlasTyr-valiller -Asn-Asp-Ala-Cys:1le-Ser<Cys-Gly-Ala-CysqAsp-Pro<Glu-Cys-Pro-Val Asp-Ala-I1e~Set-Gln-lGllv»Asp-Ser-
€.T. |AlatHis-TlejIles  -Thr-Asp-Glu-Cysa-Ile-Ser<Cys-Gly-Ala-CyasAla-Ala<Glu-Cys-Pro-Val-Glu-Ala-Tle His-GlusGly Thr-Gly-

Ala ] oys Cys hu-Cys-Pro- e L ¥

C.D. Ala-Leu-Yet-Ile= ~Thr-Asp-Glo-Cys-Ile-Asn-Cys-Asn-Val~Cys-Gln—Pro-Clu-Cys-Pro-Asn-Gly-Ala-Ile-Ser-Gln-Gly-Asp-Glu-

30 35 40 45 50 55
M.A. Ile-’l‘yr-Ala—Ile!Asp—Ala—Asp--Ser Eyg—lle—Asp-m—Gly!Ser!z's-Ala-Ser Val-Cys-Pro; Val-GlymPrc—Asn—Pra-Clu-Asp-COOH
C.B, Gln»Phe-Val-Ile!Asp—Ala-Asp ThrCys-Ile-Asp-Cys-GlyzAsn:CystAla~AsntVal-Cys-ProsVal-Gly AlazPro-Asn-Gla-Glu-COOH
C.P.  Ile-Phe-Val-TlejAsp-Ala-AspsThriCys-Ile-Asp-Cys-GlysAsntCystAla-AsniVal-Cys-ProiVal-Gly Ala1Pro-Val-GIn-Glu-COOH
C.A.  Arg-Tyr-Val-IletAsp-Ala-Asp;ThryCys-Ile-Asp-Cys—Gly Ala:Cys Ala-GlysVal-Cys—Pro Val—AsplAIa-Pm—Val-Gln-Ala-CDDH

C.T.  Lys-Tyr-Gla-ValiAsp-Ala-AspyThriCys-1le-Asp=Cys-Gly AlazCysiCla-AlayVal-Cys-ProsThr-Gly AlagVal -Lys-Ala-G1u-COOH

C.D.  Thr-Tyr-Val-Ile-Glu-Pro-Ser-Leu-Cys-Thr-Glu-Cys-Val Asp-Cys-Val-Glu-Val-Cys-Pro-1le-Lys-Asp-Pro-Ser-Hla-Glu-Glu-Thr=
1y Val
de o d
t}lu /S.er
Thr
Fig. 18. Primary structures of the bacterial ferredoxins {255). M. A.: Micrococcus
aevogenes, C. B.: Clostridium butyvicum, C. P.: Clostridium pasteurianum, C. A.:
Clostridium acidi-urici, and C. T.: Clostridium tartarvivorum. Constant residues are
blocked; the homology between the two halves of the molecule should be noted.
Also included are N-terminal fragments of the Desulfovibrio gigas (D. G.) and the
Chromatium strain D (C. D.) ferredoxins at the top and the bottom of the figure,
respectively (256, 257). The latter exhibit some homology with the M. aerogenes
and the clostridial ferredoxins to which the residue numbering (starting from the
N-terminus) applies. Residues found invariant % a// the ferredoxins are underlined.
Deletions have been inserted as to achieve maximum coincidence of residues among
the different polypeptide chains. The oligopeptides that complete the sequence in
the D. gigas and Chromatium proteins are:
D. G. —ValjJ—Phe—GIn—Met— Asp—Glu—GIn—Gly—Asp—Lys—Ala—Val—
Asn—Ile—Pro— Asn—Ser— Asn—Leu—Asp—Asp—Gln—Cys—Val—Glu—
Ala—Ile—GIn—Ser—Cys—Pro—Ala— Ala—Ile— Arg—Ser—COOH.

C. D. —Thr]—Glu—Asp—Glu—Leu—Arg—Ala—Lys—Tyr—Glu—Arg—Ile—
Thr—Gly—Glu—Gly—COOH.

At pH 7 their redox potential is about —400 mV. Anaerobic titration
of the C. pasteurianum ferredoxin (258) distinctly shows that two elec-
trons are singly transferred to two different locii as two different ESR
signals arise during the reduction. NMR and magnetic susceptibility
studies on the clostridial ferredoxins support this view, while indicating
extensive antiferromagnetic coupling between the iron atoms (259,
260). X-ray studies at 2.5 A resolution by Sicker et al. (261, 262) on the
related Micrococcus aerogenes ferredoxin have revealed the presence of
two roughly cubic aggregates each similar to that described for HiPISP,
and exhibiting a distance of about 12 A between them. The interatomic
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distances are such that the iron atoms appear displaced into, and the
inorganic sulfides out from, the cubic array. The structural resemblance
between the ferredoxin and the HiPISP active sites (Fig. 17) suggests
that the reason for the major redox potential difference between the two
proteins may have to be sought in the polypeptide part of the molecule.
Indeed, recent evidence indicates close similarity in the geometric and
electronic structure of the 4 Fe: 4S clusters of these proteins and that of
synthetic analogues (263).

The 2 Fe: 2S ‘plant type’ ferredoxins, MW ~12,000 dalton, Eyy =
—430 mV, were first isolated from chloroplast and photosynthetic
bacteria. Similar proteins have been purified from the bacteria E. col
(264) and Pseudomonas putida [“‘putidaredoxin”, Emy=—235 mV,
(275)] and from mammalian adrenal cortex mitochondria [“adrenodoxin”
Em7=—367 mV, ~13,100 dalton (765)] among other sources.

Differences in the visible region ORD spectra of spinach and clostridial
ferredoxins led to the proposal that the bonding of iron at these two
chromophores should differ (750, 778, 234). The electronic nature of the
2 Fe: 2S ferredoxins has been studied by PMR (266), and EPR, magnetic
susceptibility, near infrared, electron-nuclear double resonance and
Mdssbauer spectroscopies [see (267) and references therein]. A critical
comparative evaluation of these extensive data has indicated the two
iron atoms to be non equivalent (268), each in high spin form. Both ions
are ferric in the oxidized state, one of them becoming ferrous upon
reduction, the two centers remaining always antiferromagnetically
coupled (267). While indicating similar iron sites in both the oxidized
and reduced states, these studies have excluded octahedral symmetry
at the ferrous site of the reduced protein; an axial, rhombically distorted,
tetrahedral environment has been suggested (266, 267). A plausible
model, showing a binuclear tetrahedral configuration, is depicted in Fig.
19. Two excellent comprehensive reviews have recently appeared that deal
specifically with the electronic and structural aspects of the iron-sulfur
chromophores {797, 275).

Cys Cys

Cys Cys

Fig. 19. Proposed model for the iron sulfur center in plant ferredoxin (266, 267,
269, 270)
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1 5 10 15 20 25
sP ﬁlavAla-Tyr!Lys-hl Thr-Leu-Val<Thr-Fro Thrr(;Iy-Asn-Val-Glu-Phe-Cln Cya-Pro-Asp~Agp:Val: Tyr—Ile-Leu—Asp—l Ala-
AL Ala-Ser-TyrrLys-ValiLys-Leu-ValiThr-ProrGlusGly Thr-Gln-Glu-Phe~GlusCys-Pro-Asp-Asp:Val Tyr-Ile-Leu-Asp-His~
sC Ala-Thr-Tyrilys~ValiThr-Leu-LyssThr-ProySer3Gly-Asp~Gln-Thr-Ile-GlusCya-Pro-Asp-Asp:Thr Tyr-1le~Leu-Asp:Ala—
16 Ala-Phe;Lys-ValrLys-Leu-LeusThr-ProgAsp=Gly-Pro-Lys~Glu-Phe-Glu<Cys~Pro-Asp-Asp=Val Tyr-Ile-Leu-Asp<Gln-

TA Ala-Th:-TytiLys-Val Lys-Leu-Lys=Thr-Pro: Ser-Gly-Gl 1n-Gln~Glu-Phe-Gla-Cys-Pro-Asp-Asp;ValsTyr-Ile-Leu—-Asp=Gln-

30 35 40 45 50

—., ~ —

sp Ala-Glu—GluiGIu Gly:Ile-Asprleu-Pro~Tyr-Ser-Cys-Arg-Ala-GlyrSer=Cys-Ser-Ser-Cys-Ala-Gly-Lys<Leu-Lys-Thr: Gly-
AL Ala-Glu-GlurGlusGly-Ile-Val Leu-Pro-Tyr-Ser-Cys-Arg-Ala-Gly:Ser:Cys-Ser-Ser-Cys-Ala-Gly-Lys:Val-Ala-Ala. Gly—
sC Ala-Glu-GluiAla<Gly-Leu-Asprleu~-Pro-Tyr-Ser-Cys-Arg-Ala-GlysAla Cys-Sexr-Ser-Cys-Ala~Gly-Lys;Val-Glu-Ala:Gly—
e Ala-Glu-Glu-LeusGly-Ile-AspsLeu-Pro-Tyr-Ser-Cys-Arg-Ala-Gly:Ser- Cys-Ser-Ser-Cys-Ala—Giy-Lys Leu-Val-Glu-Gly—
TA Ala-Glu-GluiVal-GlysIle-AsprLeu-Pro-Tyr-Ser-Cys-Arg-Ala-GlyS ys: Ser-Cys~Ala-Gly-Lys=Val-Lys-Val-Gly+

55 60 65 70 75 80
r— — [——————m} e — =
SP Ser-Leu-A InrAsprAsprGlniSer-Phe-Leu-Asp-AsprAsp GlnsIle-Asp-GlusGly:TrpiVal-Leu-Thr—CystAlatAla-Tyr;Pro~
AL Glu-Val-Asn-Gl Asp-Gly-Ser-Phe-Leu-Asp-AsprAsp<GlnsIle-Glu~Glu=GlysTrpsVal-Leu-Thr-Cys;Val-Ala-Tyr-Ala—~

sC Thr-Val-Asp-GlosSer-Asp=Gly-Ser~Phe-Leu-Asp-Asp=Ser-Gln Met-Asp-GlyGly Phe Val-Leu~Thr-Cys;Val Ala-Tyr-Pro-
16 Asp-Leu-Asp-Gln Ser—Asp:Gln Sex-Phe-Leu-Asp-Asp=Glu.Gln Ile~Glu-GLlusCly; TrpsVal-Leu-Thr-CyssAlasAla-TyrPro-

TA Asp-Val-Asp-Gln-Ser-Asp=GlysSer~Phe-Leu-Asp-Asp,Glu<Gln. Ila-Gly-Glu—cl 1y-ll‘rp Val-Leu-Thr~Cys=Val-Ala-Tyr;Pro-

85 90 95
Sp Val:Ser-AspiVal-Thr- E GlusThr-Hig-Lys-Glu~GlusGlu: ETHY—AI&—COO‘H
AL Lys:Ser-AspyVal-Thr IletGluzThr-His-Lys-Glu-GluzGlusLeu-Thr-Ala-COOK
SC  Th AspsCys-ThrIleAla:Thr-His-Tys-Glu-GlusAsp LeusPhe-Ala~COOH
Le ArgrSer-Asp Val-ValiTlezGlu=Thr-His-Lys-Glu-GlusGla;Leu-Thr-Gly-COOH

TA  val:Ser-Asp;Gly-Thr:Ile slu-m:-His-x,ys-cm—clu-cm-neu-l'mr-na-coox

Fig. 20. Primary structures of plant ferredoxins. SP: spinach, AL: alfalfa, SC:
Scenedesmus, LG: Leucena glauca (“‘koa’’), and TA: taro. The deletion at position
1in the L. glauca ferredoxin has been assumed so as to exhibit sequence homology
with the other ferredoxins. (See (277) for original references)

All the known ferredoxins consist of a single polypeptide chain. The
amino acid sequences of a number of ferredoxins are shown in Figs. 18,
20 and 21. The occurrence of these proteins throughout the living world
in a variety of situations demanding specialized electron transfer roles
and the simplicity of its inorganic chromophore have motivated wide
speculation regarding their likely evolution from a simple polypeptide
prototype (273, 274) and have provided a convenient system to trace
the origin and evolution of life itself (275). As soon as the first of the
bacterial ferredoxins was sequenced by Yasunobu and collaborators (276)
a striking symmetry of the polypeptide chain about its central residue
was noticed. This has been confirmed in four other bacterial ferredoxins
(Fig. 18) and has reinforced the hypothesis of an early doubling of a
primordial ferredoxin gene coding for a 28 residue polypeptide chain
(274). Indeed, Chromatium ferredoxin [not to be confused with the
Chromatium HiPISP with which it shows little homology (245)] exhibits
Mdssbauer and optical absorption spectra which suggests close similarity
with the clostridial proteins; it is, however, 26 residues longer (274).
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Fig. 21. The primary structure of bovine adrenodoxin (272). Potential iron-binding
cysteinyls are found in positions 46, 52, 55, 92, 95:

1 10
Ser—Ser—Ser—GIn—Asp—Lys—Ile—Thr—Val—His—Phe—Ile— Asn—Arg—

20
Asp—Gly—Glu—Thr—Leu—Thr—Thr—Lys—Gly—Lys—Ile—Gly—Asp—Ser—

30 40
Leu—Leu—Asp—Val—Val—Val—GIn— Asn—Asn—Leu— Asp—Ile—Asp—Gly—

50
Phe—Gly— Ala—Cys~—Glu—Gly—Thr—Leu— Ala—Cys—Ser—Thr—Cys—His—

60 70
Leu—Ile—Phe—Glu—Gln—His—Ile—~Phe—Glu—Lys—Leu—Glu—Ala—Ile—

80
Thr— Asn —Glu—Glu—Asn—Asn—Met—Leu—Asp—Leu—Ala—Tyr—Gly—Leu—

90
Thr— Asp— Arg—Ser—Arg—Leu—Gly—Cys—Gln—Ile—Cys—Leu—Thr—Lys—

100 110
Ala—Met—Asp—Asn—Met—Thr—Val—Arg—Val—Pro—Asp—Ala—Val—Ser—

114
Asp—Ala—COOH

Its amino acid sequence has been determined by Matsubara et al. (257),
who have shown that by inserting a gap between residues 4 and 5 and
a loop between residues 52 and 50, all cysteinyl residues could be arranged
symmetrically in two half chains in a manner that shows homologies
between the Chromatium and the bacterial ferredoxins (Fig. 18). The
two distinguishing features of this ferredoxin are, then, the extra seg-
ments at the loop region and at the carboxy terminal region, the latter
being longer and more acidic. These features might account for the fact
that the Chromatium ferredoxin is the most reductive of all the ferre-
doxins, with E' = — 490 mV.

By comparing the primary structure of alfalfa and spinach ferre-
doxins, Keresztes-Nagy et al. (277) observed a significant statistical
presence of Ala-Ala segments every 26 residues along their polypeptide
chains. In view of the fact that all clostridial and several plant ferre-
doxins start with alanine (see Figs. 18 and 20) and since repeating se-
quences have been detected in the plant ferredoxins [notice, e.g., the
similarity between segments 1—9 and 78—86 in spinach ferredoxin (278),
Fig. 20], and between the plant and clostridial ferredoxins (279), an
evolutionary connection between the bacterial and plant types appears
as a strong possibility (274). The rigorous conservancy of cysteine-
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containing segments within both the bacterial and plant ferredoxins
would be understandable in view of the participation of this residue in
the active site.

It should also be pointed out here that the amino acid sequence of
ferredoxin from the sulfate-reducing bacterium Desulfovibrio gigas, a
protein which contains four atoms each of iron and inorganic sulfur
but six cysteinyl residues, shows a strong degree of homology between
the first half of the molecule (residues 1—29) and other bacterial ferre-
doxins (Fig. 18). The second half, which contains two cysteinyl residues,
is, however, curiously homologous with plant type ferredoxins suggesting
it may be derived from a prototype ferredoxin intermediate between
green plants and bacteria (256).

It is not our purpose to survey here the intriguing aspects of the mole-
cular evolution of these proteins but rather to stress, at this stage, the
underlying unity of their chemical design. This justifies discussion of the
conformational properties of the bacterial and plant ferredoxins under a
common approach in spite of their distinctive molecular weights and
iron-sulfur contents. The evolutionary relationship should not, however,
be overemphasized ; indeed, the compositional differences provide valuable
information regarding the structural factors that determine the conforma-
tional state of iron proteins in general.

A number of reviews have been published recently concerning bio-
chemical and functional characteristics of the ferredoxins (276a,b, 265,
271, 280—282). In what follows we will center our attention on the
conformational aspects only.

The Conformational State

a) The Roles of Iron, Sulfur and the Polypeptide Chain. At pH 6.3 and
ambient temperature the stability of C. pasteurianum ferredoxin should
be relatively high as no significant exchange of its own iron with external
iron was observed under conditions in which ionically bound Fe3+ in
ferrichrome does exchange (52). Exchange was achieved upon denatura-
tion of the protein with the sulfhydryl reagent sodium mersalyl, followed
by regeneration in excess 2-mercaptoethanol. Similar experiments
showed that 35S-sulfide does not exchange with either native or mer-
salyl-treated ferredoxins. At alkaline pH’s, however, clostridial 5%Fe-
ferredoxins can exchange their iron for external ferrous iron (283). The
reaction is base-catalyzed, the exchange rate constant increasing about
20 fold with every unit increase in pH. At a given pH, iron exchanges
130 fold faster in the presence of 6 M urea. A similar base-catalyzed,
urea-accelerated, exchange of sulfide for 35S-sulfide-ferredoxin was also
observed. The effects of urea indicate that the dynamic accessibility of
the chromophoric constituents is significantly coupled to the conforma-
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tional state of the polypeptide portion of the molecule. And conversely:
reactivity of the polypeptide backbone groups is tightly dependent on
the structural integrity of the metal-binding site. Thus, native C. acidi-
urici ferrodoxin is negligibly acylated with acetic anhydride and is
completely stable towards digestion by carboxypeptidase A under
conditions in which apoferredoxin can be acetylated or digested by the
enzyme causing it to release carboxy terminal Ala55 and Gln5¢ (284).

If iron is such an important structural determinant of ferredoxin, it
might be expected that apoferredoxin and the iron-sulfide protein could
exhibit different conformations. Such differences are not obvious from
the ORD spectra in the far ultraviolet peptide absorption region (Fig.
22); native clostridial ferredoxin has a secondary structure which upon

Observed Rotation x 103
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Fig. 22. ORD spectra of C. thermosaccharolyticum ferredoxin (A) and af)oferredoxin
(B) (285). The protein was at concentrations of 0.15 mg/ml (A) and 0.12 mg/ml (B)
in aqueous solution, pH 7.6

metal-release yields a random coil apoprotein of similar optical rotatory
properties as the iron protein (285). The PMR spectrum of clostridial
apoferredoxin (286) differs, however, from that of the oxidized iron
protein (and the latter, in turn, from that of the reduced ferredoxin)
(287 a, b). The apoferredoxin spectrum may be closely accounted for by
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its amino acid content. The fit is not exact, suggesting enough intra-
molecular interactionsexist togenerate some non-random structure; these
forces could be of relevance in determining the stability of native
ferredoxin. As in the case of rubredoxin, a plain conformational inter-
pretation of the PMR of the iron protein is not granted because of the
presence of significant magnetic interactions with the active center which
makes dubious a direct spectral peak assignment.

Early experiments attempting to detect cross-reactivity between anti-
C. pasteurianum ferredoxin serum and the iron-sulfide-free protein were
equivocal in that they showed higher homology of the antiserum with
apoferredoxin (or even its alkylated form) than with the native iron-
containing antigen (288). However, in view of the fact that antiserum
against the performic acid-oxidized (cysteine - cysteic acid) derivative
showed a higher cross reactivity towards the homologous antigen than
towards native ferredoxin and since some cross reactivity was always
observed between any of the two antisera and the performic acid-
oxidized and alkylated derivatives as well as the native protein, the
authors were led to conclude that cysteinyl residues are not antigenic
determinants. Furthermore, the distinct cross reactivities suggested
conformational differences among the various species. Hong and Rabino-
witz (289) have later used the immunological tests with purer prepara-
tions of the antigenic protein. Rabbit antisera against the C. acidi-
urict protein gave a single precipitin curve when reacted with C. acidi-
urict 39Fe-labelled ferredoxin, while no reaction was observed with
apoferredoxin. Similarly, microcomplement fixation tests with fer-
redoxin and apoferredoxin showed that while the C. acidi-urici
ferredoxin reacted at 1:800 dilution of antiserum, the oxidized apo-
ferredoxin did not fix complement at this concentration. A similar
response was obtained by reacting anti-C. pasteurianum ferredoxin
serum with the C. pasteurianum ferredoxin and apoferredoxin. C. pasteu-
rianum antiserum did not react, however, with C. acidi-urici ferredoxin.
Since these two ferredoxins differ in 14 of the 55 amino acids, it is likely
that this lack of cross reactivity reflects differences in amino acid side
chains as antigenic determinants rather than conformational differences
between the two proteins. Indeed, a strong cross reactivity has been
found between anti-C. pasteurianum ferredoxin serum and the C. butyri-
cum ferredoxin, the latter differing from the homologous protein at only
nine positions {290). The reservations (289) with regard to a purely
conformational explanation of the antibody recognition are thus partly
removed, especially so in view of the studies of Mitchell et al. (290) which
indicate a partial reactivity of the C-terminal octapeptide against both
anti-C. pasteurianum ferredoxin and anti-oxidized ferredoxin sera. [The
haptenic nature of C- and N-terminal peptides has been further investi-
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gated by the same group (297, 292).] In any event, C. acidi-urici ferre-
doxin, reconstituted from apoferredoxin by reacting it with iron and
sulfide, restored the microcomplement fixation to the level exhibited
by the native protein (289). This is of interest since the reconstituted
protein shows identical spectral properties and enzymatic activity as
the native protein.

Rates of tritium-hydrogen exchange have been monitored for the
metal-free and native C. acidi-urici ferredoxins by the Erlander gel
filtration technique (289). The experiments were performed at pH 8.0,
4 °C, by preequilibrating the protein with tritiated water for 41 hours.
A major change in the isotope exchange lability seems to be corre-
lated with the removal of the iron-sulfur chromophore. It is interesting
to note that when oxidized ferredoxin was reconstituted from fully
tritiated apoferredoxin, the exchange-out process exhibited 35 slowly
exchanging hydrogens compared to the 27 exhibited by the oxidized
native ferredoxin (preequilibrated with tritiated water for the same
period of time). This indicates that a substantial fraction of the exchange-
able hydrogens are, in the ferric protein, either “buried” or participating
in stable, intramolecular hydrogen bonds. From the standpoint of the
conformational dynamics of the bacterial ferredoxins, it should be
mentioned here that these authors have found evidence that the recon-
stitution process and the iron-sulfur release (by reacting native ferredoxin
with o«,a’-bipyridyl and mercurials) appears to occur in an all-or-none
fashion (293). The experimental results as well as theoretical calculations
indicate the existence of interactions between the iron-sulfide binding
sites such that binding (release) of one mole of iron and sulfide facilitates
the binding (release) of the seven other iron and sulfur atoms to (from)
the molecule.

Thermal denaturation of proteins is another way of probing their
conformational stability. Ferredoxins isolated from thermophilic and
mesophilic clostridia, which differ by a relatively small number of amino
acid substitutions, have clearly illustrated the importance of the primary
structure in determining the lability of proteins toward heat and have,
in particular, indicated the relatively tight coupling that exists between
integrity of the metallic chromophore and the protein conformation as
a whole (255, 285). The optical absorption spectra, molecular weight,
iron, sulfur and half cystine content of the two thermophilic C. tartari-
vorum and C. thermosaccharolyticum ferredoxins are typical of those
derived from other clostridia. However, upon heating at 70 °C, pH 7.4,
the activity of the proteins, as assayed by the phosphoroclastic reaction,
decreased faster for the mesophilic- than for the thermophilic-derived
species. In particular, that from C. thermosaccharolyticum was the most
stable. The far ultraviolet CD spectra suggested that the enhanced
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stability should not be related to any significant conformational differ-
ences between the proteins. During incubation at elevated temperature
the absorbancy at 390 nm decreased, the rate of decrease being slower
for the thermophile ferredoxin, indicating that the inactivation may be
attributed to iron and sulfur release from the protein. Indeed, a satis-
factory recovery of activity could be achieved by recombining the apo-
ferredoxin resulting from the heat-treatment with iron and sulfur.

The very sharp crystalline formation of the C. acidi-urici ferredoxin
relative to that from C. pasteurianum has been correlated with their
different amino acid compositions, in particular with the extra proline
at site 16 (294). It is hence interesting that the kinetics of heat-inactiva-
tion at 70 °C indicates a higher stability for the former. Similarly, the
aerobic reaction of the C. acidi-urici and C. tartarivorum ferredoxins
with o-phenanthroline is faster for the most thermolabile of the two.
This was reflected clearly in the temperature dependence of the reaction
(285). Along these lines, Gillard et al. (295) have reported that iron is
removed from native Peptostreptococcus elsdenti and from C. pasteurianum
ferredoxins by o-phenanthroline while this ferrous chelator was found
inactive on the C. acidi-urici protein. The magnitude of these differences
needs further substantiation since other authors have claimed that
o-phenanthroline can sequester iron from the C. acidi-urici protein as
well (296).

The thermophile ferredoxins are the only ferredoxins known to con-
tain histidine. In addition to histidine they contain four other basic
amino acids; this should be compared with zero or one for the mesophiles.
Furthermore, the ratio of free acidic to basic amino is seven for C.
pasteurianum and 1.4 and 1.2 for C. tartarivorum and C. thermosaccharoly-
ticum ferredoxins, respectively. The amino acid sequences of the clos-
tridial ferredoxins reported to-date reveal extensive conservancy with
only a few point mutations (Fig. 18). The thermostability of the C. far-
tarivorum ferredoxin is thus not being reflected in gross changes in the
primary structure. The basic amino acids are not located in the vicinity
of the cysteinyl residues within the primary sequence. Furthermore,
since the X-ray data shows that only inorganic and cysteine sulfides are
involved in complexation of the iron atom, the extra stabilization of the
thermophile protein cannot be accounted for, e.g., by assuming that the
extra histidine residues participate in coordinating the metal. The
suggestion (285) that the heat stability might arise from a more stable
chelate structure than that found in mesophilic ferredoxins, thus seems
to us untenable. As our studies on the ferrichromes have shown, more
stable chelate structures might be a consequence rather than a cause of an
overall enhanced conformational stability, the latter being a reflection
of only slight modifications in the amino acid composition.
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The extent to which clostridial ferredoxin stability as well as enzy-
matic activity are dependent on the polypeptide chain composition has
been further demonstrated by Hong and Rabinowitz (284). Des-(Gln54-
Ala5%) ferredoxin was made by reconstitution of C. acidi-urici apofer-
redoxin whose C-terminal dipeptide had been removed by carboxypepti-
dase A. This derivative was about 789, as active as the native protein
and its activity decayed with a half life of about 31 hr, concomitant with
denaturation. A number of aminoacyl ferredoxins were also prepared
with a similar loss in both activity and stability, the decay being pro-
portional to the size of the substituent side chain group. Furthermore,
since glutamyl ferredoxin was less stable than lysyl ferredoxin, the sign
of the electrostatic charge change appears to be of importance. Similarly
N-acetyl, N-acetimido and N-f-butyloxycarbonyl derivatives of ferre-
doxin were all less active and less stable than the unmodified protein.
Succinylation and iodination of apoferredoxin did not allow reconstitu-
tion with iron and sulfur probably, in iodoapoferredoxin, because of
steric effects. Lode (297) has recently reported a significant dependence
of the stability and activity of the C. acidi-urici ferredoxin towards its
N-terminal dipeptide. In particular, the presence of an aromatic residue
at position 2 seems to be critical; thus, while substitution of Tyr2 by
phenylalanine or tryptophane yields 1009, and 709, of the original
protein activity, its substitution by glycine results in failure to recon-
stitute a ferredoxin derivative.

The structural role of iron in these proteins has finally been unveiled
by the 2.8 A (refined to 2 A) resolution X-ray crystallographic study of
Adman et al. (2062,298) already mentioned. The data reported for
the Peptococcus aerogenes (M. aerogenmes) ferredoxin reveals a prolate
ellipsoid shape of ~27 A x22 A. Concurring with the spectropolari-
metric studies (Fig. 22) and with predictions based on the amino acid
sequence of C. pasteurianum ferredoxin (276), no a-helix is present al-
though there is room for some g-structure. Thus, the amino and carboxy
termini fragments are rather parallel and linear, exhibiting turns extend-
ing from residues 7 and 46 to residues 17 and 43, respectively (Fig. 23).
Cysteines 8, 11, 14 and 45 coordinate one of the 4Fe:4S clusters while
the polypeptide chain shows a number of convolutions between residues
17 and 43; the second 4Fe:4S cluster is held by cysteinyls 18, 35, 38
and 41. This means that the iron-sulfide clusters are not anchored by
sets of consecutive cysteines but rather that the polypeptide chain
secures each cube with residues contributed by both halves of the
molecule. This array obviously confers further structural compactness
while posing serious questions to the hypothesis of a protein evolution
by gene duplication. Interestingly, the two tyrosines present in the
molecule are each located at rather equivalent positions relative to the
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Fig. 23. The X-ray crystallographic model for the P. aerogenes ferredoxin (298).
Individual atoms are not shown except for the two 4 Fe:4 S:4 S(Cys) clusters, the
continuous line representing the polypeptide backbone

4Fe:4S clusters, namely parallel, at about 4 A, to one of the faces of
the cubes, consistent with 13C-NMR observations on the C. acidi-urici
protein in solution (260).

With regard to the conformation of a 2Fe:2S-type ferredoxin,
Kimura and collaborators (299) have found no difference in the peptide
absorption region of the CD spectrum of adrenodoxin that might suggest
a change in the conformation of this protein concomitant to the release
of the iron and sulfur moieties. However, a slight difference in the single
tyrosyl fluorescence excitation maximum of the iron protein relative to

its apo-derivative could be due to some conformational shift (300,
307).

b) The Effects of Denaturants. A marked stimulation of the reactivity of
iron in native clostridial ferredoxin with the chelating agent o-phenan-
throline by the presence of urea or guanidine - HCl has been observed
(296). Similarly, the iron-chelating agent Tiron did not react unless the
protein had been dissolved in 4M guanidine - HCl. Under such conditions
the inorganic sulfide was also labilized towards 5,5'-dithio-bis(2-nitro-
benzoic acid); the cysteinyl sulfur, however, reacted only when the metal
was simultaneously chelated with EDTA. Interestingly, the reactions
with o-phenanthroline or with Tiron only achieved completion under
aerobic conditions. In contrast with its relative stability under unaerobic
conditions, denaturants also caused degradation of the protein in the
presence of air. It is obvious that urea or guanidine - HCI favor degra-
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dation of the protein by oxygen, metal sequestration or sulfur blockage.
These observations also indicate that the protein conformational state is
such that the iron atoms are mostly unexposed (296).

The effect of chaotropic agents on the reactivity of active site com-
ponents has also been studied in the plant-type proteins. Alkylation of
spinach ferredoxin with iodoacetamide is considerably faster in the pres-
ence of 5SM urea (302). By spectrophotometric monitoring of the initial
phase of the reaction, little perturbation was found during the formation
of the first mole of carboxymethylcysteine, suggesting one of the five
cysteines present in the molecule is not involved in the active site. Chao-
tropic agents also stimulated the reaction of adrenodoxin iron with
o-phenanthroline and Tiron under aerobic conditions (303). In the ab-
sence of air, while urea facilitated the reaction with Tiron it inhibited
chelation to o-phenanthroline. In any event, the denaturants affect the
reactivity of the atoms at the active site. On the basis of kinetic measure-
ments and comparisons with model system, Kimura and Nakamura
(303) have suggested the following two mechanisms for the reaction of
oxidized adrenodoxin with the iron chelators:

o-phenanthroline
adrenodoxin-(2 Fe3t) ———————— adrenodoxin-(2 Fe3+)-o-phenanthroline
k = 10-¢ M min-1

intramolecular reductants

> adrenodoxin-(2 Fe2+-o-phenanthroline) (1)
k = 103 M min—1
Tiron
adrenodoxin-(2 Fe3*) =——-—————» adrenodoxin-(2 Fe3+-Tiron) 2)

k = 10-7 M min~1

The authors proposed that chaotropic agents affect the first step,
namely, a rate limiting migration of o-phenanthroline molecules in the
protein matrix.

The denaturant effect of oxygen in the presence of chaotropic agents
has been noticed in adrenodoxin (265), putidaredoxin and plant
ferredoxin (304). In fact, oxygen deteriorates alfalfa ferredoxin even in
the absence of denaturants (305). The proposal of Malkin and Rabino-
witz (296) that the sulfide is the aerobically sensitive moiety in ferre-
doxin has recently been proven correct by Pefering ¢t al. (304) who have
demonstrated the generation of zero-valence state sulfur by the action
of molecular oxygen.

To what extent is the effect of denaturants on the reactivity of the
active site a result of changes in the secondary and tertiary structure of
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the protein? To answer this question it would be desirable to monitor
changes in the ultraviolet optical activity of the protein. Such experi-
ments are handicapped by the high absorbance of urea in the ultraviolet,
which makes CD measurements extremely difficult; furthermore, inter-
pretation of ORD changes in the peptide absorption region are con-
founded by the iron-sulfur chromophore itself (302). However, to the
extent that the optical activity in the visible region reflects symmetry
conditions at the active site arising from the polypeptide foldings around
it (778), such measurements should be of certain value. 8 M urea was
found to affect neither the absorption nor the ORD spectrum in the
visible region of oxidized C. acidi-urici ferredoxin (234). This suggested
that the changes in the chromophore accessibility do not affect the sym-
metry in the environment of the iron atoms. A most interesting finding
reported in these early studies was that the urea-labilized reactivity of
iron towards o«,a-bipyridyl released ——#ris bipyridyl iron(II). This
implies a highly asymmetric site in the molecule that forces the reaction
between the external chelator and the metal to occur in a stereoselective
way.

300 500 700
Wovelength {(nm)

Fig. 24. Effects of urea and of the redox transition on the optical properties of
spinach ferredoxin (306). In A, B and C the absorption, CD and ORD spectra of the
reduced (---) and oxidized (—; in 8 M urea: - - -) proteins are shown, respectively
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In contrast with its effect on clostridial ferredoxin, 8 M urea clearly
induces changes (Fig. 24) in the absorption, ORD and CD spectra of
oxidized spinach ferredoxin (306). An overall gain in symmetry around
the iron chromophore is suggested. A similar pattern is observed when
the pH of the solution is raised to 11, which led the authors to suggest
breakage of secondary structure in the neighborhood of the iron
chromophore leaving a residual Cotton effect intrinsic to the iron-
sulfur complex. Indeed, this reduced Cotton effect was of about the
same magnitude as that found in the clostridial ferredoxin, hinting
that conformational differences between the two types of ferredoxins
may partly account for their different optical activities in the native
state. Consistently, antibodies to Swiss chard ferredoxin do not cross
react with the clostridial protein (307).

Effects of urea and guanidine - HCl on adrenodoxin have also been
observed (308). The kinetics of denaturation is faster for adrenodoxin
than for spinach ferredoxin, which was indicative of a more stable
structure for the plant protein (309). The spectropolarimetric data was
interpreted to suggest either that the strong visible region Cotton effects
are intrinsic to the iron-sulfur site or that the optical activity arises by
a coupling of the active site chromophore to aromatic side chain tran-
sitions in the ultraviolet rather than to a backbone «-helix (308, 309).

3.0‘—

20—

400 500 600 700
Wavelength (nm)

Fig. 25. The effect of urea and ionic strength on the CD spectrum of spinach
ferredoxin (302). The data was recorded anaerobically for protein solutions at pH
7.3 and 23 °C. Spectra labelled with varying salt concentrations are for the protein
dissolved in § M urea
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Chaotropic agents other than urea and guanidine - HCI have been found
to affect oxidized spinach ferredoxin similarly, as judged by the effects
on the protein ORD spectrum (370). Petering and Palmer (302) have
pointed out that the effect of denaturants on the optical rotatory prop-
erties of iron-sulfur proteins might not be so simple. Under anaerobic
conditions spinach ferredoxin dissolved in 5 M urea, 1 N NaCl, exhibits
optical absorption and CD spectra that are very similar to that of the
native protein. However, as the salt concentration is reduced to 0.02 M
the CD pattern changes (and, to a lesser extent, so does the absorption
spectrum), the most remarkable effect being the replacement of the
intense Cotton effect at 428 nm in high salt by a weak negative band at
420 nm (Fig. 25). The effect is reversible, as the native CD spectrum was
recovered upon addition of salt to 1 N NaCl, and is not ion specific as
KCl or (Na)3SO4 produced the same effect. Thus, it was suggested that
urea and high ionic strength are each affecting the polypeptide confor-
mation independently resulting in an alteration of the structural sym-
metry of the iron-sulfur chromophore in such a way that the site itself
is left intact (302).
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Fig. 26. The polypeptide backbone absorption region optical activity of two 2Fe:2S
proteins (299). The ultraviolet ORD (A) and CD (B) spectra of bovine adrenodoxin
(—) and spinach ferredoxin (---), taken in aqueous solutions, pH 7.4
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It has been suggested by Keresztes-Nagy et al. (277) that the occur-
rence in alfalfa ferredoxin of overwhelmingly clustered distribution of
strongly hydrophilic and of hydrophobic residues in its primary structure
is likely to generate a low helix content. The rationale was that in order
to have a high helix content the non polar residues should be located
along the sequence at intervals such that their side chains can always
point towards the same side, namely, the hydrophobic “inside” of the
molecule. In agreement with these speculations, the n - =¥, n > #*
peptide absorption region CD of alfalfa (785) and spinach (299) ferre-
doxins as well as the ORD and infrared absorption (299) of the latter,
have indicated negligible «-helical content for the plant ferredoxins and
have suggested the presence of some f-structure (Fig. 26). For adreno-
doxin, the same data indicated about 209, helix content (299, 309).
The differences in secondary structure between these two classes of
2Fe:2S proteins are of interest as the optical absorption, ORD, CD and
EPR spectra and magnetic susceptibility data have indicated close
similarity of their iron-sulfur chromophores [see (265, 299) and references
therein].

A globular shape (a/b ~5) has been estimated for adrenodoxin from
intrinsic viscosity measurements (299). This axial ratio differs from the
value of 14 to 18 obtained for plant ferredoxin in 1961 (377) with a protein
preparation that probably was aggregated (estimated molecular weight
~17,000 dalton). Adrenodoxin has a larger number of basic amino acid
residues than plant ferredoxin and the two proteins also differ in the
tyrosyl, tryptophanyl and methionyl content (299). The primary struc-
ture indicates no homology between either the bacterial or plant ferre-
doxins and the bovine adrenodoxin (Figs. 18, 20, 21). Furthermore, the
amino acid sequence provides no indication of the segment duplication
patterns observed among the plant and bacterial counterparts. This
might then account for the differences in stability and in secondary
structure already discussed and might also be related to the fact that
neither can spinach (or euglena) ferredoxin substitute for the adrenal
2Fe:2S protein in the steroid 11-hydroxylation reaction, nor can
adrenodoxin replace plant ferredoxin in the photosynthetic pyridine
nucleotide reduction (265).

c¢) The Effect of Reduction and the Strains at the Active Site. Reduction
of clostridial ferredoxin generates drastic changes in the ORD (234)
and CD (235) spectra of the iron-sulfur chromophore, an overall gain in
symmetry being indicated. A labilization of the iron for bipyridyl sub-
stitution, even in the absence of denaturants, was also detected in these
studies. Since the resulting tris bipyridyl iron(II) complex lacked optical
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activity, this further enforced the interpretation of a lower asymmetry
in the reduced, relative to the oxidized protein (234). Consistent with
these results, Malkin and Rabinowitz (296) have found a higher initial
reactivity of the reduced relative to the oxidized forms of the C. acidi-
urict ferredoxin towards the ferrous chelating agent o-phenanthroline.
However, after the first mole of iron had been chelated, the remaining
iron reacted more slowly. Similar results were observed with C.
pasteurianum ferredoxin (295).

The problem has also been approached by measuring the rates of
tritium-hydrogen exchange of C. acidi-urici ferredoxin in both redox
states (289). The experiments were performed as already described in
comparing apo- and native ferredoxins. While oxidized ferredoxin exhibits
about 27 slowly exchanging hydrogens (ti/2 > 20 min), there are 17
hydrogens of this class in the reduced protein. The authors thus sug-
gested that “the reduced state has a more compact structure than the oxi-
dized state of the protein since it has fewer sites for equilibration with tri-
tiwm”’. In view of our results with the ferrichromes (58, 59) such inter-
pretation is not granted unless backed by temperature dependence
studies of the exchange kinetics. However, as far as the hydrogen-tritium
exchange experiments show differences between the two redox states,
these data are consistent with the other experiments already mentioned
in that they indicate a change in the protein conformational state in the
broader sense assumed in this review. Thus, the 13C-NMR study of a
clostridial ferredoxin by Packer, Sternlicht and Rabinowitz (260) suggests
that the two tyrosines which are resolved in the spectra, may not change
their relative orientation with regard to the Fe:S cluster upon the redox
transition.

Changes in the optical properties of the iron-sulfur chromophore were
also induced by reduction of the plant ferredoxins, as shown in Fig. 24.
Garbett and Stangroom (306) mention unpublished evidence which in-
dicates differences between the oxidized and reduced states of the pro-
tein with regards to its reactivity towards o-phenanthroline or dipyridyl.
Kimura and Nakamura (303) found that reduced and oxidized adre-
nodoxin react with o-phenanthroline at comparable rates, further
suggesting conformational differences with the plant ferredoxins. The
latter, however, in contrast with the trend exhibited by the bacterial
protein, is more reactive in the oxidized than in the reduced state. Con-
sistent with this trend, Cammack et al. (310) have found that while high
concentrations (> 1 M) of methanol and chaotropic agents degenerate
the ORD spectrum of spinach ferredoxin towards that of the apoprotein,
independent of its initial redox state, at low concentration the denatur-
ants failed to modify the ORD of the reduced protein while drastically
affecting that of the oxidized species.
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Reduction of plant ferredoxin is a one electron transfer process that
generates a characteristic g =1.94 EPR band as the only signal in the
0—5 kG range. Oxidized spinach ferredoxin does not exhibit any signal
in this range, being insensitive, in this regard, to treatment with urea
up to 7.5 M final concentration of the denaturant in 1 N NaCl (302).
The reduced species, however, shows 589, of the initial amplitude at
7.5 M urea and 1 M NaCl, but the signal is practically unaffected up to
5 M urea and high salt. When the salt concentration is reduced to
0.015 M, most of the signal disappears which shows, again, that high
ionic strength opposes the effects caused by the denaturant as detected
at the active site (302). In these studies, Pefering and Palmer made the
interesting observation that as the urea concentration was increased
from 0 to 7.5 M, g, and gy moved upfield by 2 and 4 G, respectively,
while gx moved by some 6 G to lower magnetic fields. The studies by
Cammack et al. (370} have shown that the chaotropic agents perchlorate,
trichloroacetate, thiocyanate, iodine, urea and guanidine - HCl at con-
centrations as low as 10—50 mM cause changes in linewidths and shifts
in the apparent g-values of the EPR spectrum of spinach ferredoxin.
Thus, when dissolved in a trichloroacetate solution, the apparent gy
and g; move upfield by 13 and 18 G respectively, while gx moves down-
field 9 G, making the spectrum to look more like that of adrenodoxin
(Fig. 27 A). Raising the concentration of guanidine - HCl (Fig. 27B, c
and d) resulted in the introduction of a transient new signal at g =1.95.
The process was reversible as the original EPR could be restored by
reoxidation of the sample and removal of the denaturant (Fig. 27B, e).
Other chaotropic agents generated the same effects but at relatively
higher concentrations. Thus, the spectrum shown in Fig. 27C, similar
to that in Fig. 27B, c, required 6.5 M urea. Higher concentration of the
chaotropes {or 70%, v/v methanol) resulted in rapid, irreversible denatur-
ation of the reduced protein, probably through drastic effects on its con-
formation. Since low concentrations of the denaturants affected the
EPR signal while leaving the optical rotatory properties unperturbed,
it is suggested that the electron spin resonance is sensitive to changes
that do not manifest themselves in the static architecture of the molecule.
Similar studies by Coffman and Stavens (372) have shown that in the
concentration range 0—20%, v/v, methanol causes no changes in the CD
spectrum of reduced spinach ferredoxin while the EPR g values shifted,
as already found for other denaturants, towards a less rhombic (i.e.
more axial) type of symmetry. The interesting observation was that by
plotting the g values of a number of 2Fe:2S proteins versus an adequate
rhombic magnetic asymmetry parameter (defined as x =go—gs), the
linear plots could be adequately matched by the plant ferredoxin pa-
rameters measured from spectra taken at different methanol concen-
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Fig. 27. Effect of several denaturants on the EPR of reduced spinach ferredoxin
(370). In A, 0.005 M trichloroacetate is shown to modify the spinach protein signal
approximating it to that of adrenodoxin. In B, the presence of varying concentra-
tions of guanidine - HCl is seen to affect reversibly the appearance of the EPR,
the effect of the denaturant being similar to that of 6.5 M urea (shown in C)

trations (Fig. 28). In other words: the effects on the electron configuration
of the active site arising from the different primary structures of these
proteins could be mimicked by gently affecting the state of spinach
ferredoxin with a denaturant without perturbing the conformation of
the protein itself to any observable extent. The authors conclude that
the way the magnetic anisotropy of a 2Fe:2S protein changes “suggests
an effect due o a conformation-related strain variable in the paramagnetic
group of atoms’ (312).
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Fig. 28. Reported principal g values for various 2 Fe—2S proteins versus x {=gs—g3),
a rhombic distortion parameter. The straight lines are least squares fits of the data
points as explained in the original reference (372)

C. Discussion

An intimate coupling exists between the polypeptide chain and the active
site complex in the iron-sulfur proteins. It has recently been suggested
that the notorious differences in redox potential exhibited by HiPISP
and the clostridial ferredoxins may be a consequence of such interaction
(373). A diamagnetic ‘paired-spin’ state is assumed for the active center
which can become paramagnetic either by taking up (ferredoxin) or
giving out (HiPISP) a single electron. At the basis of the hypothesis is
the assumption that although both proteins can be in the intermediate
state only one of the two paramagnetic levels is compatible with each
polypeptide moiety. The way in which this occurs is not clear. Thus,
e.g. ‘.. .although both polypeptides surround the FesSy cluster with non-
polar amino-acid side chains, the two ferredoxin clusters are more accessible
to solvent” (312). However, as we have shown, solvent accessibility is as
much a dynamical as a static structural phenomenon. Similarly, there is
abundant evidence indicating that a change in the conformational
state of these proteins accompanies the redox transition. This change
was not detected (HiPISP) nor is it expected to be detected (ferredoxin)
by the crystallographic studies (373). Indeed, a change in the molecular
plasticity could be directly related to its biological mode of action in
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allowing the protein either to fit into the reductase (electron donor
substrate) or the oxidase (electron acceptor substrate) active sites (74).
It is such subtle aspects of the interaction between polypeptide con-
figuration and the iron chromophore that our survey of these proteins
has attempted to illustrate.

VII. Summary and Conclusions

A potential energy surface in the protein coordinate space exhibits a
number of energy minima that permit the protein to assume metastable
conformations that do not correspond to the absolute energy minimum.
By allowing a higher number of vibrational modes, a local non-absolute
energy minimum might still result in an absolute minimal conformational
free energy due to some entropy gain (374). In such a view, ligand-bind-
ing is considered to stabilize one of these metastable states thus resulting
in the possibility of significant conformational differences between the
ligand-free and ligand-bound protein (375). The iron-proteins reviewed
in this paper have exhibited this effect to different degrees.

The extent to which the metal can control the protein conformation is
reflected in the existence of non-planar peptide bonds in complexed
enterobactin (66), ferrichrome A (376) and rubredoxin (294). Obviously,
a situation of tension prevails that is relaxed upon metal release. It may
thus be asserted that in those cases where the molecular weight is not
too high (& 15,000 dalton) the energetics of the native structure is
mainly determined by the complexation event. In the extreme low
molecular weight case of the ferrichromes, with an iron-binding constant
of the order of 1039, the resulting free energy for metal complexation
(~41 kcal) appears to be large enough to account for the conformational
energy differences that have been estimated for cyclic hexapeptides by
different criteria (377). Indeed, if constancy of a minimum number of
amino acid residues is insured, such as glycyls located at peculiar chain
turning points (in general, residues that are evolutionary invariant),
the overall conformation of the iron-polypeptide globule is practically
unaffected by substitutions of amino acids of different charge or polarity.
In the ferrichromes, this kind of substitution results in conformational
shifts in the iron-free oligopeptide but not in the chelates.

As clearly shown by the ferrichromes and the bacterial ferredoxins,
the stability of the coordinated globule immediately reflects the single,
non-essential amino acid substitutions. These further introduce positive
and negative strains that are not strong enough to overcome the tight
conformational control imposed by the iron complexation but which
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modify the free energy trough where the molecule lies. However, the
forces arising from the protein part of the molecule should become
increasingly important as the polypeptide chain is lengthened. This
might explain why the ~14,000 dalton, 8 Fe:8S A. vinelandii fer-
redoxin exhibits a significantly higher stability in 4 M guanidine - HCI
and towards reaction with p-mercuribenzoate than the ~6,000 dalton
C. pasteurianum protein (243).

In high molecular weight proteins, the energetics of the residue-
residue non-bonding interactions appear to outweigh the conformational
influence of metal-binding so that the effect of the ligand is mainly to
stabilize the molecule in a conformation that is very similar to that as-
sumed by the apoprotein. However, although the geometry of the mole-
cule is only slightly altered, the state of the protein as a whole is affected.
On the basis of the hydrogen exchange kinetics, a minimal conformational
stabilization free energy of about 1.5 kcal/mole, has been estimated by
Ulmer for the iron-binding to transferrin (760, 378). Nevertheless, in
spite of their size, even the transferrins appear to exhibit the kind of
stability effects discussed above and which arise from the glycoprotein
composition: it has been shown (763) that human lactoferrin binds
Fe(III) about 8 times more avidly than the bovine milk protein and the
Jatter complex is about 35 times more stable than the human serum
species, the relative stabilities being in good agreement with previous
data on the H+ vs Fe3+ binding equilibria of these homologous proteins
(379).

By limiting our survey to the non-haem type iron proteins, the role
of the iron-porphyrin complex as a conformational factor has been delib-
erately excluded. There is, however, at least one instance where the
separate contributions of the iron and porphyrin moieties of haem have
been clearly resolved, namely in the case of horse heart cytochrome c
(~12,000 dalton). In this protein the tetrapyrrole ring is held through
two thioether linkages to cysteines 14 and 17, the central iron atom
being axially coordinated by sulfur and nitrogen atoms belonging to the
residues methionyl 80 and histidyl 18, respectively (7, 57 a). While the
protein lacks disulfide bridges, the crystallographic structure reveals the
haem group itself as a main folding influence on the molecule which,
upon reduction, assumes a relatively more compact structure [see (74)
and references therein]. The polypeptide backbone is 104 residues long
and provides the haem with a hydrophobic environment. By treating
the native protein with anhydrous HF, the iron atom can be displaced
and a porphyrin-cytochrome ¢ species obtained. On the basis of viscos-
ity, CD spectroscopic and fluorescence emission studies, Fisher ef al.
(320) have shown that while ferricytochrome ¢ and the demetallo
derivative have a similar, compact, globular shape in solution, under the

210



Metal-Polypeptide Interactions: The Conformational State of Iron Proteins

same conditions apo-cytochrome ¢ (¢.¢., the haem-free protein) exhibits
a more disordered structure. Consistently, the porphyrin-cytochrome c
and the native protein show approximately the same elution patterns
upon filtration in Sephadex G-50, being more retained than the apo-
protein. Judged by their relative lability towards heat and guanidine -
HCl, however, the porphyrin-containing derivative possesses a less
stable structure than the haem-containing molecule. Since upon removal
of the denaturant both the demetallo- and the haem-proteins spon-
taneously refold, it is obvious that the main factor responsible for the
native conformation is the porphyrin moiety. Thus, the ferric ion plays,
in this regard, mainly a structure-stabilizing role.

It is hoped that the examples reviewed and the discussion given
above have clarified why the title of this article refers to the ‘confor-
mational state’ rather than to the ‘conformation’ of iron proteins. At
times, the stability of the molecules was discussed in terms of certain
manifestations at the iron locus. This lead us, rather surreptitiously,
into probing the ‘entatic’ nature of the active site. Indeed, the stability
of the iron protein can be drastically affected by the action of denaturants
or by solvent perturbation, and this appears to be more clearly reflected
in the electronic state of the metal center than in any significant (static)
conformational effect.
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I. Biological Functions of Calcium

Calcium probably fulfills a greater variety of biological functions than
any other cation. Calcium homeostasis is likewise the most elaborate
fine control system for cation regulation found in higher organisms.
The isolation of calcium-binding proteins from many calcium-sensitive
biological systems and the tissue specificity of these proteins points
to the possibility that many binding proteins may play obligatory roles
in calcium function. We might profitably begin any discussion of cal-
cium-binding proteins with a survey of calcium functions in living or-
ganisms, as such a survey should indicate potential sources of binding
proteins.

Calcium appears to be an integral part of biological membranes and
may impart structural and functional integrity to membrane systems
(7, 2). Calcium stimulates the activity of membrane systems, as evidenced
by its effects on transport of cations and amino acids into cells and mito-
chondria (3, 4). The regulation of mitosis (5), sea urchin egg fertilization
(6) and the phytohemagglutinin-induced transformation of lympho-
cytes (7) are under calcium regulation. The secretion of many hormones
is a calcium-dependent process. This has been demonstrated for the re-
lease of insulin (&), thyroid stimulating hormone (9), lutenizing hormone
(70), vasopressin (77), oxytocin (72), growth hormone (73) and thyroxine
(74). Amylase secretion from salivary glands and pancreas is also cal-
cium-dependent (75) and may share a common mechanism with hormone
release. In nerve cells, calcium has at least three distinct functions,
including roles in the stimulus-provoked release of neurotransmitters
such as norepinephrine (76) and acetylcholine (77), the generation of an
action potential via a ‘calcium current’ in some neurons (78), and the
binding of transmitters to post-synaptic receptors (79). Contraction (20)
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and relaxation (27) of muscle are both regulated by tissue levels of
calcium. In plant tissues, calcium governs slime mold aggregation (22),
pollen tube growth (23) and cell wall extension (24). The formation of
bone is governed by the incorporation of calcium into the matrix of
that tissue (25), as is formation of the avian egg shell (26).

On a molecular level, calcium has been implicated as a regulator of
glycogenolysis and gluconeogenisis (27, 28), in the conversion of pro-
thrombin to thrombin (29), and in the assembly of microtubules (30).
There is a complex interplay between cellular calcium and the several
components of the cyclic nucleotide system (37, 32), including adenylate
cyclase, phosphodiesterase and protein kinase, and the proposal has been
made that in some instances calcium may act as a ‘third messenger’ of
hormone action, cyclic AMP being the second messenger (37). Lastly, a
variety of enzymes have been shown to be calcium-activated, including the
calcium-magnesium ATPase {33), several hydrolytic enzymes — deoxy-
ribonuclease (34), phospholipase (35), a variety of proteolytic enzymes
(36), and the a-amylases (37}.

We have delineated the sites of calcium action in biological systems
— these sites represent one potential source of calcium-binding proteins.
Implicit in this suggestion is the assumption, largely unproven, that
many actions of calcium are mediated through ‘calcium receptors’ within
cells. A rational search for calcium-binding proteins might consider two
other aspects of the biology of calcium. The intracellular levels of free
calcium are thought to be very low, less than 10-5M in neurons (38)
and 10-8M in kidney, for example. Calcium appears to be sequestered
to mobile receptors in the cytosol (38), to be accumulated by mito-
chondria (39, 40) and by microsomes (47), and to be bound to plasma
membranes (42). These subcellular binding sites which sequester calcium
represent another potential location for calcium-binding proteins.

The calcium-transport system is another potential source of binding
proteins. Transport into mitochondria, across plasma membranes and
through the intestinal mucosa and the renal tubule may be the function
of distinct transport systems, each of which may be the source of binding
proteins. The possibility of isolating bacterial mutants deficient both in
calcium uptake and in calcium-binding proteins offers an interesting
approach to the role of binding proteins in calcium transport.

In summary, one might expect to find calcium-binding proteins
playing six distinct roles in living systems: 1. binding sites on the outer
surface of plasma membranes, 2. transport carriers in cell membranes,
3. intracellular storage reservoirs of calcium, 4. intracellular receptors
linked to calcium function (i.e., in contractile systems), 5. as part of
matrix of mineralized tissues and, 6. as a co-factor in calcium-activated
enzymes.
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It is well known that calcium binds to non-protein anionic con-
stituents of cells, such as phospholipids (42), gangliosides (43), nucleic
acids (44), and ATP (45) and it may be assumed that non-protein sites
are also important in calcium binding in some biological systems.

All proteins might be considered to be calcium-binding proteins by
virtue of the affinity of carboxylate groups for cations, non-specific
binding is low affinity however, with binding constants of about 1 mM.
Likewise, many metalloenzymes may be non-specifically stimulated by
calcium and a variety of other divalent metal ions. I will therefore
restrict the scope of this review to include only those proteins which
have binding constants of at least 10-4M, and for which a functional
relationship exists between calcium and the physiological function of the
protein.

II. Assay of Calcium-Binding Activity

Metal-binding studies require equilibration of the metal ion and protein,
a means of separating protein-bound and free metal, and a sensitive
method for their quantitative determination. A variety of methods have
been used for studying ligand binding to proteins, including optical
(46), calorimetric (47), fluorescence (48), titrimetric (49), and radio-
metric procedures. Radiometric methods are almost exclusively used
for measurement of calcium binding, as the ready availability of calcium-
45 provides a rapid, inexpensive and sensitive means for the analysis of
this element. Calcium-45 is a f-emitting isotope which may conveniently
be counted by liquid scintillation spectrometry in Bray’s scintillator
(50) or other counting solutions which accept aqueous samples. To mini-
mize extraneous calcium contamination in binding assays the following
precautions have been suggested (57): 1. all glassware should be washed
in 1M HCl and deionized water, and, whenever possible, plastic apparatus
should be used. 2. All solvents are passed through columns of either
Dowex-50 or Chelex-100; the latter is used when Mg++ is also present.
3. Before binding assay, protein solutions are dialyzed against buffer
containing 1 mM ethylene glycol (bis-f-aminoethyl ether)-N,N’-tetra-
acetic acid (EGTA). 4. Acid-washed Whatman No. 41 filter paper is used
to wipe pipettes. These precautions reduced calcium levels in solutions
to 10-8M, whereas without them the contaminant calcium was increased
5—10 times. Several calcium-binding proteins appear to be unstable in the
absence of calcium, however, and this may mitigate against treatment of
these proteins with EGTA before binding assay. Dialysis tubing should
be exhaustively washed with dilute acid or EGTA before use (52).
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Several methods for separating protein-bound calcium from free
calcium have been utilized as binding assays. These include 1. the
use of Chelex-100 to bind free calcium, leaving protein-bond calcium
in solution for radioassay, 2. dialysis, either equilibrium or rapid-flow,
3. gel filtration, and 4. ultrafiltration. In the Chelex-100 assay of cal-
cium-binding (53) a mixture of protein, varying amounts of 45CaCly
and Chelex-100 resin are allowed to equilibrate in a series of conical
centrifuge tubes. The resin is sedimented by centrifugation and an
aliquot of each supernatant is removed for liquid scintillation counting.
Subtraction of these radioactivity values from those obtained from tubes
containing no protein gives the amount of protein-bound calcium. The
data can be expressed as a Scatchard plot (54) in which the ratio of
protein-bound calcium to free calcium is plotted against the amount of
protein-bound calcium. The slope of the linear portion of the curve ob-
tained is numerically equal to the binding constant and extrapolation
of the linear portion of the curve to its intercept with the x axis gives
the number of binding sites. The Chelex method enables one to assay
large numbers of samples simultaneously, but has several disadvan-
tages, including the need to use relatively large amounts of protein,
and variation of binding activity with the pH and ionic strength of the
medium. These effects make it more difficult to determine pH optima of
binding and the competition effects of other cations.

Equilibrium dialysis (95) is the most frequently employed method
for determining ligand binding to proteins. Even when the method is
scaled down, equilibrium dialysis requires at least 0.1 mg per sample
and better results are obtained with larger amounts of protein (i.e.,
larger volumes). Dialysis is usually permitted to take place for a mini-
mum of six hours, at which time determinations of free and protein-
bound radioactivity are made. Even though chemical equilibrium for the
binding reaction may be reached within a fraction of a second, a period
of hours is needed for the attainment of diffusion equilibrium. If the
calcium binding protein is labile under conditions, or if a calcium-
binding prosthetic group is removed from the protein by dialysis, this
procedure may be inappropriate. The method is also limited to proteins
of molecular greater than 12,000—15,000, which will not diffuse through
dialysis membranes. High concentrations of protein and low ionic
strength contribute to anomalous binding due to the Donnan effect and
should be avoided. One should also be certain that there is no signifi-
cant binding of protein to the dialysis membrane.

The need for prolonged dialysis inherent in equilibrium dialysis
methods has been circumvented by the development of a method in which
a flow-dialysis, or rate of dialysis, procedure is employed (56). This
method employs a dialysis cell with an upper chamber, containing the
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protein and a radioactive ligand, separated by a membrane from a lower
chamber, through which buffer is pumped at a constant rate, and from
which the effluent is sampled for measurement of radioactivity. In
flow dialysis, radioactive calcium is introduced into the protein solu-
tion in the upper chamber at a molarity considerably below that of the
binding protein. Calcium equilibrates immediately with the binding
protein, and the rate at which calcium enters the lower chamber is pro-
portional to the concentration of unbound calcium in the upper chamber.
This rate is determined by measuring the radioactivity in the effluent
from the lower chamber. After steady state conditions have been achieved,
a small volume (5—10 ul) of non-radioactive calcium is added to the
upper chamber to establish a new equilibrium in which an increased
fraction of the total calcium becomes free and diffusable. The concen-
tration of free 45Ca in the upper chamber increases immediately and the
concentration in the effluent approaches a new steady state. Additions
of non-radioactive calcium are made repeatedly and a series of values
are obtained for the fraction of free calcium at each concentration.

Flow dialysis thus uses a single sample of protein to obtain a complete
set of binding data at different calcium concentrations. A minimum of
200 pg of protein is required, however, and there is but slight over-all
saving of protein expended compared to micro-scale equilibrium dialysis
methods. The speed at which the assay can be run permits the collection
of reliable data from unstable proteins; however, one disadvantage of the
method is the practical inability to measure dissociation constants
below 10-6 to 10-7M. This arises from the fact that the rate of dialysis
is so slow that only about 0.19, of free ligand passes from the upper
chamber per minute and the effluent contains less than 0.01%, of the
concentration of free ligand in the upper chamber; this may be too
low to conveniently measure. The restrictions on molecular weight and
ionic strength which were discussed for equilibrium dialysis also apply
in flow dialysis methods.

An alternative to dialysis methods is the gel filtration technique
of Hummel and Dreyer (57), as modified by Price (58). A column of
Sephadex G-25 is equilibrated with a buffer containing a desired concen-
tration of calcium and 45CaCly, and is used for gel filtration of the
binding protein. As the process of gel filtration proceeds, the protein
migrates in the excluded volume of the column, removing calcium ions
from the column buffer until equilibrium is reached. The protein peak,
in the void volume of the column, contains above-base line amounts of
calcium. The amount of calcium bound to the protein can be found by
dividing the molar concentration of calcium above the base line value
by the molar protein concentration. A separate gel filtration run is used
to determine each point on the binding plot. This is at once time-consum-

226



Calcium-Binding Proteins

ing and rather wasteful in terms of protein required. Gel filtration would
seem to be the method of choice only in the case of dialyzable proteins
which can not be studied by other methods.

The ultrafiltration method, first introduced by Flexner (59) and
recently modified by Blatt et al. (60) and by Paulus (67) appears to have
several advantages over the other methods of binding assay. In the Paulus
method, solutions of binding protein and 45CaCly solutions of known
calcium concentration are filtered, under pressure, through UM-10
Diaflo membranes (Amicon Corp., Lexington, Mass.). The protein-bound
calcium is retained by the membrane and may be assayed by liquid
scintillation counting. A series of blanks containing no protein is run to
correct for calcium binding to the membrane. In the author’s laboratory
PM-10 membranes, which do not have ionic groups exposed, have been
found to bind much less calcium than UM-10 membranes and thus have
lower blanks, and in addition, have much faster flow rates than UM-10
membranes (62). The recent report (63) of variable results with different
lots of Diaflo membranes runs counter to our experience. Ultrafiltration
is run in an eight-chambered cell (Metaloglass Corp., Boston, Mass.) and
requires only about 20 ug of protein for each binding point. The method
is thus both rapid and sensitive. The protein must, of course, be retained
by the membrane; PM-2 membranes can be used for proteins of molecular
weight below 10,000. The uncertainty of running a binding assay under
conditions of constantly changing protein concentration has been dis-
cussed (64), but since the results from ultrafiltration experiments appear
to agree with those obtained by equilibrium dialysis this objection would
not appear to represent a serious difficulty.

One practical alternative to the radiometric methods is provided by
murexide, which forms a complex with free calcium (46). This complex
can be determined spectrophotometrically and used for the calculation
of unbound calcium. Bound calcium calculated by difference, enables
one to construct binding plots. This method has two advantages in special
cases; it is very rapid and therefore can be used for labile binding proteins,
and since no dialysis or ultrafiltration is needed it can be used with
low molecular weight peptides. About 1 mg of protein is required for the
murexide method.

III. Survey of Calcium-Binding Proteins

A compilation of those calcium-binding proteins with known affinity for
calcium is given in Table 1. In addition to the proteins listed in this
table we will, in this review, consider proteins which bind calcium with
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Table 1. Calcium-binding proteins with known bonding affinity

Name Source Kd (M) Moles Cat+ Mol.
bound per Wt
mole protein

Calsequestrin Sarcoplasmic

Reticulum 4 x10-4 43 44,000
Prothrombin Plasma 5% 10-9 3 70,000
Brain CBP-I1 Brain;

Adrenal medulla 2.5 x 16-5 1 11,500
DNAse A Pancreas 1.4 x 10-5 2 31,000

Insol. Calcium-
binding Glyco-

protein Mitochondria 4 %106 5 67,000
Vitamin-D-
Inducible calcium-
binding protein Avian duodenal

mucosa 3.8 x 10~6 1 24,000
Elastin Tendon 1.4 x 10-6 2 74,000
Troponin C Myofibrils 1.9 x 107 1 24,000
Soluble calcium-
binding Glycoprotein  Mitochondria 1x10-7 3 42,000
Parvalbumins Fish White

muscle 1x10-7 2 11,000

Calcium-binding
Glycoprotein Cartilage 1x 10~7 2 200,000

unknown affinity or low affinity in cases where the function of the pro-
tein is presumed to involve calcium binding. Calcium binding require-
ments for proteins performing ion storage functions, for example calse-
questrin, are quite different than those of proteins which are calcium
receptors, for example troponin. The affinity of a binding protein must
also be in the range of ligand concentrations that the protein is exposed
to in situ. The wide range of binding capacities and affinities are thus
reflective of the wide range of functional diversity of these proteins. In
some instances calcium binding proteins have been isolated from the
same tissue by different laboratories, and we shall consider the methods
of isolation and the properties of the isolated proteins in order to establish
their identity or non-identity.
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IV. Muscle Calcium-Binding Proteins

A. Introduction

The coupling of excitation and contraction in muscle involves the trans-
location of calcium bound to membranes of the sarcoplasmic reticulum
to binding sites on muscle fibers (65, 66). Skeletal muscle myofibrils have
two classes of binding sites, with affinity constants of 2.1 X 106M-1 and
3 x 104M-1 respectively; the high affinity binding site has been shown to
be troponin (67). No other myofibrilar proteins bind calcium with this
affinity, and one may conclude that troponin contributes calcium sensi-
tivity to muscle fibers (67, 68). The calcium binding activity of sarco-
plasmic reticulum has been attributed to calsequestrin (69), and to other
proteins which may in fact be identical to calsequestrin or which may
represent aggregates of calsequestrin. Transport of extracellular calcium
to the storage sites on sarcoplasmic reticulum is accomplished by a
Ca*t+—Mg++ ATPase of the sarcoplasmic reticulum membrane.

B. Calsequestrin

Before the isolation of calsequestrin, the focus of attention had been
directed toward the Ca*+-activated ATPase of sarcoplasmic reticulum as
being the key to the calcium economy of muscle. This ATPase is instru-
mental in Ca*+ transport (70, 77), but when the ATPase was found to be
incapable of physiologically significant calcium storage (72) several
laboratories were led to look at other protein components of sarcoplasmic
reticulum as potential calcium storage sites. Masoro and his-co-workers
first attempted to isolate the binding protein, employing a method which
involved extracting a membrane fraction prepared from sarcoplasmic
reticulum with buffer containing 10 mM sodium dodecyl sulfate (SDS)
and, following centrifugation to remove material not solubilized, to
remove the detergent by dialysis (73). The proteins remaining soluble
following dialysis (95%, of the membrane protein) were fractionated on
columns of Sepharose 4B in Tris buffer containing 8 M NaCl but no
detergent. The authors mention that attempts to solubilize the proteins
of sarcoplasmic reticulum without resorting to extraction with deter-
gents met with no success. These attempts included sonication and
delipidation with chloroform-methanol. Gel filtration of the SDS-solub-
ilized proteins produced an elution profile characterized by a small peak
at the void volume of the column and a large peak which was cleanly
separated from the first peak. The second peak, which the authors call
fraction 2, accounted for more than 909, of the protein applied to the
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column. Acrylamide gel electrophoresis of fraction 2 following SDS-
mercaptoethanol-induced dissociation produced one protein band, and
the conclusion was made that the protein of fraction 2 is comprised of
subunits of 6500—10,000 daltons. This protein was found to bind calcium
at two sites (66). The high affinity site has an association constant of
2 x 105M-1 and binds one mole of calcium per subunit, while the low
affinity site binds two moles of calcium per subunit with an affinity
constant of 1x 104M-1. The high affinity site showed a sharp pH
optimum of about 7, while calcium binding to the low affinity site increas-
ed with pH in a linear manner. It is uncertain whether subunit aggrega-
tion is a sine qua non of binding activity. It is of considerable interest
to distinguish between calcium storage sites on the interior of the
membrane and the transport ATPase. Fraction 2 had no Cat+—Mg*+
ATPase activity, but some activity was found following incubation of
fraction 2 with phospholipids extracted from sarcotubular membranes.

MacLennan used a similar extraction procedure, extracting rabbit
sarcoplasmic reticulum with buffers containing deoxycholate and remov-
ing detergent by dialysis (75). The protein which remained soluble
following dialysis was fractionated by ion-exchange chromatography
on DEAE-cellulose. The proteins eluted at a KCl concentration of 0.48 M
were then subjected to gel filtration on Sephadex G-200. Two peaks
were obtained; one at the void volume and a second, assymetrical peak.
The material in the leading portion of the second peak was applied to a
column of hydroxylapatite and eluted with a linear potassium phosphate
gradient. The last peak, which was eluted at 0.33 mM phosphate, contain-
ed a homogeneous calcium-binding protein, designated calsequestrin
by MacLennan and Wong (75). Calsequestrin and the transport ATPase
were clearly separable by electrophoresis in SDS-gels (75).

Calsequestrin has a molecular weight of 44,000 daltons and is an
acidic protein which contains non phosphorus, lipid or sialic acid (75).
It binds 43 moles of calcium per mole of protein with a dissociation con-
stant of 4 X 10-4M. Calsequestrin precipitates at calcium concentrations
greater than 10-4M; presumably this represents aggregation, as the pro-
tein will redissolve upon dilution or dialysis to lower the calcium con-
centration. Binding of calcium was measured over the pH range from
6 to 9 and exhibited a sharp decline at values below 7 and a slight
increase between 7 and 9. Boiling of calsequestrin solutions for 4 min.
resulted in only a 20%, loss of binding activity. The order of binding
affinity for calsequestrin was Ca*+>Cd++>Sr++>Mg*t. Mnt+ did
not compete with calcium for binding sites on calsequestrin. In contrast
to the calcium-binding proteins from intestine and nervous tissue,
calsequestrin appears to be a membrane protein solubilized only by
detergent treatment.
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Gergely and his co-workers have also reported the isolation of a
calcium-precipitable protein from sarcoplasmic reticulum and have
proposed it as a putative calcium-storage site in muscle (76, 77). This
protein was solubilized by extraction with Triton X-100 and was precip-
itated by calcium in electrophoretically homogeneous form. The mole-
cular weight of this protein was reported to be 54,000 daltons (77) and
it was found to bind 41 moles of calcium per mole of protein, with a
dissociation constant, measured in 0.1 M KCl, of 1.3 X 10-3. Binding
of calcium to this protein was inhibited by magnesium. What is the rela-
tion between the protein isolated by Gergely and calsequestrin? The
temptation to conclude that they are identical is strong, as on the basis
of their binding sites and levels in sarcoplasmic reticulum each protein
can account for the physiological binding of calcium to sarcoplasmic
reticulum, which is about 80—180 n moles per mg of protein (72, 77).
The two proteins were found to have identical electrophoretic behavior
by both MacLennan and Gergely. The binding data from both groups
are not directly comparable as the calsequestrin binding constant was
determined at very low ionic strength (5 mM Tris-HCI), where Donnan
effects may be important, and those for Gergely’s protein were done in
0.1 M K(l], an ionic strength which should obviate Donnan binding.

The identity of two other reported binding proteins from sarcoplasmic
reticulum is in doubt. Tropocalcin, isolated by Benson and Han may be
identical to calsequestrin (78) and cardioglobulin-C (79) may be identical
to the calcium transport ATPase (80), although the cardioglobulin has
also been demonstrated in blood plasma (79).

C. Troponin

1. Skeletal Muscle Troponin. Troponin, the calcium binding site on
muscle fibers, may be dissociated to yield several subunits, only one of
which exhibits high affinity calcium binding. The fractionation of tro-
ponin from skeletal muscle, which has a molecular weight variously
estimated between 35,000 and 80,000 daltons, into two protein compo-
nents was first demonstrated by Hartshorne and Mueller (82). These
workers used low pH and high salt to achieve dissociation and named
the two proteins troponin A and troponin B. Troponin A, with a molecular
weight of 18,500, was found to carry the high-affinity calcium-binding
site (83). Troponin B, the ATPase inhibitory factor, was heterogeneous,
being composed of one component with a molecular weight of 39,000
daltons and another with a molecular weight of 26,000 daltons. Hart-
shorne’s finding that the ATPase-inhibitory and calcium-binding activi-
ties of troponin could be resolved was confirmed by several laboratories,
but a universal nomenclature for troponin subunits has not yet evolved.
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Perry and his co-workers chromatographed purified troponin on
columns of SE-Sephadex in 6 m urea, obtaining two peaks (84). The first
peak, which was not bound to SE-Sephadex, had different electro-
phoretic properties than the second peak, which was eluted by 0.3 m
KCl. The first peak had greater electrophoretic mobility than did the
second, and the addition of EGTA to the electrophoretic system increased
the mobility of the first peak but did not affect the second. The second
peak was found to have the ATPase inhibitory activity of troponin
and has been designated as inhibitory factor, and the faster component,
as calcium-sensitizing factor. Further purification of the calcium-sensitiz-
ing factor has been achieved by chromatography on QAE-Sephadex in
buffers containing 6 M urea (85). Using a similar approach, Ebashs (20)
and Wilkinson (86) isolated three subunits of troponin.

Greaser and Gergely have also fractionated troponin under dissociat-
ing conditions, but have isolated four components (87). Previously this
group had reported that the isolation procedures employed by others
yielded heterogeneous troponin fractions (88), and attempted to com-
pletely resolve troponin into its subunits by chromatography on DEAE-
Sephadex in 50 mM Tris-HCI containing 6 M urea. This procedure gener
ated five UV-absorbing components (Fig. 1). Each fraction was assayed
by SDS-acrylamide electrophoresis, for its activity in inhibiting actomy-
osin ATPase and for its calcium-binding activity. These data permitted
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Fig. 1. DEAE-Sephadex chromatography of troponin in 6 M urea. Sixty milliliters
of a troponin solution (18.6 mg/ml) dialyzed against a solution containing 6 M urea
50 mM Tris (pH 8.0) and 1 mM DTT were applied to a column (30 X 4 cm) of
DEAE-Sephadex A-50. The protein was eluted with a linear gradient of KCL
(0) Absorbance at 280 nm, ((]) KCI concentration of effluent. Peak I 14,000 dalton
component; Peak II, TN-I; Peak III, TN-T; Peak IV, TN-C; Peak V, Nucleotide.
(Reproduced from Reference 87 with permission of Dr. Greaser, M.)
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the identification of three fractions with calcium binding (TN-C), ATPase
inhibition (TN-I) and tropomyosin binding (TN-T), (Table 2). The 14,000
dalton subunit was contaminated with three other proteins, TN-I and
TN-C were nearly homogencous, and TN-T also had other electrophoretic
components but could be purified by rechromatography (89).

Table 2. Identification of troponin sub-unitsd)

Peak No. Mol. Wt. Calcium Bound Percent Designation
(moles/105 g Inhibition of
protein) Actomyosin
ATPase
1 14,000 0 45 14,000 dalton
component
2 24,000 0 85 TN-I
3 37,000 0 20 TN-T
4 24,000 4.58 0 TN-C
5 No protein — — Nucleotide
a) Ref. (89).

Unfractionated troponin can bind about two moles of calcium per
mole of protein, but only one mole of calcium was found to bind to
purified TN-C (89). When TN-I, which has no calcium binding activity,
was added to TN-C in equimolar amounts two moles of calcium were
bound (Table 3). If, in the course of purification of TN-C, calcium is

Table 3. Calcium binding of wixtures of
troponin sub-units?d)

Sample Moles
Ca*+/mole of
TN-C

Troponin ~2

TN-C 1.06

TN-T 4+ TN-C 1.15

TN-I+TN-C 2.19

TN-T 4+ TN-I4+TN-C 2.20

a) Ref. (89).
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added before urea is removed by dialysis the TN-C obtained is also able
to bind two moles of calcium per mole; these experiments suggest that
the configuration is an important factor regulating the calcium-binding
activity of TN-C.

Drabakowski and his co-workers have reported the results of similar
experiments, which resolved troponin into four protein components, one
of which confers calcium sensitivity upon troponin (90). They have pro-
posed adopting the previously suggested nomenclature for the TN-T and
TN-C components but propose to call the 35,000 dalton component
TN-B (B for binding) rather than TN-T as suggested by Greaser et al.,
as this material was found to bind not only tropomyosin, but F-actin
as well (97). The 14,000 dalton protein, peak 1 in most fractionation
schemes, is considered by these workers to be an artifact generated by
proteolysis during the course of troponin purification and fractionation.
This contention is supported by the extreme lability of troponin (92)
and by trypsin treatment of troponin, which causes the rapid disappear-
ance of TN-I and the concomitant increase in lower molecular weight
components (93).

The amino acid composition of the calcium binding sub-unit as re-
ported by Hartshorne (83), Greaser (89), Perry (85), and Kay (94) seems
to be in mutual agreement, and we may talk of binding experiments from
these and other laboratories with reasonable confidence that they
describe properties of the same protein; we will refer to this protein as
TN-C. TN-C is an acidic protein with a slightly larger content of glutamic
acid than aspartic acid. It has a phenylalanine to tyrosine ratio of about
five and contains no tryptophan; as a result TN-C has a flat absorption
spectrum from 240 to 270 #M (85). Evidence for conformational changes
in TN-C during calcium binding are provided by several types of experi-
ments. The addition of CaCls to a final concentration of 10-3M results
in an increase of the molecular weight of TN-C from 22,000 to 40,000
daltons, presumably as the result of aggregation (94). Conformational
shifts at lower calcium concentrations were demonstrated with circular
dichroism studies (94). In the absence of calcium TN-C has an «-helical
content of 219, while in the presence of 5 X 10-4M calcium this figure
increases to 419, (Fig. 2). The addition of calcium to TN-C also causes
an increase in sedimentation coefficient from 1.36S to 1,925 at 5 X 10-3M
CaCly (94) with no increase in molecular weight, indicating an increased
symmetry is conferred upon TN-C by calcium binding. Calcium also
causes an increase in fluorescence of TN-C (95); fluorescence polariza-
tion studies indicate that calcium binding imposes restraints on tyrosine
motion within the molecular structure of TN-C (95) indicating a greater
rigidity of the more ordered helix. Troponin has two classes of calcium
binding sites, a high affinity site which binds one mole calcium per mole
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of protein with a dissociation constant of 0.19 X 10-¢M and a lower
affinity site, which binds one mole of calcium per mole of protein with a
dissociation constant of 5x 10-8M (83). A comparison of troponin

subunits and their nomenclature of different laboratories is provided
by Table 4 (96).
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Tig. 2. Far-ultraviolet circular dichroism of troponin-C in 50 wM Tris (pH 7.6) —
1M EGTA (A) and in 50 mM Tris {pH 7.6) — 5 x 10-4M CaCly (M). (Reproduced
from Ref. 94 with permission of Dr. Kay, C. M.)

2. Cardiac Troponin. The difficulties in isolating undegraded troponin
are greater when one attempts to prepare and fractionate this protein
from cardiac muscle. This is the result of the high content in heart of
myoglobin and cytochrome, which help to oxidize the labile sulfhydryl
groups of troponin and the high levels of cathepsin activity (97). Reddy
and Honig have used the Hartshorne method to isolate cardiac troponin
(96) and have found that cardiac and skeletal muscle troponins have
similar calcium binding properties but the binding of calcium by the
heart protein is more easily perturbed by drugs (98). Greaser et al. (89)
have fractionated cardiac troponin into its subunits for comparison with
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Table 4. Troponin nomenclature®)

Preparation

Troponin TN-I TN-T TN-C Criteria for

classification

Harishorne & Pyun (29)
Purified troponin A

Troponin B

Schaub & Perry (50)

Inhibitory factor
Schaub et al. (30)

EGTA-sensitizing factor
Wilkinson et al. (16)

14,000 dalton
23,000 dalton

37,000 dalton

Drabikowski et al. (33)

I
II
III

v

Ebashi et al. (15)
I

II

111

fraction I
X X
X X X
*
X
X
X
X
X
X
X
X

Ca*+ binding,
amino acid comp.
SDS gel mol wt

SDS gel mol wt

SDS gel mol wt,
amino acid comp.

SDS gel mol wt
SDS gel mol wt,
amino acid comp.
SDS gel mol wt,
amino acid comp.

Chromatography,
SDS gel mol wt
Chromatography,
SDS gel mol wt
Chromatography,
SDS gel mol wt,
Chromatography,
SDS gel mol wt

Amino acid comp.,
SDS gel mol wt
Amino acid comp.,
SDS gel mol wt
Amino acid comp.,
SDS gel mol wt

X, major constituent(s); *, suspected contaminant,

8) Ref. (96).

the corresponding skeletal muscle proteins. Three subunits were found
in cardiac troponin, with molecular weights of 40,000, 30,000 and
20,000 daltons. Only the 20,000 dalton component had an electrophoretic
mobility similar to the corresponding skeletal muscle troponin sub-unit;
this may indicate that only the calcium-binding subunit is common
to both troponins. Confirmation of this must await the assay of the

20,000 dalton cardiac subunit for calcium binding.
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D. Fish Parvalbumins

When muscles from amphibia and fish are homogenized at low ionic
strength, a group of soluble proteins called myogens is extracted. Fish
myogens are characterized by the presence of a group of acidic proteins
called the parvalbumins, which have molecular weights of about 11,000
daltons and high levels of phenylalanine, but one or no residues of
tyrosine, tryptophan, histidine, arginine, proline, cysteine or methio-
nine (99). These proteins exhibit high-affinity calcium binding (700),
and, largely through the elegant research of Pechére and his co-workers,
more is known about their structure than any other class of calcium
binding proteins. The investigation of parvalbumins culminated with the
recent determination of the amino acid sequence and three dimensional
structure of crystalline carp parvalbumin by Kretsinger and his co-
workers (707).

Detailed chemical investigation of the parvalbumins began with the
demonstration that the low molecular weight myogens of carp white
muscle were composed of three components, designated as 2, 3 and 5,
which could be separated electrophoresis (702). These proteins were not
present in red muscle of cod (702), demonstrating a protein difference
between the two types of muscle. The three cod parvalbumins have been
crystallized (703) and their amino acid composition has been determined.
The three proteins have only small differences in amino acid composition,
molecular weight and other physical properties.

Following this study, Pechére adopted a new method (704) of prepara-
tion of the parvalbumins which facilitated the comparison of proteins
from various species. The proteins are extracted from white muscle with
buffered 0.3M sucrose — 3 mM EDTA and salted-out with ammonium
sulfate at 709, saturation. Gel filtration on Sephadex G-75 separated the
parvalbumins from high molecular weight contaminants, which are
excluded from the column and elute in the void volume. In the last step
of the procedure, the parvalbumins are fractionated by ion-exchange
chromatography on DEAE-cellulose developed with a chloride griadent,
Using this method, five parvalbumins were found in carp muscle (704);
the number of parvalbumins varies from species to species. Hake maucle
contains one mafor and two minor parvalbumins, frog has two major
and two minor components, and turbot has three parvalbumins. Using
this method Bhushana Rao has found two major parvalbumins in cod
(105) and two in the pike (706). Nomenclature of these proteins presents
an operational difficulty; Pechére (104) suggests designating each parval-
bumin by its isoelectric point; i.e., Component 4.14,

As a consequence of the low level or absence of tyrosine and the
absence of tryptophan, the parvalbumins have a highly unusual UV
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spectrum, with virtually no absorbance at 280 #M (707) and several
peaks between 250 and 270 »M which may reflect buried phenylalanine
residues. No nonprotein constituents are present in the parvalbumins,
with the exception of calcium, which binds to the extent of 2 moles per
mole of protein (2); apparently calcium is bound to all members of the
group, although this point needs clarification. Binding constants were
obtained for the major hake parvalbumin and for two frog parvalbumins
(700). The hake protein has two high affinity calcium binding sites with
a dissociation constant of 0.1 X 10-6M and three low affinity sites which
a dissociation constant of 2 X 10~3M (700). The two frog proteins have
similar binding properties, which are close to the binding constant
reported for hake parvalbumin (704).

Amino acid sequence charts have been constructed for the major
parvalbumin of hake (708) and for one of the carp proteins (707). Elec-
tron density maps and the elucidation of the three dimensional structure
of the carp protein have been accomplished by Kretsinger (107). The
nature of the calcium binding site was determined from these data;
calcium was found to be coordinated by the carboxyl groups of three
aspartic acid and one glutamic acid residues. The residues involved in the
tetrahedral coordination lie in the sequence Gly-Asp-Ser-Asp-Gly-Asp-
Gly-Lys-Ile-Gly-Val-Asp-Glu. No grooves or ridges in the topology of
this protein were found and the authors accept this finding as indicating
a lack of enzymatic activity of the parvalbumins. This is in concert
with the conept that these proteins represent evolutionary precursors
of troponin and play a TN-C-like role in lower vertebrates (707). TN-C,
however, has a molecular weight twice as great as the parvalbumins
and it has been suggested that troponin arose via duplication of the genes
coding for parvalbumin (709).

V. Vitamin D-Inducible Calcium-Binding Proteins

A. Avian Proteins

Experimental Vitamin D deficiency decreases the intestinal absorption
of calcium. Treatment of rachitic chicks with Vitamin D restores normal
levels of calcium absorption. This effect of Vitamin D is blocked by prior
administration of actinomycin D (770, 777), indicating that macro-
molecular synthesis is a requisite to the expression of Vitamin D activity.
This indication led to the finding of calcium-binding activity in the
supernatant fraction of homogenates of Vitamin D-treated, but not
rachitic chicks (772), (Fig. 3). Wasserman and Taylor and their co-workers
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Fig. 3. Distribution of proteins and calcium-binding activity in fractions of rachitic
(A) and Vitamin Dg (B) supernatant after gel filtration on Sephadex G-100. Elu-
tion was performed with Tris buffer (pH 7.4). (Reproduced from Ref. 113 with
permission of Dr. Wasserman, R. H.)

have, in a comprehensive study, isolated and purified this protein from
chick intestinal mucosa (773, 774). This portein is Vitamin D-inducible
and appears to participate in calcium transport across the intestinal
epithelium.

To isolate the protein, day old chicks were placed on a Vitamin D-
deficient diet (772) and, at the age of 4 weeks, the rachitic birds were
given a single dose of 500 IU of Vitamin D3, orally or by intramuscular
injection. Three days later the animals were sacrificed and the duodenal
mucosa was homogenized in five volumes of a buffer containing 0.0137 M
Tris, 0.12 M NaCl and 4.74 mM KCl, pH 7.4. The homogenate was cen-
trifuged 20 min. at 37,000 X g and the supernatant was used for the
isolation of a calcium-binding protein. Calcium-binding activity was
salted-out by 759, saturated ammonium sulfate and the proteins in this
fraction were applied to a column of Sephadex G-100. The calcium-binding
protein eluted in the first of three UV-absorbing peaks; analytical electro-
phoresis revealed the presence of several protein bands. The proteins in
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this fraction were subjected to preparative discontinuous electro-
phoresis on 159, acrylamide gel. This step yielded a peak of calcium-
binding protein which migrated as a single band during analytical electro-
phoresis in 10%, acrylamide gel at pH 7.9 and at pH 8.3. Upon electro-
phoresis in 3.59%, acrylamide at pH 8.9 a second faster moving protein
component was found. This second band, apparently a minor contam-
inant, did not appear in preparations made from tissue taken from rachitic
chicks. Both bands are said to possess calcium-binding activity and the
suggestion has been made that the minor band represents a degradation
product of calcium-binding protein, formed during isolation (774).

The molecular weight of intestinal calcium-binding protein was
determined by two methods. Gel filtration on a column of Sephadex
G-100 previously calibrated with molecular weight marker proteins
gave a value of 28,000 daltons. Sedimentation equilibrium centrifugation
gave values ranging from 24,000 to 28,000 daltons. No data are presently
available to indicate if this protein is comprised of two or more sub-units.
Tests for lipid, phosphorus, carbohydrate and sialic acid were negative
(774). The sensitivity of the assay used for phosphorus would have
detected 0.29, or less of phosphate; one mole of phosphate per mole of
CBP corresponds to 0.2%, indicating that one residue of protein bound
phosphorus might not have been detected. Attempts were made to label
CBP by injecting 32P-labeled phosphate; this was not successful. The
assay of the phosphate content of this protein with a more sensitive
assay procedure and a study of the effects of phosphatase treatment on
its calcium binding activity would be informative. The finding that CBP
appears to bind lysolecithin and that lysolecithin-bound calcium-binding
protein has greatly reduced electrophoretic mobility and a reduced
ability to bind calcium (775) is interesting but difficult to interpret. The
altered electrophoretic mobility might reflect the detergent properties
of cationic lysolecithin and thus might be a common attribute of acidic
proteins. Alternatively, it might be indicative of possible binding of
calcium-binding protein CBP to cell membrane lipids n sifu.

The amino acid analysis of chick intestinal calcium-binding protein
revealed a high content of aspartic and glutamic acids and lysine. These
features are common to all low molecular calcium-binding proteins.

The chick intestinal calcium-binding protein exhibits high affinity
calcium binding of one mole of calcium per mole of protein with a dis-
sociation constant for calcium equal to 3.8 X 10-6 M (774). Binding of
calcium exhibits a biphasic dependence upon pH, with binding maxima
at pH 6.6 and pH 9.6 and a shallow trough at pH 7.6 (776). Calcium
binding shows a relatively small dimunition as the ionic strength of the
binding medium was increased by the addition of either NaCi or KCl
up to 0.15 M (776). The addition of urea produced a reversible inhibition
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of binding at high urea concentration (> 1 M) (776), suggesting a con-
formational requirement for calcium binding. Circular dichroism studies
(776), however, suggest that the binding protein, which has about 35—
409, o-helical content, does not undergo appreciable changes in con-
formation as a result of calcium binding. No data were presented in this
study to indicate that were the calcium binding protein used in the di-
chroism study was free of bound calcium.

Calcium binding was found to be antagonized by other divalent
cations; the order of affinity being:

Ca2t > Cd2t > Sr2+ > Mn2+ > Fe2t > Zn2t+ > Ba2+ > Mg2+. Co2+ and Ni2+

did not appear to compete with calcium for binding to the protein. Sulf-
hydryl reagents do not inhibit calcium binding, nor do certain compounds
containing quarternary ammonium groups such as choline, acetylcholine
or propionyl choline. However, acyl groups of more than 13 carbon atoms
which are adjacent to a quarternary ammonium group block calcium
binding (776).

The chick intestinal calcium-binding protein was found in all por-
tions of the small intestine and in kidney (773), both in Vitamin D-
treated rachitic chicks and in chicks fed a normal diet (777). The pro-
tein was not found in the avian shell gland (720), muscle (70), colon (773),
liver (713), pancreas (774), bone (774), or blood plasma (774). A specific
antiserum was prepared by immunizing rabbits with the chick protein,
and this anti-serum was used for immunofluorescence histochemistry
(774). Specific immunofluorescence was found in the surface coat-micro-
villar region of all intestinal epithelial cells. Studies in which chicks were
placed on a rachitogenic diet (777) demonstrated a good correlation
between levels of calcium binding protein in duodenal tissue and the
absorption of calcium by ligated duodenal loops, indicating a probable
role for the binding protein in the absorption of dietary calcium. There
also appears to be a correlation between levels of calcium-binding protein
biological calcium demand, as levels of the duodenal protein are higher
in younger birds (777) and higher in hens during egg production (777,
779). Dietary calcium restriction was also found to cause a compensatory
increase in duodenal binding protein (779). Whether or not the duodenal
protein functions as a transmucosal ion carrier remains to be determined.
The avian calcium-binding protein is also present in kidney, where it
may serve to regulate calcium reabsorption, and thus serum calcium
levels (773, 121).
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B. Mammalian Proteins

Calcium-binding proteins have been found in the intestinal mucosa of
several mammalian species. While none of these has been studied as
extensively as the avian protein, certain species-related differences have
been recognized. Kallflelz, in Wasserman’s laboratory, reported the
existence of two calcium-binding proteins in rat duodenal mucosa (722).
These two proteins are readily separated by gel filtration on Sephadex
G-100. The larger of the two proteins is excluded from the column and is
found in homogenates made from tissue taken from animals which were
rachitic or from rachitic animals which had been treated with Vitamin
Dj. Vitamin Ds-treated animals had none of this higher molecular weight
binding protein, but did have lower molecular weight calcium-binding
activity which was absent from rachitic or vitamin Dg-treated rats.
This study, which suggested the presence of a high molecular weight
precursor to the Vitamin Dg-inducible calcium binding protein was
followed by two further reports of the rat protein. Ooizumi (723) has
isolated two duodenal calcium-binding proteins and reports that the
molecular weight of the larger is greater than 100,00 daltons, and that
of the smaller protein is 24,000 daltons. These proteins were isolated by
procedures similar to those of Wasserman (7713); the use of heat-treat-
ment (60 °C for 5 min.) to coagulate inactive proteins, followed by gel
filtration and ion-exchange chromatography of the active principle.
Ooizumi’s data seem to be in general agreement with those of Wasserman
but distinctly different from the report of Drescher and DeLuca who
used an isolation procedure (724), employing neither heat treatment nor
ammonium sulfate salting-out. Isolation of a homogeneous protein was
accomplished by two procedures, one using Sephadex G-100 followed
by CM-Sephadex chromatography, and a second technique of repeated
gel filtration on Biogel columns. The molecular weight of this calcium-
binding protein was 13,000 daltons as determined by gel filtration and
gel electrophoresis on polyacrylamide containing 9 M urea. Equilibrium
centrifugation gave a value of 8,200 daltons. The difference between these
values is most probably due to the ellipsoidal nature of the protein. The
low yields of this protein (about 20 ug per animal) and its lability bave
prevented detailed investigation of its chemical properties and calcium-
binding activity. It has been possible to label the protein by the injec-
tion of 3H- or 14C-amino acid mixtures however, and the evidence ob-
tained by this technique indicates that Vitamin D causes the conversion
of a precursor protein to calcium-binding protein (725). The precursor
has a molecular weight only slightly greater than the calcium binding
protein (725). Several factors may explain the higher molecular weights
reported for the binding proteins by Ooizums. DeLuca mentions that this
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procedure avoids the use of heat or ammonium sulfate, potential aggre-
gating agents. It is also true that DeLuca’s procedure is essentially cal-
cium free, whereas Ooizumi determines molecular weights in the pres-
ence of 5x10-6 M CaCly (723), which can cause aggregation of other
calcium-binding proteins {see Section VII B}.

Wasserman and his co-workers have also purified calcium-binding
proteins from canine (726) and bovine (727) duodenal mucosa. The
canine protein has a greater electrophoretic mobility than the chick
protein and also differs from the chick protein in its resistance to trypsin-
induced loss of binding activity and lack of immunological cross-reactivity
to the chick protein antiserum. The extract of bovine duodenum contains
two calcium binding proteins. The major calcium-binding component is
an acidic protein of molecular weight 11,000. These properties are similar
to those of the porcine and bovine brain calcium-binding proteins (see
Sections VII C and D) and a detailed comparison of the duodenal and
brain proteins will doubtless prove to be interesting.

An intestinal Vitamin D-inducible calcium binding protein was found
in monkeys (728); this protein, unlike those from the dog and cow, has
a lower electrophoretic mobility than the chick protein, but no chemical
data other than this observation have been reported. Reports on the
presence of two calcium-binding proteins from human intestinal mucosa
(729, 130) are very preliminary and aside from the indication that one of
the proteins has a molecular weight of about 20,000 they provide little
solid information. The same or a similar protein was also isolated from
human kidney (737), and it appears probable that the calcium-binding
protein recently found in lactating bovine and rat mammary gland (732)
s identical to the intestinal protein.

VI. Prothrombin

A. Introduction

The clotting of blood takes place when fibrinogen is converted to fibrin,
an insoluble protein. Thrombin is required for this proteolytic event to
occur and thrombin is, in turn, derived from a precursor, prothrombin.
The conversion of prothrombin to thrombin requires calcium (733),
phospholipid (734), and Factor V (735). In addition, Vitamin K is needed
for the clotting process and it is believed to act at some stage of pro-
thrombin synthesis, probably at a post-translational site (736). The
administration of the Vitamin K antagonist dicumarol results in the
synthesis of a biologically inactive prothrombin (737). A key feature of
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prothrombin’s activity is its ability to bind calcium and this property
appears absent in the dicumarol-induced protein. Interest in this area
has centered about attempts to determine the change in prothrombin
structure induced by dicumarol and to relate such change to a deficiency
in binding activity. The isolation of blood clotting factors is made diffi-
cult by the proteolytic properties of thrombin; heroic measures are often
used to circumvent this difficulty.

B. Chemical Properties and Calcium Binding

Most isolation procedures for prothrombin are modifications of the
method introduced by Moore (7138). Barium chloride is slowly added to
citrated bovine or canine blood plasma and a barium citrate precipitate
with adsorbed prothrombin is collected by centrifugation. The precip-
itation is repeated two times and proteins are eluted from the final
barium citrate precipitate by dialysis against 0.2 m EDTA. Prothrombin
is next salted out at between 50 and 679, saturated ammonium sulfate.
The prothrombin-containing solution is adjusted to pH 5.35 and cen-
trifuged to remove protein impurities. The supernatant is adjusted to
$pH 4.60 to effect the isoelectric precipitation of prothrombin. Additional
impurities are removed by absorption on kaolin and on bentonite and
the prothrombin-containing solution is stored at —85°C (738). This
procedure was modified by Ingwall and Scherage (139) who further puri-
fied prothrombin prepared by Moore’s method, using chromatography
on DEAE-Sephadex A-50 eluted with a linear salt gradient; electro-
phoretically pure prothrombin can be prepared by this method. Several
variations on this procedure have been introduced, including the use of
different chromatographic elution (740, 747) conditions. Proteolytic
losses plague workers in this area and the use of buffers containing 1 mM
diisopropylfluorophosphate to inhibit proteolytic enzymes, as suggested
by Hanahan (142), is often practiced (747), despite the potential dangers
of large-scale preparations containing this most toxic substance.
Purified prothrombin has a molecular weight of 72,000 (743). Glut-
amic and aspartic acids are present in the highest amounts; the phenyl-
alanine to tyrosine ratio is almost 1 (743). Prothrombin is a glycoprotein
‘containing sialic acid, mannose, galactose, and N-acetylglucosamine
(135,137, 138) and 1 mole of phosphate per mole of protein (744). The
protein migrates as a single band during electrophoresis in acrylamide
gels containing 8 m urea (744) or SDS (743, 744) but it resolves into three
fractions during isoelectric focusing in acrylamide gels containing 7. 5M
urea in a pH 3 to 7 gradient (743), indicating possible microheterogeneity.
An alternate explanation would invoke the presence of proteolytic
breakdown products of prothrombin. Stenflo reports that prothrombin
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binds 10—12 moles of calcium per mole of protein (745). Three moles of
calcium are bound to one class of binding sites with an affinity constant
of 2 x 104 M—1. The Scatchard plot suggested that these sites exhibit
positive cooperativity; a Hill plot of the same data confirmed this effect
(745). The remaining calcium was bound with much lower affinity; this
may represent non-specific binding. The cooperativity of calcium binding
has also been found by Nelsestun and Swuitie who report that four moles
of calcium are bound per mole of protein (746), with a wide pH optimum
of binding over the range from pH from 8 to 9.

C. Dicumarol-Induced Prothrombin

Biologically inactive prothrombin, which appears following dicumarol
administration, does not adsorb to barium citrate or barium sulfate (740,
744), which remove normal prothrombin. The supernatant from this
adsorption step is fractionated by chromatography on DEAE-Sephadex
followed by gel filtration on Biogel P-200 and a second DEAE-Sephadex
step (744). An alternative procedure employs chromatography on DEAE-
Cellulose, DEAE-Sephadex, hydroxylapatite, and recycling on Sephadex
G-100 (740). Both methods yield a product which is electrophoretically
homogeneous. This protein cross-reacts with antibodies to normal pro-
thrombin (743), has an identical amino acid composition and identical
carbohydrate and phosphorous contents (744, 745). This protein does not
have the clotting activity of prothrombin (740, 744), however, and this
may be related to its diminished calcium-binding activity. Binding studies
with dicumarol-induced prothrombin indicate that it binds less than one
mole of calcium per mole of protein at a calcium concentration of 1 mM
(746). The structural basis for the difference in activity has been under
active investigation in the laboratories of both Swuifie and Sitenflo.
Even though the normal and dicumarol-induced prothrombins have
similar reaction with prothrombin antibody, identical amino acid and
carbohydrate composition and similar peptide maps following tryptic
digestion (743), the two proteins have slight differences in mobility when
they are subjected to electrophoresis in the presence of calcium (740,
743). That a conformational difference between the two proteins exists
is indicated by differences in quantitative precipitin curves run with and
without calcium; normal prothrombin had a far greater immunepre-
cipitation with calcium than with EDTA, whereas dicumarol-induced
prothrombin showed no such difference (743). Stenflo postulates that
the altered conformation is due to an abnormal pairing of disulfide bonds
in dicumarol-induced prothrombin (743). This contention is supported
by the finding that there are slight differences in electrophoretic mobility
of the two proteins, or cyanogenbromide fragments from the two proteins,
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in 8 M urea, but no such differences are seen after reduction and alkyl-
ation of their disulfide bonds. It has not yet been possible to relate the
structural alteration and loss of calcium-binding activity in molecular
terminology.

VII. Calcium-Binding Proteins in Nervous Tissue

A. Introduction

The release of vesicular stores of acetylcholine and norepinephrine which
occurs when appropriate neurons fire is a calcium-dependent process
(747, 748). The precise nature of the role of calcium in the stimulus-
secretion coupling is poorly understood, and may be similar mechanistic-
ally to the calcium-dependent release of hormones, such as insulin and
the peptide hormones of the pituitary gland (740). Katz and Miledi have
largely been responsible for the promulgation and acceptance of the
calcium hypothesis of stimulus-secretion coupling. According to this
concept, extra-cellular calcium, which enters the cell during depolari-
zation, combines with specific receptor molecules on the inner surface
of the axonal membrane and on the surface of the synaptic vesicles (750).
The resulting neutralization of negative charges on the vesicle and plasma
membranes allows the vesicles to collide with and then fuse with the
plasma membrane, bringing about a release of vesicle contents by exo-
cytosis. Calcium attached to specific membrane receptors is called
‘active calcium’ by these authors. Berl, in a recent extension of this
hypothesis (757) speculates that the calcium-sensitive sites on the plasma
membrane and vesicle correspond to neurin and stenin, subunits of neu-
rostenin, a contractile protein from brain which is similar to actomyosin.
Studies with injection of 45Ca into squid giant axons have demonstrated
that intracellular calcium of neurons exists almost entirely in bound form
(752); this finding strengthens the case for macromolecular calcium
receptors in neurons. Three calcium-binding proteins which appear to
be specific to nervous tissue have been isolated to date — the S-100 pro-
tein and two structurally similar acidic proteins.

B. S-100 Protein

If mammalian brain is homogenized in aqueous buffers and the resulting
extract is brought to saturation with ammonium sulfate, a brain specific
acidic protein, called S-100 protein, remains in solution (753). Several
laboratories have reported that S-100 protein is heterogeneous (754,—
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756), and Levine has suggested that the heterogeneity is the result of
different states of aggregation of the three subunits of S-100 (757). The
subunits of S-100 all have a molecular weight of 7,000 — one subunit
can be separated from the other two by ion-exchange chromatography
on DEAE-Sephadex in 8 M urea. The calcium-binding activity of S-100
has been investigated by several methods. Equilibrium dialysis indicates
that the protein binds eight to ten moles of calcium per mole of protein
with a dissociation constant of 1 M, while enhancement of S-100 fluor-
escence by calcium was found to follow an S-shaped curve, indicating
that there are two classes of binding sites with a dissociation constant
of 0.65 mM. If S-100 protein is subjected to acrylamide gel electrophories
in a series of gels containing increasing amounts of calcium, a progressive
increase in electrophoretic mobility and an increase in the number of
protein bands from one to five was observed over a range of calcium
concentrations from 0 to 1.6 mM. Substitution of magnesium for calcium
results in no changes in electrophoretic mobility, indicating the specificity
of the calcium effect. The multiple bands produced by the inclusion of
calcium were shown to be immunologically identical, so it appears as
if calcium can produce appreciable aggregation of S-100.

The finding that S-100 appears largely confined to glia, coupled with
its relatively low affinity calcium-binding make it appear unlikely that
this protein is the neuronal calcium receptor of Katz and Miled:.

C. Brain CBP 1

Aqueous extracts of pig brain were found to contain calcium-binding
activity which was salted-out by ammonium sulfate between 609, and
1009, of saturation (758). When the proteins of this fraction were
chromatographed, using step-wise elution from ECTEOLA-cellulose,
two peaks of calcinm-binding activity were found. One calcium binding
protein was not retained by ECTEOLA cellulose in 5mM Tris buffer,
pH 7.4. We will designate this protein as brain calcium-binding protein
I (Brain CBP-I). When the ECTEOLA cellulose fraction containing
brain CBP-I is incubated with 45CaCly and subjected to gel filtration
on columns of Sephadex G-75, a single peak of protein-bound radio-
activity was observed. The fractions comprising the protein bound
radioactivity were pooled and fractionated by gradient elution on DEAE-
cellulose. Five peaks were generated and only one of these had appreci-
able calcium-binding activity. This peak was found to contain electro-
phoretically homogeneous CBP-I.

Brain CBP-I has a molecular weight of 13,000 and contains no con-
stituents other than amino acids. It does not display electrophoretic
heterogeneity in the presence of calcium and may easily be distinguished
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from S-100 by its lack of solubility in saturated ammonium sulfate and
lower electrophoretic mobility. The small amounts of this protein which
can be isolated from brain and its lability have thus far prevented the
accurate determination of calcium binding parameters.

D. Brain CBP II

The second calcium-binding protein present in the soluble extract of pig
brain is eluted from ECTEOLA cellulose by 50 mM Tris HCl pH 7.4
containing 0.32 M NaCl (759). This protein will be designated brain
CBP-11 for the sake of clarity of this discussion. The ECTEOLA-cellulose
fraction containing this protein was incubated with 45CaCls and subjected
to gel filtration on Sephadex G-75. A single peak of protein-bound
radioactivity was found, and no free calcium peak was detected {Fig. 4).
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Fig. 4. Gel filtration (Sephadex G-75) of the soluble proteins from pig brain which
are eluted from ECTEOLA cellulose at a NaCl concentration between 0.1 M and 1
M. The proteins in this fraction were concentrated in a Diaflo apparatus and
incubated with 25 uCi 45CaCly before gel filtration. Absorbancy at 750 #M follow-
ing Lowry reaction (—); radioactivity (---). From Ref. (759)

This fraction when analyzed by electrophoresis in 15%, acrylamide gels
was found to contain three major protein bands and at least five minor
components. Only one band of protein-bound radioactivity was found
when duplicate gels were sliced and radioactivity was determined. The
calcium binding protein was purified to homogeneity by chromatography
on hydroxylapatite.
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Treatment of brain CBP-11 with alkaline phosphataes resulted in the
loss of calcium binding activity and a marked shift to electrophoretic
mobility. This indication of protein-bound phosphate in brain CBP-II
was confirmed by chemical analysis which indicated the presence of
ten moles of phosphate per mole of protein. No carbohydrate or lipid
moieties were detected.

Calcium binding was assayed by ultrafiltration and was found to
exhibit a pH optimum at about 7.4. One class of binding sites is present
which bind one mole of calcium per mole of protein with a dissociation
constant equal to 2.5 x 10-3M. Calcium binding was competitively in-
hibited by other divalent cations; the binding affinity being Catt,
Mn++, Sr++, Bat+, Mg++ (760). Lanthanum salts irreversibly precipitate
brain CBP-II. Those cations which are the most effective inhibitors of
calcium binding to this protein are also the most active for n vitro
calcium-dependent release of neurotransmitters.

One calcium-binding protein has been detected in aqueous extracts
of adrenal medulla. This protein has been isolated and purified to homo-
geneity (767a). The adrenal protein and brain CBP-II have identical
molecular weight, amino acid composition, peptide composition following
tryptic digestion, and calcium-binding properties. Brain CBP-I and
CBP-11 are not found in liver, kidney parotid gland, lung, adrenal
cortex or duodenal mucosa, and the possibility that CBP-1I is present
only in adrenergic neurons has been suggested (767 a).

A calcium-binding protein has recently been isolated from the optic

lobes of squid and cuttlefish by Alema and his co-workers (767 ).
This protein is acidic, has a molecular weight estimated at between
13,000 and 15,000 daltons, and binds calcium with a dissociation constant
of 2.5 x 10-5M. With the aid of immunological methods these workers
have shown that the calcium-binding protein is eight or nine times more
concentrated in the axoplasm of squid giant axon than in optic lobes of
the same organism. It is also present at high levels in the sheath of this
axon, but this might represent axoplasmic contamination. The similarities
between chemical and physical properties of this protein and brain CBP-
IT suggest that they may in fact be the same material with species
differences accounting for the very few inconsistencies in amino acid
composition.
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VIII. Mitochondrial Calcium-Binding Proteins

A. Calcium Accumulation by Mitochondria

Mitochondria actively transport calcium and the accumulation of calcium
is reported to stimulate mitochondrial functions, including steroid hy-
droxylation (762). Calcium transport into mitochondria is inhibited by
ruthenium red (763), a polysaccharide stain. This finding has prompted
several laboratories to attempt the isolation of calcium-binding glyco-
proteins from mitochondria in an effort to identify the molecular con-
stituents of the ‘““calcium carrier”. Although several calcium binding
glycoproteins have been isolated from mitochondria their functional
significance in calcium transport is yet to be established.

B. Insoluble Calcium-Binding Factor

The extraction of rat liver mitochondria with distilled water solubilized
calcium-binding activity which was salted out by ammonium sulfate
at 10%, of saturation (764). The salting-out step appears irreversible,
as efforts to redissolve the calcium-binding activity in aqueous media
were not successful. Electrophoresis in SDS-gels yielded one major
protein component and 4 minor bands. The major component had a
molecular weight of 67,000. Calcium-binding studies were performed by
equilibrium dialysis of suspensions of the insoluble factor prepared by
sonication for brief time intervals. Scatchard plots revealed two classes
of binding sites, a class of low affinity sites with a dissociation constant
of 5 x 10-4M and a capacity of more than 900 » moles per mg of protein,
and a class of high affinity binding sites with a dissociation constant of
4 x 10-6M and a capacity of from 48 to 70 » moles of calcium per mg of
protein. Calcium binding was found to be antagonized by lanthanum and
ruthenium red but not by uncoupling agents or respiratory inhibitors.
Chemical analysis demonstrated the presence of hexosamines, sialic
acid, lyso-phosphatidyl choline, free fatty acids and phosphoprotein
phosphorus. The calcium-binding activity was very labile; all activity
was lost during two hours of dialysis in the presence of low concentrations
of calcium. The possibility that dialysis removes a low molecular weight
calcium binding prosthetic group was suggested but no evidence support-
ing this contention is available.

C. Soluble Calcium-Binding Glycoprotein

Ox liver mitochondria were swollen in hypotonic Tris buffer and then
were shrunk in hypertonic sucrose. This technique liberated a mito-
chondrial glycoprotein which was purified by preparative electrophoresis
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and found to have a molecular weight of 42,000 (765). Calcium binding
was determined by flow dialysis and two classes of binding sites were
found. The low affinity sites, which bind about 600 »# moles of calcium
per mg of protein have a dissociation constant of 10-5M. The high affinity
sites, which bind about 72 »# moles of calcium per mg of protein have a
dissociation constant of 10-7M. Calcium binding was found to be inhibited
by lanthanum and ruthenium red. Non-protein constituents included
sialic acid, galactosamine, glucosamine, glucose, xylose and phospho-
lipids.

It has been suggested that the chemical properties and calcium-
binding activities of the soluble glycoprotein are similar to those of
the insoluble mitochondrial glycoprotein (764), and that the insoluble
factor is a denatured or aggregated form of the soluble calcium-binding
protein. To validate this hypothesis it will be necessary to reconcile
the extreme lability of calcium-binding activity of the insoluble protein
with the findings that the soluble protein retains considerable activity
after one hour exposure to a temperature of 100 °C, and also with the
observation that the higher molecular weight glycoprotein fails to dis-
aggregate during electrophoresis in SDS gels.

IX. Calcium-Binding Proteins from Mineralized Tissue

A. Elastin

Elastin and the mitochondrial glycoprotein isolated by Lekninger
(Section VIIIB) are the only known insoluble calcium-binding proteins.
The solubility properties of elastin derive from its highly cross-linked
state. In the cross-linking of elastin chains lysine residues are converted
to desmosine, isodesmosine and lysinonorleucine, which are found in no
other proteins (766). Lysine residues are therefore lost, and upon hydro-
lysis and assay elastin is found to have no detectable lysine (767). If
animals are made copper deficient by dietary restriction and disulfide
feeding (768) the amount of elastin, but not collagen, in aorta is de-
creased, while the amount of soluble proline in extracts of aorta is
increased (769). This was shown to be due to the failure of elastin to
cross-link and the concomitant production of a soluble elastin (770)
containing 46 lysines per 1000 residues (2). Calcium binding has been
studied only on insoluble elastin, which binds two moles of calcium per mole
of protein with an apparent affinity constant of 7 x 10-5M (777). Urry
(772) has proposed that the high glycine content (659, of all residues)
of elastin favor the formation of B-turns similar to structures in the
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calcium-binding antibiotics valinomycin and gramicidin. He proposes
that calcium is coordinated to oxygen atoms of neutral amino acids and
that calcium binding gives rise to positively charged loci on elastin.
These positive charges can then bind phosphate which becomes the fuocs
for elastin calcification. It would be useful to have comparative binding
data for soluble and insoluble elastin as a first step in testing this theory.

B. Glycoprotein from Cartilage

The calcification of pre-osseous cartilage to produce bone requires calci-
fication sites and it has been proposed that the cartilage glycosamino
glycan-protein complexes (PP-L; protein polysaccharides) may be the
initiation sites which support calcification (773). The heterogeneity
of PP-L is well established; bovine nasal cartilage PP-L, for example,
has been fractionated to give five subfractions, using a scheme of salting-
out by a variety of mono-and divalent cations (774). The PP-L fractions
differ from one another with respect to their uronic acid, sialic acid,
protein and amino acid composition (774) as well as in their ability to
bind calcium (773). A detailed study of calcium binding to one glyco-
protein isolated from PP-L has recently been reported by Vittur (175).
This homogeneous material, which has a molecular weight of 200,000
(774), binds calcium at two classes of binding sites. The high affinity
sites bind two moles of calcium per mole with a dissociation constant
of 10-7M. The low affinity sites bind 600 moles of calcium per mole with
a dissociation constant of 10~4M. Calcium binding exhibited a biphasic
variation with pH, with optima at about 6.5 and pH 82 (774). High
affinity binding was not inhibited by either lantanum (10 #m) or buta-
caine (100 um), both of which inhibit binding by the mitochondrial
glycoprotein isolated by Gazzotti et al. (Section VIII C).

C. Sialoprotein from Bone

The investigation of metal binding proteins in bone came not because of
a postulated role in mineralization or calcium transport, but rather as
possible binding sites for actinide elements, which are deposited in bone.
The actinide elements bind at regions which are rich in carbohydrate and
the possibility of binding to glycoproteins was raised (776). Bone sialo-
protein (BSP) is the designation of a glycoprotein which was isolated
from pulverized bone powder by extraction with either EDTA (776) or
phosphate buffer (778). BSP is separated from other bone glycoproteins
by chromatography on Amberlite CE 50, precipitation with cetylpyri-
dinium chloride and precipitation of contaminating glycoproteins with
MgCly (779). BSP thus isolated is an electrophoretically homogeneous
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protein with a molecular weight estimated by sedimentation velocity
at between 21,800 and 25,000; the two values were obtained from EDTA
and phosphate extractions (780). BSP is a highly acidic protein containing
40 per cent carbohydrate (787) and from 2.2 to 3.8 moles of serine-bound
phosphate (778). The carbohydrate in BSP is accounted for by sialic acid,
galactose, mannose, fucose, glucosamine, and galactosamine.

The binding of Ca*+ and Y *++ to BSP has been studied by Williams
and Peacocke (182) and by Chipperfieid (183). The data obtained by these
workers indicate that calcium is bound to carboxyl groups and with
much less avidity than is yttrium. Sialic acid appears not to participate
in metal binding, as removal of this moiety does not affect binding
parameters (782). As the binding of calcium by BSP and polyglutamic
acid is the same order of magnitude (787), and despite the suggestion
that BSP may function to transport calcium ions from cells in bone
(187), it would seem that BSP has a dubious claim at best to classifica-
tion as a calcium-binding protein in the strict sense of this term.

X. Calcium Metalloenzymes

A. a-Amylase

Calcium stabilizes a-amylase and is routinely added to buffers used in
the purification of this enzyme (784). Crystalline amylase from various
organisms contains firmly bound calcium; B. subfili amylase contains
three moles of calcium per mole of protein (784). Amylase from human
saliva or hog pancreas contains one or two moles of bound calcium per
mole of enzyme (784). In contrast to its non-catalytic role in DNase,
calcium is required for the enzymatic function of amylase (785). When
amylase is stripped of calcium by electrodialysis (785), enzyme activity
is lost at a slower rate than bound calcium. Hsiu ef al. (185) interpret
this finding as an indication that calcium is not bound at the active site,
but rather confers stability upon the enzyme by forming buried intra-
molecular bridges essential to the maintenance of an optimal configura-
tion. Such bridges are regarded as analogous to disulfide bridges and it is
of interest to note that B. subtilis amylase has no disulfide bonds and
contains four moles of bound calcium, whereas amylase from human
saliva binds only one mole of calcium, but does contain disulfide bridges,
suggesting that calcium may form intramolecular bonds which can be
substituted for disulfide bridges (785). In addition to the different amy-
lases in various species (784) it is known that there are differences in the
amino acid composition of pancreatic and parotide amylases (787) and
that there are at least five parotide amylase isoenzymes (788), It will no
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doubt be informative to learn how slight structural changes in these
proteins affect their calcium binding activity.

B. Pancreatic Deoxyribonuclease A

Pancreatic DNase activity is stabilized against proteolytic attack by
calcium (789); the addition of calcium also provokes a tryptophan-
dependent shift in the UV spectrum of the enzyme (790). Early work had
indicated that the enzyme might be heterogeneous {797); Moore has
verified this, first by fractionating DNase into two (790) and later into
four fractions (792). The fractionation procedure employed chromato-
graphy on columns of DEAE-cellulose and phosphocellulose; the four
fractions obtained were designated A, B, C and D. Fractions A, B and
C are present in the molar ratio 4:1:1 and fraction D represents a minor
component (792). The stabilizing effect that calcium had indicates that
the enzyme might be a calcium-binding protein and an attempt was
made to demonstrate 45Ca binding (789). When DNase was incubated
with 45CaClg and chromatographed on a short column of Sephadex
G-25 at low ionic strength, no protein bound radioactivity was found
(789). When DNase A is incubated with 45CaCly and subjected to gel
filtration on Sephadex G-25 in buffers containing 43CaCly, however,
appreciable binding is found and binding constants can be determined
(793). Using this method, two classes of binding sites were found. The
high affinity site binds two moles of calcium per mole of protein with a
dissociation constant of 1.4 x 10-3M and the low affinity site binds
three moles of calcium per mole of protein with a dissociation constant
of 2 x 10—4M at pH 7.5 (793). At pH 5.5 one calcium is bound with high
affinity, and whereas at pH 7.4 Mg++ and Mn++ compete for the binding
of calcium to one of the two strong sites, this competition is not seen
at pH 5.5, indicating non-equivalence of the environment of the two sites.
It is of interest to compare the failure of DNase to retain bound calcium
during gel filtration with complete retention of bound calcium by brain
CBP-II during gel filtration (see Section VIID), as these proteins are
reported to have similar binding constants.

C. Thermolysin

The thermal stability of thermolysin, a peptidase from the thermo-
phillic bacterium Bacillus thermoproteolyticus, is apparently conferred
by calcium bound to the enzyme (794), which has a molecular weight of
35,000 (795), and binds one mole of zinc (795) and three moles of calcium
per mole of protein {796). Thermolysin contains no non-protein consti-
tuents (797) and consists of a single peptide chain containing neither
cysteine nor cystine (797). Thermolysin has a high content of aspartic
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acid and glycine, and unlike most calcium-binding proteins it contains
almost three times as much tyrosine as phenylalanine, and three trypto-
phan residues (797). The presence of two methionine residues made
possible a simple cyanogen bromide cleavage scheme, with the subse-
quent complete sequence determination of the enzyme (797). Thermo-
lysin was crystallized and x-ray diffraction studies have led to a 2.3 A
resolution electron density map and a determination of the three dimen-
sional structure (798) of the protein. Two of the three bound calcium
ions were located close to one another and are surrounded by three
aspartic acid and two glutamic acid residues; the electron density
distribution indicates that both of these calcium ions may be involved
in octahedral coordinate bonding (799). The remaining calcium ion ap-
pears bound to two aspartic acid residues. The binding of calcium of ther-
molysin thus resembles that of calcium binding in carp parvalbumin
(Sect. IVD).

XI. Other Calcium-Binding Proteins

A. Calcium-Binding Protein from Wheat Flour

Water extracts of spring wheat flour contain calcium binding activity.
The addition of calcium and a phospholipid mixture to such extracts
precipitates a crystalline ternary complex of calcium, phospholipid
and a calcium-binding protein (200). The protein of this complex has
one major component, as determined by gel electrophoresis. This protein
binds calcium in the absence of phospholipid and has recently been
isolated for chemical investigations (207). The molecular weight, as
determined by SDS-gel electrophoresis, was found to be 16,500. It is
an acidic protein with chemical features common to other low molecular
weight calcium-binding proteins, including a high lysine content, the
absence of tryptophan and a tyrosine to phenylalanine ratio of 0.5.
Neither phosphorus nor carbohydrate moieties were detected. After
exhaustive dialysis the protein retained 0.6 mole of calcium per mole of
protein, indicating the presence of a single binding site. No suggestion
of a possible function of this protein has been made nor is there a detailed
comparison between it and low molecular weight mammalian calcium-
binding proteins.

B. Vitellogenin

The administration of estrogen to the clawed toad Xenopus laevis causes
the induction of a calcium-binding glycoprotein which is found in the
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serum of this animal (202). This protein has been called xenoprotein
(202), SLPP (203), or lipophosphoprotein (204), and more recently the
name vitellogenin has been adopted (205). The novel isolation scheme
used for purifying vitellogenin employs precipitating the protein from the
sera of estrogen-treated toads with dimethylformamide (202); virtually
pure vitellogenin is obtained. There is no precipitate when DMF is added
to sera from toads which have received no estrogen. The molecular
weight of this protein has been estimated to be 6 X 10° daltons by gel
filtration (206). It has a high content of glutamic acid and serine (207),
12 per cent lipid (206), and contains hexose, hexosamine, sialic acid,
calcium and phosphorous (206). If 45CaCl, is injected into estrogen-
treated toads and the serum proteins are fractionated by electrophoresis,
the vitellogenin band contains appreciable radioactivity (202, 206). The
radioactive calcium also remains bound to calcium after DMF precipita-
tion of vitellogenin (206) and after dialysis (206). It is therefore curious
that gel filtration on Sepharose 4B is reported to remove bound calcium
from vitellogenin (206, 208). While no estimates of binding affinity for
calcium are available, one may readily calculate from the calcium content
of purified protein that one mole of vitellogenin binds 726 moles of
calcium. The physiological role of vitellogenin is thought to be that
of precursor to the yolk proteins lipovitellin and phosvitin (207); the
calcium binding status of these proteins have not been established.

C. Hemocyanin

Calcium causes aggregation of hemocyanin with an increase of sedimenta-
tion coefficient from 19S at 10-5M calcium to 100S at 10-2M (209). Gel
filtration study of calcium binding indicates that each mole of hemo-
cyanin (mol. wt 50,000 daltons) binds 20 moles of calcium (209). The
association constant for this binding is 75 (209). No data are available
to indicate the cation specificity of binding, but it seems safe to say that
one can not consider this protein to be a calcium binding protein in any
strict sense.

XI1I. Conclusions

The proteins which have been described fulfill a wide variety of physio-
logical functions. Apparently there exist correspondingly large differ-
ences in their chemical structures and binding affinities. The mode
of calcium binding is known without ambiguity for only parvalbumin and
thermolysin. In these proteins oxygen coordination of calcium via
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amino acid carboxyl groups appears responsible for ligand bonding.
Calcium has a coordination number of eight for oxygen and it might be
assumed that calcium would be bound to all high affinity sites via oxygen
coordination. The finding that removal of phosphate from brain CBP II
destroys the calcium binding properties of this protein may indicate that
binding by phosphate may be important in some instances, however,
The amino acid composition of representative calcium binding proteins
is given in Tables 5—10. Again these data make generalization difficult,
but one is impressed by the fact that many of these proteins have not
only high levels of, lysine, glycine, aspartic and glutamic acids but low
levels of tyrosine, tryptophan and the sulfur-containing amino acids.

Table 5. Amino acid composition of calcium-binding proteins from muscle

Moles Amino Acid Per 100 Moles of Protein

Amino Acid Calsequestrin®) Troponin C?) Hake Carp
Parvalbumin®) Parvalbumin®)

Aspartic Acid 18.9 14.2 11.5 14.6
Threonine 2.8 3.4 4.6 3.9
Serine 3.6 4.1 4.8 5.7
Proline 5.1 1.2 0 0.8
Glutamic Acid  18.4 21.3 9.2 8.9
Glycine 38 7.7 11.2 8.3
Alanine 6.6 7.8 17.5 19.0
Valine 6.9 4.3 3.7 3.8
Cysteine 0.8 0.6 0.9 0
Methionine 1.5 5.6 0.9 0
Isoleucine 5.1 5.5 6.6 5.4
Leucine 89 5.5 7.4 8.5
Tyrosine 1.5 1.1 0 0.9
Phenylalanine 6.1 5.7 8.8 9.3
Lysine 6.6 7.0 11.4 10.2
Histidine 1.5 0.7 0.9 0
Arginine 1.8 4.2 0.9 0.9
Tryptophan — — 0 —

2) Ref. 75; b) Ref. 89; ¢) Ref. 107; 9) Ref. 103.

257



F, L. Siegel

Table 6. Amino acid composition of avian
Vitamin D-inducible calcium-binding

prolein?)
Amino Acid Amino Acid Residues
per 100 Moles of
Protein
Aspartic Acid 14.0
Threonine 4.1
Serine 4.2
Proline 1.5
Glutamic Acid 15.6
Glycine 7.1
Alanine 7.4
Valine 2.8
Cysteine 1.5
Methionine 2.0
Isoleucine 4.6
Leucine 11.9
Tyrosine 4.1
Phenylalanine 5.4
Lysine 9.7
Histidine 1.6
Arginine 2.5
Tryptophan —
a) Ref. 114.
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Table 7. Amino acid composition of prothrombin and
dicumarol-induced prothrombin®)

Moles Amino Acid Per 100 Moles

of Protein
Amino Acid Prothrombin Dicumarol-
Induced
Prothrombin
Aspartic Acid 10.0 10.1
Threonine 5.0 5.1
Serine 6.8 6.7
Proline 6.1 6.2
Glutamic Acid 12.4 12.5
Glycine 8.0 8.0
Alanine 5.7 6.1
Valine 5.9 6.2
Cysteine 3.6 3.4
Methionine 1.4 1.3
Isoleucine 3.3 3.5
Leucine 7.7 7.6
Tyrosine 3.1 2.9
Phenylalanine 3.5 3.3
Lysine 5.6 5.9
Histidine 1.8 1.8
Arginine 7.2 6.8
Tryptophan 2.7 2.5

3) Ref. 143,
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Table 8. Amino acid composition of calcinm-binding proteins from nervous tissue

Moles Amino Acid per 100 Moles of Protein

Amino Acid S-100%) CBP-1Y) CBP-I¢) Cuttlefish

CBP4Y)
Aspartic Acid 11.6 11.5 14.6 15.5
Threonine 3.7 8.7 6.1 6.9
Serine 58 7.8 4.9 5.2
Proline — 0 1.0 2.6
Glutamic Acid 19.1 11.5 21.3 20.7
Glycine 5.1 8.1 8.1 6.9
Alanine 6.6 7.2 8.1 6.9
Valine 7.7 5.9 6.3 4.3
Cysteine 1.9 1.5 0 —
Methionine 2.6 1.0 1.6 4.3
Isoleucine 3.2 4.9 . 52 5.2
Leucine 9.5 8.1 7.1 6.0
Tyrosine 1.4 1.0 1.0 1.0
Phenylalanine 6.5 5.4 5.1 4.3
Lysine 9.4 11.6 7.1 6.0
Histidine 4.3 2.1 1.6 1.0
Arginine 1.0 2.3 1.0 3.4
Tryptophan 0.6 0.8 0

a) Ref. 153; b) Ref. 158; ¢) Ref. 159; d) Ref. 161b.
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sialoprotein

Moles Amino Acid Per 100 Moles

of Protein
Amino Acid Elastin®) Bone

Sialoprotein®)

Aspartic Acid 0.7 17.4
Threonine 1.0 11.1
Serine 1.0 8.0
Proline 12.8 4.9
Glutamic Acid 1.8 22.9
Glycine 32.2 12.2
Alanine 21.7 4.0
Valine 13.7 3.1
Cysteine — 1.3
Methionine — —
Isoleucine 2.7 2.5
Leucine 6.6 2.9
Tyrosine 0.6 1.2
Phenylalanine 3.4 2.3
Lysine 0.4 2.9
Histidine 0.1 1.2
Arginine 0.7 1.2
Tryptophan — 1.1
Hydroxyproline 0.7 0

3) Franzblau, C. and Lent, R. W.: Brookhaven Symp.
Biol. 27, 358 (1969).

b) Ref. 181.
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Table 10. Amino acid composition of DNase A and

thermolysin

Moles Amino Acid Per 100 Moles

of Protein

Amino Acid DNase A2) ThermolysinP)
Aspartic Acid 12.3 14.0
Threonine 5.6 7.9
Serine 11.2 8.6
Proline 3.5 2.5
Glutamic Acid 7.5 7.0
Glycine 3.6 11.4
Alanine 8.4 8.9
Valine 10.0 7.0
Cysteine 0
Methionine 1.5 0.6
Isoleucine 4.4 5.7
Leucine 8.7 S.1
Tyrosine 5.9 8.9
Phenylalanine 4.3 3.2
Lysine 34 3.5
Histidine 2.2 2.5
Arginine 4.5 3.5
Tryptophan 1.5 1.0

8) Ref. 189; b) Ref. 197.

The lability of this class of proteins makes it important to consider
the details of both isolation and calcium-binding assay, and perhaps the
general lability problem is a reflection of a structural similarity associated
with metal binding. One may hope that additional proteins of this class
will be studied by x-ray diffraction analysis and that it will be possible
then to make more generalized statements relating their structures and
binding abilities.
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