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"Its a bit late in the day to introduce the idea now, but
almost any mammal's milk would be easier to modify than
cow's milk. Pig's milk is actually nearest to human milk.
Camel milk and mare's milk have a better balance for
humans. Sheep's milk is OK and so is goat's. Reindeer
milk would be a bit fat, dog's milk a bit thin. Now,
otter's milk could be just right. Perhaps we should look
into it."

M. Bateman ('Sunday Times' - London, 16 March 1975)
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ABSTRACT

Lactoferrin (Lf), isolated from human colostrum, has
been complexed with a variety of transition metal ions. In
addition to binding two iron(III) or copper(II) ions it
strongly and specifically binds two cobalt(III),
chromium(III) and manganese(III) ions, in the presence of
bicarbonate. Such strong, specific binding of copper(II)
to lactoferrin will not occur in the absence of bicarbon-
ate, instead only a weak interaction is observed. Lacto-
ferrin has also been shown to weakly bind manganese(II),
cobalt(II), nickel(II), zinc(II), cadmium(II), lead(II)
and mercury(II), though manganese(II) will undergo aerial
oxidation in the presence of the protein and bind as
manganese(III). These metal ion protein complexes have
been examined using the techniques of fluorescence,
electronic, e.s.r. and Resonance Raman spectroscopy. The
close similarity between the spectra of the complexes Fe
Cu,Lf, CoZLf, Mn_ Lf and Cr,Lf with those of transferrin and

2 2 2
ovotransferrin reinforce the postulate that the metal

SLf,

binding sites in all tnree proteins are similar. The sites
in all three proteins are essentially rhombic in character
and contain 2-3 tyrosyl residues and at least one histidyl
residue. A distinct heterogeneity is evident from the e.s.r.
spectrum of CraLf and metal ion replacement studies
indicate that chromium in one site is more labile than the
other. In addition to the specific sites lactofcrrin
appears to have a number of non-specific sites on the out-
side of the protein capable of weakly coordinating metal
ions such as chromium(III) and copper(II). Differences
evident in the non-spcecific sites available to copper when
manganese(III) is bound to lactoferrin, to those available
when iron(III), cobalt(III) and chromium(III) are bound,
suggest that the stronger binding of manganese(III) results
from it inducing a different conformational change in the
protein to those other metals and one that favours the
higher stability of its metal-protein complex.

A series of small molecular weight complexes of iron(III)
with bi-, tri-, tetra- and hexadentate ligands, containing
prhenolate groups were prepared and examined by electronic,
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e.s.r. and MOssbauer spectroscopy. Complexes of copper(II)
with nitrogen bases and chloro- and bromo-substituted
phenolates were prepared and examined by electronic and
e.s.r. spectroscopy. Results from these studies would
favour the involvement of three tyrosyl residues and two
cis histidyl residues in the metal-binding sites of lacto-
ferrin and from studies on the copper complexes it seems
likely that one histidyl and one tyrosyl are axially co-
ordinated to the metal. Evidence from a single crystal
x-ray structure is presented which would favour the inter-
action of bicarbonate ion with iron(III) via a solvent
(water) molecule.
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INTRODUCTION

In 1951, an iron containing protein now commonly known
as lactoferrin was isolated from human milk (1), which along
with another iron containing protein, found in cow's milk in
1939 (2), was shown to be similar to proteins isolated from
human serum (transferrin) (3,4,5) and egg white (ovotrans-
ferrin) (6). Subsequent studies have shown that lactoferrin
is also present in milk of other mammalian species, although
it occurs in highest concentration in human milk (Table 1).
Human lactoferrin shows a greater affinity for iron than
other proteins in this class. The first iron association
constant (k1) is 260 times greater than human serum
transferrin and 10 times greater than bovine lactoferrin
(7). Recent investigations into the role of milk and milk
proteins in infant nutrition have indicated that lactoferrin
(usually no more then 15 - 20% saturated with iron) plays an
important role in preventing development of such illnesses
as gastroenteritis. The bacteriostatic effect of human milk
on intestinal bacteria such as Escherichia Coli (responsible
for gastroenteritis) can be attributed to lactoferrin's
strong affinity for iron acting in conjunction with a
specific antibody (8). There is good reason to suppose that
lactoferrin and antibodies reach the intestine intact, since
there is no evidence for hydrolysis of milk proteins in the
infant stomach for up to 90 minutes after feeding, and it
is believed that large amounts of milk pass directly to the
small intestine(9). Lactoferrin is also present in other
bodily secretions and intracellular fluids, in smaller
concentrations than milk (Table 2) where it is felt to
act as an antimicrobial agent in these fluids (10,11,12).
Transferrin, in addition to exhibiting a similar anti-
microbial function (13,14) is also known to transport iron
from the intestine to the bone marrow and to iron stores in
the liver., While no similar transport function is proven
for lactoferrin it has been suggested that it may act as a
source of iron for the infant (15).

Like the related proteins, human serum transferrin
and ovotransferrin, lactoferrin is a glycoprotein with two
carbchydrate groups attached and a molecular weight of
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Table 1 Concentration of Lactoferrin in Various Mammalian

Milks 2
2mg/cmj O.Z—ng/cm3 ZO-ZOng/cm3 >5Q)Jg/cm3
Human Guinea Pig Cow Rat
Mouse Goat Rabbit
Mare Sow Dog

a. Reference(?73)

Table 2 Approximate Concentration of Lactoferrin in Various

Secretions 2

Secretion Concentration (mg/cmB)
Milk - WG )
Saliva 0.01-0.05
Parotid Saliva 0.002-0,003
Tears 0.01
Nasal Secretions 0.01
Hepatic Bile 0.01-0.04
Pancreatic Juices

Pseudocyst Fluid 0.05-0,.,10

Ascites Fluid 0.5
Seminal Fluid 0.5-1.0
Cervical Mucus 0.5-1.0
Urine 0.001

ke Reference(74)

around 80,000 (16,17,18). As well as having an almost
identical amino acid composition to transferrin the amino
acid sequence of the N-terminal end of lactoferrin when
compared with transferrin and ovotransferrin shows some 40%
homology (19). Attempts to split lactoferrin and
transferrin into subunits by reduction and alkylation or
breaking disulphide bonds have proved unsuccessful
indicating that it consists of one chain. However, tryptic
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digestion of 3%0% saturated human lactoferrin (20) and

human serum transferrin (21) split both proteins into
fragments of approximately equal molecular weight, each
capable of binding one ferric ion. Furthermore the two
carbohydrate units, each having essentially a tuning fork
structure (22,23), were distributed equally between the C-
and N-terminal fragments in lactoferrin while in transférrin
were both bound to the C-terminal fragment. Recent studies
suggest that the carbohydrate units may function in the
specific interaction of the protein with cellular receptors
(24) but the evidence on this question is still conflicting
(25). While it was originally felt that the proteins were
composed of two identical subunits it is now held that the
present protein resulted from the doubling in size of a
structural gene for a smaller precursor, leading to some
internal homology. While some evidence for this is
conflicting (26), recent information from partial sequencing
of human serum transferrin has shown that for two sequences
separated by at least 22 residues, 23 out of 53 were
identical, an extent of homology of 40% (27).

IRON BINDING

The three proteins, transfefrin, ovotransferrin and
lactoferrin, all combine with iron to produce a salmon pink
coloured complex. The reaction has been shown to be
stoichiometric; two ions are bound per protein molecule
(3,28). The iron in the complex has been shown to be in the
high spin ferric state (28,29,30). However, transferrin in
solution at neutral pH has been found to react more readily
with Fe?*
hydrolysed to the insoluble ferric hydroxide, whereas Fe

than Feo' (31) possibly because Feot is rapidly
2+
is only slowly hydrolysed, but can be oxidised to Fe3+ and
then bound by transferrin.

The pink coloured complex has an absorption maximum at
460-465nm and changes in optical density are used to
measure the reaction with iron. Colour formation (and
iron-binding) is pH dependent; for lactoferrin the iron
does not start to dissociate till the pH is below 4,0 (32)
while transferrin starts to dissociate below pH 6.5 and is
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complete at pH 4.5 (3,28).

Binding of each iron atom by transferrin or ovotrans-
ferrin results in the displacement of three hydrogen ions
from the proteins and the simultaneous binding of one
bicarbonate ion (14,33). The reaction may be written:

- Ky

I . _ X = +
H6Tf + Fe + HCO5 —= (Fe HBTf HCOB) + 3H

k
- 3+ - 2 2- +
3Tf-HCOB) + Fe + HCO3 ;:::(Fee-Tf—(HCOB)Z) + 3H

(Fe-H
As a consequence the net positive charge of the protein
should decrease one charge for each iron(III) ion bound; this
has been confirmed by the measured electrophoretic mobility
of the proteins in the presence and absence of iron (30,33).

The binding of iron causes a conformational change in the
proteins. Transferrin and ovotransferrin are more stable
than their apoproteins to heat, urea, organic solvents,
disulphide breaking reagents, iodination and to proteolytic
enzymes. 1t also leads to a change in antigenic react-
ivity by making certain antigenic sites on the protein in-
accessible (26). Transferrin, from sedimentation experiments,
is thought to be shaped like a prolate ellipsoid with an
axial ratio of 1:3 (34). The loss of iron makes the protein
more spherical with an axisl ratio of 1:2. It was also
evident that the effective hydrodynamic volume of transferrin
is lower than apotransferrin. Removal of the carbohydrate
residues by treatment of transferrin with neuraminidase
seemed to produce no extensive conformational changes. The
same type of conformational changes have been observed with
lactoferrin (18) and ovotransferrin (35). From spectro-
photometric titrations of tyrosine residues it seems that
there may be a marked difference in the overall 3-dimensional
structures of lactoferrin and transferrin (36). The binding
of iron seems to influence the accessibility of tyrosyl
residues on the outside of the protein to a greater extent
in lactoferrin than transferrin. This could suggest that
the greater stability of iron-lactoferrin complexes over
transferrin is brought about by the ability of lactoferrin
to adopt a configuration favouring the stability of its

iron complex. Transferrin not being able to change its
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shape to the same extent would be a less efficient binder of
iron.

THE TIRON-BINDING SITES

The 280nm peak observed in the uv spectra of the
proteins and its change upon iron-binding is strongly indic-
ative of the involvement of tyrosine residues in the binding,
just as the peak at 465nm in the visible region is character-
istic of a phenol-to-iron change transfer transition.
Available evidence from spectrophotometric titrations, ultra-
violet difference spectra and nitration of tyrosines for
lactoferrin, transferrin and ovotransferrin (7,33,36,37,38)
suggest that three tyrosines are involved in the binding of
each ferric ion, while chemical modification of ovotrans-
ferrin by iodination (39) and model complex studies point
to only two (40). Binding of each iron(III) ion to trans- -
ferrin and ovotransferrin has been found to protect two
histidines from ethoxyformylation and keep the protein
completely active (41). Protein N.M.R. relaxation studies
of transferrin have indicated the presence of two water
molecules in the binding site, one 2A° and the other 5A°
from the metal (42). It has been sugsested that tryptophan
may also be bound to the metal or in close proximity to it,
as indicated by the fact that in ovotransferrin two
tryptophan residues per protein are protected from oxidative
modification when iron is bound (%9). However fluorescent
studies on transferrin, while not ruling out the direct
involvement of tryptophan, do suggest that the spectroscopic
changes can be explained without the necessity of involving
such direct interaction (43).

The precise involvement of bicarbonate, essential for
the binding of iron (44), is still uncertain. It appcars
that in transferrin there is one cssential arginine residue
for each iron-binding centre which may serve as a binding
position for the bicarbonate (45). Bicarbonate can be
replaced (in an inert atmosphere) by other anions such as
nitrilotriacetate and oxalate, all having optical spectra
similar to the bicarbonate complex (46,47) but inorganic
anions and citrate are toctally ineffective as bicarbonate
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substitutes (48). However bicarbonate is bound more strongly
than other anions and can displace them from the complexes.

Available evidence suggests that the anion plays a key
role in the release of iron from transferrin to immature
red blood cells. Replacing carbonate by oxalate reduces the
rate at which transferrin donates iron to these cells by
some 65%, implying that oxalate is less susceptible to
attack than carbonate (49,50,51). It has been proposed that
transferrin binds to the reccptor site on the membrane sur-
face followed by cleavage of the bond on the metal-protein-
anion ternary complex. Presumably the anion is released
first, followed by the metal.

From ]BC—N.M.R. studies the metal appears to be with-
in 9 or less of the anion (52) and because the nature of
the anion greatly affects the e.s.r. spectrum of the Fe3+_
transferrin-anion complex (49) it is felt to be binding to
both the metal and the protein, the so called interlocking
site. Further support for this comes from studies involving
binding of synergistic anions to the metal (48,53). However
the involvement of other metal ions such as Cu2+, Cr3+’

Co5+ and Mn3+ with transferrin (54) favour the hypothesis
that bicarbonate is bound in proximity, but not directly
coordinated, to the metal. This is because so many metal
ions, with their differing chemical and physical properties,
are each capable of inducing bicarbonate binding. Further-
more Resonance Raman studies have provided evidence that
HCOE is not directly bound to iron(III) and has lead to the
suggestion that its primary role is to induce a confor-
mational change to bring the binding groups into proximity
(40). One proposed arrangement of donor atoms around the
ferric ion is given in Figure 1 where Fe3+ is shown binding
to two tyrosyl groups, two imidazode groups and one water
molecule. Other proposed arrangements would involve re-
placing the water molecule by a third tyrosyl group or the
bicarbonate interacting less directly.

When copper is bound to transferrin and lactoferrin
the number of tyrosyl residues involved is 1.3 per site (55)
and from studies of the Cu-transferrin e.s.r. spectrum at
pH 7.6 one nitrogen appears to be involved (56). At pH 9.2,
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HCO3

Figure 1 Proposed structure of the iron-binding

site of lactoferrin, transferrin and

ovotransferrin.
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when only one copper is bound, a complex giving rise to an
e.s.r. spectrum strongly indicative of 3% or 4 nitrogens
bound to copper starts to appear. This has led to the
suggestion that there are as many as seven ligsands avail-
able for the binding of the metal ions in the specific
sites.

INTERACTION BETWEEN THE SITES

With two iron binding sites in the protein it is
possible that they may be close enough to interact leading
to cooperative binding of the iron, as is the case of oxygen
binding to haemoglobin., If k2>k] then we would expect to
find two species present in solution; apoprotein and Fe
protein. But if k1 = kz then all three species should

exist. The simultaneous existence of all three species in

>

transferrin has been demonstrated by moving boundary (30,
58) and starch gel electrophoresis (59,60) and by iso-
electric focussing (61,62), though slight differences between
k] and ka have been demonstrated (52). Furthermore e.s.r.
spectra at liquid nitrogen temperature of Cu2+ and Fe3+
lactoferrin and transferrin give narrower lines than at

room temperature meaning that the line width is governed by
spin-lattice relaxations and not spin-spin interactions, so
the iron atoms must be more than lOAoapart (63). The well
resolved zero field Mossbauer spectrum of Fea—transferrin
indicate long relaxation times and has led to the proposal
that the separation is 20/ or more (64). Studies involving
the use of trivalent lanthanides as fluorescent probes has
demonstrated the lack of fluorescent transfer between Fe3+
and Tb3+ when both were bound to transferrin suggesting that
the separation may be as high as 43&)(65).

HETEROGENEITY OF THE SITES

While no heterogeneity between the sites has yet been
demonstrated for lactoferrin there is strong evidence for
this in ovotransferrin even though no functional difference
is apparent; both sites appear to be equal in their ability
to donate iron to chick blood cells (66). The e.s.r.

spectrum of ovotransferrin has a broad peak at g = 4.98 down
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field of the g = 4.3 signal. This is strong when monoferric
ovotransferrin has the second site occupied by gallium , but
is much less prominent when the reverse applies (67,68).

Ever since Fletcher and Huehns proposed that trans-
ferrin is more than just a passive iron carrier and plays a
key role in iron absorption and distribution in the body
(69) there have been attempts to demonstrate a heterogeneity
between the sites. Studies have shown that transferrin will
bind two ions of terbium(III), europium(III), erbium(III)
and holmium(III) but only one ion of neodymium(III) and
praseodymium(III) (65) and since the size of these ions in
descending order is Pr3+ Nd3+, Eu3+, Tb5+, Ho3+ 3+

R , and Er

it becomes evident that there is a difference in access-
ibility of the two sites. The e.s.r. spectrum of VO2+ and
Cr3+-transferrin complexes showed splittings indicative of
more than one environment contributing to the spectrum; only
one site was occupied by Vo2t or crot at pH 6.0 (54,70,71,

72an.

LACTOFERRIN

As has become evident from this discussion most studies
on the metal ‘binding properties of these proteins have been
conducted on tronsferrin and ovotransferrin, partly
because these proteins are more easily obtainable than
human lactoferrin and partly because the physiological
importance of the latter has only more recently been
recognised. To date studies have indicated that although
the proteins are all clearly different, their ligating
groups in the binding sites are essentially similar and yet
lactoferrin is able to retain its iron more tightly than
the others. A solution to this apparent paradox is not
immediately evident from the limited studies conducted on
lactoferrin. Furthermore there is still some uncertainty
about the number and nature of the ligating groups in the
sites of these proteins. Hence an investigation was
conducted on the metal binding properties of lactoferrin and
small molecular weight phenolate complexes of iron and

copper.
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Chapter 1 LACTOFERRIN

1.1 INTRODUCTION

Very few studies have been made on human lactoferrin
since its discovery in 1951. Only recently has research on
human milk revealed the important part played by lactoferrin
in regulating the level of microbial populations in the in-
fant intestine by limiting the amount of iron available.
Like the related proteins, transferrin and ovotransferrin,
lactoferrin is known to strongly bind two iron(III) ions, in
sites which appear to be essentially similar. However, there
is still some uncertainty as to whether two or three tyrosyl
groups are involved when iron(III) is bound and whether bi-
carbonate is directly bound to the metal. When copper(II)
is bound some studies indicate that only one nitrogen is
involved while others suggest that in one site one nitrogen
is bound and three or four in the other. Lactoferrin binds
iron much more tightly than transferrin and ovotransferrin
and over a much wider pH range than transferrin. Yet there
is no apparent explanation for this fact except for the
suggestion that lactoferrin may undergo a greater conform-
ational change on metal binding thus favouring the stability
of metal-lactoferrin complexes.

To obtain more information about the binding sites of
lactoferrin the metal ions of the first transition series
including iron(III), copper(II), cobalt(III), chromium(III)
and manganese(III), were reacted with the apoprotein. Pre-
liminary investigations were conducted into determining the
optimum conditions under which these metal ions bound to the
gpecific sites. The resulting metal lactoferrin complexes
were studied by the techniques of fluorescence, electronic,
e.s.r. and Resonance Raman spectroscopy.

1.2 EXPERIMENTAL

1.2.1 PREPARATION OF GLASSWARE AND DIALYSIS TUBING

A1l glassware was treated with Triton X100 and A. R.
concentrated nitric acid and then thoroughly rinsed with

distilled delonised water to minimise metal ion contamin-



ation.

To remove heavy metal contaminates dialysis tubing was
allowed to simmer for one hour in two changes of 50% ethanol,
then washed with two changes of 10mM NaHCOB/lmM EDTA, then
two changes of distilled deionised water and stored in water
at 4°c prior to use.

1.2.2 PREPARATION OF BUFFERS

(a) Phosphate Buffer, 0.01M, pH 7.6
This buffer was prepared by mixing O0.01M Na,HPO, ,2H.O

2 L& =2
and 0,01M NaHaPOM.ZHZO in the ratio 87:13.

(b) Tris-HC1 Buffer, 0.05M, pH 7.41 (4°C)

This buffer was prepared by dissolving 6.057g of tris
(hydroxymethyl)-aminomethane in one litre of distilled de-
ionised water and titrating to pH 7.1 at 250C with A. R.
concentrated hydrochloric acid.

1.2.5 ISOLATION OF LACTOFERRIN

The method is a modified version of the one reported by
Querinjean et.al. (18). To 1OO—ZOOcm3 of fresh human colost-
rum at 4°C was added 1 - 2 drops of g-mercaptoethanol and
then sufficient ammonium sulphate until the concentraticn was
2M. The pH was adjusted to 7.0. The solution was centri-
fuged twice at 12000 r.p.m. at AOC for 20 minutes, to remove
the fat and the casein. The supernatant was dialysed against
one change of deionised water (containing two drops of
p—mercaptoethanol per 5 litres) for four hours and two
changes of phosphate buffer (with/B-mercaptoethanol) over-
night. The supernatant was loaded onto a previously prepared
and packed column of CM-Sephadex C-50 and the column washed
with buffer until the eluent is clear. The column was
washed with a 0-0.5M salt gradienér the elution curve showed
two peaks (Figure 1.1). The second proved to contain
lactoferrin while the firut (generally referred to as pre-
lactoferrin), from SDS gel electrophoresis (Figure 1.2(a)),
proved to contain a mixture of proteins which included some
lactoferrin. The fractions from the second peak were
concentrated in a Chemlab Ultrafiltration cell fitted with
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CM-Sephadex C-50 chromatography of the supernatant prepared from human milk; concentration
of prelactoferrin and lactoferrin (=) in the fractions determined from the absorbance of

the sclution at 280nm, zinc concentration (= =) in the fractions measured by a‘omic absorbance.
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an Amicon Diaflo XM50 membrane. In some preparations the
fractions were analysed for their zinc content before con-
centration.

The CM-Sephadex C-50 gel was regenerated by washing,
first with one change of O.1M NaOH, then quickly by several
changes of distilled deionised water. This was followed by
successive changes of 0.1M, 0.054 and 0.01M, pH 7.6 phos-
phate buffer to constant pH and conductivity at each stage.

The yield of apolactoferrin averaged 1-2mg per cm3 of
colostrum and the percentage iron saturation, estimated
from the absorbances at 280nm and 465nm (Table 1.6), was
around 15%, though on a number of occasions was as low as
6% (where 100% saturation is equivalent to two iron(IIT)
ions binding). Apolactoferrin, as isolated, was used since
metal ion uptake and e.s.r. experiments (see section 1.3.2
and section 1.3.5) indicated that dialysis against 0.1M
citric acid, pH 2.0, adversely affected the protein.

1.2.4 GEL ELECTROPHORESIS

(a) SDS Gel Electrophoresis

SDS gel electrophoresis was performed on the denatured
protein using a gel containing 7% acrylamide, 0.24% bis-
acrylanide, 0.1% tetramethylethylenediamine in gel buffer,
polymerised by ammonium persulphate. The protein sample
containing 10% of a solution of 6M urea/1% SDS/1% pB-mercap-
toethanol/0.1M Tris-glycine, was denatured by heating to
100°C for two minutes after which 10p1 of the boundary
marker, 0.05% Bromophenol Blue, was added. After pre-
electrophoresing the gels in the gel buffer, O0.1M Tris-
glycine/0.1% SDS (pH 8.3), for 30 - 40 minutes the upper
reservoir buffer is changed, the protein samples loaded and
the gels run for two to three hours using a current of 4mA
per gel. The gels were stained by Coomassie Brilliant Blue
R250 and excess stain removed by washing with 7% acetic
acid/7% methanol.

The purity of the preparations was estimated by running
gels containing 5,20,50 and 100pg of protein (Figure 1.2b)
and measuring the intensity of the protein bands at 600nm on
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Figure 1,2 (a) SDS polyacrylamide gel electrophoresis of the two bands
eluted from a CM-Sephadex C-50 column; left, lactoferrin, right

prelactoferrin (the band preceeding lactoferrin).
(v) sps polyacrylamide gel electrophoresis of lactoferrin; left
to right, gels containing 100, 50, 20 and 5 pg of lactoferrin.



Figure 1,3 Polyacrylamide gel electrophoresis of lactoferrin at pH 2.9;
left to right, gels containing 10, 50 and 100 Mg of lactoferrin,



a Beckman Acta III fitted with a gel scanning accessory.
Comparison of the intensity of the bands due to impurities
with the band containing 5Spg of lactoferrin enabled estimates
of the amount of impurity to be made. From this it was shown
that lactoferrin in all preparations was 99% pure.

(b) Gel Electrophoresis at pH 2.9

Polyacrylamide gel electrophoresis was successfully
performed on the undenatured protein to determine whether
proteins of similar molecular weight to lactoferrin (i.e.
transferrin) were present. A gel containing 12% acrylamide,
0.32% bis~acrylamide in Tris-Citric acid buffer (pH 2.9) and
polymerised by FeSOL+ was used. The gels were run in a solution
of 0.37M glycine, adjusted to pH 4.0 with citric acid, at a
current of 4mA per gel, the boundary marker being 0.1% Fuschin
Basic. The gels were stained with Coomassie Brilliant Blue
R250 and excess stain removed by washing with 7% acetic acid/
7% methanol. From this technique lactoferrin was found to be
99% pure (Figure 1.3). No other proteins of similar
molecular weight were obscrved to be present in sigrificant
amounts in the preparations.

1.2.5 PREPARATICON OF METAL-LACTOFEZRRIN COMPLEXES

The manganese(III) and cobalt(III) complexes of lacto-
ferrin (NnaLf and Co,Lf, where Lf = lactoferrin) were prepared
by a modification of the procedure described for transferrin
(54). A five-fold excess of the appropriate metal(II) ion
citrate complex was added to a 2 x IO'MM solution of apolacto-
ferrin in 0.05M Tris buffer, pH 7.4. After the addition of
excess NaHCO3 the solutions were allowed to stand at 4OC for one
week. Increments of Spi 1.0% H202 were added to the protein
solution during this period until the intensities of the
visible absorption bands maximised. Uncombined metal ions
were removed by Sephadex G-25 filtration followed by chroma-
tography on Chelex 100. The solutions were concentrated to
about 1 x 10”#M by ultra-filtration. When preparing Cr,Lf
the initial pH had to be below 7.0 to avoid precipitation of
Cr(OH)B. The metal was added as CrCl3 and after binding to
lactoferrin had heen observed to occur (usually after one

week) the pH was increased to 7.6. Cr,Lf was best prepared
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by adding no more than two moles of CrCl3 per mole of
lactoferrin.

1.2.6 METAL, ION UPTAKE EXPERIMENTS

The kinetics of the reaction of the metal chelate with
lactoferrin was followed by the absorbance change at 465nm.
Measurements were conducted on a Shimadzu MPS 5000 spectro-
photometer, solutions were thermostated and maintained at
25OC with a circulating water bath. The metal chelates were
prepared by dissolving Fe(N03)3.9H20 or CuCl,.2H,0 in
solutions containing equimolar amounts of citrate,ethylene-
diaminetetraacetate (EDTA) or nitrilotriacetate (NTA).
Solutions were all freshly prepared before use. Studies
were conducted in both phosphate buffer 0.01M, pH 7.6 that
was 0,33M in NaCl and Tris buffer 0.05M, pH 7.4 that was
0.5M in NaCl. Runs were made in duplicate and in all cases
two molar equivalents of the appropriate metal ion were
added to the protein.

1.2.7 FLUORESCENCE SPECTROSCOPY

{easurements were made on a Turner Model 430 spectro-
fluorimeter using buffer to set zero fluorescence and apo-
lactoferrin to set 100% fluorescence. The metal chelates
were prepared as 0,01M solutions, then diluted to 10"qM,
before adding to a fV1O—6M solution of apolactoferrin;
iron(III) and lead(I1) as NTA complexes, manganese(II) and
cobalt(II) as citrate complexes and copper(II), nickel(II),
zinc(II) and mercury(II) as their chloride salts. Solutions
containing 1, 2, 3 and 4 moles of metal ion per protein were
prepared in duplicate and allowed to stand overnight before
measurenents were made. Solutions were normally kept for
no more than two days as an increase in the relative fluor-
escence after this provided evidence for a steady protein
degradation (Table 1.4).

1.2.8 ELECTRONIC AND ATOMIC ABSORBANCE SPECTROSCOPY

Electronic absorption spectra were recorded on a Shim-
adzu MPS 5000 spectrophotometer and metal ion concentrations

were measured on a Varian Techtron AAS atomic absorbance
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spectrophotometer. Protein concentrations were determined
from the absorbances at 280nm (Table 1.6).

1.2.9 ELECTRON SPIN RESONANCE SPECTROSCOPY

Lactoferrin was concentrated to around 4 x 10'4M by
ultrafiltration. FeaLf and CraLf were prepared by adding
iron(III) and chromium(III) as NTA complexes. Isotopically
pure 6SCu was obtained as its oxide from Oak Ridge National
J.aboratory and dissolved in 1M HCl before use. Bicarbonate-
free 65Cu—Lf was prepared by a modification of the method of
Aisen et.al.(46). Apolactoferrin in 0.01M phosphate buffer
is carefully titrated to pH 4.0 with 1M phosphoric acid and
to this is added 2 molar equivalents of 65CuC12. The
solution is placed at one end of a Thunberg tube joined to
an e.s.r. tube by a graded seal and the system is success-
ively evacuated and flushed with nitrogen for 13 hours.
Sufficient NaaHpoq.aHao, added as a solid, gave on mixing
a final pH in the range 7 to 8.

E.S.R. spectra were recorded at -160°C on a Varian
E104A spectrometer with a Varian E-257 Variable Temperature
accessory. Spectral g values were calibrated with a 1,1-
diphenyl-2-picryl-hydrazyl (DPPH) standard.

1.2.10 RESONANCE RAMAN SPECTROSCOPY

Resonance Raman spectra were collected on a computer-
controlled Jarrell-Ash 25-300 Raman spectrometer by
Professor T. M. loehr on sanples of FeaLf, CuaLf, CoaLf,
MnaLf and CraLf suspended in a variable temperature nitrogen
flow accessory maintained at -AOOC. Light from a Coherent
Radiation Laboratory CR-O4 Argon ion laser was used, while
the detector employed in these studies was an ITT F&¥-130
(5-20) photomultiplier.

1.2.11 ISOELECTRIC FOCUSSING

Isoelectric focussing was conducted in a column based
on the LKB 8100-1 (HOcm3 capacity) electrofocussing model.
Initial studies were performed in a pH 3-10 ampholyte then
later in LKB and Biolyte pil 7-10 and 8-10 ampholyte
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solutions. The ampholytes were supported in a sucrose
density gradient with electrode solutions of 1% sulphuric
acid and 10% NaOH. The current was passed through the
column for periods of up to 50 hours at a constant voltage
of 500V, After this the column was drained at a rate of

A
1cm3/minuteiﬁsamples of Ecm5

vere collected. The pl was
measured with a combination glass/calomel pH electrode and
the protein concentration determined from the absorbance at

280nm (Table 1.6).

1.5 RESULTS AND DISCUSSION

1.3.1 METAL ION BINDING BY LACTOFERRIN

(a) Zinc

Zinc is present in human milk in higher concentrations
than iron. The total concentration of zinc in milk on the
first day of lactation is 10 * 5pg/g (of milk) declining to
3.14 + 1,35p5/g after 14 days and 1.31 + 0.5pg/g after 10
weeks, In contrast iron has a concentration on the first
day of lactation of 1.9 % 5.6yg/g which drops thereafter to
around 0.8pg/5 (75).

Fractions from several preparations of lactoferrin
were analysed by atomic absorbance for their zinc content.
The results from one preparation are illustrated in Figure
1.1. In this preparation the concentration of protein was
found to be 1.21mg,‘/cm3 of milk while the concentration of
zinc associated with lactoferrin was O.B?.B/pg/cm3 of milk; a
zinc/protein ratio of 0.3%27. Similar ratios were observed
in other preparations (76). However there is a wide var-
iation in the zinc/protein ratio in the fractions from the
column (Figure 1.1); in fraction 40 it is 0.575, fraction
50 it is 0.168, fraction 60 it is 0.136 and fraction 70 it
is 0.353%, good evidence for a weak association between zinc
and lactoferrin. Furthermore the zinc/protein ratio drops
to ~0.1 when lactoferrin is concentrated by ultrafiltrat-
ion (76) suggesting that the zinc is easily removed. Thus
the low zinc protein ratio may be a consequence of this
wealk association.

(b) Manganese(III), Chromium(III) and Cobalt(III)
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Previously human lactoferrin has been shown to form the
complexes FeZLf and CuZLf (7,77) and results from this study
have shown that the average number of metal ions per mol-
ecule of lactoferrin, when the metal is manganese or cobalt
is 2.0 £+ 0.2. However, unlike iron(III) and copper(II),
manganese(TII), cobalt(III) and chromium(III) do not bind
to lactoferrin in phosphate buffer necessitating the use of
the more weaxly coordinating Tris buffer. Both manganese
and cobalt appear to be in the trivalent state (i.e. high
spin Mn(III) and low spin Co(III)) as hydrogen peroxide is
essential in the formation of CoaLf and while MnaLf will
form slowly in air addition of hydrogen peroxide acceler-
ates the process. The absence of signals in the e.s.r.
spectra of both complexes provides further support for this
idea as low spin cobalt(III) is diamagnetic while high spin
manganese(III) is e.s.r. inactive. When the metal is
chromium(III) studies indicated that excess chromium was
not readily removed by chromatography on Sephadex or Chelex,
like transferrin (54), thus the CraLf (Lf = lactoferrin)
was best prepared by adding two moles of chromium(III) per
mole of lactoferrin. The ability of lactoferrin to retain
excess chromium(III) (e.g. reported saturation values of
lactoferrin as high as 240% instead of the expected 100%)
when added as CrCl5 is very similar to a phenomenon report-
ed for transferrin (78). Sephadex and Chelex columns norm-
ally firmly bind FeClB, in the presence of transferrin, how-
ever, most FeCl3 is eluted bound non-specifically to the
protein.

1.3.2 METAL TION UPTAKE

Table 1.1 and Figure 1.4 show the times required to
half saturate lactoferrin and transferrin with various
iron(ITI) and copper(II) chelates. With Fe-NTA the t%
values for all the proteins in phosphate buffer or Tris
buffer were short (e.g. t% <10 seconds) indicating a rapid
initial phase. For the citrate-treated protein the re-
action was complete in 13 minutes, while with apolacto-
ferrin it was 90 minutes. With the 1:1 complex of

iron(III) with citrate t; (2% - 4 minutes) for the apo-
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Table 1.1 Times required to half saturate Apolactoferrin
and Apotransferrin with Iron(III) and Copper(II).

(ty)
-
Apolacto-2 Citrate-Treated 2 Epotransb
Pepein Apolactoferrin -ferrin
Fe-NTA (1:1)C <10 seconds " <10 seconds 3 seconds
Fe-Citrate (1:1) 4 minutes 2% minutes 8 hours
Fe-Citrate (1:10) 28 minutes - ~ L4 minutes
Fe-EDTA (I:I)d 3 days - ~L days
Cu-Cl2 <10 seconds - -
Cu-Citrate (1:1) <10 seconds - -
Cu-EDTA (1:1) No binding - =

a. Apolactoferrin (iron-free lactoferrin)in phosphate buffer
b. Apotransferrin (iron-free transferrin) in Tris buffer (79)
c. NTA; Nitrilotriacetate

d. EDTA; Ethylenediaminetetraacetate

lactoferrin proteins was longer than when iron was added as

a 1:1 complex with NTA, while with 1:1 iron-citrate added to
tronsferrin in Tris buffer t% was as long as eight hours (79).
Slowest binding occurs with Fe-EDTA, t% for apolactoferrin

in phosphate buffer being three days while that for apo-
transferrin in Tris buffer heing four days. A similar trend
is observed for copper(II) chelates. Copper added as CuCl2
binds completely within five minutes, when added as a 1:1
complex with citrate saturation of the protein is complete
within 15 minutes, while copper shows no inclination to

bind when added as a complex of EDTA. Thus the uptake of
iron in order of increasing t% is t% FeNTA <<t% FeCitrate
<t12 FeEDTA" Furthermore the faster uptake of iron by
apolactoferrin may be reflected in its ability to bind
iron(III) wmore strongly than transferrin. Studies on
transferrin have demonstrated that Fe-Citrate exists as a
high molecular weight polymer in solution and that it is the
rate at which this polymer breaks up into a monomer which

determines the rate of uptake of iron(III) by apolactoferrin
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(79). Uptake of Fe-NTA by apolactoferrin is quicker

because in solution it occurs as a monomer only. EDTA,
which is a hexadentate chelating agent, is able to com-
pletely surround the ferric ion such that it is well shield-
ed from nucleophilic attack. The partial unwrapping of the
chelate exposes the iron, making it much more labile and
this determines the rate of uptake of iron(III) by apolact-
oferrin. From these experiments then the rate at which the
EDTA chelate unwraps to expose the iron is much slower

than thc rate of breakdown of the Fe-Citrate polymer.

When the citrate to iron(III) ratio is increased from
Rl ol NieEW , t% for apolactoferrin (in phosphate buffer)
increases from fcur to 28 minutes, the reverse of that
observed with apotransferrin when t% drops from eight hours
to four minutes (79). Considerable amounts of citrate are
known to occur in human milk (80); four days after partu-
rition it has been observed to be as high as O.9mg/cm3, a
citrate to lactoferrin ratio of 174:1 (assuming the lacto-
ferrin concentration to be 2mg/cm3). In spite of its
central role in the metabolism of all cells, the signifi-
cance of the presence of citrate in milk and its mode of
secretion are not known. Citrate is known to be very
closely associated with transferrin (44) and is not readily
removed by dialysis against water. However it is effect-
ively removed by dialysis against O.1M NaCqu or passage
down a Sephadex G-25 column. It seems likely that with
such high citratec:lactoferrin ratios existing in milk that
some citrate must still be closely associated with lacto-
ferrin after isolation. This is supported by the fact that
dialysis of apolactoferrin against O.1M NaClObr causes pre-
cipitation of the protein which is only reversed by dial-
ysis against citric acid, indicating that citrate plays an
important role in stabilising lactoferrin in solution. It
also appears that there is an indeterminate amount of
citrate closcly associated with apolactoferrin which should
be taken into consideration when decaling with uptake of
Fe-Citrate complexes by the apoprotein.

In tris buffer t% for iron(III) uptake from Fe-Citrate
by apolactoferrin is now 12 minutes, the different buffer
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having a pronounced effect on t% (Figure 1.5). 1In the
presence of two molar equivalents of zinc(II) or mercury(II)
t% is about five minutes, providing evidence that these ions
are weakly bound and suggesting that the decreased t% may be
due to a faster breakdown of the 1:1 Fe-Citrate polymer in
solution or a more favoured conformation of the protein for
iron(III) binding. In contrast two chromium(III) ions

bound to the protein strongly inhibit the uptake of Fe-
Citrate (76). After four days the saturation of the protein
by iron(III) is no more than 44%, good evidence for the
specific binding of chromium(III).

1.3.3 FLUORESCENCE SPECTROSCOPY STUDIES

The absorption of light is followed by its emission at
a longer wavelength - this emission is fluorescence.
Fluorescence is quantified by determining the Quantum
yield, Q;

photons emitted

photons absorbed

Interaction with molecules in the environment can reduce
the quantum yield through external conversion (i.e. pro-
cesses that can cause the molecules to drop to the ground
state without light emission) hence this process is known
as quenching. There are only three intrinsic fluors in a
protein tryptophan, tyrosine and phenylalanine, listed in
order of decreasing Q. In practice only tryptophon can be
detected; phenylalanine has a very low & and tyrosine
fluorescence is weak due to quenching, usually when it is
ionised or near an amino or carboxyl group or tryptophan.

For apolactoferrin in phosphate buffer the wavelength
of maximum excitation is 292nm and maximum emission is
348nm, whereas in Tris buffer the corresponding values are
290nm and 334nm. Comparative values for apotransferrin in
Hepes buffer are 280nm and 328nm (43). Since tryptophan
fluorescence maxima can be expected to vary from 370-315nm
as the solvent polarity is decreased then it would appear
that the important tryptophan residues are in very non

polar environments.
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Table 1.2 Fluorescence Quenching of Apolactoferrin by
Pivalent and Trivalent Metal Ions (in Tris
Buffer)
% Fluorescence as a Function of Mectal:
Protein Ratio

Mctal Ion a1 2. Bl Lil
Fe(III) 46.8 o ] 22.8 22.5
Cu(II) 70.5 HBrS TN 59.5
Cr(III) 7825 74.0 D 72.0
cr(1Ir)? - 62.5 - -
Mn(II) > 77.5 77.5 76.5
Mn(III)? - 35.5 - -
Co(II) 80.0 77D 78.5 76,5
Co(IT1)? - 47.0 - -
Ni(II) 83.0 81.0 81.0 81.0
Zn(II) 81.5 82.0 80.8 79.5
Cd(II) .5 77.0 D 76.0
Hg(II) 83.5 80.5 76.5 78.0
Pb(II) 7.5 73.5 75.5 72653
a. These measurements were made one week after the

addition of the metal ion.

The addition of iron(III) and copper(II) to apolacto-

ferrin causes a quenching of the fluorescence which reaches

a maximum after the addition of two metal ions per protein

molecule (Table 1.2).

As for serum transferrin and ovo-

transferrin (43) it appears that tryptophan residues are

not directly bound to the
may be quenched by a long
sorption band produced by
Moreover the fluorescence
copper(II) binding is not

metal ions,

but their fluorescence

range energy transfer to an ab-

the metal protein interaction.

titration curve for iron(III) and

linear (76) and as for serum

transferrin may be analysed assuming a random binding model

giving a result of k; = 0.8k, (where k; and k

> represent

the fraction of the original fluorescence quenched by the
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binding to one and two sites on the same molecule). For
serum transferrin an almost identical result has been
obtzined, i.e. k] = O.75k2 (43), and in both cases the non
linear dependence of the fluorescence on mctal binding

suggests that it is not an all or none process,

Fluorescence quenching is also exhibited by the tri-
valent ion-lactoferrin complexes (Table 1.2) which is most
significant for manganese(III) and cobalt(III), in line
with the strong specific site interaction of these ions.
While these complexes are prepared by oxidising manganese-
(II) and cobalt(II) in the presence of apolactoferrin,
cobalt(II) shows much more resistance to oxidation by H202
than manganese(II) and only appears to bind at the specific
sites once the metal:protein ratio is greater than 2 (Table
1.3). Furthermore only mangancese(II) will undergo aerial
oxidation in the presence of the protein, followed by
binding to the specific sites as indicated by the increase
in fluorescence quenching of such solutions with time
(Table 1.4).

In contrast to manganese(I]I) and cobalt(III) the
divalent metal ions manganese(II), cobalt(II), nickel(II),
zinc(II), cadmium(II), mercury(II) and lead(II) with apo-
lactoferrin in a 1:1 mole ratio exhibit a lesser quenching
(Table 1.2). Increasing the metal:protein ratio does not
alter the qucnching significantly while addition of iron-
(III) as its NTA complex causes an immediate increase in
fluorescence quenching (to a relative fluorescence of
around 30%) indicating that almost all of the added iron-
(III) has bound at the specific sites (a fluorescence
quenching of 23% would be expected for complete saturation
by iron) (Table 1.5). This is in marked contrast to ovo-
tronsferrin where fluorescence quenching is observed on
binding iron(III), chromium(III) and copper(II) but not
with other metal ions (81). However, ultraviolet diff-
erence spectral studies have demonstrated that manganese(II),
cobalt(II), cadmium(II), 2inc(Il) and nickel(II) combine
with the tyrosyl residues of the specific sites of ovo-
transferrin, though they do not bind as strongly as iron-
(ITI), chromium(III) and copper(II) which can displace them
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Tablé 1.3 Binding of Manganese(II) and Cobalt(II) by
Apolactoferrin After the Addition of Hydrogen

Peroxide.
Metal Ton Time After Addition % Fluorescence as a Functio;
of Haoa (Hours) of Metal:Protein Ratio
1 200 3:h 4:)
Mn(II) 0 73 68.5 67 68.5
2k 66 o1 45 L1
48 66 52 L 39
Co(II) 0 82 82 81 7
24 7 7 75 72

48 80 75 70 69

Table 1.4 Binding of Manganese(II) and Cobalt(II) to

Apolactoferrin in the Absence of Hydrogen Peroxide.

Metal Metal:Protein % Fluorescence as a Function of
Ratio Time After the Addition of the
Metal (Days).
il 5 6 %
Mn(II) 2:1 yan 56.5 40 38
Co(II) 2:1 78.5 78 80 89.5

from the specific sites relatively easily (82). Like ovo-
transferrin the absence of colour on interaction of the
divalent metal ions in Table 1.2 with lactoferrin does not
necessarily mean that no complex is formed, hence by anal-
ogy with ovotransferrin we would expect them to be inter-

acting with the tyrosyl residues of the specific sites of
lactoferrin.

Only weak fluorescence quenching was observed oae to
two days after the addition of chromium(III) to apolacto-
ferrin, though stronger quenching was exhibited after one
week (Table 1.2). Chromium(III), one to two days after
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Table 1.5 Binding of Two Iron(III) Equivalents by Metal-
Lactoferrin Complexes

Metal % Fluorescence as a Function of Metal :Protein
Ratio
1:1 2:1 B L2l
Cr(III) B7.5 31 37.5 BONI5
Ni(II) 35.5 I 35.5 55
Zn(I1) 32 34 35 32.5
Cd(II) P 30 2 33
Hg(I1) 33 30.5 31 32
Pb(II) 27 28.5 26 29.5

addition to apolactoferrin, is still only partially bound as
it can be almost totslly displaced by iron(III) at this

stage (Table 1.5). One week after the addition of chromium-
(ITI) to apolactoferrin it is only possible to displace 50%
of specifically bound chromium by iron(III) (Section 1.3%.2).

1.3.4 ELECTRONIC SPECTROSCOPY

All the complexes show an increased absorbance in the
ultraviolet ncar 295nm, when compared with the apoprotein,
pointing to deprotonated tyrosyl residues coordinated to
metal ions (7,54). The visible spectra (Figures 1.6 - 1.9,
Table 1.6) resemble those reported for the human serum
transferrin and ovotransferrin complexes (40,54,83), thus
reinforcing the postulate that the metal binding sites in
all these proteins are very similar and involve the same
ligating donor atoms. DBoth MnaLf and CoZLf show intense
bands in the 400nm region (Figure 1.7) which are tentatively
assigned, as for FeaLf, to a phenolate-to-metal charge
transfer type transition. However data for suitable small
molecule manganese and cobalt complexes are not available
for comparison. 1In the case of MnaLf, at least two shoulders
sre discernible (Figure 1.7) on the longer wavelength side of

the 435nm band which, although of high intensity, are pre-

sumably a result of d-d absorptions "stealing intensity"
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Table 1.6 Electronic Spectral Data for Human Lactoferrin
Complexes.

b

Complex 2 Colour Npax (00) E]%m €1 mole”! cm"])d
ApoLf ¢ Colourless 283 10.9 -
Fe,Lf ¢ Salmon pink 283 14.3 -
465 0.51 4140
CuaLf Lenmon 283 12.5 -
438 0.60 4800
677 0.08 620
Co,Lf Yellow 283 13.6 -
_ 405 1.28 10340
MnaLf Brown 283 14,7 - |
340(sh) 1.23 9950 |
435 1.19 9620 |
520(sh) 0.60 4850
640(<sh) 0.28 2310
CraLf Grey green 283 12.2 -
L2 0.064 520
612 0.035 280
a. Lf = Human lactoferrin.
Ion E}%m is absorbance of 1% protein solution in a lcm cell,
(o Data from ref. 7.

@l. Assuming MY of 81000,

from the nearby charge transfer band. Certainly for a range
of high spin manganese(III) complexes (which like copper(II))
complexes are expected to be subject to Jahn Teller distor-
tions (84) ) up to three d-d bands are generally observed in
the 500-1000nm range (85,86).

- In agreement with previous reports (77,87) the copper-
(II) complex, Cu,Lf, exhibits a band at 438nm (Figure 1.6)
which from studies of small molecular weight complexes
(Chapter 3) can be assigned to a copper-to-phenolate charge
transfer transition. The wavelength of this absorption when
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compared with the data for small molecule complexes (Chapter
3) is indicative of tyrosy) residues eguatorially bound to
copper(1I) in a tetragonal environment. However, not pre-
viously reported for CuZLf is a weaker band at 677nm (Figure
1.6), assignable to a d-d transition (88). Assuming the

rule of average environment (89) the position of the absorp-
tion points to the coordination of one, or at the most two
nitrogen donor atoms bound to a copper(II) ion in a distorted
tetragonal or rhombic s8ite, a fact also demonstrated by
e.s.r. studies (Section 1.3.5).

Finally, the CrZLf complex, which does not exhibit a
charge transcfer band in the visible region, allows the ob-
servation (Figure 1.8) of the two spin allowed d-d tran-
sitions ’*Aag—> l*fr]g and L*Aag—>“T2g (at 44enm and 612nm
respectively) expected for an octahedral chromium(III)
complex (90). Thet chromium is binding in the specific
site is cevident from the fact that the binding of the metal
to apolactoferrin is more rapid in the presence of excess
bicarbonate and the resulting spectrum is very similar to the
analogous chromiuwa transferrin complex, for which evidence
has been presented to support specific binding (54).
Furthermore the chromium once bound is not readily dis-
placed from the svecific binding site by iron(III) (Sections

19592 and Tp3as)e

The electronic spectrum of CraLf is similar to those of
chromium(III) ions known to have a Cr06 coordination (Table
1.7) and does not seem consistent with the involvement of
both nitrogen and oxygen ligands only as suggested by
studies on other lactoferrin complexes. However, the ab-
sorption meaxima do in fact resemble those of chromium(III)
complexes containing chloride ions, as well as nitrogen and
oxygen donors (Table 1.7), which may indicate that because
of the chemical inertness of the chromium(III) ion, at least
one chloride ion has been retained in the coordination
sphere rather than a water molecule (since the metal ion is
added as commercial chromium(III) chloride which contains
[Cr(H20)4C12]+ ions (96)). However, similar spectra are
Obtained when chromium(ITT) is added as its nitrate salt or
as a complex with NTA suggesting that the Tris buffer may be
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Table 1.7 Electronic Spectral Data for Cr(III) Complexes

Complex? Npax (nm) Donor Set Ref
Cr,Lf yh2 612 ? b
Cr,Tf 440 615 ? 54
[cr(Hzedta)cl, (H,0) )] 450 620 Cro;NC1, 91
[or(1,0)5c1]%* 428 608 CrogCl 92
[cr(cat),] > 475 592 Crog 93
[er(,0).]°" 407 573 Crog 9l
[cr(H,0) 5 (NH5)] 3+ 397 545 CrogN 94
[cr (1,00, (en)] 2* 285 12 Cro,Na 95
[Cr(edta) (3,0)] ~ 395 545 Cro, N 95

®Abbreviatiens: Lf = human lactoferrin, Tf = human gerum
transferrin, edta = cthylenediaminctetracetato, cat « cate-
cholato, en = ¢thylencdiamine. bThis work.

a source of the chloride ion in these cases,

1.3.5 ELECTR0ON SPIN RESOWANCE SPRCTROSCOPY

(a) The Spectrum of FeaLf
In general, the phenowmenological spin Hamiltonian

describing the e.s.r. spectra of iron(I1I) ions in sites of
less than cubic symmetry may be characterised by two zero-
field splitting parameters, D and E, or frequently by D and
X (= D/E). An axial distortion from cubic symmetry is rep-
resented by the D term, while a planar or rhombic distor-
tion is expressed in the E term. The spin Hamiltonian is
then written as the sum of the Zeeman energy and terms for

the axial and rhombic distortions;

a !52 l . - :}2 = A2
Y o = ABH.g:8§ + D 5, = 38(6 + 1ﬂ + IJ(ux 5¢)
Zeeman Axial Rhombic

The relative magnitudes of these terms will determine the
fields at which e.s.r. transitions are observed for a given

microwave frequency. ¥When the term in D dominates the
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Hamiltonian, as in the high spin ferriheme proteins, A has a
value near zero. Resonances in frozen solutions of proteins
will then be observed near g] = 6 (arising from those
molecules oriented so that the symmetry axis of the ferri-
heme group is perpendicular to the external magnetic field)
and g] = 2 (from molecules oriented with the symmetry axis
parallel to the field). Yhen the E term is large compared
to other terms, all orientations of the iron(III) ion will
give resonances near g] = 4.3, In this case it has become
customary to speak of AN being equal to 1/3, since it is
always possible to find a coordinate system (or equivalently
to choose an axis of quantization) where IEI/IDI < 1/3, and

D = 0 in one reference (a pure rhombic distortion) corres-

ponds to N = 1/% in another. Should terms in D and E be
small compared to the Zeeman term, then the symmetry is
cubic and all orientations will give rise to g] = 2. This

is the situation found in the hexaquo complex of manganese-
(II). Quartic terms due to the cubic field are usually
very much smaller than the quadratic terms and are custom-
arily neglected because of the number of parameters they
introduce (49).

The e.s.r. spectrum of Fe,Lf (Table 1.9, Figure 1.10),
is identical to a previously reported spectrum (49) and is
characteristic of the class of iron(III) compounds in which
the iron is in a site of rhombic symmetry. FeaLf and
FeZOvon (OvoTf = ovotransferrin) exhibit a broad shallow
peak around g = 4.98 not observed in Fean. Addition of
perchlorate to FeEOvon causes Lhis broad signal to decrease
in intensity, while in Fean the signal increases in inten-
sity when perchlorate is added (97). For ovotransferrin the
broad signal is much more prominent when monoferric ovo-
transferrin (prepared by isoelectric focussing) has the
second site occupied by gallium and much less prominent when
monogallium ovotransferrin has its second site occupied by
iron (67). The sum of the latter two spectra gives a spect-
rum the same as that of native Feaovon indicating that each
bound iron makes an independent contribution to the spectrum.
Recent studies have shown that lactoferrin and transferrin

consist of two independent halves each containing one
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Figurs 1,10 E.S.Re spectra at ~160°C of (e) Fe,If in phosphate buffer,

PH T.6, 0.01¥ and Fe2Lf in phosphate buffer titrated to pH 2.0
with () citric acid end (e¢) rhoasproric acid.
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Table 1.8 Characterisation of Iron(III) High Spin E.S.R.

Spectra
g1 value? Symmetry Axial Relationship
2 Cubic X=y=2
6 and 2 Tetragonal/axial X=y#2z
9 and 4.3b Rhombic x£y#z
a. g] = hV/BH b. The g = 9 signal is very weak

specific binding site and linked by the polypeptide chain
(20,21). The broad signal at g = 4.98 has been attributed
to a protein conformation of one of these halves in which
the iron is strongly bound at the specific site (97). The
conformation adopnted by FeEOvon in solution lies more in
the direction of strong binding occurring in both sites.
Addition of perchlorate, a chaotropic agent (one which
alters the hydrogen bonding properties of aqueous solutions),
is felt tn change the protein conformation of both halves
of Feaovon to one in which iron(III) is less strongly held.
The reverse is felt to occur in Fean. Similar investiga-
tions have not been carried out on FeaLf; it has proved
impossible to prepare monoferric lactoferrin by isoelectric
focussing (section 1.3.7), while the effect of perchlorate
and other anions on FeaLf and CuaLf has yet to be investi-
gated.

(b) The Spectrum of Cu,Lf

Copper has a relatively simple electron configuration.
¥ith 9 d-electrons the copper(II) ion can be considered as
having a single d-hole, as opposed to a single d-electron,
with a spin of %+ and the same wave functions. The t28 and
eg sets of orbitals in copper(II) when subject to a tetra-
gonal distortion, a consequence of the Jahn Teller effect,
are split further and the dxl-ya orbital is left with the
lowest energy. In this case the orbital angular momentum

of the copper(II) ion is said to be quenched, because the
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electron hole resides solely in this orbital configuration
and cannot interchange with the others. Under these cir-
cumstances the copper(II) hole has only angular momentum
(and hence magnetic moment) associated with the electron
spin, s = %, and the g value of the copper(II) ion
approaches close to the free electron g value of Bo = 2.00253.
Nevertheless the copper(II) hole may spend a very small
amount of its time in the higher energy orbitals, giving
rise to the perturbations of the g value, which depend on
the energy level splittings, /A, and thus on the nature of
the copper ligands. For octahedral symmetry the g-value
will be isotropic, but in tetragonal symmetry the g-value
is anisotropic; 811 and gl arise depending on whether the
magnetic field is directed along the tetragonal (Z) axis

or perpendicular to it. 1In copper(II) interaction of the
electron hole with the nucleus of copper (spin = 2) gives
rise to hyperfine splitting, which appears as fou; equally
spaced lines in the low field region. Smaller ''superhyper-
fine structure" may come from interactions with the ligands,
the most common being nitrogen (spin = 1) (98).

The e.s.r. spectrum of CuaLf (Table 1.11, Figure 1.12)
is identical to that obtained previously (7). Hyperfine
structure in the 811 and 81 regions provide strong evidence
for the presence of nitrogen in the specific sites.
Computer simulations of the structure of the low field peak
in the 811 region support the involvement of only one
nitrogen in coordinating copper(II) (99) as has been demon-

strated with Cu,Tf, (Tf = Transferrin) (55).

2
(c) Interactions Between Lactoferrin and Citrate

E.S.R. experiments indicate that iron(III) is retained
by the protein in the specific sites at pHs above 4, though
complete removal does not occur until the pH is below 3,
thus confirming titration studies where the red colour of
the complex is not lost until the pH drops below 4 (32).
Vhen FeZLf is titrated to pH 2.0 with citric acid the pink
colour disappears and the solution exhibits a spectrum
identical to that observed for a 1:3 iron(III)-citrate
complex at pH 4.7 (Figures 1.10, 1.11 and Table 1.9), clear

evidence for the formation of a ferric-citrate complex
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Table 1.9 E.S.R. Spectra of Complexes of Iron(III) with

Lactoferrin

Species pH g Values
FeZLf 7.6 8.72, 4.378, 4.240, 4.139
Fe-Lf-Citrate 2.0 8.069, 4.783, 4.264, 3.633
Fe-Lf-Phosphate 2.0% 9.547, 4.317, 2.112, 1.956, 1.827
Fe-Phosphate 1.0
Fe-Citrate (1:3) 2.0 9.355, 4.218, 1.967
Fe-Citrate (1:3) 4.1 8.683%, 5.587, 4.656, 3.648
Fe-Citrate (1:3) 4.7 8.567, 4.795, 4.312, 3.648

rather than that of a ferric-citrate-lactoferrin complex,
involving the specific sites of the protein. The sharper
spectrum observed at pH 2.0 in the presence of lactoferrin
is probably a result of a decrease in the ordering of the
solvent water molecules, the protein is probably disrupting
intermolecular hydrogen bonds. A similar effcct has been
observed with an iron(IIl)-transferrin-citrate solution at
pH 4.1 (44). Titration of Fe,Lf to pH 2.0 with phosphoric
acid gives a strong e.s.r. signal at g = 2 (Figure 1.10,
Table 1.¢) indistinguishable from that obtained with iron-
(1II) nitrate in phosphoric acid at a similar pH, and con-
sistent with a near octahedral FeO6 coordination.

It has been reported that apolactoferrin can be prepared
by dialysis against citric acid (O.1M, pH 2.0) followed by
several changes of deionised water (18). Returning the pH to
7.6 by the addition of NaZHPOQ usually results in some pre-
cipitation of the protein. Apolactoferrin prepared in this
manner showed a more rapid binding of iron(III) as a complex
of both NTA and citrate (Figure 1.4, Section 1.3.2). Further-
more CuaLf prepared from this protein shows a weak signal at
g = 1.98 not observed for CuZLf prepared from apolactoferrin
which had not been treated with citric acid or for non
specifically bound copper(II) (Table 1.11, Figure 1.12). It
apprears that the second species in the e.s.r. spectrum of
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Tetbie, a6 E.S.R. Spectra of Complexes of Chromium(III)
with Lactoferrin and NTA

Species g_Valuos
Type 1 Type 2 Non- Unbound
SEecific
CrZLf 5.43 5.62, 5.15, 2.42 2,05 -
Cr-NTA(1:1) - - - 1.98

CuaLf, stated as being due to 3-4 nitrogens coordinating to
copper(II) (87), corresponds to this g = 1.98 signal and in
fact is evidence for disruption of the protein's conform-
ation as & result of the extreme conditions needed to remove
iron(III).

(d) 1Interactions Between Chromium(III) and Lactoferrin

The e.s.r. spectrum of CrZLf (Table 1.10, Figure 1.14)
is characterised by three sharp signals at g = 5.62, 5.43 and
5.15 and two broader signals at g = 2.42 and 2.05 similar to
those reported for the analogous CrZTf complex (54). These
signals would appear to be consistent with the presence of
three species of chromium(III) in the complex. Metal ion
uptake studies (Section 1.3.2) have shown that iron(III) can
displace up to S0% of the specifically bound chromium(III)
in Cr,Lf and as the addition of iron(III) or copper(II)
causes the immediate appearance of a pink or yellow colour-
ation of the protein and disappearance of the line at g =
5.43, then this signal may be due to a site that is more
accessible to attack hy other metals. The broad signal at
g = 2.05 may be due to non specific chromium(III)~lacto-
ferrin. It is very difficult to remove excess chromium(III)
from Crsz (Section 1.3.1) while the addition of excess
iron(III) to CraLf causes this signal to increase slightly
in intensity over that at g = 2.42. The signals at g =
5.62, 5.15 and 2.42 may then be assignable to the second
specific chromium(III) site which appears to be less

accessible to metal ion attack. When one iron(III) ion
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is added to CraLf (Figure 1.14) the slight increase in the
intensity of the lines at g = 4.240 and 4.139 due to
specifically bound iron relative to that at g= 4.578 (as
opposed to the relative intensities in FeaLf (Figure

1.10) may indicate that some inhomogeneity in the sites
exists when iron(III) is bound, and that they are disting-
uishable by e.s.r., though this may be a consequence of

the lower signal to noise ratio in the spectrum.
(e) Interactions Between Copper(II) and Lactoferrin

(i) Bicarbonate-Free Copper-Lactoferrin

In the absence of bicarbonate the colourless copper-
lactoferrin complex (Table 1.11, Figure 1.12) has an e.s.r.
signal indicative of no more than one nitrogen coordinated
to the metal. Lowering the pH of CuZLf to pH 4.0 results
in the immediate loss of the yellow colour and the appear-
ance of a signal identical to the bicarbonate-free copper-

lactoferrin signal (76).

(ii) Addaition of Copper(II) to Fe,Lf, Co,Lf and Cr,Lf
When copper(II) is added to FeaLf, CoZLf and CraLf
some of the specifically bound metal is displaced. When it
is added to FeZLf )\max for the complex shifts from 455nm
to 458nm, or when added to CoZLf )‘max shifts from 4{05nm to
415nm, while in the case of CrZLf the characteristic yellow
colour associated with specifically bound copper(II)
appears almost immediately. Furthermore the e.s.r. spectra
of these complexes are characterised by at least two major
species one of which can be attributed to specifically
bound ccpper(1I) (Table 1.12, Figure 1.12 and 1.13). 1In
FeZLf the second species in the spectrum has been assigned
to a non specific copper-protein interaction which, from the
broadness of the signals in the 811 region suggests at
least two nitrogens coordinating to copper. Furthermore
there is a difference between this cignal and that of bicar-
bonate-free copper-lactoferrin indicating that the binding
of iron(III) in the specific sites makes available a diff-
erent site on the protein for binding copper(II) from what
is available when no metal is specifically bound.

When copper is added to CraLf one of the major species
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Table 1.11 E.S.R. Spectra of Complexes of Copper(II) with
Lactoferrin and Copper(II) in Buffer Solutions

Species Buf fer 11 A1](a) 81 ﬁ-(a) 1 Width(a)

Cu2Lf

(Specific) Phosphate 2.315 151 2.057 T 28
CuLf

(Nonspecific) " e 150 25972 - ~ 40
CuLf-Hco3 Free " 2.372 145 2.076 = ~ 2
Cu(II)-

Phosphate " - - 2.078 - -
Cu(II)-Tris Tris 2.260 185 2.072 - ~ 45
Biuret-Cu? " 2.206 210 2.05 - .

a. Reference (56)

Table 1.12 E.S.R. Spectra of Copper(II) added to FeaLf,
CraLf and MnZLf
Reaction Bu ffen £y, 444(a) 81 Al(a) Species
CraLf+ZCu Tris 2.31 150 Specific
2.26 185 2.035 - Cu-Tris
~ 2,24 ~190 -
Fe Lf+2Cu Phosphate 2.32 150 g 2.07 - Specific
2.27 150 Non
Specific
C02Lf+2Cu Tris 2.32 150 3 2.063 1 Specific
a
&naLf+2Cu Tris 2.230 202 2.05 - Biuret Cu
MnaLf+5Cu " 2025 200 % 2.061 - Biuret Cu
2.269 177 CuTris
Cu-Lf HCOB Phosphate 2.372 145 2.076 -
Free el _ _
=18 Second species present in spectrum as shoulders to the

peaks of the major species.
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present in the spectrum can be assigned to an interaction
between copper and the buffer, most probably involving the
nitrogen of tris(hydroxymethyl)-methylamine (Figure 1.13).

(iii) Addition of Copper(II) to MnZLf

Manganese(III) would appear to be more strongly bound
than iron(III), cobalt(III) and chromium(III) as addition of
copper(II) is insufficient to displace it from the specific
sites; no change is observed in the visible spectrum on the
addition of copper and there are no signals due to specific
copper-lactoferrin in the e.s.r. spectrum. The e.s.r.
spectrum is remarkably similar to that produced by a Biuret
type copper(1I) complex (Table 1.11 and 1.12, Figure 1.13)
found to occur with transferrin at pHs greater than 9.2
(55), providing evidence thal copper is coordinating at a
site containing at least three nitrogens. There is also a
distinct similarity between this spectrum and that previously
reported for bicarvonate-free copper-lactoferrin where the
parameters of the major species in that spectrum are 811 =
2.25, Ay = 200 gauss and g, = 2.06 (7). Thus the binding
of manganese(III) to lactoferrin would appear to induce a
different conformational change of the protein to that
found with other metal ions, making available a different
external site on the protein for the binding of copper.
There would appear to be only a limited number of such sites
available for copper. Addition of more than two equivalents
of copper(II) to MnZLf gives rise to a second species in the
e.s.r. spectrum which may be due to an interaction between
copper and the buffer (Table 1.12).

In general small molecular weight complexes of
manganese(III) are close in stability to those of iron(III),
and in some instances are more stable, while they are more
stable than those of other metals in the first transition
series, For instance log k] for a manganese(III) complex
with the lisgand hydroxyethylethylenediaminetriacetic acid
(HEDTA) is 22.7 while that of iron(III) with HEDTA is 19.06
and copper(II) 18.8 (100). The ionic radii of chromium(III)
and iron(III) are very similar (101) and that of manganese(III)
would be expected to be the same. However, the latter with
the dh configuration (one electron short of a half filled
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shell) is likely to be subject to Jahn Teller distortions,
like copper(II), which increase the axial bond lengths and
decrease the equatorial bond lengths. For instance a

single crystal x-ray structural analysis of tris-(8-quin-
olinato)chromium(ITI) shows the chromium to be binding in an
essentially distorted octahedral configuration with Cr-0
(phenolate) bond lengths of 1.949(10)4° and Cr-N bond
lengths of 2.063(8)A° (102). Replacing chromium by
manganese in this complex results in a lengthening of the
axial metal-nitrogen bonds by 0.2A° to 2.254(13)A° and a
small shortening of the equatorial metal-oxygen bonds to
1.915(8)AO while the equatorial metal-nitrogen bonds remain
escentially unchanged (Table 1.13). The equatorial Mn-0O
(phenolic) and Mn-N bond lengths are not too dissimilar to
their equivalents in high spin iron(III) complexes, for
instance in the complex [Fe(IIIa)Z(MeOH)a](NOB).BHZO the
Fe-N bond length is 2.068(3%)A° and the Fe-O(phenolic) bond
length in Mg[Fe(Va)] 48,0 is 1.907(&)A° (103 ,107). A similar
length for the axial M-N bond hsas also been reported for

the complexes mer-tris-(N-benzylsalicylaldiminato) manganese-
(III) and tris-(pyridine-2-carboxylato) manganese(III)

(Table 1.13%). However the ¥n-O-(carboxylate) bond lengths
appear to be shorter than Fe-O-(carboxylate) bond lengths,
which in Mg[Fe(Va)]QHQO (see Chapter 2 for compound numtering
system) are 2.041(7 A0 (103).

Thue it would apvear that manganese(III) would favour
an environment with a tetragonal distortion from octahedral
symmetry and these steric reauirements induce a different
conformational change of the protein to that observed with
iron(ITIT), chromium(III) and cobalt(III). This may account
for the increased stability of the NnZLf complex over that
of CrZLf and FcaLf and may be further evidence for the idea
that lactoferrin is able to change its conformation to a
greater extent than transferrin to adopt a configuration
favouring the stability of its iron(III) complex (36).

1.3.6 RESONANCE RAMAN SPECTROSCOPY

Resonance Raman Spectra of lactoferrin (Table 1.14,

Figure 1.19%) (108) are dominated by four strong resonance-
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enhanced. vibrational modes of metal ion coordinated tyrosin-
ates at 1600, 1500, 1250-1270 and 11’70(:!:1_1 as have been
observed in transferrin and ovotransferrin (40,83). From
comparison with a small molecular weight copper(II) complex
(83) the two highest bands can be assigned to C-C stretch-

ing, the 1260cm™ !

band to C-O stretching and the lowest
freauency to C~0 bending of the phenolate ligand. The
other bands in the region 1900—900cm—] are non-resonant
1

(cH,
deformation), 10050m-] (phenylalanine ring breathing mode)
and ~9AOcm-1 (backbone C-C stretching) while the broad

feature at ~1660cm—] arises from solvent (HEO deformation).
1

features which arise from protein motions; ~1450cm”

Spectral lines in the region below 900c¢m™ ' were largely

obscured by coatributions from the frozen solvent.

The Resonance Raman spectra of FeaLf and Cu,Lf are
Lf and MnaLf. How-
! band is

nearly identical as are the spectra of 002

ever the two sets differ in that the ~1253cm”

approximately 20cm”!

lower in frequency in the case of the
latter tvwo metasl-protein complexes, while the other three
tyrosinate modes are nearly coincident. These results are
nearly identical to those of the metal substituted trans-
ferrins and ovotransferrins (83). It was difficult to

determine the position of Cr,Lf in the above classificaticn

2
because its low absorptivity led to weak resonance enhancement.
Only the 16040m'] frequency was clearly evident among the

four tyrosinate modes and the spectrum was dominated by the

non-resonant peaks,

Relative Raman intensities were calculated using the
CHa-deformation at ~14500m—1 as an internal intensity
standard, since the large contribution from solvent at
rV1OSOcm-1 in some of the spectra precluded the use of the
phenylalanine peak at fv1004cm—]. In Co,Lf and Cu,Lf the
excitation profiles of the four resonance-enhanced vibration-
al modes parallel the optical absorption spectrum in the
region between 514.5 and 457.9nm (Figure 1.16) as would be
expected for resonance enhancement by single electronic
states (109) whose respective optical transitions are given
in Table 1.6 (Figures 1.6 - 1.8). However, for Fe ,Lf the
tyrosinate frequencies appear to decrease in intensity as
bN is approached. Such behaviour is probably due to

max
excitation profile fine structure similar to that observed
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Fe(III)aLf Cu(II)aLf Mn(III)sz Co(III)aLf Cr(III)aLf Assignmentsb
~1657 ~1550 ~1660 ~1650 ~1654 H20

1604 1603 1601 1601 1604 ) tyr ligand
1500 1501 1499 1494 15057 g
1447 1450 1462 1462 1461 5(01{2)
1272 1275 1253 1254 1267? ) tyr ligand
1170 1169 1169 1168 - %
1004 1002 - ~1010 ~ Y (phe)
939 936 - 933 943 Y (c-c)

a. Spectra were obtained using 457.9 to 514.5 mm excitation.

b. Based on Reference 40 and 116.
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for Fean (40). Since fewer excitation wavelengths were used
in this study, it was not possible to resolve fine structure
in the excitation profiles.

The similarity between these spectra and those of
transferrin and ovotransferrin (83) strengthens the idea that
the metal binding sites in all these proteins are similar.
The appearance of the resonance-enhanced tyrosinate vibra-
tional modes in the Raman spectra of all the metal substi-
tuted lactoferrins and transferrins upon excitation close to
the visible absorption maxima means that these absorption
bands are primarily due to charge transfer transitions be-
tween tyrosinate and metal. The fact that the lactoferrin
tyrosinate vivbrations (particularly the peak at fv1270cm—])
are similarly affected by changing the metal ion indicates
that the tyrosinate coordinate of the metals is the same in
lactoferrin as in ovo- and serum-transferrin.

Two non-heme-iron dioxygenases, protocatechuate-3, 4-
dioxygenase and pyrocatechase, have been recently found to
exhibit a siwmilar set of four resonance-enhanced tyrosinate
rihg modes at about 1605, 1505, 1275 and 1175cm™' (110, 111,
112). This has led to the proposal for the existence of an
entire class of iron-tyrosinate proteins in which tyrosinate
coordination dominates the visible absorption and Resonance
Raman spectra (111). The lack of contribution of histidine,
bicarbonate or other iron ligands to the ~465nm absorption
band of lactoferrin has prevented these ligands from being
“identified in the Resonance Raman spectra.

Of the four characteristic tyrosinate vibrational
frequencies, tnhe one at nu1275cm-] appears to be the most
‘sensitive to metal substitution and active site structure.
In the iron proteins it varies from 12930m—] in pyrocatechase
(112) and 1285 - 1270cm-] in the transferrins to 1265cm~! in
protocatechuate-3,4-dioxygenase (110) while substitution of
cob2lt(III) or manganese(III) and iron(III) or copper(II)

in the transferrins results in a fJZOcm-]

decrease. It is
reasonable that this frequency be more responsive to changes
in the metal ion environment since it contains a substantial
centribution from C-O stretching motion, whereas the other

tyrosinate vibrational modes involve primarily phenyl ring
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deformations (83). Howcver the observed decrease in the

C-0 stretching frequency cannot be explained merely on the
basis of increased metal-oxygen bond strengths. In the case
of the metal substituted transferrins there is no corre-
lation between C-0O stretching frequency and the electro-
negativity of the metal (83) and inthe case of the iron(III)-
transferrins there is no correlation between the C-0
stretching frequencies and the stability constants for iron
binding. Human lactoferrin has been shown to bind iron 60
times stronger than ovotransferrin (7, 113) yet its C-0

vibration at 12?20m-1

is actually higher in energy than the
corresponding 1270cm_] peak in ovotransferrin (83). Thus,
the variability in the frequency of the hv1270cm-] vibrat-
ion is likely due to small changes in the geometry of the
iron-tyrosinate moiety., A similar conclusion was drawn

from the observed spectral changes in the iron-tyrosinate
chronophore of protocatechuate-3,4-dioxygenase following its
reaction with substrate and oxygen (110).

1.3.7 ISOELECTRIC FOCUSSING

Isoélectric focussing is a technique by which it is
possible to concentrate proteins at their isoelectric point
(I.®8.P.), the p4 at which they are celectrically neutral.
Diferric-, monoferric- and apolactoferrin differ from each
other in the electric charge each possess, hence it should
be possible to separale them on the basis of their iso-
electric points. It was hoped that by this technique it
would be possible to isolate monoferric lactoferrin in
sufficient quantity for further studies as has been done
with ovotransferrin (67).

Inital experiments were pzorformed to determine the
I.E.P. of the three species concerned; Fesz, FeLf and Lf.
A value of pH 9.0 + 0.2 was obtained for FeaLf, but attempts
to deternine the I.E.P. of FeLf and Lf were less successful.
In all cases recovery of the protein was only 20% and
optical density measurements indicated that a considerable
amount of material, possibly denatured protein, was present
at lower pH. This may explain the results of other groups

in which the isoelectric point was found initially to be
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pH 9 but then overnight drop to pH 5.5 and 5.8 (114, 115).

The ability of lactoferrin to displace sodium from a
cation exchange resin (CM-Scphadex C-50) at pH 7.6 suggests
that at this pll it is below its isoelectric point. Further-
more the fact that FeaLf would not run in an acrylamide
gel at pil 8.9 is further confirmation of its high iso-
electric point. However, because of the difficulties out-

lined above this line of study was abandoned.

1.4 CONCLUSION

Lactoferrin in addition to binding two iron(III) ar
copper(II) ions has been demonstrated in this study to
strongly and specifically bind two cobalt(III), chromium(III)
and manganese(III) ions. 1In addition it appears to be able
to weakly bind menganese(II), cobalt(II), nickel(II),
zinc(II1), cadmium(II), lead(II) and mercury(II). 1In the
prescnce of apolactoferrin manganese(II) has been shown to
readily undergo aerial oxidation and bind to the protein as
mangancse(II1) where it appears to be held in the specific
sites mors tightly than iron(III). ¥hnile the latter can be
partially displaced by conper(II) manganese(III) cannot.

It would appear that the greater stability of MnZLf over
FeaLf may be a consequence of manganese(III) inducing a
different conformational change on apolactoferrin.

The close similarity between, the electronic, e.s.r.
and Resonance Raman spectra of the complexes FeaLf, CuaLf,
CoaLf, MnZLf and CrZLf with those of transferrin and ovo-
transferrin reinforce the postulate that the metal binding
sites in all of these proteins are similar and contain 2 - 3
tyrosyl residues and at least one histidyl residue. The
site appears to be flexible enough to accommodate the
different stereochemical requirements of the metals employed.
Iron(III), chromium(III), manganese(III) and copper(II) all
appear to occupy a site of essentially distorted octahedral
symmetry; rhombic in the case of the former two and distort-
ed tetragonal in the case of the latter two. A distinct
heterogeneity between the two specific binding sites is
evident from the e.s.r. sgpectrum of CrZLf and metal ion

replacement studies indicate that chromium in one site is
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more labile than the other. 1In addition to the two specific
sites lactoferrin appears to have a number of non specific
sites on the outside of tne protein capable of weakly co-
ordinating metal ions such as copper(II) and chromium(III).
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Chapter 2 SMALL MOLECULE COMPLEXES OF IRON

2.1 Introduction

Studies on the iron-binding sites of lactoferrin and
transferrin have indicated that there are two imidazole
and two to three tyrosyl residues coordinated to the ferric
ion (7,33,36-~41) though the precise coordination sphere is
still unknown. One bicarbonate ion is also known to be
essential for the binding of the ferric ion, though whether
or not it is directly coordinated to the metal is still
questionable (40,44-5%). 1In a recent study Gaber et.al.
(40) reported the Resonance Ramsn and electronic spectra
of the complex Na[Fe(Va)]QHEO (Figure 2.1) along with that
of Fesz. The similsrities between these spectra rein-
forced the postulate that the characteristic red colour of
the iron-protein is a result of a phenolate-to-iron charge
transfer transition. [Furthermore these spectral similar-
ities have been cited as evidence for the involvement of
only two tyrosine residues in the specific binding of the
fiereiE idne

With the view to investigating the iron-tyrosinate
interaction further and the effect that nitrogen bases such
as imidazole may have on that interaction, a more compre-
hensive range of small molecule ferric ion complexes have
been prepared using the ligands illustrated in Figure 2.1.
This has allowed a spectroscopic study to be made on a
series of complexes embracing the chromophores Fe06,
FeOQN?, FeO

phenolate oxygen and O

5N5’ FeOaNqi and FeOaN O2 (where O represents the
the carboxylate oxygen). To

clarify the electronic spectra in particular, ligands which
arc essentially colourless in the anionic form were selected.
To mimic the tyrosine moiety substituted hydroxyphenyl
derivatives were used whereever possible. However, for the
FeO6 type, data obtained for catecholate complexes was used
as similar phenolate complexes are not known, Ideally,
isolated (non-conjugated) tyrosine and histidyl systems
should be considered but these systems are not always easy

to work with or are unknown. So systems ranging from
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bidentate, tridentate to hexadentate containing aromatic
and/or aliphatic nitrogens have to b2 used and from these
factors that influence the peak position and intensity of
the charge transfer tand in the visible region could be
studied. E.S.R. and Mossbauer spectroscopy were also con-
sidered to evaluate their sensitivity to changes in the
ferric ion environment created by the different ligands.
Hence from this, conclusions could be drawn about the

nature of iron-binding in the specific site of lactoferrin
and transferrin,

2.2 Exrerimental

2.2.1 SYNTHESIS AWD SOURCES OF TidE LIGANDS

Ia, Ic, II and IV were obtained from Aldrich Chemical
Company, Ia from National Biéchemical Corporation, Va from
Sigma Chemical Company and imidazole and N-methylimidazole
from BDH Laboratories. IIIa and IIIb were prepared by
Dr A. ¥. Addisson (University of British Columbia) and Vb
was prepared by Coordination Chemistry Consultants (Texas
A and M University). VIa, VIc and SALEN (bis-salicylalde-
hyde—N,N]—ethylenediamine) were made by adding 10mmol of
the appropriate aldehyde to 10mmal of the appropriate amine
and stirring for epproximately half an hour. The solutions
were taken down to dryness, washed with ether and dried.
VIII was prevared by adding two mole equivalents of NaBHu
in ethanol to SALLN, the yellow ligand in suspension turned
white and dissolved as the BHQ- went into solution. It was
then filtered, precipitated with water and the white solid
recrystallized by dissolving in hot ethanol, upon reduction
of the volume and the addition of water the product was
precipitated.

2.2.2 SYNTHESIS OF THE COMPLEXES
Preparation of [Fe(II)5]

[Fe(II)B] was prepared following the method of Cook
et.al. (117), 3.66g of tropolone was dissolved in a solut-
ion containing 2.52g of NaHCO3 in water to which was added
L.0hg of Fe(N03)3.9H20 in water. The resulting brick red
precipitate was filtered off, redissolved in CHCl3 (all

except an uncharactérised yellow-brown compound) and



( 63)

precipitated with CClq/diethylether. Analyses were per-
formed on the purple form of the complex.

Preparation of [Fe(IIIa)3]1% H50

IITIa (0.52g, %mmol) and NaOH (0.12g, 3mmol) were
dissolvéd in approximately BOcm3 of hot methanol. To the
filtered, cooled solution was added Fe(NOB)3.9H20 (0.404g,
3

Immol) in 20c¢m” of methanol whereupon a fine blood red pre-

cipitate formed. This was filtered and washed first with

methanol/diethylether, then diethylether and air dried. The
molecular weight of this was determined to be 604 ‘daltons

(Theoretical value = 575 daltons).

Preparation of [Fe(IIIa),(MeOH),]N05.2H,0

2

I1Ia (®.35g, 2mmol) and NaOH (0.08g, 2mmol) were
dissclved in approximately BOcm3 of hot methanol and the
solution filtered on coolingi To this was added Fe(N03)3°
9H20 (0.404g5, 1mmol) in 20cm” of methanol. Initially, the
red solution formed with precipitation of the tris complex
bul on addition of all the ferric nitrate the solution
turned purple and the precipitate redissolved. Within five
minutes fine needle crystals appeared and these allowed to
grow for a period of 2 - 4 hours after which they were
filtered off, washed with water and air dried.

Preparation of [Fe(IIIa)a(Im)Z]NOB.%HZO (76)

To a hot solution of 0.188g (0.333mmol) of [Fe(IIIa),
(MGOH)E]NOB,EHBO in ethanol a large (~~10 fold) excess of
imidazole was added until the xmax no longer shifted to
shorter wavelength. The solution was left to stand at e
for three days after which the resulting dark red crystals

were filtered, then washed with ethanol and ether.

Preparation of [Fe(IIIb)%]AH 0

2
IIIb (0.708g, 3mmol) and NaOH (0.12g, 3mmol) were
dissolved in approximately BOcm3 of hot methanol and the
solution filtered on cooling. Upon the addition of ,
Fe(H05) 5. 9,0 (0.404g, 1mmol) in 20cm® of methanol, a deep
red solution formed. A deep red crystalline material was
obtained after standing for 1% hours. It was filtered,
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washed with water, ethanol, diethylether and air dried.
Further crops were obtained upon standing for two days and,
after filtration, by the addition of water.

Preparation of [Fe(IV)3]1%H20

Sodium metal (0.138g, 6mmol) was added to a slurry of
IVin BOcm3 of ethanol. 4is the sodium dissolved and the
ligand converted to its anionic forw a red coloured solu-
tion that fluoresced was produced. To the filtered solu-
tion was added Fe(NOB)3.9HaO (0.808g, 2mmol) in 20cm® of
ethanol. The resulting red precipitate was filtered,
washed with water, then ethanol and air dried.

Preparation of K[Fe(Vb)]aHao

K[Fe(Vb)]2H20 was prepared using the method of Gaber
et.al. (40) for the analagous Va complex. Equimolar quan-
tities of Vb, freshly precipitated hydrated ferric oxide
and KHCO3 were stirred in a 3%:1 water:methanol mixture for
three days. The solution was filtered, stripped on a
rotary evaporator and the resulting precipitate extracted
into ethanol. Crystals which appeared when the volume
was reduced were filtered and washed with diethylether. A
second crop was obtained upon the addition of ether,

Preparation of [Fe(VIc),]PF 1,0

To VIc (0.39g, 2mmol) and KOI (0.112g, 2mmol) dissolved

in warm ethanol or methanol (BOcmB) was added FeCl3 (0.162g,
5

mixture was heated for 10 minutes and 5cm3 dimethoxypro-

Immol) dissolved in 10cz” of ethanol or methanol. The

pane added. After cooling (1 hour) the solution was
filtered (to remove KCl) and the volume reduced to about
15cm§. NHqPFg (2mmol) dissolved in methanol was added and
the resulting precipitate was collected and washed with cold
methanol and diethylether . The filtrate also produced a
second crop.

Preparation of K[Fe(VIa)a]ZHao

To VIa (0.53g, 2.48mmol) and KOH (0.28g, 5mmol)

dissolved in 35cm3 of warm ethanol was added FeCl3 (0.20g,
3

1.25mmol) in 10cm” of ethanol. The mixture was heated for
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five minutes and let to stand for an hour. The solution
was filtered to remove KCl and then reduced to below half-
volume and ether added. The solution was cooled overnight
and then black crystals of the product were collected and
washed with an ethanol/ether (1:1 V/V)mixture and then
diethylether.. The product was recrystallized from a meth-
anol/diethylether mixture.

Preparation of [Fe(VIIb)]pF6

Fe(VIIa) N03.1%H20 was prepared according to Tweedle
and Vilson (118). One gram of this compound was dissolved
in water and 0.55g of NaBHL+ slowly added and the solution
changed to a wine red colour. It was filtered and KPF6,
dissolved in water, was added and this resulted in the pre-
cipitation of the product. It was collected and washed
thoroughly with water.

Preparation of [Fe(VIIc)]PF6

This was prepared similarly to the literature prep-
aration of [Fe(VIIa)]PF6 (118), except at the extraction
stage where 900cm” of water was used. The product was re-
crystallized from BOcmD of an acetone/water mixture (7:3
v/v).

Preparation of [Fe(VIIc)]I3

To 0.29g of [Fe(VIIc)]PF6 dissolved in BOcm-j of a meth-
anol/acetone mixture (1:1 V/V) was added O.4g of I,. After
removal of the solvent mixture to below half volume on a
rotary evaporator blackish crystals of the product precip-
itated and these were collected and washed with diethyl-
ether,

2.2.5 INSTRUMENTATION

I.R. spectra were recorded on a Peckman IR20 spectro-
photometer, electronic spectra on a Shimadzu MPS 5000 spec-
trophotometer. E.S.R. measurements were made at -196°C on a
Varian E104A X-band spectrometer or at -16OOC using a Varian
E-257 Variable Temperature accessory. Spectral g values
were calibrated with a DPPH standard. Conductivity measure-
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Table 2.1 ANALYTICAL DATA OF SMALL MOLECULAR WEIGHT
FERRIC ION COMPLEXES.

Found (%5 Calculated (%)

Compound C H N c H N
[Fe(1D) ;] 60.7 3.5 - 60.2 3.6 -
[Fe(11Ta)4]14H,0 59.5 4.7 13.4  59.8 5.0 1.
[Fe(11Ta) ,(MeOH), ] 46.7 4.8 12.8  46.8 S.4 12,

NO. 2H,0
#[Fe(1112) ,(Im), ] 52.0 4.5 20.7 51.9 4.8 21,
NO. 3H,0

[Fe (1110) 5] 41,0 643 L.l 9.8  64.8 5.0 10.
[Fe(1V)., ] 1310 65.7 Bar 5.8 65.7 3.8 5.
K[Fe(Vb;]EHZO L6.2 540 5.3 Lh6.6 4.7 5.
K [#e (VIa) ,]2H,0 57.0 1 5.4 56.4 3.9 5.
[Fe(VIc),]PFg. 10 47.0 3.6 9.4  47.0 3.3 9.
[Fe(viIn)]PFR, 43.3 5.0 0.0 43.1 5.0 10.
[Fe(vite)]pF, 45.8 4.7 9.4  45.6 4.8 9.
[Fe(vric)]r, 32.3 3.4 6.9 32.3 3.4 6.

a. Reference (76)
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MAGNETIC SUSCEPTIBILITIES

ION COMPLEXES

Ay (ﬂf]mole']cma)

Compound Ny Solvent Mefr(BM)
[Fe(Ia);]6:,0 26.1 EtOH 5.88
[Fe(Ib) 3] 43H,0 - - 5.71
[Fe(TIe)5] 11,0 0.06 EtOH 6.14
[Fe(II)B] 0.54 Acetone 6.17
[Fe(IIIa)3]1%H20 0 Acetone 5.90
[Fe (I1Ia),(MeOH), 35.8 EtOH 5. 79

NOz.2H50 (0.1 Nitrobenzene)
[Fe(111b),] 41,0 1.35 EtOH 6.13
[fe (V)] 121,50 - - 4.25
K [Fe (Vb)] 211,0 76.8 MeOH 5.76
K [Fe(VIa),] 2H,0 92.54 Acetone 5.98
[Fe(VIe),] PFg.HS0 110 Acetone 4. 86
[e(VIIb)] PF, - - 5.9
[Fe(VIIc)] PFg 87 MeOH 2.02
[Fe(VIIc)] I, 93 MeOH 1.92
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ments were made using a Philips PR 9500 and 9510 conduct-
ivity meter and cell. All conductivities are consistent
with the proposed formulations (Table 2.2). Molecular
weights were determined by the vapour pressure method on the
Hitachi Perkin-Elmer Molecular Weight Apparatus 115. Mag-
netic susceptibilities were determined at Victoria Univers-
ity by the Faraday Method using Hg[Co(CNS)u] as the cali-
brant. Pascal constants were used to correct for water,
ligahd and anion diamagnetism. ldssbauer spectra were
collected and analysed at Chemistry Division, D.S.I.R.
Percentage C, H and N were determined by Professor A. D.
Campbell at Otago University and are given in Table 2.1.

2.% Results and Discussion

2.3.1 PREPARATIONS OF COMPLEILES
FeO6 Types

Species of the type [Fe(phenolate)6]3' are not known,
The closest systems to this are a number of bidentate lig-
ands, one exaumple of which is [Fe(catecholate)z] (119).
Complexes of hydroxamic acids Ia, Ib and Ic we;e prepared
by the method of Epstein and Straub (120), while the complex
of II was prepared by the method.of Cook et.al. (117).

beOQNE, beOBN5 and Rrelated Types

The preparation of the tris complexes of IIIa, IIIb and
IV arc given in the experimental section. The bis complex
[Fe(1I1a),(te0H) ] N0;. 2550 crystallized from a 1:2:2
mixture of Fe(NO5)3.9H20:IIIa:NaOH in MeOH over a period of
2 - % hours as long purple needles. These appeared to be
stable in air for at least 4 - 5 hours, but became pitted
over several days indicating the loss of solvent from the
crystals. From single crystal yx-ray structural analysis
the formulation of the complex appeared to be [Fe(IIIa)2
(MeOH)z]NOB.HeOH suggesting either some variation in sol-
vation betwecen different batches of compound, or that water
may replace the labile methanol molecule in the crystals.
The effect of a variety of bases on the electronic spectrum
of [Fe(IIIa)a(I'JeOH)a] 0;.2H,0 was also investigated. No
change was evident in ‘xmax when dimethylsulphide and
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dimethylphenylphosphine oxide ( (Me)EPh P=0) were added
(Table 2.3), though the latter added in excess caused a
steady decrease in the intensity of the charge transfer band
suggesting that (Me)aPhP:O was replacing IIIa in the complex.
Shifts Of%max’ listed in order of shorter wavelength, were
observed with dimethylsulphoxide (DMSO), imidazole (Im) and
tribenzylamine and it proved possible to isolate crystals of
[Fe(IIIa)a(Im)éNOB.éHZO from solution.

An attempt was made to prepare the complex[Fe(IIIa)
(MeOH)4]2+ by preparing a 1:1:1 solution of Fe(N05)3.9H20:
IITa:NaOH in MeOH. However, no crystals or precipitate
appeared from the resulting deep blue solution and as the
%max of the solution decreased on dilution this value was
best determined by running a diffuse reflectance spectrumn.
An attempt was made to prepare [Fe(IIIb)a(MeOH)2]+ by pre-
paring a 1:2:2 mixture of Fe(N05)3.9H20:IIIb:NaOH in meth-
gnol. From this woes isolated a solid which had an absor-
bance maximum of 5%2nm while the resulting filtrate had a
%max of 572nm, indicating a mixture of both tris and bis
complexes of I1Ib., Attempts to separate these proved un-
successful,

An attempt was made to prepare the complex [Fe(VIII)]+,
however it wos not possible to isolate this from solution.
Hence studies were performed on 1:1 mixtures of Fe(C1OH)3:
VIII to which one or two molar equivalents of imidazole or
N-methylimidazole (N-Me-Im) were added.

oAl ,
FeoauaOa and FeOZNL+ Types

Complexes of Va and Vb were prepared following the
method of Gaber et.al. (40). A complex of the latter has
been previocusly been prepared in solution (127) though it
was not isolated as a solid. Preparation of complexes
involving the ligands VIa, VIc, VIIa and VIIc are given in
the experimental section., In the case of the latter two
ligands the method of Tweedle and Wilson was followed (118).
The anions of thesze ligands give rise to orange colours so
to clarify the electronic spectra they were reduced by
NaBH, when attached to iron(III). Many of the reduced

b S
anions de motibave = separate existence. The assignment of
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the spectra were simplified because the reduced ligands
gave anions that were nearly colourless. However of the
complexcs involving these reduced ligands only one,
[Fe(VIIb)] PF, was isolated as a solid. That reduction

of the ligand had occurred was verified by the i.r. spec-
trum of the solid, which in comparison with its precursor,
shows important differences. The former compound shows two
Y(N-H) absorpticn bands at about BBOOcm_1 while the latter
has one, and the Y(C=N) absorption in the latter at 1620cm”
disappeared upon reduction. K[?e(VIa)é]ZHEO and [Fe(VIc%j
PFg.H50 once reduced (in MeOH) were unstable and were

1

oxidised by air back to the parent compounds. However
spectral data could be recorded if obtained immediately
after reduction. Addition of excess NaBH4 resulted in the
reduction of iron(III) to iron(II) and loss of colour.

2.3.2 MNOLECULAR STRUCTURE OF [Fe(IIIa),(}eOH),]N05.MeOH

In the complex (Figure 2.2) (107) the ferric ion has
been shown to be coordinated to two IIIa ions and two
methonol molecules., As well there is one occluded methanol
molecule and one nitrate group present in the asymmetric
unit., The iron is bound to the phenolate oxygen, one of the
imine nitrogen atoms ond the oxysen atom of methanol in an

all-trans arrangement. These six atoms of the inner co-

ordination sphere form a rhombic environinsent for the iron
atom. The l'e-N bond is within the normally expected values
for iron-imine interactions and the iron-methanol bond
length (2.094(3)A°) is not significantly different to that
III.—ethanol interaction (2.113, 2.1604°)
(121). The iron-phenolate bond (1.888(3)A°) would also
appear to be close to normal, it is not significantly
different to the iron-phenolate bond in Mg[Fe(VaX]MHZO of
1.907(7)A° (103). The occluded methanol molecule is part

of a hydrogen bonding scheme involving the methanol mol-

found for an Fe

ecule bound to the iron atom, the occluded methanol mol-
ecule and the nitrate group. The hydrogen atom of the
bound methanol is hydrogen bonded to the oxygen of the
occluded methanol molecule, the bond length of 1.7AO is
close to values expectedbfor such an interaction (122).

The hydrogen atom of the occluded methanol is further
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Fizure 2,2 The molecular confornation of [Fe(IIIa)Z(MeOH)2]NO3.He0H.
Top; the coordination sgphere of the ferric ion.
Bottom; the hydrogen-bonding network in the crystal (hydrogen-

bends are indicated by deshed or dotted lines).

Important Bond Angles
N'—Fe—0" 86.84

N'—Fe—0" 90.1 4
O—Fe—0 87.24

Nitrate
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hydrogen bonded to an oxygen of the nitrate, while hydrogen
bonding also occurs between the latter and the hydrogen of
the imine group in 1IIa, thus a lattice of hydrogen bonding
is set up. This was also found in two diethyl adducts of
porphyrinato iron(III) compleves (121, 123). Furthermore
the fact that there was no direct interaction between the

nitrate group and the iron atom provided further confir-
motion for the assignment of the 1360cm—] band in the i.r.
spectrum of the complex to ionic nitrate.

2.5.3 ELECIRONIC SPrCTRA

The main feature of the clectronic spectra of these
compounds is the relatively intense charge transfer band
that gives rise to the reddish colour (at 420-530nm) and
which can be assigned to a transition from the pT orbitals
on the phenolate oxygen to the half filled d IT* orbitals on
the ferric ion (40). Such p —> dT * transitions are
intense where as d-d transitions are very weak and
difficult to observe for FeIII. For example a weak shoulder
in the spectrum of Na[Fe(Va)]hHZO has been observed at high
concentrations around 900nm, at room temperature and -196°¢
(Table 2.3%). A second band at about 315nm has been reported
by Gaber ct,al. (40) to be assigned as a pll —> d o~* type in
@b(Va)]— and poorly resolved in Fe,Tf. A similar band at
315nm can be observed in Fe,Lf and though discrete bands
have been cbserved in COmplgxes of IIIa, IIIb and IV its
identification in other complexes has been difficult. The
high intensity of the charge transfer bands is probably due
to mixing with low lying phenyl I —> T * transitions and
where these are not present as in [Fe(EDTA)(OH)]e— no charge
transfer band is found (124).

However in an attempt to mimic the charge transfer
transition of FeZLf (at 465nm) it is important to note that
factors such as those listed below will influence the
intensity and position of the band.

1. The polydentate nature of some of the ligands as

compared with the bidentate and tridentate character
of others.

ol
o

The charge on the ligand.
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3. The nature of the N-donor atoms (e.g. whether aliphatic
or aromatic).

L. The stereochemistry around the ferric ion (e.g. in
FeOBN5 whether the mer or fac isomer exists and for

FeOaNAL whether cis or trans arrangement is present),

and
S The actual number of phenolate and nitrogen ligands
present.

It is conceivable that particular combinations of the
above factors will allow one to '"tune in'' onto the actual
charge transfer energy even though the numbers of phenolates
and nitrogen atoms are different in each model., Generally,
however, one should be able to at least 1limit the possible
models to one or two types.

Ideally it would be more suitable if one ligand could
be used to cover as many types as possible (e.g. cis and
Erans FeOaNq, mer and fac FeOBNz).However,this not bheing
the case in the present study ligands have been designed to
cover all types of complexes from Fe06 to FeOBNZOé (although

the actual geometry is not always known).
FeO6 Types

Complex¥es of this type haw bands within the range 430-
500nm (Table 2.3) making them close in energy to the charge
transfer transition observed in FeaLf. Generally they are
higher in energy than complexes of the type Fe03N3
indicating that the second oxygen in the ligand raises the
electron density on iron to a greater extent than nitrogen
hence the charge transfer interaction becomes less favourable,
However the spectrum of [Fe(II)J is more complex than the
others in this series. While ig has a charge transfer band
at 427nm, the intensity of this (at 15,200lmole”'em™') is
much greater than that reported for the other complexes
prepared in this study which all have intensities around
AOOOlmole"]cm-1. Additional bands are also observed at
lower energy. It may be that these are a consequence of the
structure of &é(II)3] which is intermediate betwcen octa-
hedral and trigonal prismatic (125).
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Table 2.3 ELECTRONIC 5PHCPRA OF SMALL MOLECULAR WEIGHT FERRIC ION COMPLEXES
Amax (nm)?@
Compound Visible Bands Others Solvent
Y pe.Lf 465(4140) 283(115,800) Phosphate Buffer
€ Fe,Tf 470(4370) 280(109,700) Tris Buffer
d[Fe(Cutecholate)s]3 496 (4700) - H20
[Fe(Ta),]5H,0 433(3430) 260(sh) EtOH
[re(1b),]"3150 468 301 EtOH
[Fe(Ic),]tiu,0 Uit (4470) 250(sh) EtOil
[Fe(11)5] 427(15200), 510(sh), 270(sh), 328(31700) CHC1,
53 (sh) 364(17300)
[Fe(1110) 5] 13150 487(2903) 304(24250) CHC1,
[Fe(I1Ia) ,(MeOH) ] 563(4570) 305(19000) EtOH
NO. 2l ;0

“[Fe(r11a) ,(1m),] N0, 21,0 530 - EtOH
¢ h 0 +

[FeCrrra),(x),]
L-.iribenzylumine 527 - EtoH

M50 550 - Etol
dimethylsulphide no change - EtOH
(Hc)EPhP:O no change - EtOH

[Fc(IIIu)(McOH)IJEo
[he(IIIb)j]Mizo
[FO(IV)5]‘§”20

[Fe(vitr)®
[Fe(virn (Im)]’
[Fe(vITT)(Im). ]
[Fo(VILT) (ti-Me-TIn),])"
T s (e (va)] 41,0
K [Fe(vb3] 21,0

K [re(vra) ;) 21,0
K[ire(viv),] .
[Fe(vic).] PRy 150
[e(vid).) PFg
[Fe(vira)] Prg

[FeCviTy ] PF
[reCvitey] rFg
[re(vI1d;] P
[retvire)]) 14

640
501(2870)
900 (sh ~ 1500)

540

480

490

467

4,60(4000), 910
492(32820)
403(26310), 470(sh)
Les5

430(sh)

465

430(3000), 490(3600),
620(1900)

507
400(sh), 575(3000)
509
410(sh), 575(3260)

298(39900)

325(25170), 336(3%5280),
260(sh)

282
277(11380), 318(6300)
290(30840), 345(sh)

340(9000)

353(6830)

256(sh), 280(sh),
359 (14000)

Reflectance
EtOH

1
CJCl5

MeOH
feOH
MeCH
MeOH
Hao
Hao
{eOH
MeOH
Acetone
MeOH

Acetone

Me OH
MeOH
MeOH
MeOH

I Fxtinction Coefficient in brackets

c. Reference (7)
e, Reference (76)

(sh) = shoulder

b. Table 1.6
d, Reference (119)

f. Reference (40)
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FeoqNa, FeOBN3 and Related Types

In the series of complexes prepared from the ligand
IITIa there is an increase in the energy of the charge
transfer band from [Fe(IITa)(MeoH),]°* through
[Fe(IIIa),(MeOH),]" to [Fe(IIIa)E] while the only FeO N,
complex K[Fe(VIb)a]ZHBO absorbs at the highest energy (Table
2.3). This trend is consistent with the observation that
complexation of the ferric ion by successive phenolate
. groups produces a blue shift in the visible absorption
maximum by about 2000cm™ ! per phenolate group (126). Inter-
action with an increasing number of phenolate oxygens
donating charge to the central metal ion can be expected to
destabilise the metal orbitals by virtue of a spherical
term repulsion between the metal and ligand electron density
(143). Hence the ligand-to-metal charge transfer band will

decrease in energy as the coordination number decreases.

The charge transfer transition moves from 487nm for
[Fe(111a);]134,0 to 501nm for [Fe(IIIb)] 34H 0 a move con-
sistent with the fact that increasing conjugation of the
ligand reduces the pll — p T * gap in the complex. Though
the charge transfer band of the complex Fe(IV)3 17H50 1is
partly obscured by an intense band in the U.V. region
centred at 3%3%6nm it absorbs around 500 nm making it close
in energy to the complex [Fe(IIIb)B]uHaO.

Addition of bases such as imidazole or tribenzylamine
to [Fe(I1Ia),(MeOH),] %05, 2H,
mum to higher energy though the shift is not as great as
when similar bases are added to [Fe(VIII)]+ (T=b1e 253 .

While in the former example a single crystal x-ray structure

O shifts the absorbance maxi-

has shown the phenolate groups to be coordinated trans to
each other it would appear likely that the phenolates of
VIIT are cis to each other, as the ligand would bind in a
planar fashion. This is consistent with data for other
pairs of cis and trans metal complexes where the trans
isomers have been observed to absorb below the energy of
the same band in the cis isomers (143). The difference may
be due, in part, to interaction of orbitals on neighbouring
ligand molecules.

Previous workers have cited a trend in the extinction
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Figure 2,5 Visible absorption speotra of [Fe(Ina)B]ﬂ;azo (- =) ;x:d [Fe(IIIa)z(MGOH)Z]NOB.ZHzo (=) in methanol,
and diffuse reflectance spectrm of [Fe(IIIa)(MeOH) 4] (soee).
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coefficient of 2000lmole™'cm™! per phenolate group (40).
While [FO(IIId) (MeOH)J 103.2H20 has an extinction co-
efficient of 45701mole:] [Fe(ITIa) ]1’?20 has a value
of 39031nole” cm™ and [Fe(IIIb),]4H,0 “3g70Imole” cn™!
suggesting that a ceiling is reached after two phenolates
are bound.

FeO,N, and FeoaNao; Types

From model building studies a cis arrangement of

phenolates in [Fe(VId),]PF .H,0 seems likely;

1

e
#

N

The sbsorbance maximum of this compound is similar to the
other cis FeO,l, systeu [Fe(VIII)(N-MeIm)Z]. Changing
from the tridentate ligand VId to the hexadentate ligands
VIIb and VIId, in which cis coordination of phenolates is
also felt to occur(118), causes a shift in the charge
transfer band to lower energy. This would be in line with
the tighter btinding expected with the hexadentate system
though replacing the two aromatic nitrogens by aliphatic
ones may be a contributing factor.

The Amax alues of ferric ion complexes of Va and Vb
are in line with the stability constants of their respective
complexes; Wd[ e(Va{]QH O absorbs at 480nm and has a
stability constant of 10)+ while h[Fe(Vb)]”H O absorbs at
lower energy (496nm) and has a higher stability constant of
1039’8 (40). The structure of Va is such that steric
hindrance may interfere to a certain extent with the par-
ticipation of all six donor groups, hence the complex
involving Vb, with a more favoured arrangement of these same
donor groups, is more stable (127). Replacing the two
carboxylate groups of Va and Vb by the aliphatic nitrogens
of VIIb and VIId may be the cause of the shift of.&max to
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lower energy, though the fact that there is likely to be less
steric hindrance in these latter ligands may also be

important.

2.5.4 ELECTRON SPIN RESONANCE SPECTRA

The e.s.r. spectra of most of the complexes show a
strong signal at g = 4.3 and a weaker one at g = 10 (Figure
2.4, Table 2.4) typical for high spin iron(III) in a
rhombic environment as found from the single crystal x-ray
structures of [Fe(IIIa) (IIeO‘I)?]NO3 MeOH (Section 2.32),
Mg[Fe(Va)] 44,0 (103) and [Fe(Ic)3]12H,0 (128). The position
of this g = A 3 signal, however bears little relationship
to the number of nitrogens (or oxygens) coordinated to the
metal, or to the polydentate nature of the ligand as
opposed to tridentate or bidentate nature or other factors.,
In each case there is no evidence of any splitting in the
g = 4.3 signal as has been observed with Fean or FeaLf
when HCOE is the anion,the spectra arc more like FeZTf when
NTA is the anion (49).

The complexes of iron with VIb and VId have signals
around g = 4.3 while [Fe(VIc)R]PF6.H20 from -196 to -60°C
exhibits a signal at g = 2 indicative of a low spin complex
(Table 2.4)., The magnetic susceptibility at 25°C is lower
than normal for the high spin ferric ion (Table 2.2) and
may be due to the presence of both high spin and low spin
species, though this would have to be investigated further.
In contrast K[Fe(VIa)2]2H20 is high spin at -196°C and
2500. This would indicate that an increase in the ligand
field has occurred in replacing the phenolic CH groups of
Via with aromatic nitrogens in VIc.

The complexes [re(VIIa)]PF6 and [Fe(VIIc)] PF¢ are both
low spin at -196°C as indicated by their g = 2 signals
(Table 2.4, Figure 2.5). At room temperature the former is
high spin (118), while the latter is low spin. In this
case the arrangement of 6,5,6-membered chelate rings of
VIic in [Fe(VIIc)]PF6 would give more stability than that
of 5,5,5-membered chelate rings of the triethylenediamine
backbone in [Fe(VIIa)]PF6 thus accounting for the greater
ligand field strenglh of the former complex. When these



Table 2,4 ELECIRON SPIN
ION COMPLEXES

FSONANCH  SPECIRA  OF  SMALL
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MOLECULAR WEIGHI' FERRIC

Compound g Values (at -196°C) Solvent
& Fe,Lf 8.84, 4.39, 4.29, 4.15 Phosphate Buffer
P ko, rr 9.18, 4.42, 4.16, 4.08 0.1M KC1 Soln
[Fe(Ia)j]GHZO 10.01, 4.15 EtOH
[Fe(1v)5]udi50 10.26, 4.42 EtOH
[Fe([c)b]lihzo 9.68, 4.36 EtOH
[Fe(ll)}] 8.11, 4.42 CHC1
[Fe(111a)5]131,0 8.50, 4.23 Acetone
[re(Ii1a),(Meom) ] 105, 2H,0 7.33, 4.26 Acetone
[Fe(111a),(Im),]NO . 31150 8.07, 6.59, 4.28 DMF
[Fe(111b)5]u1150 8.28, 4.26 Acetone
[Fe(IV)}]I}HaO 7.88, 5.21, 4.18, 2.78 Acetone
[Fe(viin)]”® 9.65, 6.09, 4.25, 2.06 MeOH
[Feqvirn)(mm)]* 9.49, 4.25, 2.48, 2.01, 1.59 MeOIl
[FevIID) (1n) )" 9.63, 4.25, 2.02 MeOi
[Fe(VIID)(i-Ye-In),)" 8.32, L.24 MeOH
Ne [ e (Va)] 4,0 b7 H,0
k[ Fe(vb)] 21,0 426 EtOH
E[Fe(vIu),]2n,0 8.72, 4.2 MeOH
E[Fe(VIb),) 8.76, 4.18 MeOH
[re(vic),] pF;.1,0 2.18, 2.05, 1.94 MeOH
[Fe(via),] prg 8.59, 4.21 MeOH
[Fevita)] Fg 2.19, 2.13, 1.9% Acetone
[Fu(VIIb)]PF6 6.4, 4.78, 1.94 MeOl{
[FG(VIIC)]PFG 2.3, 2.12, 1.95 Acetone
[re(vIIa)] PR 6.72, 4.12, 1.93 MeOl
[Fe(vire)]1y 2.33, 2.13, 1.95 Acetone

a, Table 1.9

b. Reference (7)
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Meure 2,6 E.S.R. spectra at -=160°C in MeOH of (a) a 1:1 solution of
Fe(ClO ) and VIII, (b) a :1:1 solution of Fe(ClO ) 59 VIII
and i;ndazole and (c¢) excess imidazole added to (b)
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ligands are reduced the resulting complexes [Fe(VIIb)]PF6
and [Fe(VIId)]PF6 resemble that of high spin ferric ion
in a tetragonal environment, the presence of a g = 4.3
signal indicating some rhombic character.

Significant changes are noted in the e.s.r. spectrum
III nd VIII (Table 2.4, Figure 2.6)
when a 1 molar eguivalent of imidazole is added and furthe

of 2 1:1 mixture of Fe

changes are not=d in the presence of excess imidazole.
Considered together these spectral changes would support
the idea that two imidazole groups are bound by [Fe(VIIIﬂ

2.3.5 MOSSBAUER SPECTRA

Mossbauer spectroscopy is the study of recoilless
nuclear resonant absorption of fluorescence. An atom in
an excited state can decey to the ground state by the
emission of a photon. This photod can then be absorbed by
a second atom of the same kind of electronic excitation.
Subsequent decexcitation re-emits the photon but not
necessarily in the initicl direction so that scattering or
resonant fluorescence occurs. Tneoretically one would
expect to observe this phenomenon in the gas phase but,
because of such effects as nuclear recoil and doppler
broadening, it is only found in the solid state.

Mossbauer spectroscopy provides a means of measuring
some of the coumperatively weak interactions between the
nucleus and the surrounding electrons. The isomer shift
(5Fe) can give information on the oxidation state of the
metal, a value of +0.5mm/sec is consistent with ionic
iron(III) in the high spin state and this decreases with
increasing covalency of the bonding. Hence Fean, with
EFe = +0.38mm/sec (129) shows much more covalent character
than bicarbonate-free iron--transferrin where sFe = +0.47mm
sec (130). The closeness of this latter value to those of
ferric hydroxide gels and ferric albumin suggests that thi
iron is non specifically bound to transferrin.

Complexes of iron with Ib, Ic and II (Table 2.5 and
Figure 2.7) have isomer shifts close to +0,5mm/sec
indicating the very ionic nature of the ligand-metal

bonding in these systems. In contrast complexes of iron

r
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Table 2.5 MOSSBAUER SPECTRAL DATA OF SMALL

WEIGHT FERRIC ION COMPLEXES

@ B

MOLECULAR

Compound

a

Fe(mm/sec)

AEq (mm/sec)

Fe,Tf 0.38 0.75
° HCO3 - Free Fe-Tf 0.47 0.72
¢ Ferric Hydroxide Gel 0.46 0.75
¢ ped*- Albumin 0.47 0.74
% [Fe(1a),]8H,0 (1) 0.411 0.923
(2) 0.024 -
? [Fe(Ib);]u3H,0 0.499 1,007
@ [Fe(Te) 4] 11,0 (1) 0.485 0.685
(2) 0.017 -
[Fe(11).] (1) 0.526 0.565
(2) -0.043 -
[Fe(IIIa)3]1%H20 0.380 0.722
[Fe(I11a) ,(1e0M) )] 0.410 1.049
NOy. 2H,0
[Fe(TTIb) ] 41,0 0.392 0.760
[Fe(1V)5]15H,0 0.335 1.208
Na[Fe(Va)] 44,0 0.371 0.770
K [Fe (Vb)]2H,0 0.383 0.746
a. With respect to soft iron (room temperature spectra).

b. Reference (129).
C. Reference (130).

d. Previously reported in Reference (120).
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Figure 2,7 Room temperature Mossbauer spectra of (2) Na [Fe(Va)]4H20 and
(v) [Fe(II)B]. The solid line represents the computer fitted

spsctrum. Ths actual absorption ef the sample across the
resonant region at each velocity is represented by an error bar.
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with Ia, IIIa, IIIb, Va and Vb all have isomer shifts in the
range 0.37 - 0.41 suggesting more covalency in their bonding.
There is a significant increase in the isomer shift between
[Fe(11Ia),] and [Fe(IIIa),(MeOH),]N05.2H,0 (Table 2.5 and
Figure 2.8) suggesting a trend towards more ionic character
in the bonds with a decrease in the number of bidentate
ligands coordinated. The low isomer shift of [Fe(IV)5]1%H20
coupled with its low magnetic susceptibility would suggest
that a mixture of high spin and low spin iron(III) is
present in this complex. All of the complexes including
those of the protein have large quadrupole splittings, a
reflection of the unsymmetric field around the ferric ion.
Particularly large quadrupole splittings can be observed
with [Fe(Ib),]4H,0, [Fe(IV)2]13H0 and [Fe(IITa),(rieOH),]
NOB‘BHEO’ in the case of the.latter the asymmetry around the
ferric ion has been verified by single crystal x-ray
structural anzlysis (Section 2.2.2). The complexes of
[Fe(1a),]#H,0, [Fe(Ic),]1iH,0 and [Fe(II)z] all show a
distinct asymmetry in tneir absorypticn peaks which can be
attributed to either spin-lattice relaxation effects (120)
or to iron-binding in two distinguishable sites in the
crystal lattice, where these two sites could be cis or

trans, or mer or fac isomers (1371).

2 e, [Comé Imekiori

The ligends used in this study were selected to cover
all types of complexes from FeO6 to FeOZNZO;‘ The study
shows the dangers of drawing conclusions from isolated
examnples and the difficulties in interpretation that arise
when a variety of ligand systems such as these are
selected. For instance the charge transfer bands of the
complexes involving hydroxamic acids are very close in
energy to that of FeZLf and Fean. However catecholato
and hydroxamato ligands do not occur in FeaLf, though they
occur in microbial iron-transport compounds. Hence a close
2Lf or Fean and
the model system is not necessarily proof that the type and
number of donor atoms is similar.

fit between the spectral parameters of Fe

From the series of complexes prepared from the ligand

ITIa it is evident thot the energy of the charge transfer
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band increases with increasing number of phenolates bound,
while binding imidazole also causes a significant increase.
Taking the complex [Fe(u-methylphenolato)(EtOH)5]2+ (absorbing
at 16400cm™' or 610nm) (126) as a base point it should be
possible to calculate ihe range of values expected for/\max
given knowledge of the groups involved in the binding site of
trancferrin or lactoferrin. Each phenolate bound to the
ferric ion causes a shift of about ZOOOcm-], towards higher
energy, of the charge transfer bsnd, while each imidazole
causes a shift of about 1000 - ZOOOcm_] (depending on whether
the phenolates are cis or trans). Thus if the binding site

of lactoferrin contains two imidazoles and two phenolates
then the charge transfer band would be expected to lie between
19400 - EOQOOcm-] or 490 - 515nm. If it contains two
imidazoles and threec phenolates then the charge transfer
band would be expected to lie between 21400 - 22400cm—] or
445 - 470nm., Considering that the chelate effect would tend
to lower these values by about 10 - 20nm then the absorbance
maxime of most of the small molecular weight complexes

would fit in with these calculated ranges (Table 2.3). The
complexes Na[Fe(Va)]hHEO and K[Fe(Vb)]aHaO would appear to
be exceptions to this rule, though in this case the carbox-
ylate groups cof Va and Vb may have a significant effect on
the position of the band. Thus the position Of)\max around
470nm for FcaLf and FeZTf would suggest that three, not two,
tyrosyl residues and two histidyl residues are likely to be
binding to the ferric ion in the specific sites.

From the single crystal x-ray structure of
[Fe(IIIa)Z(MeOH)a]Noj.HeOH it is evident that the nitrate
group is not directly coordinated to the iron atom but
intcracts with it via a hydrogen bonding system involving
the bound and occluded methanol molecules. Nitrate is
isoelectronic and isostructural with bicarbonate hence the
bicarbonate ion, essential for binding iron in the specific
site of lactcferrin, also may not be bound to the metal
atom but interacts via the solvent water molecules.

While many complexes have e.s.r. spectra character-

istic of F‘elII in a rhombic environment the signal at
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g = 4.5 occupies a very narrow range of values and does not
appear to be sensitive to the ligand environment.

Mossbauer spectroscopy appears to be more sensitive to the
ligand environment than e.s.r. particularly to the degree
of covalency of the binding in the complex. Of all of the
complexes considered [Fe(IIIa)ZJT%HEO and Na[Fe(Va)]QHZO
an. As these two
are of the Fe03N3 and FeOaNaO; types respectively it would

have MOssbauer parametecrs closest to Fe

appear that Mossbauer spectra are not sensitive to major
changes in ligating donor atoms.

In conclusion the evidence presented in this study
would favour the ferric ion in lactoferrin and transferrin
occupying a site of rhombic symmetry and bound to three
tyrosyl and two cis histidyl residues, while the bicarbon-
ate ion is not directly bound but interacts via a solvent

(water) molecule.
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Chapter 3 SMALI, MOLECULE COMPLEXES
OF COPPER ND  MANGANESE

3,1 Introduction

In addition to binding two ferric ions per protein,
apolactoferrin has been shown to bind two copper(II) ions.
Ultraviolet difference spectral studies on the related
transferrin (55) and ovotransferrin (81) have indicated that
one tyrosyl group is bound to copper, while e.s.r. spectral
studies on all three proteins have suggested one histidyl
residue is involved at physiological pH. [IFurthermore
bicarbonate is required before the typical yellow colour
of the complexes develops. Considering that two histidines
and two or three tyrosyls are felt to be involved when iron
is bound to these proteins it is possible to see the un-
certainties that exist about the number and nature of all
groups bound to copper as well as its precise stereo-
chemistry.

whereas iron(III) complexes rcadily with phenol and
substituted phenols to give red or purple solutions
copper(IT) normally interacts to give oxidatively coupled
products in which copper(il)-phenolate is an intermediate.
After the completion of this study unsubstituted diphenoxo
copper complexes (with etnhylenediamine and bipyridyl) were
isolated thougn they arc extremely sensitive to moisture
(132). 1In the case of phenol or phenols with activating
substituents (such as methyl) two major coupling reactions
can occur, depending on tne side chain position. Vhen these
are located on the para pesitions ortho-ortho coupling can
occur and, conversely, when substituents are located on the
ortho position para-para coupling can occur, followed by
rearrangement to form diphenogquinones (133). However when
5> or -Cl)
relatively stable copper phenolates can be isolated (134,

the substituents are deactivating (such as ~NO

135, 1356, 137, 138). In this study new complexes of copper
with a variety of nitrogen donor ligands (Figure 3.1) and
2,3,4,5,6-pentachlorophenol or 2,4,6-tribromophenol have
been prepared to investigate the copper-phenolate inter-
action by spectroscopic methods.
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Fleure 3,1 Nemenclature and structures of the ligands complexed with
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A preliminary investigation was undertaken into the
interaction of manganese with tyrosyl-type groups. A
complex of manganese with SALENHQ was prepared and its
electronic and e.s.r. spectra were examined (SALENHL+ is
compound VIII in Figure 2.1).

3.2 Experimental

3.2.1 SOURCES OF CHEMICALS AND INSTRUMENTATION

Cupric acetate wos obtained from May and Baker Ltd,
2,4,6-tribromophenol and dimethylformamide from Koch-Light
laboratories Ltd, 2,3,4,5,6-pentachlorophenol from Fluka
A. G. and all the nitrogen bases were obtained from Aldrich,
with the exception of imidazole which came from BDH
Laboratories and cyclam which came from Strem Chemicals Ltd.

The instrumentation employed in this study has been
deccribed in Chapter 2, section 2.2.3.

3.2.2. PREPARATION OF COMPLEXES

A similer method of preparation was followed for all
of the complexes considered in this study. Two mmoles of
2,4,6-tribromoghenol or 2,3,4,5,6-pentachlorophenol were
dissolved by warming in water containing two mmoles of
NaOH. To the cooled solution was slowly added an aqueous
solution containing two mmoles of cupric acetate and
either 1mmole of base (where the base was en, TMED, dmp
or cyclam) or 2mmoles of base (where the base was en, py
or im). The resulting precipitate was filtered, thoroughly
washed with water and air dried. The compounds were re-
crystallized by dissolving in EtOH (with the exception of
[Cu(tbp)a(en)z] and [Cu(pcp)a(en)Z] which were insoluble
in this solvent) and upon reduction in volume on a rotary
evaporator were precipitated by water. [Cu(pcp)a(collidineﬂ
was isolated when either 1 or 2 mmoles of collidine per
mole of copper were used and in this case the solvent was
methanol. [Cu(pcp)?] was isolated as a solid from water
wvhen no base was added. It was not recrystallized. When
it was dissolved in dmf the brown complex [Cu(pcp)e(dmf)]
precipitated shortly afterwards. Yields in all cases were

approximatecly 70%. Conductivities indicated that the



( 93 )

complexes were all non electrolytes in solution with the
exception of [Cu(pcp)Z(Cyclam)] which shows signs of partial
dissociation (Table 3.2). Analytical data for the compounds
is given in Table 3.1.

3,3 . Results and Discussion

3.3.1 PREPARATION, STRUCTURE AND STABILITY OF THE
COMPLEXES

Complexes of the type [Cu(pcp)a] and [Cu X2 Ln] (where
X pcp or tbp, L = en, TMED, cyclem or dmp when n = 1 and
L en, py or im when n = 2) were obtained as described in
section 3%.2.2 (Table 3.1). 1In the presence of excess dmf
or collidine complexes of the type [Cu(pcp)z(dmf)] or
[Cu(pcp)a(collidine)] were isolated, presumably the steric
requirements of the ligands and metal prevent formation
of [Cu(pcp)a(base)a], All of the complexes proved to be
readily soluble in EtOH or benzene when first prepared,
with the exception of [Cu(tbp)a(im)2]. Over a period of
siXx months most complexes appeared to become less soluble

in these solvents, for instance [Cu(pcp)a(py)a] was almost
completely insoluble in EtOH, suggesting that some di-
merisation or polymerisation in these complexes has occurred.
[Cu(tbp)a(im)a], [Cu(pcp)a], [Cu(pcp)a(dme] and
[Cu(pcp)a(collidine)] all have magnetic susceptibilities
lower than generally found for copper(II) (1.70 - 1.91BM)
suggesting structures conteining at least binuclear
copper(II) with bridging phenolate groups (Tabhle 3.2).

The molecular weight of [Cu(tbp)a(py)é] was determined to
be 794 Daltons (theoretical value of 818 Daltons) while
those of [Cu(tbp)a(en)] and [Cu(tbp)a(TMED)] were 1068
Daltons (theoretical value of 783 Daltons) and 1188 Daltons
(theoretical value of 839 NDaltons) respectively. The
higher-than-expected molecular weights of the latter two
complexes is probably related to the slow decomposition
observed to occur while the measurements were made.

The complexes [Cu(tcp)a(im)a] (134) and [ Cu(MNOP),(py) ]
(where MNOP = 2-methoxy-L-nitrophenolato) (135, 136) have
been examined crystallographically previously. In both
complexes the phenolate and tertiary nitrogen linkages



Table 3.1 COLOURS AND ANALYTICAL DATA FOR THE COPPER PHENOLATE COMPLEXES
Compound Colour Found (%) Calculated (%)
! N H N

[Cu(tbp)a(en)] Brown 21.9 1.9 3,0 21.5 1.5 3.6
[cu(tbp) 5(en),] Pink 22.3 2.2 6.7 22.8 2.4 6.6
[Cu(tbp)Z(TMED)] Red 26.1 2.5 3.0 25.8 2.4 SOF
[Cu(tbp)a(dmp)]%HBO Purple 34.5 1.8 2.8 33.1 1.8 3.0
[Cu(tbp)a(py)a] Brown 29.4 1.7 3.0 30.0 1.6 3.2
[Cu(tbp)a(im)aj Brown 25.6 1.9 5.5 25.2 1.4 6.5
[Cu(pcp)a] Red-purple 25.2 0.0 5 24.2 0.0 =

[cu(pep) ,(en)] Brown 25.6 1.4 4.0 25.6 1.2 L3
[Cu(pcp)a(en)a:l Pale orange 27.6 2wl 7.7 26.8 2.2 7.8
[Gu(pcp)z(dmp)] Purple 40.2 1.7 L8 39.2 1.5 3.5
[culpep) 5(py) 5] Brown 35.5 T4 3.5 35.0 1.3 2l
[Cu(cyclam)(pcp)a:l Pale purple 39.5 B2 7.0 55, 3.0 7k
[Cu(pcp),(collidine)] Brown 35.5 2.0 2.3 35.3 2.0 1.9
[Cu(pcp)a(dmf)] Brown 27.9 1.1 1.8 26.9 1.1 2.1

( 6 )



( 95 )

Table 3.2 CONDUCTIVITIES AND MAGNETIC MOMENTS FOR
THE COPPER PHENOLATE COMPLEXES
Compound AM (ﬂf]mole'1cm2) }Jeff (BM)
Ay Solvent

[cu(tbp) ,(en)] 5.27 EtOH 1.76
[Cu(tbp)z(en)2] - - 1274
[Cu(tbp)a(TMED)] 0.76 Acetone 1.70
[Cu(tbp),(dnp) J3H,0 - - 1.65
[Cutbp) »(p¥) 5] 0.85  EtOH 1.80
[Cu(tbp)a(im)aj - - 1.35
[Cu(pep) ] 1.99  EtOH 1.38
[Cu(pcp)a(on)] 6.11 EtOH 1.71
[Cu(pcp)z(en)aj - - 1 o W
[Cu(pcp)a(dmp)] 23 EtOH 1.76
[cu(pep) 5(p¥) ;] l.44  EtOH 1.91
[Cu(cyclam)(pcp)2] 84.6 dmf 1.63
[Cu(pcp)a(collidine)] 3.48 EtOH 1. i
[Cu(pcp)a(dmf)] - - 1.30
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form an almost regular square plane with a trans con -

[Culicp)olim)7 ] Cl‘Q
~N N

£ SNASN—H

\—/

|

//

Cl

Q\

figuration. A tetraoonal coordination being completed by
the axial chlorines and phenolic-methoxyl oxygens respec-
tively which are in an off Z-axis position and are at a
greater distance from the copper than the other coordinating
ions., A single crystal x-ray structure determination on
[Cu( JOP) (TRMD)] (137) shows a cis arransed structure with
an alnmost regular square plane of phenolates and TMZD
nitrogens, thousn involvement of the methoxyl oxygens
results in a tetragonal structure, somewhat similar to
[Cu(tcp) (im) 2] and [CU(LYOP) (pv);] The single crystal
X-ray structure of [Cu(tc») (THFD)] (138) shows longer
Cu-Cl bonds than observed in [Cu(tcp) (1m)3] and appears to
have a distortcd square-planar stereochemistry, a cis
configuration being imposed by the ligand. By comparison
then all compounds of the type [Cu(tbp)EXé] (X = pyridine,

Cl
[Culteplp(TMED)] Cb—{;::;?

\ /
CH3\| TE N G
i
NN
CHy” | A
CHy

Cl \ Y.
Cl

imidazole) are considered. to have a trans arrangement while

compounds of the type [Cu(pcp)aY] (Y = ethylenediamine, dmp,
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TMED) are considered to be cis.

An attempt was made to prepare [Cu(tbp)a(collidine)]
following the method for the analogous pcp complex. In the
initial stage a white precipitate appeared which had a
melting point of ZOSOC. Mass spectrometry indicated that
the highest molecular weight species in this precipitate
is tribromophenol (MP = 95OC). Hence it seems likely that
this compound is polymeric but it breaks down in the mass
spectrometer. Once production of this had ceased it was
possible to isolate some brown precipitate which analytical
data suggested was impure [Cu(tbp)a(collidine)]. The
complex proved to be stable for indefinite periods at high
concentration in acetone but on dilution rapidly broke
down to give a precipitate which from mass spectrometry was
shown to contain collidine hydrobromide. 1In contrast
[Cu(pcp)a(collidineﬂ is stable in both polar and non-polar
solvents, Similarly [Cu(tbp)a(dmp)] 31,0 is less stable than
[Cu(pcp)a(dmp)]; in a range of polar and non-polar solvents
the former compound rapidly changed colour from the purple
of the crystals to yellow and some white precipitate
appeared. [Cu(pcp)a(dmp)] when dissolved in polar solvents
exhibited this colour change only.

While the complexes of in this study are stable, under
certain conditions polymerisation reactions of the phenol can
occur. ‘%hen Cu(C104)26H20 is reacted with tbp in aceto-
nitrile, which ralses the redox potential of the copper, an
organic compound witn a melting point of 21400 results. The
compound breaks down when subject to analysis by mass
spectrometry the major product being tbp with traces of a
pentabromophenol. However, it appears likely that it is a
polycether of the type;
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similar to that found when pcp is reacted under the same
conditions (139).

3.3.2 INFRARED SP®ECTRA

Infrared spectra are consistent for the formulations
proposed in Table 3.1. 1In all cases no phenolic -0OH
stretching frequencies in the region %300 - 3500cm-] are
observed and water appears to be absent in all compounds
except [Cu(tbp)a(dmp)J%Hao. Complexes of tbp show
absorptions in the region 1240 - SOcm_] while complexes
of pcp have absorptions around 1210 - 20cm-1. These can be
attributed to the C-0O stretching vibration of an oxygen-
bonded, coordinated, phenoxide group (132). The complexes
involving ethylene diamine all show the symmetric NH
stretch at BBSOcm—]
and the NH2
are also exhibited by [Cu(tbp)a(im)a] at 3140cm”
[Cu(pcp)a(cyclamX] at 3380cm-]. The presence of oxygen
coordinated dmf in the complex [Cu(pcp)a(dmf)] is demonstra-
ted by the C=0 stretching freguency at 16u0cm—] (cf 1670cm']
for free dmf).

2
, the antisymmetric stretch at 3100cm”

bend at 15850m—]. Bands due to NH stretching
1

1

and

3.3.3 ELECTRONIC SPECTRA

The electronic spectra are characterised by an intecnse
absorption band around 430 - 500nm (Extinction of ~12001
mol-1cm_1) which gives the complexes their characteristic
yellow or brown colours. This band is affected by the
dielectric constant of the solvent and shifts to lower
energy in benzenz, which is less polar (i.e. lower dielec-
tric constant) than EtOH. Such a trend has also been
observed in somne 2,21-bipyridyl palladium(II) and
platinum(II) complexes (140).

There has been some discussion.over the assignment of
this band. Gaber et.al. (40) have assigned it to a
phenolate-to-copper charge transition but the band was
assigned by Harrod (141) to a copper-to-phenolate charge
transfer transition. Harrod proposed that the promotion
of electrons occurred mainly from the do~* orbitals though
on the basis of overlap considerations Bosnich et.al. (142)

maintained thal the major source of its intensity is
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Figure 3,2 Visible absorption spectra of [Cu(tbp)z(en)] (- =) and [Cu(tbp)z(py)z] (=) in ethanol.
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Table 3,3 DIFFUSE REFLECTANCE SPECPMRA 0¥ THE COPPER  PHENOLATE COMPLEXES

Compour:d Amar (nn) Proposed Structure
a[Uu(ch)a(im)R] 430, ~710 Tetragonal
bE@u(HHOP)q(py)P] 451, 758 Greater tetragonul distortion

along 2 axis than
[cucrone) 5(oy) ;]

b'c[Cu(FOHP)e(PY)z] 476, 610, 800 Tetragonaul
,h[cu(tcp);(FMED)] 487, 735 Small tetragonal interaction
(sgquare plane)

P leu o 5 (ren) ] 472, 541, 719 Tetrugonal
[Cu(pr)B(cn)] 475(vh), ~—72%(sh) Tetrugzonal
[Cu(tbp)a(un)a] 227 1,30 Planur
[cuCtvp) , (reen)] 510(vb), ~ 720(sh) Tetragonal
[Cu(tbp)g(dmpﬂéﬂao 56?,’—:’(3'\)0)d Distorted tetrahedral
[Cu(pr)a(py)EJ L50(vb), &640(sh), 760(sh) Tetragonal

[Cu(pcp)P] 530(vb) ! Tetragonal
[Cn(pcp)g(en)] 470, 705 Tetragonal
[Cu(pcp)P(cn)?] 319, 473 Planar

[culpep) .Camp) ] 990(vb) , == 300, == 1000 Distorted tetrahedral
[Cu(p:p)g(py)?] 457, 790 Tetraronal
[Cu(cyclqm)(pcp),] 324,540 Plunar
{Uu(pcp)J(collidxnu)] 485, 790 Tetragonal
[Cu(p:p)g(umf)] 485, 820 Tetragonaul

Note: sh = ghceculder, vb = very broad

u, Refercuce (44) structure determined by x-ray crystallography
b, He ference (1%Y) structure deterained by x-ray crystallography
Cf. FOUP = L-formyl-2-muethoxyphendlato

d. ond tulle into near i.r.
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Table 3.4 KLECTRONIC SOLUPLON SPECTRA OF THE COPPER  PHENOLATE COMPLEXES
Compound CI and d-d Absorptions Other Bands Solvent
[Cu(tbp)‘?(en}] 4,28(1290), 640 (sh) 294(sh), 302(8650), 316(sh)  EtOH
447, 680(sh) - Celig
[cuCtbp) ,(THED)] 492 296 EtOH
484(2610), =750 - Acetone
507 - CGHG
[Cu(tbp}e(py)eJ 423(1370), 755(185) (br) 293(sh), 302(8950), 320(sh)  ELOH
[Cu(pr)j(im)EJ 447, 743(br) - Acetone
[Cu(tbp),(collidine)] 725 - Acetone
[Cu(pcp)2 ] 483 - CH3N02
436(1080), ?700(sh) 295(sn), 206(7650), 322(sh)  EtOH
[Cu(pcp)z(en)] 4L42(1270), 640(sh) 309(7610), 321(sh) EtOH
[Cu(pcp)e(dn‘.p)] 567, 800(sh), 1000(sh) = CH,CL,
[culper) (v, ] 440(1230), 760(120)(br)  296(sh), 306(?765), 322(sh)  EtOH
467, 765(br) - CéH6
[Cu(cycls:rn)(p:p)a] 518 325 MeOH
526(77.6) - DMF
[Cu(pcp)j(collidinc)] L34 (1210, 725(sh) %00(sh), 307(8010), 322(sh) ttOH
“feucsaLrnu )] 392 - MeOH

Note: sh = shoulder,

a. Reference (142)

. . o . . . - ~1 -
broad, extinction zoefficient in bruckeis in 1lmole o
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promotion of an electron from the dTT* orbitals (in
particular the d,, and dyz orbitals). Depending on the
extent of distortion, it is proposed (142) that the 4T *—>
pIT* phenolate transition could he observed as a weaker
band at lower energies, around 1300nm. Results from this
study would favour the latter assignment of Bosnich et.al.
(142) and Harrod (141) of a copper-to-phenolate charge
transfer transition.

In the case of the substiiuted phenolates under con-
sideration pcp is more clectronegative than tbp. Thus
copper-to-phenolate transitions would be expected to occur
more readily with complexes of pcp (than with the analogous
complexes of tbp).Hence theywould be expected to absorb at
lower energy (143). This has been observed to occur for
[Cu(tbp)2 Ih] and [Cu(pcp)zln] (where when n = 2, L = py
and where n = 1, L = dmp or en) (Table 3.3 & 3.4). Complexes
of copper with unsubstituted phenolates would be expected to
absorb at higher energy thun complexes of pcp or tbp. Such
is the case with the complex of SALRNHQ where the charge
transfer transition is observed at 3%92nm (142) in methanol.
No great change in ‘Xmax of [Cu(SALENHq)] is observed when
the solvent is pyridine, suggestiug that the axial nitrogens
have little effect. Substitution of a nitrosgen base, such
as en, for one more basic, such as TMED, should increase the
electron density on copper. This would promote electron
movement from the copper to phenolate and would also lead to
a shift of the charge transfer band to lower cnergy. Such a
shift has been observed to occur for [Cu(tbp)a(en)] and
[Cu(tbp)a(TMEDﬂ (Table 3.3 and 3.4).

Increasing the number of phenolates donating charge to
the central netal atom con be expected to destabilise the
metal orbitals. Hence the metal-to-phenolate charge -
transfer band will increase in energy as the coordination
number is decreased (143%). Studies of potential mono-
phenolate copper systems indicate that this is the case.

The complex N-n-propyl-5-nitro-salicylaldiminato-copper(II)
has been isolated and shown from a single crystal x-ray
structure determination to. be dimeric with terminal phenolic
OH groups (144);
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NO» =N 0 0—-
\Ed// \\CQ:
—~O// \\O// N-=

S NO-

The electronic spectrum of this complex (in which only one
phenolic OH group is bound to copper) has a d-d band at
566nm but there is no charge transfer band in the region
above L4LOOnm(145). The compléx N-salicylidene-glycinato-
aquo-copper(IT) has also been prepared and is thought to be
coordinated in the following manner (145);

0 ?-——*]

% /N_
N

I

Cu
7

H,0 0 \ )

However signals at g = 4 es well as g = 2 in its e.s.r.
spectrum indicate some dimeric character of the complex in
solution (147) which, by analogy with the previous compound,
would be expected to have terminal phenolic OH groups. This
complex has a d-d band at 690nm and an intense band at 357nm
the intensity of which could be partly attributed to a

copper-to-phenolate charge transfer interaction.

Complexes of known tetragonal symmetry such as
[Cu(tep),(im),] and [Cu(MNOP)a(py)Z] (135) have a single d-d
band in the diffuse reflectance spectrum near 770nm and some-
times a poorly resolved band can be observed at higher energy.
These can often be obscured when the charge transfer band is

broad, For some complexes where the mean axial distance is
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shorter, as in [Cu(FOMP)Z(py)ZJ this shoulder appears as a
distinct band. The majority of the complexes and CuaLf

show evidence of tetragonal symmetry (having axial positions
occupied by Cl or Br) in both the powder and in solution
(Table %.3 and 3.4). For instance [Cu(tbp)a(py)aj has two
shoulders in its diffuse reflectance spectrum at 640 and
760nm and a discrete band at 770nm in benzene or 755nm in
EtOH. The d-d bands of bidentate ligands occur at higher
energy than those of monodentate ligands,an indication of

the stronger ligand field of the former.

Two bands are present in the diffuse reflectance
spectra of [Cu(cyclam)(pcp)aj, [Cu(pcp)a(en)aj and
[Cu(tbp)a(en)a] and in the electronic solution spectrum of
the former in MeOH; one around 320nm and one around 500nm
(Teble 3.3 and 3.4). The band at 320nm can be assigned to
a [T — TI* transition of the ionised phenolate group. No
such band is observed in the diffuse reflectance spectrum
of [Cu(cyclam)(pcp)a], while a 1:1 mixture of NaOH and pcp
absorbs at 322nm. The weak band around 500nm can be
assigned to a d-d transition in [Cu(cyclam)(pcp)a], from the
intensity of this band in dmf, and in [Cu(pcp)a(en)é] and
[Cu(tbp)a(en)g], even though the absolute intensities of
tneir bands carnot be determined, Lever and Mantovani (152)
found for a scries of complexes having an in plane CuNL+
stoichiometry that this band ranged from 476-714nm, the
highest energies being observed for the weakly coordinating
axiul ligands. Tor instance in the complexes[Cu(en)a(X)E]
(X = C1, Br, I, NCS, NO5’ 0104, BFQ) %max ranged from 540nm
through 543nm to 553nm when X = Cl, Br, I respectively. The
complexes [Cu(cyclam)(pcp)a], [Cu(pcp)a(en)a] and
[Cu(tbp)a(en)é] all lie at the upper end of this range
suggesting only a very weak axial interaction of the
phenolate groups.

Out of plane distortions from tetragonal towards tet-
rahedral symmetry have the effect of shifting the d-d
transitions to lower cnergy. [Cu(tbp)a(dmpﬂ-%Hao and
[Cu(pcp)a(dmpfl have two d-d bands around 800nm and 1000nm
in their reflectance spectra (and in solution in the case of
the latter), giving strong evidence for out of plane co-
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ordination of the phenolate groups to minimise interaction
with the methyls of dmp.

3.3.4 ELECTRON SPIN RESONANCE SPECTROSCOPY

In general e.s.r. spectra of the complexes in this
study, with g]])gl’ are consistent with copper(II) in a
tetragonal environment, with some complexes showing tetra-
hedral distortions. Tetrahedral distortions of otherwise
tetragonal copper(II) chelates increases 811 and decreases
|A1]I. The ratio of g]]:IA]]I appears to be a convenient
empirical index of distortion of the donor set from planar
toward tetrahedral distortions (148). This ratio takes a
value ranging from about 105 - 135cm for tetragonal
structures, values above this indicating distortions towards
tetrahedral symmetry. In the copper complexes under con-
sideration (Table 3.5) [Cu(tbp)a(dmp)]%HZO and
[Cu(pcp)a(dmp)] would appear to have small out of plane
distortions tending towards tetrahedral sywmetry. The high
empirical index [Cu(pcp)a] in methanol (Figure 3.4) dem-
onstrates a Cuoq tetrahedral symmetry, changing to a largely
tetragonal symmetry in a less polar solvent, nitromethane.
The remaining complexes in the series all have e.s.r.
spectra consistent with copper(II) in a tetragonal environ-
ment. TFor [Cu(pcp)a(en)], [Cu(pcp)a(collidine)] and
[Cu(pcp)a(dmfﬂ two species are apparent in the specltrum in
more polar solvents (EtOd or dmf in the latter case) one of
which can be attributed to tetragonsal copper(II), while the
other shows distorticn towards tetrahedral symmetry. Two
species are also present in the spectrum of [Cu(tbp)a—
(collidine)] though both indicate that only very small
distortions from tetragonal symmetry have occurred. The
lower than normal magnetic susceptibilities of
[Cu(pcp)a(collidineﬂ and [Cu(pcp)a(dmf)] sugzgest that
these complexes exist as either phenoxo bridged dimers in

the solid state; @ ZK @
—0 0 00—
@¥-0 = pcp
\Cu/ \Cu/ Base = dmf or
/ \ / \ collidine
Base’ 0 Base
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Fipure 3,3 E.S.R. spectra at -194°C of (a) [Cu('tbp)z(py)z] in ethanol

and (b) {Cu(cyalam) (pcp)z] in dmf.
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Figure 3.4 E.S.R. spectra at ~194°C of (a) [Cu(pcp)z(collidine)] in
pcetone and (b) [Cu(pcp),‘,] in methenol.
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Table 3.5  MLECURON RESONANCE  SP=CPRL  OF  PHE  COPPER PHHUIOLAUE  COMPLHXES
. b : o} -
Compound & Ayq e, - b 8,,/k,, Colour Solvent
Cusz 2.3y 151(16%) 2.057 1.2 142 Yellow Phosphate Buffer
[Cu(pr)p(un)] 2.250  183(192) 2.081 - 17 Yellow C.H,
2.260  180(190) 2.0594 18 119 Yellow ELOH
[cuCtbp) ,(mmED) ) - - 2.093 - - Red Cgllg
2,240  178(186) 2.083% 15 120 Red EtOH
[Cu(mbp)a(dmp)]su 2.326  134,(14,5) 160
2.073 - Hrown ACetone
2.316 129(13%5) 172
[cultbp) 5 (py),) 2,265 174(184) 2,063 - 123 Yellow Ccii
2.266 175(189) 2.062 16 122 Yellow EtOH
[cuCtovp),(tm).) 2.267  176(186) 2.044 15 122 Yellow EtOH
[Gu(pr)a(collidjne)] 2,331 1e(151) 145
) 2.075 24 Brown Acetone
2,303 177(169) . 130
[Culpep). ] 2.437  106(121) 201
- 5 2.082 - Yellows McOH
“2.393 121(130) 184
2.267 1550164) 2.069 1y 138 Red cujnoe
[culpep),(en)] 2.239  1880197) 2.082 - 113 Yellow Cglig
2.230 159 (159) 135
2.066 15 Yellow RtLOH
2.276 106 (106) 214
[uu(pcp),(amp)] 2.0 123(14,8) 2,117 & 156 Purple Cl,Cl,
[cutpep) S Cpyis] 2,229 182(190) 2.058 - 118 tellow Cghg
2. 300 158{170) 2.056 13 135 Yellow :LOH
[cuCeyclom) (pep),, ] 1,193 200(205) 2.049 - 107 Pink dmf
[culpep),(collidine)] 2.295  166(173) 2.067 = 129 Yellow Cify40,
45 092 1650177) 129
2.080 12 Yellow EtoY
2039 126(122) 176
[culpep) ,Cume)] 2.374  125(128) a 172
- 2,074 - Yellow dmf
2,311 159(177) ) 135
[cultbp) ,(en),] g = 2.148, 2.02) in the solid state
o o
[Cupep),len),] § = 2.144, 2.026 iu the colid state
a. Major specics
b, A’] in gavss and in IO"“cm"1 in the brackets
Ity Ai in gauss

d. g”/n‘1

fn cm
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or as a polymeric structure with more extensive phenolate
bridging. Partial or full solvolysis of this dimer by the
solvent may account for the two species observed in the
spectrum.

In complexes of tetragonal symmetry there is a trend
of decrcasing 511 and increasing AH values with increasing
numbers of nitrogens coordinating and when O- bonding is
really significant these 811 values fall into a narrow
range (149, 150). In some of the tetragonal copper(II)
complexes in this study such a trend is apparent. The
complexes of [Cu(tbp)a(collidine)] and [Cu(pcp)a(collidine)]
(Figure 3.4), both with only one nitrogen coordinated, have
values of 811 around 2.3%0 and A]] around 177 x lO-qcm_],
when acetons and ethanol respectively are the solvents.

When two nitrogens are coordinated to the metal, as with
complexes of [Cu(tbp)alh] (I, = en, TMED when n = 1 and L =
Py, im when n = 2) when ethanol or benzene is the solvent,
g,y drops to 2.240 - 2.267 and A,, rises to 185 - 190 x

10" %en™ . The g,, and Ay values of [Cu(pcp)a(en)] and
[Cu(pcp)a(py)aj in benzene are 2lso consistent with this
scheme. When four nitrogens are cocordinated, as in
[Cu(cyclam)(pcp)a] in dmf, g1 drops to 2.193 and A
to 2.05 x 107%em™ ", However values of gy, and A

11 rises

vhen
IR
[Cu(pcp)P(enX] and [Cu(pcp)z(py)é] in ethanol lie outside

the ranges proposed (Table 3.5).

3.3.5 'TRIVALENT MANGANESLE PHENOLATE COMPLEXES

(2) Preparation of [Mn(SALENH,)(Acetato)](Acetone)14H,

A slurry of Mn(Acetate)32H20 (0.265, 1mmole) in
acetone was adéded to a solution of SALENHL+ (0.29g, 1mmole)
in acetone. As the Mn(Acetate)BEHZO dissolved with
stirring a brown solution resulted from which a precipitate
was obtained. This was recrystallized by dissolving in
acetone and precipitating with diethylether. The con-
ductivity of the complex of 1.55_ﬂ_—]molem]cm2 in ethanol,
is consistent with a non-electrolyte.

The presence of a band at ]700cm—] in the i.r.
spectrum which disappeazred on heating for 12 hours at 1050C

suggested that acetone was present in the complex.
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Analytical figures calculated for [Mn(SALENHq)(Acetato)]
(Acetone)HZO were C; S4.7%, H; 6.7%, N; 5.8% and for the
complex were found to be C; 55.0%, H; 6.0%, N; 6.1%.

(b) Characterisation of [Mn(SALENH,)(Acetato)]

(Acetone)]%HEO

The complex exhibits a signal in its e.s.r. spectrum
of g =2.017, A = 95gauss and this is strongly character-
istic of manganese(Il) rather than manganese(IV), which
exhibits stronger signals at g = 4 (151). The magnetic
susceptibility of the complex of 5.43 BM would suggest that
a mixture of manganese(II) QJeff = 5.65 - 8,10 BM) and
manganese (ITI) QJeff = 4.9 - 5,0 BM) is present in the
preparation.

The electronic spectrum of the complex in EtOH is
characterised by an intense band at 398%nm which from its
intensity of € = 4660lmole™'cm™' is likely to be a metal-
to-phenolate or phenolate-to-metal charge transfer inter-
action. The spectrum also exhibits shoulders at lower
energy, of which one is found near 480nm. This electronic
SLE (Figure 1.7) and is
probably mainly due to the ln(III) species present,

spectrum isc very similar to Mn

3.4 Conclusion

CuaLf has a charge transfer band at 438nm which is
siriilar in energy to many of the compounds listed in Table
3.4, but this band is at much lower encrgy than in those
complexes thought to have only one phenolate coordinated to
the metal. Fluctuations in charge transfer energy of these
compounds arise from the nature of the base and the
phenolate as well as the stereochemistry about copper.
Given the same co-ligands and arrangement of them about
copper as the small molecular weight complexes, it would be
expected that the charge transfer energy of CuaLf would be
greater than these complexes because in the former the
phenolate component of tyrosine is not halo substituted.
The best example of a CanNZ system containing unsubstitut-
ed phenolates is [Cu(SALENHq)] where xmax is 392nm, though
in this case the chelate effect would have shifted this
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band to lower energy. Replacing the ethylenediamine

component of SALENHQ by two imidazoles would be expected
to shift N
32.4), On the basis of these values then, a monodentate
Cu02N2 would be expected to absorb between 400 - 410nm.

by at least 20nm to lower energy (Table

While a third phenolate group binding to copper would be
expected to cause a shift of the charge transfer band to
lower energy, precisely how great a shift is difficult to
determine, though it would be expected to be small for an
axial phenolate. Thus while the position of the charge
transfer band in CuaLf, at 438nm, would be more consistent
with two (as opposed to one) tyrosyl residues binding to
copper the involvement of a third tyrosyl residue cannot

be discounted. In addition to indicating the number of
tyrosyls involved in the binding site of CuaLf the electronic
spectrum, in conjunction with the e.s.r. spectrum, points to
copper(II) in a distorted tetragonal environment.

Studies on transferrin (see Introduction) have
indicated that there are two histidyl groups and, at the
most, three tyrosyl groups in the binding sites. From
results presented in this study the electronic spectra would
suggest that when copper is bound at least two tyrosyl
residues are bound egquatorially and do not discount the
possibility that a third may be interacting axially, even if
unionised. The e.s.r. spectra of CuaLf and Cuan point to
the presence of one equatorial histidyl group. However
electronic spectra would not be incompatible with one or two
equatorial imidazole-type groups, while axial nitrogens
appear to have little effect on the absorbance maximum,
Hence this would point to an axial coordination of the
second histidyl in CuaLf and Cuan. A possible arrangement
of the groups in the specific sites of lactoferrin, trans-
ferrin and ovotransferrin, based on the evidence presented
in this thesis, is illustrated in Figure 3.6.
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Firmuro %,6 Proposed coordination sphore of iron(iII) in the binding site of
lacioferrin, transferrin and ovotranaferrin based on the

evidence presentied in this thesis.
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bound to Cl as well as | or 2
nitrogens and oxygens in a distorted
octahedral site (p35-v),

hedral site. Distinctive
site heterogeneityv (p45-7).

Table 4a Spectral Characteristics of Metal-lactoferrin complexes
L SR T R R M T RS e T
Electronic and Fluorescence Spectra F..S.R. Spectra Resonance Raman Spectra
|
S N [
[

Fesz CT band suggests tyrosines (p29). Fe(I1T1) in a rhombic site | The CT band is due to tyrosines
(p37) some suggestion of - and_not histidine or
site heterogeneity (p46). | H(:()3 (p50-7).

Cusz CT band suggests tvrosines and d-d Cu(lT) in a tetragonal site4

band suggests 1 or 2 equatorial ] equatorial nitrogen pres- Ditto
nitrogens in a site of tetragonal ent (p4l). No specific
svmmetry (p30,35). Fluorescence binding in absence of
suggests specific site bindim: (p25-9), HCO, (p47) .
|
|
Cosz CT band suggests tvrosines (p29). I E.s.r. inactive-consistent
Fluorescence suggests specific | with Co(TIT) (p20). Ditto
site binding (p25-9),
— ;
anLf CT band suggests tyrosines, presence l FE.s.r. inactive - consistent
of d-d bands consistent with dis- with Mn(III) (p20). Protein Ditto
torted octahedral Mn(II1) (p29). possibly adopts a differenti
Fluorescence suggests specific conformation (p49).
site binding (p25-9).
Crsz No CT band, d-d bands suggest Cr(111) Cr(I1l) in a distorted octa- -
2




Conclusions

(1)

(2)

(3)

(4)

(5)

The electronic and resonance Raman spectra both support the involvement of tyrosines in the binding site of Fesz.

Electronic and e.s.r. spectra of Cu,Lf and electronic spectra of Cr Lf support the involvement of 1 or 2 nitrogen

2
ligands on the metal and hence these ligands are expected to be bound to iron.

The absence of specific Cusz e.s.r. signals in HCOE free conditions supports the involvement of this ion.

From spectroscopic and chemical modifications of Fesz (and ovotf) it has been suggested that the sites in both
proteins are similar and that these include 2-3 tvrosines, 2 histidines, ! water and | bicarbonate molecule.

A similar situation appears to hold for Fe7Lf because it is spectroscopically similar.

The protein appears to be ahle to adopt a conformation to suit the stereochemical requirements of each metal ion.
For instance high spin Mn3+(3da) and Cu2+(3dq) are likelv to be subject to Jahn Teller distortions hence adopt a
tetragonal coordination, while Cr3+(3d3), high spin F93+(3d5) and low spin Co3+(3d6) have spherically symmetric
electronic configurations and would adopt a more regular octahedral coordination (possibly with some rhombic

distortion).



(npll0).

(pl10).

Table 4b Comparison of Small Molecular weight complexes with the metal-lactoferrin complexes
—— T :
: Electronic Spectra | E.S.R. Spectra Other Data
; n
FeO6 ‘ CT band in right range, but complexes | Most complexes have g=4.3 Mossbauer
not suitable (p73). signals consistent with Sensitive to degree of
1 24 rhombic symmetry. As covalency in molecule, but
FeONOA CT band of [Fe(Illa) (MeOH)&] too | symmetry becomes more not to number of oxygens or
low in energy (p75). tetragonal, signal at g=6 nitrogens coordinated (p83-7)
becomes prominent.tk.s.r. is
FeOz‘N2 CT band too high in energy (p.75). not sensitive to numbers of X-Ray Structure
1 oxygen and nitrogen ligands St . det inati ¢
FeOZNZOZ CT band too low in energy but in the (p78-83). tFr?iliri (§ g;mﬁgg 1;nog
case of IITa and VIIT addition of 2 © - o g' °
P . . shows interaction of nitrate
imidazoles shifts band to higher . .
— (075.77) (a bicarbonate analogue) via
BY P/ ’ solvent molecules (MeOH)
| . . . (p70-2).
FeO3N3 | CT band in right range (p75).
FeOZNA i CT band for complex of VId (tridentate)
of similar energv but too low for
complexes of VITb and VIId (hexadentate)
(p77).
General | Intensity of CT banglof_?ll complexes
' is around 4000 lmol “cm (p74).
CuONOle2 CT band is too high in energy (pl02-3). Compound is a dimer
CuO3N Y2 CT band is similar in energyv (plOl). | g// and A// same as Cuzhf
CquNzY2 CT band is similar in energy. Addition | g// lower and A”lqigher
of axial N ligands has no effect on 5
band position (pl01.2) i
CuN, (0,) No CT band-axial phenolates are | g,, much lower and A, much
4 72 : . . ! //
weakly interacting with copper (pl04). | higher
General d-d band suggests tetragonal symmetry | Indicates tetragonal not
(p103-4) tetrahedral symmetry (pl05
& 108).
Manganese Indicates phenolate in specific site ‘ Mixture of Mn(III)/Mn(IT)



1
Note O = phenolate oxygen, (0) = axial phenolate oxygen, O = carboxylate and other oxygen, N = nitrogen,

X = axial solvent, Y = axial halide.

Conclusions
(1) CT band of Fe(II1) complexes increases in energv as number of phenolates and nitrogens bound to iron
. =]l -1 .
increases; approximately by 2000cm per phenolate and 1-2000cm =~ per imidazole.
(2) E.s.r. spectra of Fe(III) complexes show iron in Fe7Lf is in a site of rhombic (rather than
tetragonal symmetry)
(3) Structure of [Fe(IIIa)2(MeUH%]NOB.MCOH sugpgests interaction of bicarbonate with iron via a solvent molecule.
(4) Electronic spectra of Cu(II) complexes suggest two equatorial phenolates and one or two equatorial nitrogens
bound to copper in a site of tetragonal symmetry; also that axial phenolates and nitrogens have little
influence on the position of the CT band.
(5) E.s.r. spectra of Cu(II) complexes favour an equatorial CuO,N system in a site of tetragonal symmetry.

3



Conclusion (see Figure 3.6)

Studies on metal-lactoferrin complexes have revealed that tyrosyl and histidv]l residues are involved in binding
to iron(III) in a site of rhombic symmetry and that bicarbonate is essential for this binding to occur. Studies

of small molecular weight iron(III) complexes have shown that the charge transfer band shifts to higher energy as

. . . . 2+
the number of phenolates and imidazoles bound increases. Using the complex [Fe(b-He—phenolato)(ttOH)SJ as a

basepoint, in section 2-4 it has been argued that three phenolates and 2 imidazoles are likely to be found in

the specific site. The single crystal ¥X-rav structure of fFe(IIIa)z(MeOH)z]NOB.MeOH would support the proposal

for the interaction of bicarbonate via a solvent (warter) molecule. Studies of small molecular weight complexes of

copper would suggest that in Cu,Lf there are likely to be two phenolates and one or two imidazoles equatorially

bound. Furthermore they would suggest that one phenolate(er its unionised equivalent) and one imidazole are

interacting axially. The tetragonal svmmetrv favoured bv copper(IT) would suggest that this axial interaction

would be verv weak. Hence for iron(TI1J), which favours rhembic symmetry these axial ligands would be more strongly

bound.
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