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Abstract

This dissertation describes the synthesis, physical characterisation and solution chemistry
of NAc-Co'""MP8, a biominetic model compound of vitamin Bi2a, Synthesised from the
haemoctapeptide derived from horse heart cytochrome c. Peptic and tryptic digestion of
horse heart cytochrome ¢ removes much of the globular protein encapsulating the iron
porphyrin prosthetic group. The resulting haemoctapeptide fragment retains residues 14
to 21 of the parent cytochrome (MP8) via thioether linkages to Cys-14 and Cys-17.
Reductive demetalation of MP8 yielded the metal free MP8. This was treated with
cobaltous acetate in an aerated agqueous solution © produce Co''MP8. Co''"MP8 was
acetylated by treatment with acetic anhydride and yielded N-acetyl-Co(lll)-
microperoxidase 8 (NAc-Co'"MP8). It is well established that acetylation reduces
aggregation of these haenpeptides. The starting materials and poducts of each step
during synthesis were characterised by UV-visible absorption spectroscopy, high
performance liquid chromatography (HPLC) and fast atom bombardment- mass
spectroscopy (FAB-MS). MP8 free base and Co(ll1)-MP8 were also analysed using
lumi nescence spectroscopy.

The molar extinction coefficients of NAcCo'"'-MP8 in agueous and ionic medium were
determined using inductively coupled plasma-optical emission spectroscopy (I CP-OES)
and UV-visible absorption spectroscopy. The extinction coefficient, e, of NAcCo''MP8
(? = 420 nm, pH 7.00, 25 °C) in distilled water and 1.0 M NaClO,was 1.80 + 0.01 x 10°
Mt cm? and 1.66 + 0.01 x 10° Mt cm?, respectively. Beer's law studies show that
NAc-Co"'MP8 remains monomeric in agueous solution up to concentrations of at least 35
KM,

The spectroscopic changes observed for NAc-Co"'MP8 during the course of a
spectrophotometric titration are very similar to those observed for NAc-Fe''"MP8, with
both being consistent with six successive ionisations. By analogy with NAc-Fée''MPg,
we attributed the first (pK1 = 2.0 + 0.3) to the coordination of the c-termina carboxylate
group (Glu-21) of the appended polypeptide. The second acid range transition (pK, = 2.8



+ 0.1) for NAcCo"'MP8 involved the deprotonation of the cationic His-18 and
concomitant replacement of the c-terminal carboxylate by the neutral heterocyclic base.
The third and fourth pKjy's are attributed to the ionisation of the haem propanoic acid
groups (pK3z = 3.9 + 0.03) and (pK4 = 7.5+ 0.03). lonisation of the cobalt-bound water
molecule above neutal pH was assigned to pKs = 9.2 + 0.04. Findly, we attributed pKg
(12.1 + 0.03) to the ionisation of the coordinated histidine trans to the OH" to form the
histidinate complex (His-Co'"-OH").

A principal aim of this work was to demonstrate that the kinetics and the thermodynamics
of the ligand substitution reactions of NAc-Co''MP8 can be studied
spectrophotometrically; a comprehensive investigation of these reactions will be
undertaken by others. Towards this end the formation constants between NAc-Co'''MP8
and N-methylimidazole and pyridine were determined. We observed the formation of a
bis-substituted complex in the reaction of NAc-Co''"MP8 with the ligands, but only
mono-substitutionwith NAc-Fe''"MP8 and By, We attribute this first ligand binding to
the replacement of the axial water molecule, and the second replacement of the axia

histidine residue. The absence of the second reaction with NAc-F€''MP8 and Biza
suggest that the Co'"'-N(His) bond in NAc-Co'"MP8 is significantly weaker than the Fe'''-
N(His) and Co'"'-N(dimethylbenzimidazole) bond, respectively. When comparing the
formation constants of NAc-Fe''"MP8, NAc-Co''"MP8 and Bya, We found that the value
of log K1 for NAc-Co'"MP8 for these ligands is significantly higher than that reported for
NAc-Fe'""MP8 and B1za.

Kinetics studies of NAc-Co""MP8 with N-methylimidazole and methylamine were
investigated. The data obtained did not follow conventional pseudo-first order kinetics;
instead there was some evidence for biphasic kinetics. In the reaction of N-

methylimidazole with NAcCo""

MP8, we observed that the rate of reaction is virtualy
independent of the concentration of the incoming ligand. The results can be explained if
the mechanism proceeds through a purely dissociative mechanism, i.e., if the rate of the
reaction is controlled by the rate at which, firstly, the water molecule dissociates from the

Ca"" centre and, secondly, the histidine dissociates from the metal. The second order rate



constant, k2, could not be determined since the rate of reaction is independent of N-
methylimidazole concentration. In the reaction of methylamine with NAc-Co''MP8, we
observed that the rate of reactionis dependent on the concentration and participation of
the incoming ligand. We propose that the displacement of water and histidine by
methylamine involves an interchange mechanism (1), where the bond forming and bond
breaking occur simultaneously, and thus the rate of reaction becomes dependent on the

concentration of the incoming ligand.

The results showed that the rate of reaction for methylamine with NAc-Co'''MP8 was
faster than with N-methylimidazole. We attributed these differences in rate constants to
the size of the incoming ligands. N-methylimidazole is a secondary amine and is
relatively more bulky than methylamine which is a primary amine; therefore it is easier

for methylamine to attach to the metal centre compared to N- methylimidazole.

For comparison the rate of reaction of B, with N-methylimidazole and methylamine
was determined. The results show that the rate of the reaction between NAc-Co'''MP3
and Biza with N-methylimidazole and methylamine are significantly different.
Furthermore, we observe only mono-substitution in B2, and bisubstitution in NAc-

Co'"MP8. Overall, the results presented in this work do give a genera indication on how

thermodynamically stable a Co™ ion is in a porphyrin ring and aso to a very limited

extent show that a porphyrin does rot confer the same kinetic lability on the Co™ ion as

the corrin ring.
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Chapter 1 Introduction

1.1 Bioinorganic Chemistry

1.1.1 General Overview

Although bioinorganic chemistry is a relatively new field, reports on metals bound to
proteins and enzymes date way back into the nineteenth century and may be found in
earlier centuries if we replace the terms “proteins’ and “enzymes’ with “animal or plant
tissues”.! Scientists by nature self-sort into groups and disciplines. The artificial division
of the study of chemical compounds into organic and inorganic chemistry has long been
established. Bioinorganic chemistry seems to contradict this artificial division. In the
early nineteenth century chemistry was still divided into “organic” chemistry, which
included only substances isolated from living organisms, and “inorganic” chemistry of
“dead matter”. This distinction became meaningless after Wohlers synthesis of
“organic’ urea from inorganic ammonium cyanate in 1828. Nowadays, organic
chemistry is defined as the chemistry of carbon compounds, especially of hydrocarbons
and their derivatives, with possible inclusion of certain heteroelements such as N, O or S
regardless of the origin of the material. 2

Bioinorganic or biological inorganic chemistry is the discipline dealing with the
interaction between inorganic substances and molecules of biological interest. It spans
many facets of other fields, since it involves the role, uptake, and fate of elements
essential for life, response of living organisms to toxic inorganic substances, the function
of metal-based drugs, the synthetic production of functiona models, the production of
pharmaceutical contrast agents in medical applications, the development of theoretical
models, and so on.® Bioinorganic chemistry is a relatively new branch of chemistry and
only became an independent field after 1960.* It is, however, a rapidly expanding
interdisciplinary field that has developed through contributions from chemical physics
(characterisation techniques), molecular biology (supply materials), pharmacology (drug-
inorganic substance interactions), medicine (diagnostic aids and tumour therapy),
environmental and human toxicology (toxicity of inorganic compounds), crystallography

and spectroscopy (characterisation techniques) and chemistry (specificdly bio-

18



coordination chemistry).* Figure 1.1 is a diagrammatic representation of the far
reaching, interdisciplinary nature of bioinorganic chemistry. The growing interest in
bioinorganic chemistry research has become apparent with the emergence of journals that
are solely devoted to thisfield of chemistry.

N

Environmental

Toxicolegy Crystallography \-L
-E\.\
o -Coordinatian
. A Chemely
’ il b § Chemical
Metals in r \ | Physics
Medicine A .
L] [
I Bio[-inorganic-| ] Fi
. chemistry | F
I Metal-prolains | §="
- “ iSpectroscopy.
[ Molecular .r’
Blology " ;
e &
] - - #
o, T Physical
/ . } Chemistry
1 . Biophyslce

Maolecular Ml croblalagy
Genelics L

Se ot >

Figure 1.1: Tentative view of overlapping fields in bicinorganic chemistry.!
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1.1.2 Metal lonsin the Chemistry of Life

There are approximately thirty elements essential for life® These may occur in
macroscopic, microscopic or trace amounts.® Of these thirty elements, many are metal
ions involved in life-sustaining biological systems and biochemical processes. These
metal ions play a pivotal role in about one third of enzymes.” lons can modify electron
flow in the substrate or enzyme, thus effectively controlling an enzyme-catalysed
reaction. They can serve to bind and orient the substrate with respect to the functional
groups in the active site, and they can provide a site for redox activity if the metal has
several vaence states. Many molecules that are involved in the above mentioned
processes rely on metal ions for their acivity.® Evolution has made efficient use of the
available metals and their properties to allow a range of inorganic reactions to be
accessible to biological systems. The periodic table illustrated in Figure 1.2 highlights
the elements that are necessary for life.
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Figure1.2: Periodic Table of biological elementsin life.’
Key: Circled Elements = Bulk Biological Elements
Boxed Elements = Essential Trace Elements
Dashed Box Elements = Possible Trace Elements Showing Weaker
Evidence for Involvement in Biology



The term “essential” is given to an element that would cause severe, irreversible damage
if it were completely eliminated from the organism.* Some elements such as As, Br, and
Sn have not been unequivocally determined to be essentia since they are present in such
low concentrations that experiments are difficult to carry out. The normal concentration
range of essential metals is narrow and deficiencies or excesses of such metals cause

pathological changesin an organism.’

The alkali metals sodium and potassium are involved in the relay of electric pulsesin the
nervous system of a number of animals. The akaline earth metals, magnesium and
calcium, are responsible for teeth and bone structure in animals. Magnesium is also
important element in the capture of solar energy by plants. The metal ion is bound in a
highly conjugated ring system, the chlorin ring, which is bound to a macromolecule and
together they form chlorophyll as shown in Figure 1.3. Chlorophyll and other pigments
such as the cartenoids, work together to absorb a wide range of energies in the visible

spectrum.®

IU|=D|/\/\‘-’I|/\/\I| N o _STa

oz, oz, or,,

Figure1.3: The structure bacteriochlorophyll a.

As this project revolves around a particular question in the biological chemistry of two
specific transition metals namely, iron and cobalt, the focus in this section is primarily on

them.
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1121  Agpectsof the Chemistry of Iron: Propertiesand Special Characteristics

Iron is the most abundant metal both in and on the Earth.® As far as biology is concerned,
it is one of the most important metas in the first trangition series as it is the transition
metal found in greatest abundance in biological systems. It constitutes one third of the
Earth’s mass and is present from crustal rocks, to ocean and river waters, and to the
organisms that exist in those environments.!> ' The atmosphere as we know, abundant
in oxygen, has developed over billions of years from a reducing atmosphere that was too
hostile to support most living organisms. The only organismsthat could exist were those
that could survive in an anaerobic environment. In this reducing atmosphere iron was
present in the ferrous state and was gradually oxidised to the ferric state as oxygen
became more prevalent. This increase in oxygen concentration was brought about the
blue-green algae and the photosynthetic bacteria.*?

> Redox, Geometric and M agnetic Properties

The oxidation states of iron have been noted to range from -2 to +4, the most common
being F€' and Fe'"" in an agueous environment.** The change in atmospheric composition
as described above, has had a dramatic effect on the biology and biochemistry of iron due

to the different properties of the most common oxidation states of iron.

An interesting property of iron is its ability to be oxidised/reduced over a wide range of
potentials depending on its coordination environment. Redox potentials are an indication
of the relative stability of the oxidation state of iron in the presence of particular ligands.
Iron is found in the first row of transition metals in the periodic table. Since the valence

electrons are in the outer lying d orbitals, Fe'' isad® and Fe'' isa d® metal ion.**

There are a wide range of geometries adopted by both Fe'' and Fe'"'. The sizes of the
ferrous and ferric ions also affect the geometry of their complexes. The increase of

electronsin d orbitals asiron is reduced causes greater repulsion between those electrons,



resulting in a dight increase in the ionic radius. A structural consequence of this is seen
in haemoglobin where the difference in the ferric and ferrous ionic radius dictates
whether the ion will fit into the porphyrin ring, this plays an important role in
haemoglobin function.’® A key feature of it is the behaviour of an individua iron
porphyrin complex as it goes from the deoxy to the oxygenated state. In the deoxy state
the haem complex is distinctly domed, with the iron atom ~0.5 A out of the porphyrin
mean plane and with the Fe-N bond to histidine some 8° off perpendicular as shown in
Figure 1.4.° However, when an oxygen molecule becomes bound the iron comes into,

or nearly into, the porphyrin plane and the Fe-N becomes more near to perpendicular.

./_\_J-'_'\.\\\ TR ", s F-helix
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Figure 1.4: The structure of the deoxy haem group.®

Distortions from octahedral geometries arise when there is uneven distribution of
electrons in the d orbitals. This occurs when the symmetry about the metal centre is
decreased. All of the above mentioned redox, geometric and magnetic properties of the
Fe'' and the F€'"' ions play a pivotal role in the structure, function and operation of the

active sites in haemproteins®



> Special Characteristics

Commonly, Fe'' (d®) and Fe'" (d°) complexes are high spin as quite strong ligand fields
are required to induce low spin electron configurations. High spin Fe'' hasa °D ground
term, which splits into the ground states°T, and °E. Ligand field (d-d) transitions (°T, —

°E) in octahedral complexes of Fe'' occur in the visible region of the electronic spectra

High spin octahedral Fe''' has an orbitally non-degenerate ®A; ground term arising from
6S ground term. Due to the single orbital occupancy of high spin Fé'', there are no
excited states of the same multiplicity and therefore all d-d transitions are spin-forbidden
to the T states, “T1 and *T,, and to a nearly degenerate pair, “A; and“E. Theintensities of
the ligand field transitions °A; — “Ty (*T,) are so low that the d-d bard transitions are
rarely observed in the electronic absorption spectra of high spin Fe'' complexes. Simple

monomeric compounds of high spin Fe'' have little or no colour at al. Fe'"

IS electron
deficient and can participate in the ligand-to- metd charge transfer (LMCT) processes that
have much greater intensity than d-d transitions.®> Strong colours arise from LMCT or

intraligand transitions.

In the presence of strong octahedral fields there is a stabilisation of the low spin (S = %2)
state. The intermediate spin state of (S= /) may be produced in fieldsof low symmetry.
High spin Fe' and all spin states of Fe'' are paramagnetic and therefore ESR active. The
iron atom has a nuclear spin of | = %% Although high spin Fe'" is paramagnetic, it has an
even number of electrons. There is no guarantee of seeing an ESR signal because the

ground term is not a Kramer’s doublet.
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1122  Aspectsof the Chemistry of Cobalt: Redox and M agnetic Properties

Cobalt is a first row trangtion meta and is found in oxidation states from +1 to +3.
co" is unstable in simple compounds but is much more stable in larger low spin
complexes®  Typicd geometries for cobalt range from tetrahedral to octahedral

throughout the range of oxidation states.** The electronic structure of Co'"'

islow spind®
except for very weak ligands such as the fluoride ion.> Thus, Co"' complexes are
diamagnetic in the ground state. Cd'' complexes have characteristic electronic spectra
with bands in the visible region due to transitions from the ground state {A;q) to the
excited singlet states (Tig and 'Ta) representing the d-d transitions® Due to its

diamagretic electron configuration, Co"' is ESR inactive.

1.2 Metalloproteins and their Significance

Many transition elements have been found to serve as prosthetic groups(which are active
sites of proteins) or as co-factors in metal activated proteins.’® Numerous essential
biological functions require metal ions and most of these occur in metalloproteins. Metal
ions are critical to the function of many proteins, including stabilising their structure. In
fact, one third of all proteins are metalloproteins, using metal ions such as iron, copper,
zinc, molybdenum and vanadium.®* Metaloproteins are an important class of
biomolecules that play a central role in many biochemical processes, including
respiration, metabolism, nitrogen fixation, photosynthesis, nerve transduction, muscle
contraction, signal transduction, and protection against mutagenic agents. They also
serve as catalysts in a wide variety of reactions ranging from electron transfer to the
insertion of oxygen into carbonrhydrogen bonds. Thus, the role of the metal ions in

17, 18 In

metalloproteins is two fold, as it serves both functional and structura roles.
performing these actions the metal can function aone, in a cluster or associated with

complex ring systems.™®
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Without the appropriate metal ion, a reaction catalysed by a particular metalloenzyme
would proceed very dowly if at al.*® The enzymes provide an arrangement of amino acid
sde-chain functional groups which orient themselves to form an appropriate sized hole
(depending on the metal) to bind the metal. In addition, preferred groups on the enzyme
side chains further bind the required meta ion to increase stability. The optimal number
of such binding groups is chosen for the particular meta ion, together with an
environment of appropriate polarity in the binding site. Metal ions may be bound by
main-chain amino and carbonyl groups, but specific binding is achieved by the amino
acid side chains, particularly the carboxylate groups of aspartic and glutamic acid, and
the ring nitrogen atom of higtidine. Other side chains that bind meta ions include
tryptophan (ring nitrogen), cysteine (thiol), methionine (thioether), serine, threonine,
tyrosine (hydroxyl groups), and asparagine and glutamine (carbonyl groups, less often
amino groups). There are no general set of rules that describe how a metal will behave in
an enzyme.® In essence the function of the protein is to anchor, control and modify the

fundamental chemistry of the metal.

In recent years, the analysis and classification of metalloenzymes and metalloproteins at
the interface between chemistry and biology has accelerated. Although a variety of
spectroscopic techniques have been used for many years to probe the metal centres in
metal containing proteins, progress is particularly due to the recent developments in x-ray
diffraction methods, mass spectroscopy and NMR spectroscopy. Table 1.1 shows some
of the metalloproteins that have aready been elucidated.
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Table1.1: Some metalloproteins and their functions.*®

M etal Protein Function

Azurin Electron transport protein in
Alcaligenes xylosoxidans

Rusticyanin Electron transport protein in
Thiobacillus ferrooxidans

c Nitrite Reductase Reduces nitrite in the
u

denitrification pathway of
Alcaligenes xylosoxidans

Superoxide Scavenges superoxide free

Dismutase radicals

Ceruloplasmin A ferrooxidase found in the blood

Haemocyanin Oxygen transport in the blood of
molluscs and arthropods

Haemoglobin Oxygen transport in the blood

Myoglobin Oxygen storage in muscle tissue

Transferrins [ron transport protein found in the

Fe blood

FixL Haem oxygen sensor protein
symbiotic bacterium Rhizobium
meliloti

Cytochromes Participate in important el ectron

transfer reactions in ETC
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Peroxidase

Protect the body against
uncontrolled oxidation by

hydrogen peroxide

Cytochrome P450

Activation of molecular oxygen

with insertion of one of its atoms

into the substrate and reduction of

the other to form water

Mo

Nitrogenase

Catalyses the ATP dependent
reduction of dinitrogen to

ammonia

ModA

Periplasmic molybdate binding

proteins Azotobacter vinelandii

ModE

Molybdate dependent
transcriptional regulator from

Escherichia coli

Catdlase

Reduces hydrogen peroxide to

molecular oxygen and water

Ni

Urease

Hydrolysis of ureato ammonia
and carbon dioxide

Nitrogenase

Catalyses the ATP dependent
reduction of dinitrogen to

ammonia

Zn

Superoxide

Dismutase

Scavenges superoxide free
radicals




1.3 Porphyrins
1.3.1 Basic Structure

The basic structures of porphyrin consist of four pyrrole units joined by methine bridges.
In a haemprotein, the iron binds to the porphyrin ring and is aso covaently linked by
axial binding to at least one endogenous ligand. These macromolecules are relatively
rigid, but flexible, and the porphyrin cavity is able to bind nearly al metal ions. They are
ideal building blocks for self-assembled structures due to their pre organised geometry,
ease of substitution and selective axial ligand coordination chemistry. Porphyrins are
susceptible to several chemical reactions typical of aromatic compounds. The porphyrin
ring is a planar moiety belonging to the D4, Space group with an extensive delocalised p-
electron system.?! The porphyrin macrocycle is an aromatic system containing 22 p
electrons, but only 18 of them are involved in any one delocalization pathway and thus
conform to the Huckel’s (4n + 2) rule for aromaticity. Many haemproteins contain
protoporphyrin 1X. Table 1.2 shows the different porphyrins that arise from the
substitution that occurs at the periphera positions in the stable porphine shown in figure
1.5

Creso

CElS Ca 15 17

Figure 1.5: The porphine moiety.



Table 1.2: Different Types of Naturally Occurring Porphyrins.?!

Porphyrin Name Substituentsat Cg Position No.
2 3 7 8 12 13 17 18
Porphyrin a M P P F M Hfa M V
Porphyrin b (porphyrin I X) M P PM M V MV
Porphyrin ¢ M P P F M C M C
Deuteroporphyrin 1 X M P P F M H M H
M esopor phyrin M P P F M E M E
Coproporphyrin I X M P P F M P M P
Hematopor phyrin M P P M M SA M SA
Uroporphyrin 11 AP P A A P A P
Aetioporphyrin I11 M E M E M E M E
Chlorocruporphyrin 1X M P P M M F M V
Key: A =-CH,COOH C = Cysteinyl S
E=-GHs F=-CHO
H=-H Hfar = Ci7H200
M =-CHs P =-CH,CH,COOH
SA = -CH(OH)CHs V =-CHCH,

In addition to the severa electrophilic substitutions that can be performed on porphyrins,
porphyrins can be metalated and demetalated. Different metals (for example, Zn, Mn,
Cu, and Ni) can be inserted into the porphyrin cavity using various metal salts. These
metals can then be removed with various acids.?
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Figure 1.6: A typical absorption spectrum observed for porphyrins??

One of the most distinctive properties of haemproteins is their absorption of visible and
ultraviolet (UV) light* The three spectral bands that appear in the visible region are due
to transitions between p* (vacant orbitals) and p (occupied orbitals). The electronic
spectra are dominated by the absorption of the haem moiety, which allows two porphyrin
p—p transitions that are mixed together by interelectronic repulsion to give an intense
signal at 410 nm (called the ? or Soret band) and two less intense signals between 500 nm
and 600 nm (called aand 3bands). These bands can be explained using Simpson’s
“perimeter free-electron” model where the porphyrin is idedlised as an 18 membered
circular ring. Figure 1.6 shows a typical absorption spectrum observed for porphyrins.
However, more recently, there have been a number of reviews that have described the
success of the four-orbital model which is based on the earlier free-electron model and
the simple Huckel’'s molecular-orbital model.?® The variations of the peripheral
substituents on the porphyrin ring often cause minor changes to the intensity and

wavelength of these absorptions. 2223
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1.3.2 Iron Porphyrins

Iron porphyrins form the prosthetic group (active site) of the biologically important
haemproteins. These haemproteins are macromolecules that play very important roles in
various biological processes, which include oxygen transportation and storage in living
tissues (as in haemoglobin and myoglobin), the reduction of hydrogen peroxide (asin the
catalase and peroxidase enzymes), the reduction of oxygen (as in oxidases), the transpart
of electrons (as in the cytochromes b and ¢ in the electron transport chain), and the
oxygenation of organic substrates (as in cytochrome P-450). More specifically,
haemoglobin and myoglobin serve as reversible oxygen transfer proteins, oxidases and
peroxidases are involved in irreversible, covalent transformation of substrates, and the
cytochromes b and ¢ function as reversible one-electron transfer agents. Even though
these haemproteins have diverse functions, al haenproteins possess a common prosthetic
group composed of an iron porphyrin complex. Although the remainder of the protein
plays a key role in modulation of their biological activity, there is evidence that the
biological function of the haemproteins is determined by the conformational and

electronic properties of the haem group, modulated by the protein.?®

1.4 Haemproteins

Haemproteins (which contain iron porphyrins) are ubiquitous in nature and serve many
roles as mentioned above. They can be classified according to their biological function,
by haem iron coordination by haem type and further by sequence similarity. Studies
have showed that the hydrophobic interior, hydrogen bonding interactions, and polar and
nonpolar interactions play an integral role in the correct folding around the haem.
Consequently, there has been much experimental and theoretical effort directed towards
the elucidation of the detailed nature of the haem group. Haenproteins are the only
proteins to have an intimate relationship between structure, spectra and function. Thus,
there exists a well-defined relationship between properties of the active site and the
function of the protein?*



141 The Cytochromes

Cytochromes are haemproteins whose specific biological function is electron and/or
proton transfer by virtue of a reversible valency change of their haem iron.> They are
known to play a major role as electron carriers in the electron transport chain (ETC).
Although this definition takes into account both biological and chemical features and is
wide enough to encompass both norrautoxidizable and autoxidizable cytochromes, it is
however too wide to include the catalase and peroxidase group of haemproteins. There
are however seven main groups of cytoclromes that can be distinguished by their haem
type (see Table 1.3).2°

Table1.3: Different cytochromes classified by their haem type.?®

| Haem type || Example ||Haem Structure

Haem a Cytochrome c oxidase




Haemb Cytochromes b —
x J
O~ >oH 0~ “OH
Haem c Cytochrome c CyS\S S/Cys
X
07 ™oH 0”7 “OH
Haem d Cytochromesd




Haem d;

Cytochrome cd; nitrite

reductase (d; domain)

Haem o

Cytochrome o oxidase

Haem P460

Hydroxylamine

oxidoreductase




Figure 1.7: 3D Structure of oxidised horse heart cytochrome c.?’
PDB code: 1AKK

In this project cytochrome c (cyt ¢) was used as the starting material for the preparation
of microperoxidase 8, so it is important to highlight its significance in nature. Figure 1.7
illustrates the 3D structure of cyt ¢ Cyt ¢ mediates single electron transfer between
integral membrane complexes in the respiratory chain of eukaryotes® It is a protein
ubiquitous to all eukaryotic organisms and is found associated with the inner
mitochondrial membrane. There have been numerous structural studies elucidating the
structure of cyt ¢ using both X-ray crystallography and NMR spectroscopy. % Although
there is avast amount of work that has been published on cytochromes, this project is not
focussed on the biochemistry nor the bioenergetics of the cytochromes, but rather on the
haem component of the cytochromes.

1.4.2 The Peroxidases and Catalases

Peroxidases and catalases are distributed widely in animals and plants. However,
peroxidases are found more commonly in plants.

> The Role and Biochemistry of Peroxidases
Peroxidases are enzymes which play an important role in large and diverse numbers of
physiological processes in organisms including humans. They are haem-containing

enzymes that use hydrogen peroxide (H20O-) or other substrates as the electron acceptor to
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catalyze a number of oxidative reactions. As such, they are classified as oxidoreductases.
Toxic molecules such as superoxide and hydroxyl radicals can be found in cells due to
the presence of oxygen. These are by-products of aerobic respiration. They are eliminated
by a number of enzymes present inside the cell. Superoxide, for example, is destroyed by
superoxide dismutase. The degradation, however, produces more hydrogen peroxide,
which is, in turn, destroyed by peroxidase. Peroxidases reduce HO, to water while
oxidizing a variety of substrates. Thus, peroxidases are oxidoreductases that use H,O; as
electron acceptor for catalyzing different oxidative reactions. The overal reaction is as

follows;

ROOR' + électron donor (2€) +2H* ? ROH + R'OH (1.1)

For many of these enzymes the optimal substrate is hydrogen peroxide, but others are
more active with organic hydroperoxides such as lipd peroxides. The nature of the
electron donor is very dependent on the structure of the enzyme. For example,
horseradish peroxidase can use a variety of organic compounds as electron donors and
acceptors. Horseradish peroxidase has a broad and accessible active site and many
compounds @n reach the site of the reaction. For an enzyme such as cytochrome c
peroxidase, the compounds that donate electrons are very specific, because there is a very
closed active site. Cytochrome c peroxidase is used as a soluble, easily purified model for

cytochrome c oxidase. + %

On the basis of sequence and structure similarity, haemdependent peroxidases can be
separated into two families: the family of animal peroxidases and the family of plant,

fungal and bacterial peroxidases>® 3!
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Resting Enzyme
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AH +H* AH,

Figure 1.8 Reaction mechanism of most haem peroxidases.* %

In this mechanism, the enzyme reacts with one equivalent of H,O, to give compound |, a
porphyrin = cation radical containing Fe'V. This is a two-electron oxidation/reduction
reaction where HO- is reduced to water and the enzyme is oxidised. One oxidising
equivalent resides on iron, giving the oxyferryl (FéV=0) intermediate and the second
resides on the porphyrin which becomes a p—radical cation. Compound | then oxidises an
organic substrate to give a substrate radical (-AH). Compound | undergoes a second one--
electron oxidation reaction yielding compound 11, which contains an oxyferryl centre
coordinated to a normal (dianionic) porphyrin ligand. Finally, compound 11, is reduced
back to the native ferric state with concomitant one electron substrate reduction. The
overall charge on the resting state and compound | is +1, while compound |1 is
neutral .+ 2°



> The Role and Biochemistry of Catalases

Catalase is a haem-containing enzyme that catalyses reaction (1.2). The R represents
hydrogen, an akyl or acyl group and the HQOH is a two electron donor. Catalases can
utilise hydrogen peroxide (H>0O,) both as an electron acceptor and an electron donor

yielding molecular oxygen (O-) and water in the disproportionation reaction (1.3).

ROOH + HQOH ;> QO + ROH + H,0 (1.2)

H,O5 + H,O, — 2H,0 + O, (13)

The reaction cycle of the catalases begins with the high spin ferric (Fe'"") state which
reacts with the molecule of peroxide to form compound | intermediate, a porphyrin p
cation radical containing FeY. This is followed by oxidation of an electron donor which
returns compound | to the native resting state. Both the resting state and compound | of
catalase are neutral.

Resting Enzyme

Figure 1.9: Schematic of catalytic cycle of Catalase.

Most catdases have haem b as the prosthetic group; however, a number of funga and

bacterial catalases contain chlorin type haem (haem d).33* In all catalases the haem iron



fifth (proximal) ligand is a Tyr residue; a His residue essential for catalysis is located on
the distal side of the haem. It is thought that its function is to deprotonate H,O,, which is
bound to H' (on His) and HO,. (on Fe''"). In all catalase structures, a water molecule
located close to the sixth coordination of the haem has been observed.®>®

1.4.3 The Cytochromes P450

Cytochromes P450 (P4509 are a superfamily of haemthiolate enzymes that mainly
catalyse the monooxygenation of a wide array of apolar substrates.® This is a two
electron oxidation of substrate with one of the dioxygen derived O atoms inserted into a
C-H bond of the substrate.*® Cytochromes P450 are isolated from al living organisms,
including bacteria, fungi, plants, insects and verterbrates*® P450s are involved in
metabolising a wide variety of hydrophobic compounds. In mammals, P450 substrates
range from endogenous substances such as cholesterol, steroids, and lipids, to exogenous
ones like environmental pollutants and drugs.

Figure1.10: Ribbon of P450 camphor-substrate complex structure**
PDB code: P450BM-3



> Physical Properties

The P450s are haemproteins that are made up of between 400 and 500 amino acids and
contain a single haem prosthetic group.*? ® The distal axial ligand of this haem moiety is

formed by a cysteine residue. In the haem system, six-fold coordinated Fe'"

is generaly
found to be LS and five-fold coordinated F€'!' is found in the HS state.** This is due to
the fact that the ionic radius is larger for HS Fe''' than for LS* and in the HS state the
Fe'' moves out of the plane of the porphyrin ring @ the central cavity is too small.

Furthermore, it was also thought that the five coordinate Fe'"'

moves out of the porphyrin
cavity to maximise orbital overlap of the donor atom of the proximal ligand. The nature
of the axia haem ligands aso has an important effect on the LS-HS balance. A strong
axia field will bring about a relatively large dorbital splitting, favouring the LS state.
This can be seen in practice if one compares the UV absorption spectra of CO complexes
with haemoglobin (histidine axial ligand) and P450 (cysteine ligand). The axia ligand
field strength due to histidine is much stronger than that due to cysteine*® and
correspondingly the UV absorption band due to the d — d transition in CO-hemoglobin

occurs at 420 nm, while that due to CO-P450 occurs at 450 nm.%’

Ligand-free P450s exhibit a Soret absorption maximum in a UV spectrum at
approximately 420 nm. This is associated with the LS state of the Fe''. Spectral®®, NMR*®
and crystallographic® dataindicate that a water molecule forms a sixth axial ligand of the
Fe''' in the substrate-free form, thus stabilising the LS state of the ion. The HS and LS
states are not independent, but exist in equilibrium. The differences in the absorption and
extinction coefficients between the two bands at 390 and 420 nm allow the equilibrium
constant between the spin states and hence the fraction of HS character to be determined.
The equilibrium between HS and LS is only one of a number of microequilibria which
must be considered in a full description of the substrate binding reaction.®®% The
equilibrium between these states may be affected by many factors such as the pH of the
solution or changes in the conformation of the enzyme which ater the nature of the

binding of aligand.
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> Catalytic Cycle

The principal physiological role of the P450 superfamily of enzymes is that of a

monoxygenase. The catalytic reaction can be summarised as follows

RH+0,+2H " +2e° __, ROH+H,0O (14)

where RH can be one of alarge number of possible substrates.

RH
ROH A
+
;{,ﬂ”rr Fe %"Z‘h_x
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I'. |I‘__,f"--' 02
‘RH .’ -
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Figure 1.11: The cataytic cycle of cytochrome P450.
* The intermediate states enclosed in adashed box have not been directly observed and are hypothetical .

Q) Substrate binding

The binding of a substrate to a P450 causes a lowering of the redox potential by

V,>4 %% which makes the transfer of an electron favourable from its

approximately 100 m
redox partner, NADH or NADPH. This is accompanied by a change in the spin state of
the haem iron at the active site. It has aso been suggested that the binding of the
substrate brings about a conformational change in the enzyme which triggers an

interaction with the redox component.>®
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(2 Thefirst reduction

The next stage in the cycle is the reduction of the Fe'' ion by an electron transferred from
NAD(P)H via an electron transfer chain.

©)] Oxygen binding

An O, molecule binds rapidly to the Fé' ion forming Fe"" + O,. There is evidence to
suggest that this complex then undergoes a slow conversion to a more stable complex
Fe''' — 0, ¢ A comparison between the bond energies of O,, O,", and 0,2 suggest that
the F€'"'-0,% complex is the most favourable starting point for the next stage of the

reaction to occur.”’
4 Second reduction

A second reduction is required by the stoichiometry of the reaction. This has been
determined to be the rate-determining step of the reaction.®® However, evidence from
resonance Raman spectroscopy indicates the presence of a superoxide (O,") complex.>®
There is evidence to suggest that this complex then undergoes a slow conversion to a

more stable complex Fé'!' —0,> %
) O, Cleavage

The 0,2 reacts with two protons from the surrounding solvent, breaking the O-O bond,

forming water and leaving an (Fe-O)** complex.
(6) Product formation

The Fe-ligated O atom is transferred to the substrate forming a hydroxylated form of the
substrate.

(7) Product release

The product is released from the active site of the enzyme which returns to its initial
state.



The structures of the transitional states following processes (4) and (5) have never been
directly observed and are hypotheses based by analogy to other haemproteins and often

conflicting experimental evidence.

1.4.4 Haemoglobin (Hb) and Myoglobin (Mb)
> Biological Roles

It is well known that invertebrates and vertebrates have different dioxygen coordination
strategies. Before dioxygen can be metabolised, it has to be taken up (reversibly) from
the atmosphere and transported to oxygendepleted tissues where it must then be stored
until needed.*

The physiological roles of Hbs in vertebrates are the transport of oxygen from the lungs
(or gills in fish) to the body tissues, enhancement of carbon dioxide transport in the
opposite direction and the regulation of blood pH. Since each haem can bind one oxygen
molecule, four molecules of oxygen bind to the Hb tetramer. The affinity for the first
oxygen is low but the affinity rises with the number of bound oxygen molecules. Thisis

known as the haemhaem interaction or homotropic allosteric effect.!®

The physiological roles of Mbs are to buffer the oxygen concentration in the respiring
tissues. It is a haemprotein that contributes to intracellular oxygen storage and
transcellular facilitated diffusion of oxygen. It is normally found in muscle tissue where
continuous oxygen is supplied. The reversibility of oxygen binding is preserved only
when the haem is kept in the ferrous state which is stabilised by the hydrophobic
environment of the protein.®® The affinity of myoglobin for oxygen lies between that for
Hb, which releases oxygen during its passage through respiring tissues, and for the

cytochromes that make use of molecular oxygen in oxidative respiration.*®



> Molecular Structures

Figure 1.12: Schematic representation of deoxy T state Hb structure.®*
PDB code: 1HGA

In 1959, Perutz obtained the first electron density map of horse oxyHb, which resulted in
the determination of its crystal structure.®> ® Hb consists of four protein units, each of
which has an iron protoporphyrin IX group. Two subunits have the same amino acid
sequence and are designated as asubunits The other two are designated as (3 subunits;
they are similar but not exactly the same as the asubunits. Despite their differences
between amino acid sequences, both subunits have the same fold, which is completely
made up of ahelices. Thus, the four-unit composition of Hb serves a pivotal biological
role as mentioned earlier. Hb has an overall compact globular structure with a diameter
of 50-55 A, while its subunit is approximately 47 x 35 x 22 A% in size. The helices have
been traditionally named A through to H from the N- to the C-terminus.*®



Figure 1.13: The overall structure of myoglobin.®
PDB code: 2MBW

In 1960, Sir John Kendrew and his co-workers published the first solved crystal structure
of Mb and consisted of a number of right-handed a- helices® It was the first protein
structure to be revealed at the atomic level. Mb consists of a single peptide chain
combined with an iron porphyrin. It comprises eight helices packed in the pattern that
leaves a pocket for haem. These helices are typically named from A to H. This helica
haem-binding domain is known as the globin fold. The tertiary structure of the protein is
kept intact by sulphide bridges, hydrogen bonds, van der Waals forces and ionic
interactions.® The overall shape of the molecule is best described as an oblate ellipsoid
with dimensions 45 x 45 x 25 A3 18

1.5 TheMicroperoxidases (M Ps)
15.1 Background

One of the greatest challenges facing bioinorganic chemists and biochemists is
explaining how the protein controls and modifies the basic properties of the active site to
give rise to such wideranging functions.?” One method of doing this is to compare the
properties of protein-free porphyrins and the haemproteins. However, with this approach
come two main complications. The first is solubility limitations, where porphyrins like

haemin have limited solubility in agueous and neutral solutions®® and tend to aggregate in



aqueous alkaline solutions.®® Thus work had to be performed in non-aqueous solvents’®
73 and detergents’* 7 to ensure a monomeric system. These nonragueous solvent
conditions for studying the physical and chemical properties of haemproteins are
inadequate and are not physiologicaly relevant. The second complication is that many
haemproteins possess either one or two histidine residues as axia ligands of the metal
ion; these include Hb, Mb, peroxidases and the different cytochromes c, b, f and

cytochrome ¢ oxidase®’

The addition of ligands like imidazole and its derivatives to
solutions of iron porphyrins almost always results in the formation of the bis-imidazole
complex with only transient existence of the mono-imidazole species because of the

thermodynamic drive from HSto LS.”® "

Thus, the need arose to synthesise model haemproteins whose iron porphyrin active site
incorporated the ligand combination found in the protein itself. Various model
haempeptides with a variety of axia ligands were synthesised. These include (i)
haempeptides prepared by adding smal mono-, di-, and tri-peptide groups to the
propanoic acid side chains or other suitably functionalised groups of the porphyrin; (ii)
synthetic haempeptide fragments in which the invariant Cysis-Xis-X16 Cysi7-Hisis
sequence of the cytochrome c is attached to the haem periphery and (iii) the range of
haempeptide fragments that may be obtained by treating cytochrome ¢ with suitable
proteolytic enzymes.®” The haempeptides in (i) and (iii) incorporate a His residue as an
axial ligand, and therefore afford the possibility of mixed ligation of the haem iron (i.e.
the formation of the mono- and bis-complexes together).” However, the flexible ligand-
bearing side-chains attached to the porphyrin periphery has the tendency to dimerise and

form higher aggregates in solution.”®

1.5.2 Preparation of Microperoxidases
Microperoxidases (MPs) are haem-based minenzymes that form a new generation of

biomimics. They consist of a haem c cofactor covalently bound to an oligopeptide,

which contains histidine, the axia ligand to the haem iron. It is obtained by controlled
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proteolytic digestion of horse heart cytochrome c. It is an appeding moded for
mimicking the structure and the function of the active site of haemcontaining enzymes
since it retains an axial histidine ligand.”® The haempeptides provide an opportunity for
exploring aspects of the fundamental chemistry of an iron(l11) porphyrin in which one of
the axial coordination sites of the metal ion is occupied by a His residue which is from
the parent protein and the other position contains a readily replaceable water molecule®’
This provides an opportunity for quantitatively studying in agueous solution the
coordination chemistry of an iron porphyrin with a single accessible coordination site8°
Like many iron porphyrins, microperoxidase-8 is monomeric only a very low

concentrations in aqueous solution. 882

Although MP8 is commercialy available, it is expensive. The hydrolysis of cytochrome
¢ was historically performed to help determine the structure of the parent protein.®>®
The first haempeptides that were isolated MP11 (residues 11-21), MP9 (residues 14-22)
and MP10 (residues 13-22).85-%" Further proteolysis resulted in the formation of MP8
(residues 14-21) and MP6 (residues 14-19).8% 8  The peptides are usualy prepared by
digestion of ferric cytochrome c with appropriate enzymes (in this project for the
preparationof MP8, the enzymes trypsin and pepsin were used). Thisis then followed by
size-exclusion or ion exchange chromatographic techniqles to separate the different MPs
(in this project we separated the different MPs using a Sephadex G50 size exclusion
column). Analytical high performance liquid chromatography (HPLC) can be used to
purify MP preparations effectively. The products can be characterised or identified using
a multitude of  characterization techniques including amino acid analysis®, FAB-MS,

liquid secondary ion mass spectrometry®*, UV-vis spectrophotometry®’ and NMR.%

Recently, there has been a considerable amount of work and development in the area of
biomimetic models for haemproteins. Most of the chemical and biochemical models
show catalytic activities closely related to the activities of the proteins they mimic. Thus,
metalloporphyrin models can act as oxygen binding and/or oxygen transport molecules;

they can transfer electrons, and also catalyse peroxidase and/or monoxygenase



reactions.2’ The biomimetic modelling approach is the key to unlocking many facts and

theories that scientists dealing with proteins have encountered through the decades.
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Figure1.14: The structure of the Fé"'-MP8, the ferric haemoctapeptide from
cytochrome c.

1.5.3 Solution Behaviour of the Microperoxidases
1531  Solution Structure

Although there have been many attempts, none of the MPs have been crystallised; thus
no solid state data are available. However, there has been a study of the *H NMR
spectroscopic study of the monomeric cyanide complex MP11 which has suggested that
most of the amino acid side chain from Lys-13 to Glu-21liesin an a- helix conformation
beneath the coordinated Fe'' atom and the proximal His 18 ligand in the shift cone
produced by the diamagnetic ring current of the porphyrin ring.>® This suggestion was
later confirmed by Monddli et al.** who studied monomeric MP11 in the paramagnetic,
Fe'' low spin state by NMRrestrained molecular dynamics calculations in water-
trifluoroethanol and water-methanol mixtures with various iron distal ligands at different
temperatures. Ten structures obtained showed the polypeptide side chain preferred the
right- handed helical secondary structure.
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In another study involving MP11 it was found that at low pH, His-18 becomes protoreted
and does not coordinate Fe''. As the solution pH is raised His-18 is deprotonated and
coordinates Fe''" with apK,of 3.4 at 25 °C.*° In addition to this a second pK of 5.8 was
found in the acid region which was attributed to the deprotonation and intermolecular
coordination of either the a-NH, group of Va-11 or the eNH, group of Lys-13.%°
However, more recently there were three [K.s observed in the acidic region and the
neutral region for MP11 at 3.4, 5.8 and 7.6 at 20 °C, and attributed to the deprotonation
and intermolecular coordination of His-18, to the deprotonation and intermolecular
coordination of aNH, group of Va-11 and to the deprotonation and intermolecular

coordination of the e-NH, group of Lys-13, respectively.®

Most studies reported on MP11 reveal a severe problem due to intermolecular
coordination and aggregation of the haempeptide, and compromised the findings.®®
Similarly, physical studies on agueous solutions of MP8 show its behaviour is aso
complicated by the aggregation phenomena and the solutions of MP8 have been found to
deviate from Beer's Law as a result of dimerisation at concentrations as low as 2 uM at
pH 7.00 at 25 °C¥; since the intensity of the Q, band at 494 nm in the visible region of
the electronic spectra increased at the expense of the charge-transfer band at 622 nm,
which is indicative of the conversion of the high-spin agua complex to the low spin
species, thus is was concluded that dimerisation by intermolecular coordination of a-NH,
group of the Cys-14 was likely. Supporting this evidence were the results obtained by
Urry and Pettegrew®” who used optical rotary dispersion (ORD), circular dichroism (CD),
and difference absorption spectroscopy with a range of solutions of MP8. It was found

that dimerisation of MP8 aso involved p-p interactions between the haem groups.

153.2  Aggregation in Aqueous Solution

In 1955, Ehrenberg et al. demonstrated that at pH 8.7 the haempeptides became
extensively aggregated with an apparent molecular weight of 10 000.88 These workers
also showed that at pH 2.3, no such aggregation occurred and proposed that this was due



to the intermolecular coordination of a-NH; group of the termina Va-11 residue.
Furthermore, the addition of exogenous ligands such as His, anmonia and imidazole,
which compete for the distal coordination site was shown to disperse the aggregation. %%
Further evidence for pH dependant aggregation phenomena of MP11 was confirmed by
Harbury and Loactf®, who demonstrated that the aggregation was concentration
dependent. The authors also discovered that the acetylation of Va-11 and the e NH;
group of Lys-13 eliminated aggregation, which suggested that the observed aggregation

was due to intermolecular coordination of the amino groups of the peptide chains.® &

In addition, further evidence that aggregation of MP11 in aqueous solution occurs due to
intermolecular coordination of the free amino groups of the polypeptide chains was
provided by magnetic studies® %1% which all show that Fe(I11) islow spin above pH 6.
Aron et al.1 studied the aggregation of MP8 (due to the intermolecular coordination of
the N-terminal Cys-14 residue) qualitatively in agueous and aqueous methanolic solutions
a pH 7.00 and 12.00 by observing deviations from Beer's Law that occurs in the
concentration of MP8 increased. The workers proposed that the deviations could be
accounted for by a simple equilibrium between two monomers and a dimer.'%? Similar
results were obtained by Baldwin et al.1%® who demonstrated that MP9 is monomeric in
50% aqueous methanol solution up to a concentration of 35 pM. It was thought that
aggregation of MP9 occurred due to intermolecular coordination of Lys-22 to the Fe'"

centre of an adjacent molecule.®

It has well been established that the aggregation of MP8 and MP11 aqueous solutions
occur due to nonrcovalent p-interactions between the distal faces of two or more
haempeptides.®” 1 Urry and coworkers® 1% studied this second form of aggregation by
means of optical rotation, CD and absorbance spectroscopy, and demonstrated that
aggregation could be minimised by both dilution of the haempeptide and by elevated
temperatures. It was suggested that dimerisation of MP11 proceeds through a head-to-
taill aignment of the haem planes, whereas dimerisation in MP8 was thought to be

through the stacking of haems.
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1533 Overcoming Aggregation

Monomerisation in aqueous solution may be achieved by using alcohols or detergents to
disperse aggregates, or smply by using microperoxidase solution concentrations < 2 uM.
Although these techniques are commonly used to ensure that MPs remain monomeric in
solution, these conditions are far from ideal.®® It has long since been established that rate
constants, equilibrium constants, and other physical parameters measured in mixed
solvent systems usually depend on the permittivity of the medium; thus it becomes more
difficult to compare the results of the model studies in mixed solvent systems with data
obtained on studies of haemproteins in aqueous solution. Furthermore, the low
concentrations required to ensure monomeric conditions limit physical studies to UV -vis

spectroscopy using long pathlength cells.®®

In 1959, Harbury and Loach'® reported that the acetylation of the a-NH. group of the
terminal Val-11 residue and e-NH, group of Lys-13 minimised aggregation of MP11 in
aqueous solution. Further evidence that acetylation of MP8 prevents aggregation was
provided by the ESR data collected by Yang and Sauer.'®” A further suggestion by Wang
and Wart'® suggested that acetylation prevents intermolecular coordination in their
studies of MP8 using optical and resonarce Raman spectroscopy. However good the

above results, they failed to provide conclusive evidence that acetylation prevents

aggregation.

The most comprehensive study that showed definitive evidence that acetylation of the
Cys-12 of the a-amino group of MP8 prevents aggregation was provided in a detailed
solution chemistry study by Marques and Munro.!® Marques and co-workers
demonstrated that acetylated MP8 (N-AcMP8) remains monomeric in agueous solution at
concentrations below 3 x 10° M, with a self-association constant an order of magnitude
lower than that for MP8%% showing evidence that the N-acetyl protecting group
diminishes intermolecular coordination. These results are in agreement with those of
Wang et al.*'° who reported that N- AcM P8 forms aggregates above concentrations of 1 x
10° M.
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154 Haempeptide Acid Dissociation Constants

It has been well established that for all haempeptides for which the solution chemistry has
been investigated there are corresponding pH dependant electronic spectra. & However,
in most cases the pKgs associated with these spectral changes are complicated by
formation of aggregates. In the study carried out by Marques and Munro’® who
investigated the solution chemistry of N-AcMP8 as a monomeric agueous solution, N-
AcMP8 was found to undergo six spectroscopically observed pH dependant transitions.
The authors suggested that the first transition (pKa = 2.1) is due to the deprotonation of
the c-terminal carboxylic group, which subsequently displaces the proximal H,O ligand
of the bis-agua complex. Furthermore, it is reported that the electronic spectra of these
two species show that both are predominantly high spin. The second transition occurs
when the pH is raised above 3.21, and is attributed to the deprotonation of the His-18
with subsequent binding to the lower axial coordination site of the ferric centre. The
electronic spectra of the third species suggest that it is predominantly high spin, but also
has some low spin character. The third and fouth pKzs at 4.95 and 6.1, respectively, are
thought to be due to the deprotonation of the two propionic acid groups, with the first
also corresponding to the ionisation of the c-terminal carboxylic acid group of the peptide
chain. It is however probable hat these two processes are closely overlapped and not
completely resolved. The Ka at 9.59 is attributed to ionisation of the water molecule
occupying the distal position, and the final pK, at 12.71 corresponds to the deprotonation
of the bound His-18 forming the histidinate complex (His-Fe(I11)-OH). The electronic
spectra show that Fe(l11) in N-AcMP8 is predominantly in the S= 5/2 state at pH 7, while
the hydroxo complex at pH 10.5 is an equilibrium mixture of the S=5/2 and S= V2 states.
Above pH 12.71, the ferric ion is predominantly in the low spin state.

15,5 Ligand Binding Studies of Microper oxidases

There have been many studies aimed at understanding the chemistry that occurs at the
active site of haemproteins, and to elucidate the effect of the protein on the chemistry of

the prosthetic group, a wide range of ligand binding studies have been performed on both



the native haemproteins and their corresponding model compounds. By comparing the
formation constants of a given ligand by a haemprotein and by a MP, it provides vital
information about the effect of the protein on the ligand binding properties of the iron
porphyrin.®*  The model compound, in this case MP, serves as useful tool for the
prosthetic group of haemproteins such as haemoglobin, myoglobin and the peroxidases.
However, these model compounds have to be monomeric in solution. In these systems,
the lower distal His-18 ligand is retained as part of the amino acid side chain and the
upper axia ligand is a readily replaceable water molecule. This makes it possible for a
ligand substitution to be investigated for a wide variety of exogenous ligands. This
process is defined by Equation 1.5:

HisFe-H,O + L —=== His-Fe-L + H,O (1.5)
K =[His-Fe-L] / [His-Fe-H,O][L]

The nature of the distal ligand in haemproteins and MPs determines the spin states of the
complexes. Ligands that produce predominantly low spin complexes includes cyanide
100, 107, 11L 112 “imjidazole and its derivativest®® 107 110 111 113-115 " ang pyridine and its
derivatives # 6. Weaker field ligands such as azide'®” 1+ 117118 and sulphite!'* produce
complexes that are in spin equilibrium. Predominantly high spin complexes are formed
with weak field ligands such as cyanate'*® and fluoride®® 1”118 anjons. Table 1.4 shows
a comparison of equilibrium constants for various ligands coordinated by MP8 and
various haemproteins. Krel, which is defined a Khaemprotein/Kimrg, is generaly much larger
for the anionic ligands than for neutra ones. The distal environments of most

haemogl obins and myoglobins contain the side chains of Val, Phe, and the distal His.



Table 1.4: A comparison of the ligand formation constants for various haemproteins,

and for ferric MP8.1%0

[Ligand (L) || Haempeptide/ Haemprotein ~ |[LogK |[K:a” |[Reference
F MP8 -0.022 121
Sperm whale Mb*° 185 74 122
Human Hb" 177 62 122
Aplysia Mb+¢ 17 53 123
SCN- MP8 -0.52 120
Human Hb" 2.6 1300 122
Horse Mb+ 2.42 870 124
Aplysia Mb+ 1.05 37 123
NCO MP8 0.083 120
Sperm whale Mb* 3.3 1600 122
Human Hb" 3.19 1300 125
Horse Mb+ 2.58 310 124
N5 MP8 145 120
Sperm whale Mb* 4.98 3400 126
Human Hb" 541 9100 122
Horse Mb+ 4.46 1000 124
Aplysia Mb+ 3.4 89 123
D. dendriticumHb"™® 3.1 45 122
Hb" Muyde park’ 5.17 5200 122
HO" M e 5.27 6600 122
Imidazole MP8 4.45 102
Sperm whale Mb* 2.1 0.0045 127
Human Hb" 2.6 0.014 128
Horse Mb+ 1.6 0.0015 129
Aplysia Mb+ 2.3 ||ooo71 127
2-methyl MP3 261 120
imidazole Horse Mb+ 13 0.049 129
Benzimidazole MP8 271 0.12 120
Sperm whale Mb* 1.8 130
CN MP8 7.58 112
Sperm whale Mb* 8.4 6.6 130
Human Hb" 8.74 14 131

a

The equilibrium constant for the process defined in Equation 4.

® Krat = Knemprotain/ Kwirs

Mb* and Hb* refer to the ferric (met) myoglobin and haemoglobin, respectively.
In myoglobin for the mollusc Aplysia limacine the distal Hisisreplaced by Val.

© Dicrocoelium dendriticumis asmall liver fluke; the distal Hisisreplaced by Gly.

" Mutant Hb; in Hb Muyderark the distal His of thel3 chainsisreplaced by Tyr; inthe Hb M e,

the same mutation conditions but in the achains.



1.5.6 Demetalation of Haempeptides

In order to gain new insights into the structure and function of metalloproteins, theiron in
the iron porphyrins has been substituted with other metals. Iron has been substituted with
manganese in MP8.”% 8 |n other studies iron has been substituted with copper, zinc,

manganese, nickel and cobat in cytochrome c.!*> There are three methods of iron
abstraction that have been reported. The first method involves removing the entire haem
moiety from the polypeptide chain and substituting it by another porphyrin containing the
desired metal.**® This route is both complicated and quite involved, with many steps.

The second method involves the removal of iron by treatment with hydrogen fluoride at
temperatures below 0 °C.8%132 This path is hazardous and not user friendly as it involves
the use of hydrogen fluoride. The final and much safer method which was adopted
involved the removal of iron by reductive demetalation reported by Primus et al.” In the
project the insertion of the cobalt ion is accomplished by refluxing the free base (metal-

free MP8) with cobaltous acetate which is followed by oxidation in air.

1.6 Cobalt Corrinoids: Basic Structure

Much of the chemistry discussed in this project revolves around the unique nature of the
corrin ring and why life has preserved this apparently evolutionary antique. The
corrinoids are a group of compounds containing four reduced pyrrole rings joined into a
macrocyclic ring by links between their a positions; three of these links are formed by a
one-carbon unit (methylidyne radicals) and the other by a direct (Ca-Ca bond). They
include various B, vitamins, factors and derivatives based upon the corrin skeleton,
CigH2oN,. ™



Figure1.15: The basic structure of the cobalt corrinoids.

1.7 VitaminBj,
1.7.1 Background

Vitamin Bi» is a vital biological compound as it is involved in several biochemica
processes, particularly in bacteria. The nature of the biologically active forms of vitamin
B12, which involve a cobdt-to-carbon s-bond, is most remarkable. This organometallic
bond is a source of some very interesting coordination chemistry found in the derivatives
of vitamin Bo.* It is not fully understood what vitamin By, does in cells, but it is known
to be essential in preventing pernicious anaemia, a fatal disease of the red blood cells.**
The history of the discovery of vitamin B, and its biological function can be traced back
to the early 1920s when Minot and Murphy, two American physicians, started to cure
pernicious anaemia patients with a raw liver diet, and Castle observed that the stomach
juice contains a protein factor he caled intrinsic factor, which strongly enhances the
curing effect of the liver or its extracts administered orally.'®3"  Following this
discovery, and for the next twenty years, liver was the main source of this unknown
curing factor which was prepared, as time passed, in more and more concentrated form.
Findly, in 1948 the isolation of pure crystaline factor was announced by two

independent teams from the United States and England.*® **°

It was Folkers and his co-workers at Merck Laboratories and Smith and Parker at Glaxo
Laboratories who purified and isolated pure crystals of vitamin B;,. Small red crystals of
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vitamin By, were then grown by Lester Smith and given to Dorothy Hodgkin for crystal
structure analysis. All that was known at that stage was the approximate empirical
formula. A crystal structure on a molecule of this size and complexity had never been
attempted before, it was a huge and complex task, since crystal structure determinations
were not the routine tasks that they are today, and the techniques were till being
developed, both the X-ray and the computer equipment were tedious and difficult to use.
Thus the X-ray crystal structure which emerged from this study between 1950 and the
early 1960s was the first determination of a chemical formula by xray diffraction, and
the first determination of the structure of a metalloenzyme.*3®13° However, it is possible
to trace severa lines of study, independent in origin, which were well underway to the

discovery of vitamin B».

1.7.2 Structureof Vitamin Bog

The cobalt corrinoids contain a cobalt ion in the +3 oxidation state coordinated in the
equatorial plane by four nitrogen atoms of the corrin macrocycle?® Vitamin By is the
only known biomolecule with a stable carbornrmetd bond as shown in Figure 1.16. The
core of the molecule is a corrin ring with various attached side chains. The ring consists
of 4 pyrrole subunits, joined on opposite sides by a C-CHz methylene link, on one side by
a C-H methylene link, and with the two of the pyrroles joined directly. It is thus like a
porphyrin, but with one of the bridging methylene groups removed. The nitrogen of each
pyrrole is coordinated to the central cobalt atom. The sixth ligand below the ring is a
nitrogen of a 5,6-dimethylbenzimidazole. The other nitrogen is linked to a five-carbon
sugar, which in turn connects to a phosphate group, and thence back onto the corrin ring
via one of the seven amide groups attached to the periphery of the corrin ring. The base

ligand thus forms a 'strap’ back onto the corrin ring.
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Figure 1.16. The structure of the vitamin B12,.

Generally, vitamin Bi2 and other cobalt corrinoids crystallise in the orthorhombic space
group P2:2:2; with four molecules per unit cell. The coordination geometry is
tetragonally distorted pseudo-octahedral, with four equatorial nitrogen donors from the
corrin ring. The corrin ring is quite flexible and folds upward about the C10-Co axis.
This fold is quantified as the fold angle, defined as the angle between the normal to the
least squares planes through N21-C4-C5-C6-N22-C9-C10 and through C10-C11-N23-
C14-C15-C16-N24.14° One important finding from the structural studies of substituted
cobalamins (R-Chl’s) is the so called “inverse trans effect”*! for akyl-Chl’s in which
increasing s-donation from R leads to an increase in the length of both the upper (3) Co-
L bond and the lower (a) Co-NB3 bond despite expectations to contrary. There have
been severa studies investigating and describing many different aspects of the chemistry
of vitamin By, that are beyond the scope of this project. These special properties and

features are described in detail in areview by Brown'*?
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1.7.3 Chemistry of Vitamin By, and itsderivatives:
Ligand Substitution and Kinetic Studies

The inorganic chemistry of the cobalt corrinoids (derivatives of vitamin Byy) is vita for
mankind’s existence and therefore attracts much attention. The kinetics of the reactions
of aguacobalamin (vitamin Bizs) with imidazole, 4(5)-methyl imidazole, 2-methyl
imidazole, imidazoke 4(5)- lactic acid, histamine and histidine were studied as a function
of pH a 25 °C, 1.0 M ionic strength (KCI) by UV-Vis spectrophotometry.1*3 It was
found experimentally that the 2-methyl imidazole and the analogous 4-substituted
tautomers of asymmetrically substituted imidazoles, compared to imidazoles where
tautomerism was impossible (1-methyl imidazole, 1,5-dimethyl imidazole),
inconsequential  (imidazole), or where the 5-substituted tautomer was the greatly
predominant species in solution (neutral histamine, anionic histidine), replaced HO
insignificantly slowly due to the steric repulsion between the annular substituents and the
corrin ring. Thus it was concluded that the rate of substitution of HO varies linearly
with the pK, of the incoming ligand. The positive deviation of imidazole itself from this
series was attributed to the possibility of its reaction through two annular coordination
sites. On the other hand, the negative deviation of 4(5)- lactic acid, cationic histamine and
neutral histidine from the linear relationship was attributed to the presence of two
tautomeric forms in solution and this provided the means of finding the equilibrium

constant, K, for interconversion between these species.**®

The thermodynamics of the coordination of imidazole and its derivatives by
aguacobalamin were also investigated.'** From the fits of the relevant equations to the
experimental data and from direct spectrophotometric titrations, it was shown that
coordination decreases the pK, of the imino group of the imidazoles from >14 to 10 due
to the polarization by the metal ion. Also, the pKzs of the pendant amino acids of the
histamine and histidine decreased from 9.96 and 9.18 to 8.89 and 7.99, respectively, on
coordination. This was atributed to the destabilization of the conjugate acids by

coulombic repulsion with the residual charge at the metal centre.***



In another study, the activation parameters for the reaction of aguacobalamin with small
anionic and neutral ligands were determined.!® From the temperature dependence of the
rate constants, activation enthalpies and entropies were determined for the reaction of
aguacobalamin with SCN", S,0+2, NO,” and HSO3™. These parameters, as well as those
determined previously for CN°, HCN’, N5~ and HN3, demonstrated that there are very
small differences that exist between most small anionic and neutral ligands in their
reaction with B, There were also exceptions, though; CN™ and SOs>" had small and
large values for ?H* and ?S', respectively. These effects were attributed to a possible

nucleophilic participation of these ligands in the transition state of the reaction. *4°

Ligand substitution reactions of aquacobalamin with primary amines have aso been
investigated.'*®  Enthalpies and entropies of activation were determined from the
temperature variation of the spectrophotometrically determined pH-independent rate
constants for the reaction of nine neutral primary amines with aguacobalamin in agueous
solution.  There were compensating changes in ?H* and ?SF for this series of ligands,
with ?H* decreasing from approximately 81 to 58 kJ mol! as ?S* decreased in paralel
from approximately 46 to -46 JK*mol®. It was also reported that there was no isokinetic
relationship for the series. Plots of ?H* and ?S against pK, revedled that the ligands fall
into two distinct classes. Ligands in the first class have significantly larger ?H* and 7S
values than those in the second class. This was ascribed to ligands in the second class
interacting by hydrogen bonding to the acetamide side chains of the corrin ring thus
allowing their amino groups to be favorably orientated for interaction with the metal

ion. 146

The rate determining step (RDS) for a purely dissociative process is the first step. Thus
the overal rate of the reaction should be sensitive to the nature of the leaving group (X),
but insengitive to the entering group (Y). Neither purely associative nor dissociative
mechanisms are generally found. The difference between I, and |4 is the degree of bond
formation to the entering ligand, Y. If bond making is more important in transition state 2
then the mechanism is L. Conversely, if bond breaking is more important then the

mechanism is 424’
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The kinetics of the reaction of aguacobalamin with azide anion and hydrazoic acid,
producing azidocobalamin, was investigated as a function of ligand concentration, pH,
temperature and pressure, by stopped-flow spectrophotometry.'® The pH dependant rate
constants and activation parameters were determined. However, after a concerted effort
to try and explain the data obtained, it was not possible to distinguish between a limited

dissociative and a dissociative interchange mechanism. 2

The kinetics of the reaction of aguacobalamin with N-donor ligands, glycine and methyl
glycinate were investigated as a function of ligand concentration, pH and temperature at
constant ionic strength by conventional and stopped-flow spectrophotometry.**° The pH
profile for the reaction with glycine was bell-shaped; this demonstrated that By, reacts
only with deprotonated ligand and that hydroxocobalamin is kinetically inert. At 25 °C, it
was reported that the ligands react at about the same rate, but the enthal pies and entropies
of activation determined for glycine and methyl glycinate showed that this was

coincidental and due to a compensating change in the two parameters.14°

The kinetics of substitution of bound HO in aguacobalamin by six different ligands,
namely hydroxylamine, methyl glycinate, pyridine, 4-methylpyridine, imidazole and
histamine were investigated as a function of ligand concentration and temperature by
stopped-flow spectrophotometry at constant ionic strength and pH.**° In al six cases the
observed pseudo-first-order rate constants for the ionization of bound H>O in B2, showed
saturation at high ligand concentrations after correcting for the protonation of the N
donor ligand. It was shown that there was a compensating change in the ?H* and ?S'
values of the saturating rate constant, ks, but there was no general isokinetic relationship
for the ligands. It was concluded that the dependence of the value of the saturating rate
constant ke, and specifically, the dependence of ?H* and ?S' for this rate constant, on the
entering ligand indicated that the rate-limiting step in the reaction was not unimolecular
release of HO from Biza The results were interpreted in terms of a dissociative
interchange mechanism with the nucleophilic participation of the ligand in the transition
state. The compensating effect was then explained on the basis of the extent of bond

formation between Co and the ligand in the transition state. Molecular mechanics
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techniques and molecular volume calculations were used to show that the steric bulk of

ligands played an important role in controlling its rate of reaction at the metal centre.1°

The position of hydroxide in the thermodynamic trans influence order of the cobalt
corrinoids were investigated.*>* Diaquacobinamide (DAC) was prepared by reduction of
aguacyanocobinamide with zinc and oxidation using aqueous HCI. The macroscopic acid
dissociation constants pKcox and pKcoe for coordinated H,O in DAC were found
spectrophotometrically to be 591 + 0.04 and 10.30 + 0.24 at 25 °C; from their

temperature dependence it was found that ?H = 45 + 4 and 27 + 2 kJmol?, and ?S= 40 +
14 and -109 + 8 JK "* mor?, for pKcor and pK oo, respectively. The equilibrium constants
for the reaction of cobinamide with cyanide were determined in the pH range 8-12 at 25
°C, 4 = 1.0 M (NaClO4). It was reported that two CN~ ligands bind to
aquahydroxocobinamide and the pH dependence of the observed equilibrium constants
could be accounted for on the assumption that both dihydroxocobinamide and
hydroxocyanoamide were inert, while the equilibrium constants for the reaction of the
labile species aquahydroxocobamide and aguacyanocobamide with HCN were small

compared to those for the reaction with CN™ anion. A fit of the data showed that the
macroscopic equilibrium constant, log [, for the reaction of 2 CN with the two
diastereomers of aquahydroxocobinamide to produce dicyanocobiamide is 19.0 + 0.1.

Thus the macroscopic log K for the binding of CN™ to the two diastereomers of
aguahydroxocobinamide was 11 since log K for the binding of CN° to
aquacyanocobamide is 8. The equilibrium constants for the binding of azide, pyridine, N-
methylimidazole and 3-amino- 1-propanol to aguahydroxocobinamide were determined at
25°C, u = 1.0 M (NaClOy,), pH 12. In these cases only a single ligand was bound; the
macroscopic log K values were N-methylimidazole, 6.06 + 0.04; 3amino-1-propanol,
4.66x0.04; pyridine, 4.19 + 0.01; and azide, 3.45 £ 0.04. A comparison of these results
with others available showed that hydroxide was above water and 5,6-
dimethylbenzimidazole, but below cyanide, sulfite and alkyl ligands in the trans

influence order of the cobalt corrinoids. !

The kinetics of substitution of bound H,O in aguahydroxocobinamide by cyanide, azide,
pyridine and N- methylimidazole were investigated as a function of ligand concentration
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and temperature by stopped- flow spectrophotometry at pH 12.0.1°? The observed pseudo-
first-order rate constants showed the onset of saturation with ligand concentration for all
ligands. The relative insensitivity of rate on the identity of the incoming ligand suggests a
dissociative intimate mechanism. Furthermore, the observation that the saturation rate
constant, ke (and the activation parameters ?H* and ?S"), depended on the identity of the
ligands indicated that the incoming ligand participates in the transition state. This

allowed the mechanism of the reaction to be identified as a dissociative interchange. *°2

Further evidence for a dissociation interchange mechanism and factors controlling
reaction rates in ligand substitution reactions of aguacobalamin were determined.’>® The
substitution of H,O in aguacobalamin by the anionic ligands I", $,05%, NO,, SCN™ and
N3 were determined as a function of ligand concentration and temperature by stopped-
flow spectrophotometry at constant ionic strength and pH. The observed pseudo-firg-
order rate constants saturated to a limiting value, ks, @ high ligand concentration which
is consistent with reactions proceeding through a dissociative activation pathway. The
value of ke depended on the entering ligand and the activation parameters for keg, ?H?
and 7S, were directly correlated [?H* varied from 26 + 1 (I') to 83 + 4 (N3") kJ mor*
while ?S" varied from—92 + 4 (I') to 94 + 13 (N3) JK X mor']. This isinconsistent with
a limiting dissociative (D) mechanism which requires ke, and hence ?H* and ?S, to be
independent of the identity of the entering ligand. Thus the mechanism was found to bea
dissociative interchange (I mechanism. Furthermore, there was a direct correlation
between ?H* (and hence ?S) and the total Mulliken population of the donor atom of the
entering ligand, but there was no correlation between these activation parameters and the
cone angle subtended by the ligand at the metal atom. These results suggested that for
anionic ligands, in contrast with neutral N-donor ligands, electronic rather than steric
effects were primarily responsible for controlling reaction rates. It was also concluded
that for anionic ligands, which were capable of bonding through two different donor atom
types the reaction, occurred primarily through the donor atom with the higher electron

density.1°3



The ligand substitution reactions of coordinated H,O in agquacobalamin by OCN-, SCN,
SeCN-, NO;, SO and Ny in NaNO3 medium were investigated.?® In the preceding
report,152
did not correlate to the Mulliken population; the activation parameters for these species
correlated instead with the steric demands of the ligand at the metal ion. Thus it suggests

it was reported that the activation parameters for N-donor ligands investigated

that the steric demands can override the electronic effects. According to recent studies, it
has now emerged that there is a potential problem with these suggestions. To date the
ionic adjustor used in all these studies was KCl, because it is UV-transparent it allows
standard combination glass electrodes to be used for the measurement of pH, and little
spectroscopic evidence was found for the binding of CI to Cd"'. Following this another
report has shown that at high chloride concentrations there is a significant retardation of
reaction rates which is attributed to the formation of the more substitution-inert chloro
complex. Although these findings do not invalidate the preceding conclusions reached
concerning the ligand substitution reactions of agquacobaamin, i.e. there is now a general
agreement that they proceed through an interchange mechanism under dissociative
activation, however it brings into question any conclusions based on the absolute values
of the rate constants and their activation parameters. In this study the previous
suggestions have been reconsidered concerning the identification of the reacting atom of
the entering ambidentate ligand. Attempts have been made to rationaize the nature of
the outer-sphere or precursor complex formed between aguacobalamin and the incoming
ligand. The second-order rate constants were corrected for pH effects, for the reactions
have been determined as a function of temperature, which lead to the calculation of the
activation parameters. The identity of the donor atom of the ambidentate ligands in the
rate determining processes, ki, was considered and the correlations found between
?2H*1, the enthalpy of activation, and ?S ), the entropy of activation, respectively. It
was found that the Mulliken population on the donor atom, and the energy of the highest
occupied molecular orbital (HOMO) had a s symmetry. The parameters ?H* ; were
strongly dependant on the HOMO energy, and more weakly dependant on the electron
density on the donor atom, while the converse was true for 25 ;.2



It is surprising to notice that the Co'"' in vitamin B2 shows unusua kinetic lability. Co
is a classical example of a kinetically inert metal ion, which is largely due to the high
ligand field stabilization energy associated with its low spin & electron configuration. It
is now generally accepted that the ligand substitution reactions of vitamin B, proceed
through a dissociative interchange mechanism (l4), despite earlier suggestions that the
mechanism is strictly dissociative (D).**®> According to this study, the distinction between
a limiting D mechanism and an interchange |4 mechanism for an octahedral complex lies
in one being to demonstrate directly or indirectly the existence of the five coordinate
intermediate. This distinction becomes possible when the pseudo first-order rate constant
shows saturation with the concentration of the incoming ligand.  The kinetic results
obtained for vitamin B, were surprising for two reasors. Firstly, not only is the Cd"
encapsulated by the small corrin ring (corrins, unlike porphyrins, have a direct linkage
between the A and D ring which results in a smaller macrocyclic cavity) but also the
substituents on the periphery of the corrin ring provide a formidable steric barrier to the
incoming ligand. However, an I4 mechanism requires nucleophilic participation by the
incoming ligand in the transition state. Secondly, the reactions are surprisingly fast for
ca", which is the classical example of an inert transition metal ion. A comparison of
representative second-order rate constants for the substitution of H,O by ligands in Cd"
complexes with four N-donor equatorial ligands showed that the approximate lability
ratio of the metal ion towards substitution in corrin, porphyrin, cobaloxime and ammine
systemswas 10° : 10° : 10* : 1. According to the findings this showed clear evidence for
acislabilising effect of the corrin ring, which was a suggested to be a consequence of the
electronic properties of the cis ligand that have a direct and marked effect on the kinetics
of the ligand binding properties in the axial position. This paper aimed to address these
two questions. Firstly, investigate the ability of the corrin ring to perturb the properties
of the metal ion, thus usual inertness of the d® Co'"" had been modified by replacing the H
atom at C10 with an electron withdrawing group like a nitroso group. This compound
called 10-nitrosoaguacobalamin was then characterized by NMR and UV-vis
spectroscopy and by FAB-MS.  Secondly, the steric bulk of the departing ligand was
increased by making it iodide. Following this, the kinetics of its substitution by three

representative ligands, N3, ;04 and imidazole were investigated, to determine whether



an increase in the bulk of the departing ligand was sufficient to switch from the I4 to the
D mechanism. The pK,and activation parameters were determined and compared to Bi2a.
It was found that the electron withdrawing NO group deactivated the metal ion towards
ligand substitution, and that neither pyridine nor Ns* caused a displacement of the
coordinated H,O, and it was concluded that either the reactions were very slow or the log
K had been decreased by at least 1 and 4 orders of magnitude for the coordination of
these two ligands, respectively. Hence, it was reported that the electronic structure of the
corrin ring could directly influence the axial ligand binding properties of the metal .1%°

Ligand substitution reactions of the vitamin B, analog cyanoimidazolyl-cobamide, CN
(Im)Chl, with cyanide were studied!*® Cyanide substitutes imidazole (Im) in the a
position more dowly than it substitutes dimethylbenzimidazole in cyanocobalamin
(vitamin By2). Thekinetics of displacement of Im by CN™ showed saturation behaviour at
high cyanide concentration; the limiting rate constant was found to be 0.0264 s* at 25 °C
and is characterised by the activation parameters; ?H* = 111 + 6 JK* mof', 2V* = +9.3 +
0.3 cm® morl. These parameters are interpreted in terms of an lq mechanism. The
equilibrium constant for the reaction of CN(Im)Chbl with CN™ was found to be 861 + 75
M™, which is significantly less than that obtained for the reaction of cyanocobalamin with
CN" which was reported to be 0.99 + 0.05 M™%, which is about 0.9 pH units higher than

6

that obtained previously in the case of cyanocobalamin.*® According to the above

studies it seems that Co(l11)’s lability is conferred on it by the corrin ring.
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1.8 Comparison of Porphyrinand Corrin
1.8.1 Structural and Functional

Despite their different functions, the structures of porphyrin and corrin are quite similar.
The porphine ring has D4, symmetry, with four pyrrole rings connected by methine
bridges. As can be seen in Figure 1.17, the only two things that distinguish the two ring
systems are the absence of one of the four methine bridges in the corrin, a feature that
lowers symmetry to Gy, and ten saturated carbon atoms at the periphery of the corrin
ring, which eliminates the conjugation of the outer part of the ring and lowers the
symmetry to G.»*" An important aspect of the corrin ring, when compared to the
porphyrin, is the relative flexibility of the corrin system. The corrin ring is aso less flat
when viewed from the side than is a porphyrin ring. This adds up to some considerable
differences between the chemistry of a cobalt porphyrin and a cobalt corrin. In addition,
the corrin only has a conjugated chain around part of the ring system, whereas a

porphyrin is delocalised around the whole four pyrrole rings.
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Figure 1.17: The porphyrin (left) and corrin (right) ring systems.*>’

It is quite clear that nature seems to a have a preference for iron as the central metal ion
in porphyrin cofactors, whereas cobalt is normally found in corrins. Among the first row
transition metals, cobalt has the lowest abundance in sea water together with scandium,’

but it is till present in the ubiquitous coenzyme B». Cobalt resides between iron and
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nickel in the first row of the d-block. It has common oxidation states of +2 and +3, as
does iron, but cobalt may even be reduced to a formal oxidation number of +1 invivo, a
property that iron does not possess.*® On the other hand, iron porphyrin complexes are
well known for their accessible high-valency states (formally Fe™ and Fe™); the first
plays an important role in the function of the haem oxidases such as P450 (see section
1.4.3).1®

The corrins exist in nature in the form of cobalamins. The B> coenzymes contain a
corrin ring with a d® low-spin Co™ ion in their octahedral resting states. In most
cobalamin-dependant enzymes, the imidazole side chain of the histidine residue
coordinates to the cobalt ion. In another group of enzymes, the cobalt binds to the
pendant dimethylbenzimidazole group of the coenzyme, the properties of which are quite
similar to those of an imidazole ligand.'®® The second axial site is occupied by a methyl
or 5’ -deoxyadenosyl group; these form an organometallic Co-C bond. This bond is
broken during the catalytic cycle to form either a five-coordinate Co*? intermediate and
an adenosy! radical, or a four-coordinate Co' ion, where the imidazole ligand has

dissociated and the methyl group has been transferred to a nucleophilic substrate.'*" 1%

Haem enzymes show a larger variation in ther axial ligands (His, Cys, Met, Tyr, Glu,
Asp, amino terminal, or exogenous ligands), depending on their function.*®? The haem
group can be either five-coordinate with an open coordination site where a substrate
binds, or six-coordinate with one or more ligands from the protein. However, the most
common ligand is a histidine/imidazole group, as is present, for example, in myoglobin,

haemoglobin, peroxidases, haem oxygenase and most types of cytochromes.*

1.8.2 Chemical Properties

Recently, density functional clculations have been used to compare various geometric,
electronic and functional properties of iron and cobalt porphyrin and corrin species. ™’
The aim of the study was to investigate how the chemical properties of cobalt and iron, as
well as porphyrin and corrin, differ. Specifically, the authors wanted to understand why
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cobalt is associated with corrins and iron with porphyrins in nature. This project aims to
further investigate this observation. The investigation was concentrated on one typical
reaction for each of the two coenzymes, namely, the breaking of the Co-C bond asit is a
typical reaction example of coenzyme B, metabolism, and electron transfer as it is a
typical reaction of the haem containing cytochromes.*>’

Others have addressed similar questions.” 2316316 These investigations suggested that
corrin was selected to fit the smaller Cd'' ion.” 2 1 Others have emphasised the
flexibility of the corrin ring as an important factor in the labilisation of the Co-C bond.'*>
166 Williams et al. have proposed that the low spin Co'" is unique among the available
first-row transition metal ions to provide a stable direct one electron radical.*®® On the
other hand Pratt et al. have attributed the choice of cobat to the low 3d to 49/4p
promotion energy of Co'', which gives strong Co-C bonds, because the 3d orbitals are too
small to form strong covalent bonds with carbon.?® 163 Specifically, the mechano-
chemical trigger mechanism has been a magor argument in favour of a specialised
function of corrin systems, based on release of strain energy during catalysis. However,
recent experimental’®'"® and theoretical'™ '"* results have indicated that such a
conformational change is unlikely to drive a catalytic reaction within corrins. Finaly,
Rovira et al. compared the geometric and electronic structure of four-coordinate cobalt
complexes with the corrin and porphine by using theoretical calculations.*®” The results
show that the excitation energy associated with dy.,> occupation is much higher in corrins

than in porphyrins.

Jensen and Ryde have carried out an extensive comparison of the properties of corrins
and porphyrins using density functional calculations.™®’ During recent years, such
methods have successfully been applied to the study of both iron porphyrin speciest’>8”
and coenzyme B1, models. 1717418812 Theoretical methods have the advantage of being
cheap and fast while giving ‘pure’ results (well defined reactions in vacuum). On the
other hand, solvation effects and free energies are hard to describe in a consistent way,
and the accuracy is limited. This investigation was focused on octahedra MM
complexes (where M is the meta) with two axial imidazole ligands (as a model of b and

c type cytochromes) or with one imidazole and one methyl ligand (as a model of
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methylcobalamin). In addition, five-coordinate M"' complexes with imidazole ligand and
four-coordinate M"""" complexes without any axia ligands as models of the intermediates

in the reaction cycle of coenzyme By, were investigated. ™’

Asthis project is not concerned with density functional theory and how these results are

arrived at, we will focus merely on the final conclusions reached in their investigation.

1821  Spin-splitting energies

Several authors have suggested that the porphine and corrin ligands were selected to
make low-spin (LS) states available for iron and cobalt, because the natural amino acid
ligands provide too weak a field to drive iron or cobalt into the LS state.” 68 19
However, this is probably most important for Co'', for which the vast majority of ligands
give rise to a high-spin (HS) state.” Moreover it has been suggested that the porphyrin
was selected to keep iron centres close to the crossover point between LS, intermediate-

spin (1S) and HS states.*®®

In order to confirm these suggestions and to compare the relative strength of the porphine
and corrin ligand fields and the intrinsic preferences of iron and cobalt, an investigation
was performed to study to differences between the LS, IS and HS states of the octahedral
imidazole (Im) and methyl (Me) complexes (on both the M" and M'"") and the square-
pyramidal imidazole complexes (only M'), with all four combinations of Fe/Co and

Por/Cor.t%’

Table 1.5: The energy difference (kJ molt) between the low spin and intermediate-spin

states of [MCor/PorlmMe) complexes.™’

M acrocycle Fe" Co" Fe' Co"
Porphyrin 39 78 46 82
Corrin 35 @ 92 139

* (@) No stable octahedral minimum for the quartet state.
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It was found that only one octahedral Im/Me complex was stable in the HS state,
[Fe™PorimMe]. All the other complexes lost the imidazole ligand during optimisation.
The same applies aso to the IS [Co*?CorlmMe] complex. It isimportant to note that Ca'
has seven electrons and therefore does not have a sextet state comparable to the high state
quintet state of Fe'. Thus, only the energy difference between the LS and IS states is
presented in table 1.5.%7

For these octahedral Im/Me complexes, al combinations of metals and ring systems gave
rise to an LS ground state, in accordance with experimental results for the cobalt corrin
species!®® The IS states were 46-139 kJ mol* higher in energy for the M'"' complexes.
The difference was approximately 40 kJ mol* larger for Co than for Fe and also about 50
kJ mol? larger for Cor than for Por. The results in this report confirmed that both Cor
and Por gave rise to strong fields and that Fe and Por produced complexes quite close to
the spin-crossover point.1>” Although the splitting energies of four- and five-coordinate
complexes are reported and interesting, we will not mention the four-coordinate
complexes, as they are not relevant to our project. However, overall the spin-splitting
energy results indicated that cobalt and corrin favour the LS state, whereas Fe and

porphyrin produced a small splitting between the various states.

1.8.2.2 Thermodynamic stability

Considering the in vivo abundance of iron porphyrins and cobalt corrins, it is natural to
address the relative thermodynamic stability of these complexes. Stability considerations
may explain why iron forms biologica complexes with porphyrin rather than corrin and
why the opposite is true in the case of cobalt. The results from the investigation
suggested that the thermodynamic stability favours the two native combinations of ions
and ring systems by 824 kJ mol! over the non-native combinations for all complexes,
except the M"" with Im/Me complexes. Thus it was reported that there was some intrinsic

thermodynamic reason to choose the native combinations >’
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1.8.2.3 Geometries and the size of thering cavities

It has been suggested that Co""' prefers the corrin cavity because it is smaller.” 2 163195

The metal-ligand distances of the optimised Im/Me and Inp, models were collected in
Table 1.6 and 1.7, respectively. The results confirmed suggestions made in earlier studies
that the central cavity of the corrin ring is smaller than that of the porphine ring.
Therefore, the corrin ring favoured the low-spin states of Cd'"' and Co'', and even the
four-coordinate low-spin Cd ion which fits into the corrin ring. Thus, CoCor species are
always low spin and all reactants and intermediates in the cobalamin reaction cycles
involve small strain in the ring.  On the other hand, the cavity in the porphine was too
large for low-spin cobalt and iron ions. However, it seemed to be more appropriate for
intermediate-spin states. Consequently, intermediate- and high- spin states are available
for the FePor species, and they are important for many biochemical reactions.*>’

Table 1.6: Metal-ligand bond distances [pm] of the optimised [M Cor/Porlm/Me]

complexes in their low-spin ground states.

Structure M-C M -Nim M -Neg. av
[Fe"PorImMeJ 200.5 222.8 201.5
[Fe"CorImMeg]” 201.0 226.0 192.1
[Co'PorImMeJ 195.2 2204 202.0
[Co'CorImMeg]” 195.9 2252 192.8
[Fe"'PorimMe]” 198.9 224.9 201.8
[Fe''CorlmMe]" 199.6 229.0 193.3
[Co"PorimMe]” 195.7 221.2 200.6
[Co" CorimM¢g” 196.6 225.0 192.0
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Table 1.7: Metalligand bond distances [pm] of the optimised [M Cor/Porln?]

complexes in their low-spin ground states.

Structure M -Nim1 M -Nim2 M -Neg. av

Fe""Por I mp] 202.4 204.5 204.5
[

[Fe'Corlmy]” 206.0 209.1 1935
[CI™PorTmy[” 240.0 220.1 210.2
[Co'Corlmy]” 247.3 251.0 192.1
[Fe""PorImy]” 201.2 202.6 202.6
[Fe"'Corlmy]” 204.7 204.8 1935
[Co" Porlmy]” 197.9 198.1 200.6
[Cd"CorTm]* 199.5 201.6 1925

1.8.2.4 Reduction Potential

Another possible reason for the selection of certain combinations of ions and rings is the
differences in reduction potentia between two metal ions and the two ring systems. Cd'''
in agueous solution is more easily reduced than iron. However, the results indicated that
in tetrgoyrrole rings, this tendency was reversed, so that cobalt consistently gave
potentials that are 0.1-0.3 eV lower than those for iron. Furthermore, there were also
pronounced differences in the reduction potentials of the corrin and porphine rings, in
that the former produced higher potentials. It was suggested that this was a result of
differing charge on the ring system and therefore strongly dependant on solvation effects.
As an effect of these two opposing tendencies, the native FePor and CoCor combinations
often produced quite similar reduction potentials at high dielectric constants, but the latter

had a higher potential in most solvents.**’
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1.8.2.5 Reorganisation energies

The octahedral [Fe'""'Por/Corlmy] complexes produced much lower inner-sphere

reorganisation energies (8-9 kJ mol'") than the corresponding Co'"

complexes (179-197
kJ mor?). It was proposed that the reason for this was that the occupation of the dx?
orbital in the low-spin Co'' (d’), leads to a large difference in the distances to the axial
ligands in the two oxidation states.'®” Therefore, it was concluded that the Co""""' couple

/11

is useless for electrontransfer reactions, whereas the octahedral Fe'’!""" complexes (d*°)

formed excellent electron carriers, also in comparison with other metal sites.*>

1.8.2.6 Bond dissociation energies

The homolytic Co-C bond dissociation energy (BDE) for CoCor in coenzyme B, was
investigated. Equation 1.6 shows a typical reaction for CoCor in coenzyme B2 and it is
the energy released in this equation we are determining.

M'"'Cor/PorimMe] —> M ''Cor/Porim] + Me (1.6)

Also the bond dissociation energy (BDE) of the hydrolysis of the six-coordinate Im/Me

complexes was investigated, and is shown in Equation 1.7.
[M"Cor/PorimMe] +H,O — [M"'"Cor/PorimOH] + CH,4 (1.7)

It was found that [Cor/PorimMe] had the largest homolytic Co-C BDE of the studied
complexes with a variation of 12 kJ mol*. It was suggested that this is compensated by
the largest resistance towards hydrolysis. In addition, the cobalt complexes were more
stable towards hydrolysis than the iron complexes (by approximately 40 kJ mof'). This

is thought to explain why cobalamins are employed in nature for organometallic

reactions.*®’

The work reported in this article answers many questions and gives several good

explanations for why iron is associated with porphine in nature whereas cobalt is
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associated with corrin, and also why FePor species are used for electron transfer and
oxygen activation whereas CoCor species are involved in organometallic Co-C reactions

(methy! transfer and radical formation).*®’

1.9 Scopeand Objectives of the Resear ch Project

To date, the Bioinorganic Research Group at the University of the Witwatersrand has
done extensive research on the chemistry of haempeptides, particularly Fé'''-
microperoxidase-8 (MP8) and Fe'''-microperoxidase-11 (MP11). The group has also

done extensive research on the cobalt corrinoid derivative, Vitamin Bos. One of the

significant results is the demonstration that Co™ in cobalaminsis labile. This project aims

to explore aspects of the chemistry of N-Ac-Co'"

-microperoxidase-8, a model compound
in which Co(lll) is coordinated in its equatorial plane by a porphyrin ligand and to
compare the results with the extensive data available for vitamin By, and summarized

above.

The specific objectives of the project are:

> Synthesise MP8 using the standard methodology the Wits Bioinorganic
Research Group has devel oped.

> To remove F€'' from MP8 using the reductive demetalation procedure
adapted from Primuset al.”

> To insert Co(l1l) into the porphyrin by treating with cobaltous acetate; this is
followed by aerial oxidation.”®

""MP8is monomeric in solution. It has

> Developing conditions where N-Ac-Co
been anticipated that at the very least protection of the peptide N-terminus by
acetylation will be required.

> Characterise the all the products leading to the synthesis of N-Ac-Cd''MP8
using a battery of techniques like UV-visible spectroscopy, HPLC (High
Performance Liquid Chromatography), ICP-OES (Inductively Coupled

Plasma — Optica Emission Spectroscopy), Luminescence spectroscopy and
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FAB-MS (Fast Atom Bombardment — Mass Spectroscopy).
> To describe the solution chemistry of N-Ac-Co'"MP8 by determining the

behaviour of Co'"'

-MP8 as a function of pH and ionic strength.
> Determine the feasibility of studying the kinetics and thermodynamics of

ligand substitution reactions on Co'"' ion.

This project will set the foundation for future work in understanding the unique chemistry
of the porphyrin and corrin. After determining the Beer’s Law behaviour and developing

conditions where N-Ac-Co"'-MP8 is monomeric in solution, we would then be able to

begin exploring, the hypothesis that the key to kinetic lability of Co"'

in the corrin liesin
the corrin ligand itself, i.e.; the equatorial ligand imparts lability on the axial coordination
site of the metal ion. One way to test this hypothesis is to replace the equatorial
macrocycle whilst maintaining the axial coordination site constant. Towards this end, the

N-Ac-Co"'-M P8 fulfils these requirements:

> The metal is Co'".
» The equatorial system features porphyrin rather than corrin.
» The axia ligand (His) is a close match, in so far as electronic effects go, to

the axial ligand in By2a (dimethylbenzimidazole).

Although it will take a long time until we fully understand these fundamental
evolutionary antiques, therein lies opportunity for endeavours where thermodynamics of
ligand coordination, kinetics of substitution processes, molecular modelling, reduction
and self-exchange reactions, catalytic studies and various other studies on the solution
chemistry of N-Ac-Co"'MP8 can be unravelled and the results compared to the extensive
data available for the cobalt corrinoids. In the long term we should be in a better position

to explain the origin of the kinetic lability of Co'"" in the corrins, and have a better idea

about the unique properties this ligand imparts on Ca'".



Chapter 2 Materialsand Methods

2.1 Materials

Deionised water was produced by a Millipore RO unit, and further purified by reverse

osmosis using a Millipore MilliQ Ultra-Pure system (18 MW cm). All glassware was
washed thoroughly with liquid soap, rinsed with distilled water, rinsed with commercial

acetone and dried in an oven set at 100 °C. The reagents used are listed in Table 2.1.

Table2.1: Materials used in this study.

Reagent Supplier Grade
Acetic Acid BDH AR
Acetic Anhydride Merck GR
Acetone Merck CR
Acetonitrile Agros Organics AR
Ammonia Merck GR
Ammonium hydrogen carbonate BDH AR
Ammonium sulphate Saarchem AR
Argon Afrox AR
Cobaltous Acetate Saarchem AR
Ctyochrome c Seravac BP
Helium Gas Afrox AR
Hydrochloric Acid Saarchem GR
Iron(l1)chloride Merck AR
Liquid Nitrogen Afrox

Methanol BDH AR
Methyl Ammonium Hydrochloride Sigma AR
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Reagent Supplier Grade
Nitrogen Gas Afrox AR
Nitric acid Saarchem GR
Pepsin Sigma CP
Phosphoric acid Aldrich AR
Potassium chloride Aldrich AR
Potassium dihydrogen phosphate Merck GR
Potassium hydrogen phthalate Saarchem GR
Potassium Permanganate Sigma AR
Sephadex G50 Sigma Superfine
Silver chloride Effective lab supplies Ltd AR
Sodium chloride Merck CP
Sodium cyanide Merck GR
Sodium dithionite Hopkin & Williams Ltd GR
Sodium hydrogen carbonate Merck CP
Trypsin Sigma CP
Vitamin B2, (hydroxocobalamin) Roussel BP

Key: AR = Analytical Reagent
CP = Chemically Pure
BP = Biologically Pure

CR = Commercial Reagent
GR = General Reagent
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2.2 General Methods

221 pH Measurements

pH measurements were performed using a Metronm 6.05 pH meter and a 6.0234
combination glass electrode. The instrument was calibrated against the standard buffers
potassium hydrogen phthalate (pH 4.004), potassium dihydrogen phosphate/dipotassium
hydrogen phosphate (pH 6.863) and borax (pH 9.183) at 25.0 °C. The acid and base that
were used to adjust the pH were H3PO,4 and NHs, respectively. After calibration, the pH
was tested with standards of known pH.

2.2.2 Buffers

The buffers used throughout this work are tabulated in Table 2.2.

Table 2.2: Common Buffers Used in Experiments.

Buffers PKa pH Range

Ammonium hydrogen carbonate 7.8 6.8—-7.0
CHES 9.3 8.6-10.0

MES 6.1 55-6.7

Tris/HCI 8.1 7.0-9.0

MOPS 7.2 6.5-79
Multi-component buffer (CHES, MES, Tris, - 4.0-10.0

MOPS, Potassium hydrogen phthal ate)




2.2.3 Concentration and Desalting of Products

The concentrating and desalting of the various products formed during the synthesis of
NAc-Co'"MP8 was performed using a 50 ml Amicon stirred cell connected to a nitrogen
cylinder under ca. 70 ps pressure (0.45 um, 45 mm). Each sample was concentrated by
allowing it to stir until a minimal volume of sample was left in the cell. When the
samples were desalted, additional deionised water was added to the concentrated sample
and the process repeated until all salts were removed. To test for the presence of sdlts,
0.5 ml of 0.1 M NaCl was added to the sample initiadly and the presence of chloride ions
in the eluent was monitored using AgNOs. It was assumed that if al chloride ions were
washed out then all other salts present were also washed out or were present in very
negligible concentrations. Desalting continued until the eluent test for CI' ions was
negative.

2.2.4 Gd Permeation Chromatography

Gel permeation chromatography separates molecules on the basis of their size. The
smaller molecules enter pores (with specified size) in the solid phase, while the larger
molecules travel in the mobile phase and are eluted first. Sephadex G50 was used in a 3
x 40 cm column allowing small molecules (between 1 500-30 000 kDa) to pass through
the pores in the solid phase and the larger molecules (> 30 000 kDa) to travel in the
mobile phase. The resin was degassed before packing. After packing, the column was
equilibrated by passing (NHs)2CO3 (0.1 M) at a flow rate of 10 ml h* for at least 48 hrs.
A Watson-Marlow 101U peristaltic pump was used for elution and the fractions were

collected using anlSCO 1850 fraction collector.
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2.3 Physical Techniques of Characterisation
2.3.1 High PerformanceLiquid Chromatography (HPLC)

HPL C was performed using a Phenomenex 5 micron (150 X 4.6 mm) C18 reverse phase
analytical column, a Spectra-Physics SP8800 ternary gradient pump, a Linear UV/vis 200
detector (set at 410 nm), and a Varian 4290 integrator. 10 pl samples were injected onto
the column using a Rheodyne valve and eluted by a linear gradient elution shown in
Table 2.3 below.

Table 2.3: Linear Gradient Elution Program.

Time % % %
50 mM Phosphate Deionised Water Acetonitrile
Buffer/1 mM NaCN
0 98 0 2
2 98 0 2
4 75 0 25
6 65 0 35
8 65 0 35
10 75 0 25
12 98 0 2
14 98 0 2

2.3.1 UV-vis Spectrophotometry

All UV-vis spectra were recorded on either a Cary 1E or a Cary 3E spectrophotometer,

using quartz curvettes with a path length of 1 cm. The cell compartment temperature was



kept constant with a water-circulating bath kept at 25.0 °C. The instruments were

allowed to warm up for approximately 1 hour prior to ensure optimum performance.
2.3.2 Fagst Atom Bombardment — Mass Spectroscopy (FAB-M S

All products leading to the synthesis of NAc-Co'"'MP8 were analysed using Fast Atom
Bombardment-Mass Spectroscopy (FAB-MS).  Figure 2.1 illustrates the proposed
mechanism for the formation of molecular ions. FAB has been particularly useful in the

analysis of polar biomolecules and natural products like those used in this project.

Capillary

Mass analyzer

Mass Analyser

lon evaporation
High voltage Atmospheric pressure High vacuum

S

Figure 2.1: lon formation from an electrospray ionisation source transferred to
mass spectrophotometer.196

The sample preparation involved dissolving the products in a minute amount of a nitro
benzoic acid (NBA) matrix. This was then inserted into the VG70-SEQ mass
spectrometer with a MASPEC |l data system and bombarded with 815 keV Cs ions,
The instrumental parameters are outlined in Table 2.4. Following ionisation, the selected
positive or negative ions are extracted, accelerated, and then mass analysed. The low
resolution FAB mass spectra are characterised by peaks corresponding to matrix cluster
ions, analyte ions and ions representing impurities. The observed positive pseudo-
molecular ion peaks are typicaly adducts formed with cations (i.e, [M+H]" and
[M+Na]"), whereas typical negative pseudo-molecular ions observed are [M-H] 1%



Table 2.4: Instrument Settings - VG70-SEQ by Micromass

Parameters Settings
Polarity Positive
lonisation FAB
Regulation Fed
Resolution 1000
Mass Range 3429 amu (7 kV)
Scan Rate 4 secs/decade (Externa)
Start Mass 2000
End Mass 100

2.3.3 Luminescence Spectr oscopy

Solutions of MP8 free base and Co""MP8 of arbitary concentration were prepared for

luminescence spectroscopy analysis. The respective solutions were put into a 1.0 cm
pathlength luminescence curvettes and the emission and excitation spectra were recorded

using a Cary Eclipse luminescence spectrophotometer.

2.3.4 Determination of Extinction Coefficient usng |CP-OES

Inductively Coupled Plasma-Optical Emission Spectroscopy-(ICP-OES) is a fast multi-
element technique with a dynamic linear range and moderately- low detection limits (~0.2
- 100 ppb). The instrument uses an |CP source to dissociate the sample into its constituent
atoms or ions, exciting them to a level where they emit light of a characteristic
wavelength. Up to 60 elements can be screened per single sample run of less than one

minute and the samples can be analysed in a variety of agueous or organic matrices.



There is less chemica interference than with Fast Atom Absorption Spectroscopy
(FAAS) but some spectra interference is possible and there are some element

limitations.1%®

In this project a Spectro-Ciros ICP-OES instrument was employed for the determination
of extinction coefficient of N-AcCo""MP8. It is assumed that the amount of cobalt

"M P8 once a blank correction is

detected is proportiona to the concentration of N-AcCo
taken into account. NAc-Co''"MP8 was accurately weighed out using a six figure
Sartorius CP2P balance and transferred quantitatively into a 25 ml A grade volumetric
flask kept at 25.0 °C, which was then filled to the mark with distilled water. A set of
calibration standards are prepared using a 10 ppm Spectro-multielement stock solution.
The calibrating solutions are sprayed into the plasma and standard curves obtained. The
samples are then sprayed into plasma and the average concentration of cobalt determined

using data from calibration standards and appropriate dilution factors.

2.4 Synthesisof products leading to the formation of NAc-Co"'MP8
241 Preparation of Fe''M P8

The synthesis of Fe!''MP8 was carried out according to the procedure developed by
Munro and Marquest®® with some modifications and is based on the preparation of ferric
MP8 described by Aron and co-workers.'®> Ferric horse heart cytochrome ¢ (300 mg)
was treated with pepsin (15 mg; activity: 3200 units/mg) in 0.1 M phosphate buffer (10
ml) a pH 2.1 and a 35.0 °C. The reaction mixture was incubated for 1 hr, after which a
further 15 mg of pepsin was added. The pH was adjusted to 2.1, and the solution was left
for a further 3 hrs. The pH was then raised to 4 with concentrated NH4OH, at which
point the precipitation of MP11 was visible. Solid (NH;),SO,; was added to the girred
suspension on ice, until no more could be dissolved; saturated (NH4),SO4 solution was
then added dropwise. The reaction mixture was centrifuged for 45 min at 7000-8000
rpm. The supernatant was decanted, and the MP11 pellet was dissolved in ca. 10 ml
deionised water. Concentrated NH;OH was then added to adjust the pH to 8.5 at 35.0 °C.
Trypsin (15 mg; activity: 12700 unitYmg) was then added and the solution was incubated
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overnight under gentle stirring. MP8 was precipitated by lowering the pH to 3.5 with
dilute HsPO4. (NH4)2S0,4 was added as before, and the reaction mixture was centrifuged
for 45 min a 7000-8000 rpm. The supernatant was decanted and the MP8 pellet was
dissolved in 5 ml of deionised water, with dilute NH;OH to ensure complete dissolution
of MP8. The pH was readjusted to 7.00, desalted, and washed using an Amiconstirred
cel.

2.4.2 Synthesisof demetalated M P8

The demetalation procedure was adapted from a previously published method developed
by Primus and co-workers for the synthesis of Mn''"MP8.” During the process, care was
taken to avoid direct exposure to light. The reaction was carried out using a vacuum line
connected to an Edwards RV 12 vacuum pump and an argon cylinder. While the stopcock
between the argon line and the reaction vessel was open the following reactants were
added to the reaction vessel: Fe''MP8 (10.00 mg, 6.64 nmol); 10.00 ml glacial acetic
acid; 166 m concentrated HCIl. The stopcock to the argon line was closed and the
reaction mixture frozen with liquid nitrogen. After ensuring that the reactants were
thoroughly frozen, the stopcock between the vacuum line and the reaction vessel was
open for ca. 2-3 minutes and then closed. A Dewar flask containing liquid nitrogen was
then removed from under the reaction vessel and the contents were alowed to thaw at
room temperature. After the reactants completely thawed, the stopcock to the argon line
was opened for about 30 seconds and closed again. The reaction mixture was allowed to
undergo two more freeze-thaw cycles followed by purging with argon. After the final
freeze-thaw cycle and after the reaction mixture had completely thawed, the reaction
vessel was covered in aluminium foil ensuring that the reaction mixture was not exposed
to white light. Using a spatula and an argon saturated powder funnel, iron(Il)chloride
(20.00 mg, 80.16 nmol, 12.07 equiv.) was added to the reaction mixture and was stirred
with a magnetic stirrer for about 1 hour at room temperature, resulting in a change of
color from red to purple. The foil-covered product was frozen in liquid nitrogen and
stored in a freezer set at —60 °C. The solvent was removed under reduced pressure on a

vacuum line attached to an Acatel vacuum pump. The residue was dissolved in deionised



water and immediately re-evapourated in order to completely remove residual HCI. This
washing was repeated twice and the fina residue was solubilised in 5 ml of 50 mM
NH4HCO3 (pH 8.00) and desalted with a Sepak C18 cartridge. The demetalated MP8
obtained was then lyophilised using aVirtis-Unitrapll freeze dryer.

2.43 Synthesisof Co''MP8

The metalation procedure was adopted from a previously published method developed by
Primus and co-workers for the synthesis of Mr""MP8.” Demetalated MP8 was dissolved
in 2 ml of water and allowed to reflux in a paraffin oil bath set at 95.0 °C. Cobaltous
acetate (2.33 mmol, 2.33 M) was dissolved in 1 ml methanol was prepared before hand.
12 pl cobaltous acetate solution was then added to the reaction mixture containing
demetalated MP8 (4.82 umol). The reaction mixture was allowed to reflux for 3 hours.
After the refluxing process the sample could be exposed to white light. The product was
then loaded onto the Sepak cartridge and washed with copious amounts of water to
remove salts and once all salts were removed the product was eluted with a 1:1
acetonitrileewater solution. The volume of the metalated product obtained was decreased

using an Amiconstirred cell and then lyophilised.

2.4.4 Synthesisof NAc-Co''"M P8

The acetylation procedure was adopted from a previously published method developed
by Marques and co-workers for the synthesis of NAc-MP8.1%° This involved the
preparation of a 50 ml of 0.4 M carbonate buffer at pH 9.30. 6 mg of lyophilized
Co""MP8 was transferred into a round-bottomed flask. To this 20 ml of the carbonate
buffer was added to dissolve the Co''"MP8. To aid dissolutionapproximately 500 pl of a
1 mM (NH4),CO3 was added. A 1000 molar excess of acetic anhydride was used to
acetylate Co''"MP8 (it was assumed that there was a 100% conversion from cytochrome c
to MP8). The Co'""MP8/carbonate solution was cooled to approximately 30 °C, and
acetic anhydride was slowly pippetted into the reaction flask. Care was taken not to
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allow the reaction to become too vigorous. The reaction flask was allowed to stand for 5
min at 30 °C after completely adding acetic anhydride. The temperature was set up to
35.0 °C and the solution was allowed to heat at the rate of the bath and allowed to remain
35.0 °C for 3 hours. Finaly, the solution was purified and desalted an Amicon cell to
ensure that all carbonate and acetate species were removed. The final product obtained

was then lyophilised.

2.5 Investigating the Solution Chemistry of NAc-Co'''M P8
251 Beer-Lambert Plot of NAc-Co'"'M P8

A concentrated stock solution of NAc-Co''"MP8 was prepared in distilled water. Small
increments of stock NAc-Co'''MP8 solution were added to a 1.0 cm pathlength curvette
that contained distilled water. The absorbance at 415.05 nm at 25.0 °C for each increment
was recorded using a Cary 3E spectrophotometer. After the absorbance reached 2.0
AUFS, 200 pl of the final 1.0 cmpathlength curvette mixture was transferred toa0.1 cm
pathlength curvette. Similarly, small increments of stock NAc-Co''MP8 solution were
added to the 0.1 cmpathlength curvette. The absorbance at 415.05 nm at 25.0 °C for each
increment was again recorded using a Cary 3E spectrophotometer. A Beer-Lambert plot
of NAc-Co'"'"MP8in 1.0 M NaOCl, was determined using the same methods.

It became clear that there was a discrepancy between the absorbance of solutions in the
1.0 cmand the 0.1 cmpathlength curvettes, as far as the absorbance of the same solution;
when corrected for different pathlengths, was different. We suspect (but have not
proved) that this discrepancy arises from the scaling of the curvettes in the housing of the
spectrometer that give pathlengths that are, in effect, different to the actual pathlength of
the curvette. To correct for this, a solution of arbitrary concentration of KMnO, was
prepared; 100 pl of the KMnO, solution was added to a 1.0 cm pathlength curvette
containing 1900 pl distilled water. The solution was mixed carefully using a glass rod.
The absorbance at 337.9 nm at 25.0 °C was recorded using a Cary 3E spectrophotometer.

This process was then repeated a further four times. 200 pl of each of the five solutions
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from the 1.0 cm pathlength curvettes were transferred to 0.1 cm pathlength curvette and
the absorbance for each of the solutions were recorded at 337.9 nm at 25.0 °Cusing a
Cary 3E spectrophotometer. The mean correction factor for when transferring from the
1.0 cmto 0.1 cmpathlength curvette was then calculated. Finally the al data collected
were corrected accordingly.

25.2 DataAnalysis

All results were analysed with the computer programme CurveFit'®’, which employs a
Newton Raphson procedure.

2.5.3 Determination of Spectroscopic Kas of NAc-Cd''M P8

The titration procedure for the determination of spectroscopic pKsof NAc-Ca'''MP8 was
adopted from a previously published method developed by Munro and co-workers'®® for
the synthesis of NAc-Fe'''MP8. Spectroscopic pK s were determined by titrating 40 ml of
a 801 pM stock solution of NAc-Co""MP8 in a multi-component buffer system
containing 1.0 mM each of potassium hydrogen phthalate, MES, MOPS and CHES, and
10 mM Tris as the noncoordinating buffers at a total ionic strength of 0.1 M (KCI used
as an ionic adjuster) in athermostated cell at 25.0 °C. The pH was adjusted from pH 5.5
to 13 for the basic region and from 1.9 to 6.3 for the acid region by diffusion of small
volumes of concentrated HCI or NaOH into the solution from drawn out glass capillaries.
At each pH, 5 ml of the solution was pumped (using a Watson-Marlow 101U peristaltic
pump) into a thermostated 2.0 cm pathlength curvette in a Cary 3E spectrophotometer
and the absorbance at 415.05 nm was recorded before returning the sample to the
continuoudly stirred reaction mixture. The absorbance at 415.05 nm was recorded as a

function of solution pH.



The experimental data were fitted using nontlinear least-squares program employing a
Newton Raphson procedure to an ionisation isotherm (Equations 2.1 to 2.4), which is

relevant when three acid/base equilibria are present.

Ay = ACHTHASHTK (2.1)
Ky +[H']
Ar = AL [H']? + Ag* [HT*Ka + Ag*Ki*Ky (2.2)
Ki* Ko+ [H]*Ky+ [H?
A [H3 + A [HT* Ky + A [HT KK, + A* K Ko Ky
A; 2.3)

Ki*Ko*Ka + [HT*Ki* Ky + [H']#* Ky +[H]?

Ar = AFTHT + AFHT Ky + A HTZ KKy + A HTTK K K + AgKy* Ko* KK, (24)

Ki*Ko*Kg* Ky + [HT* K *Ko* Kg + [HT*K Ky + [H 3Ky + [HT]?

In Equations 2.1 to 2.4, A+ is the absorbance at the absorbance monitoring wavelength,

K1 to Kz are the acid dissociation constantsand A is the absorbance of the i species.

2.5.4 Ligand Binding Studies of Selected N-Donor Ligands by NAc-Co'''M P8

The equilibrium constants for the coordination of the ligands N-methylimidazole and
pyridine with NAc-Co""MP8 were determined by the addition of aliquots of stock N-
methylimidazole solution (0.02012 M) and pyridine solution (0.02008 M) to NAc-
Co'""MP8, contained in a 1.0 cmpathlength curvette in a Cary 1E spectrophotometer. The
solutions were buffered with MES (1.0 M, pH 5.5); the ionic strength was maintained
using KCl (1.0 M) and deionised water was used as the solvent. The temperature of the
cell block was maintained at 25.0 °C by a water circulating bath and measured with an
electronic thermostat device. The absorbance changes at 420.0 nm were monitored for
both reactions, and each absorbance reading was corrected for dilution. The experimental
data were fitted using non-linear least-squares program employing a NewtonRaphson
procedure to Equations 2.5 and 2.6.



Ap+ Ar*K*[L] (2.5)
1+Kq*[L]

pr = RotACKL[LI+AY KKz [L]? (26)

1+ K [L] + Kp*Ko*[L]?

In Equations 2.5 and 2.6, At is the absorbance at the absorbance monitoring wavelength,
K, and K are the formation constants, A is the initial absorbance and Ap is the final
absorbance. After the formation constants were determined they were corrected for pH

using Equation 2.7.

K = K pe(1 + 10PK2a-PH) (2.7)

255 Kinetic Studies of Selected N-Donor Ligandsby NAc-Co'"'M P8

Preliminary spectrochemical investigations were performed using a Cary 1E
spectrophotometer. Using the same equipment, the kinetics of the reactions between the
ligands N-methylimidazole and methylamine with NAc-Co""MP8 were investigated
under pseudo-first order conditions. NAc-Co''"MP8 concentrations (< 45 pM) were
prepared and buffered with MES (0.1 M) at pH 7.0 and 8.0 for reactions involving N-
methylimidazole and methylamine, respectively. The ligand concentrations of N-
methylimidazole and methylamine ranged from 0.05 to 1.01 M and 0.50 to 250 M,
respectively. Ligand solutions of N-methylimidazole and methylamine were aso
adjusted quantitatively to the same pH as that of the NAc-Co'""MP8 solution by addition
of HCI or NaOH, as appropriate. After mixing specific amounts of ligandswith NAc-
Cao""MP8in a1.0 cm pathlength curvette, and immediately inserting this mixture into the
spectrophotometer, the absorbance change was monitored at 420.0 nm (the maximum of
the Soret band for NAc-Co'"'MP8 at pH 5.5).
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Pseudo-first order rate constants, kons, Were determined by curve- fitting the absorbance
versus time traces to Equation 2.8 and 2.9 using non-linear least-squares program
employing a NewtonRaphson procedure. After the first order rate constants were

determined they were corrected for pH using Equation 2.10.

At = -Agexp(-kions™t) - Ar*exp(-Kops*t) + Ag+ A+ Ay (2.8)
At = -Arexp(-Kops't) + (Ag +Ag) (2.9)
K = kops(1+ 10PKa-PH) (2.10)

In the equation Ap, A1 and Kqps are variable parameters. Second order rate constants, ko,
were obtained from a linear least-square plot of k versus[L].

25.6 Kinetic Studiesof Selected N-Donor Ligands by B12,

Similarly, preliminary spectrochemical experiments were performed using a Cary 1E
spectrophotometer. Using the same equipment, the kinetics between N-methylimidazole
and methylamine with B12, were investigated under pseudo-first order conditions. A
stock solution of B12, (between 50 and 80 pM) was prepared and buffered with MES
(01 M) at pH 7.0 and 8.0 for the reactions involving N-methylimidazole and
methylamine, respectively. The ligand concentrations of N-methylimidazole and
methylamine ranged from 1.06 x 10“ to 2 x 10° M and 2.51 x 10! to 2.51 M,
respectively. Ligand solutions of N-methylimidazole and methylamine were aso
adjusted quantitatively to the same pH as that of the B12, solution by addition of HCI or
NaOH, as appropriate. After mixing specific amounts of ligands with B12;,ina 1.0 cm
pathlength curvette, and immediately inserting this mixture into the spectrophotometer,
the absorbance change for the reaction between N-methylimidazole and methylamine
with B12, was monitored at 358.0 and 352.0 nm (the maximum of the ?band).
Similarly, the pseudo-first order rate constants, Kops, Were determined using Equation 2.9
as above and second order rate constants, ky, were obtained from a linear |least-square plot
of ky versus[L].
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Chapter 3 Resultsand Discussion

3.1 Synthesis and Characterisation of productsleading to the formation

of NAc-Co''MP8
311 Preparation of Fe''MP8

55%

Vol
Qlugy

(300 mg, 24.2 pumol) (20.05 mg, 13.3 umaoal)
Cytochromec Fe'''MP8

Figure 3.1: Proteolysisof cytochrome cto Fe''MP8. The % conversion iscalculated

from cytochrome c to Fe'''MP8 and assumes 100 % purity of cyt c.

Although Fe''"MP8 is commercialy available, it is very expensive. Using the procedure
developed by Munro and Marquest® with some modifications, Fe''"MP8, the haem
containing octapeptide was successfully prepared. Fe'''MP8 was then purified using size
exclusion chromatography, where the reaction mixture containing the respective
microperoxidases (MP11, MP9, MP8 and MP6) were columned on Sephadex G50 to
separate them according to sizee HPLC was used as an analytical tool to identify
Fe'''MP8 fractions that were > 95 % pure (the assumption being that the response factor
of al haempeptides at 410 nm is the same) and these fractions were pooled together.
Fe''"MP8 was produced in 55 % yield as shown in Figure 3.1. Figure 3.2 shows a
chromatogram of a fraction of Fe''MP8 that was analysed using HPLC. The pooled
fractions were desalted using an Amicon stirred cell and lyophillised. Theyield is5 %
higher than that reported by Adams and coworkers.%? The synthesis of Fe'''MP8 by



peptic and trypsic digestion of cytochrome ¢ was performed several times with

reproducible yields.

Figure 3.2

.

6 7
Time (Min)

HPLC analysis of Fe''MP8 (retention time of 6.45 minutes) with
> 95% purity after purification on a column of Sephadex G50.
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Figure3.3: UV/visible spectrum of Fe''"MP8 in distilled water.




There are six characteristic peaks observed in the electronic spectrum of Fe'''MP8 shown
in Figure 3.3. Thefirst band occurs at 350 nm and is called the N-band and is assigned to
the & u, by (p) — ey(pj transition.’® The B and Q bands involve &y, aw (p) — ey(p ¥
transitions. These bands are not purely due to orbital transitions but arise as a result of
the mixing of inter-electronic repulsion terms.”®> The Soret band at 395 nm is thought to
arise from a combination of transitions to two vibronic components. Usually, a B(1,0)
satellite, arising from a trangition to the first vibronic state of B electronic state, can be
seen to the lower wavelength side of B band (about 20 nm separation between B and
B(1,0) bands).*®> ¥ The Q, and Q, bands observed at 491 nm and 530 nm, respectively,
are due to different vibrational transitions of the same electronic transition. Q, is the (0,0)
vibronic component of the apy,au(p) —+efp) transition, whilst Q, is the (1,0) vibronic
component ay.a1dp) —+ €y(P) transition. Q, is more intense than Q, band as vibronic
coupling with the B band enhances its intensity. The Q, band is thought to arise from the
vibrational electronic coupling between the B- and Q-states.*> 1% 19199 CT, represents a
change transfer band due to the spin-allowed porphyrin &' (p) ® ey(dp) promotion; and
the symbol CT, represents a change transfer band due to the spin allowed porphyrin
bodp) ® iron gy(dp) transition. These signals usually occur at 580 nm and 630 nm,
respectively; however in this system these bands are observed at 567 nm and 622 nm
The overal trend is characteristic for ferric haem proteins and may be dlightly
compromised by contributions of both high and low spin components!®> Other p 2+ p
fransitions at 215 nm and 325 nm do occur in absorption spectra of iron porphyrins but
are obscured by the bands for the aromatic peptides, and hence are not observed in the

haemproteins.?%°

FAB-MS has prowen to be an extremely useful tool in determining structure of unknown
haempeptides with respect to both the haem and the peptide portions, and in
characterising the purity of bulk preparations of known peptides such as the
microperoxidases. It has also been used to determine proteolytic hydrolysis sites for

peptides derived from c-type cytochrome that contain covalently attached haem c.?*



154

136

Intensity (% Age)

3071

1505.4

il \Iv'mw'[ll“nlllll\l\li\IIM\IIuhllllll\\Ilull\1I\\|Mw||\rww\
A s L R A R AR LN LAY A s RaLas s

800 1000 1200 1400 1600 1800

Low Resolution m/z

"]
2000

Figure3.4: FAB-MSspectrum of Fe''MP8 obtained from the proteolytic digestion
of horse heart cytochrome ¢ in NBA matrix.

A typica low resolution spectrum of the haemoctapeptide is presented in FHgure 3.4.
The exact mass determinations are in excellent agreement for the haemoctapeptide,
Fe''"MP8, where the observed m/z is 1505.4 and the calculated value is 1506. An
important observation was the presence of a very intense molecular ion at myz = 617 in
al Fe''"MP8 samples anaysed. This ion corresponds to the fragmentation of
haempeptide covalent bonds and further dehydrogenation/rearrangement to produce
mono-protonated Fe''protoporphyrin 1X.2* The observed miz for the mono-protonated
Fe''protoporphyrin 1X was 617.1 and the calculated 617.2. The above results confirm
that F€'''M P8 was prepared successfully with > 95 % purity with reproducible results.



3.1.2 Synthesisof demetalated M P8

73%

; ﬁ
CH, 3 o
0 fl':;—:,;f. i) HCI, glacial acetic acid

H o L ii) 3x freeze-thaw cycles
s under vacuum
Bl iii) Add FeCl,
(10 mg, 6.64 pmol) (7 mg, 4.82 umal)
Fe'''MP8 M P8 Free Base

Figure 3.5: Reductive demetalation of Fé''MP8to MP8 FreeBase The % conversion
is calculated from Fe'"'MP8 to MP8 Free Base and assumes Fe''MP8iis
100 % pure.

The method of preparation of MP8 free base was adopted from the procedure of Primus
and co-workers which involves removing the centra meta Fé' ion by reductive
demetalation.”® The demetalation process was stccessful as the expected colour change
from red to purple was observed’® and MP8 free base was synthesised in 73 % yield
shown in Figure 3.5.

The mechanism of reductive demetalation has not been clarified. We suggest that in
acidic conditions as those provided, the two central nitrogen atoms are protonated
competitively,?! and F&" ion is reduced to form Fe'' ion It has been suggested that Fé'
ion is less tightly bound to a porphyrin than Fe'! ion; this can be attributed to Fe'"' having
a higher charge and therefore bonding more tightly to the highly electron dense porphyrin
sysem. Thus, the Fe' is thought to be forced out of the porphyrin macrocycle by
competition from H™.
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After the MP8 free base was desalted using Sepak cartridges, it was analysed using
HPLC. The HPLC chromatogram is shown in Figure 3.6 and its UV-vis spectrum is

shown in Figure 3.7.

M

7 6
Time (Min)
Figure 3.6: HPLC chromatogramof MP8 free base (retention time of 5.99 minutes)
with 81 % purity.

B ——MP8
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Figure 3.7: UV/visible spectrum of MP8 free base in 50 % methanol/water solution and

Fe'''MP8 in water.



In demetalated porphyrins (D), there are four bands in the visible region and one in the
ultraviolet region (Soret).1%® These absorption bands for metal-free MP8 are observed at
380 nm, 503 nm, 538 nm, 568 nm and 618 nmas shown in Figure 3.7. The intense Soret
band described earlier occurs at 380 nm. The Q, band is split and the resulting bands
occur at 503 nm and 538 nm, respectively. Also, the Q, band is split and the resulting
bands occur at 564 nm and 616 nm, respectively. When comparing the spectra of MP38
and MP8 free base we do not observe charge transfer bands since for a complex to
demonstrate charge-transfer behaviour, one of its components must have electron
donating properties and another component must be able to accept electrons. Since there
is no metal present no charge transfer band will be observed?* In addition, the N-band

disappear s completely which is a direct result of metal absence.

The UV/visible data obtained could not be compared with data obtained by Primus et
a.™ sincetheir data were obtained under acidic conditions. Primus et. al found the Soret
bard at 403 nm and other bands at 552 nm and 595 nm which is typical for a free base
porphyrin at low pH. In our results, the UV/visible analysis data were obtained under
neutral conditions. However, our data can be compared to Low et al.>°> who found a
very broad Soret band with a maximum at 383 nm as well as the other bandsat 508 nm,
542 nm, 574 nm and 623 nm which are characteristic of free base porphyrins. Thus, the
results obtained for UV/visible analysis are consistent with the characteristic peaks for a
free base porphyrin, confirming that the demetalation procedure was successful.
Furthermore, the retention time of 5.99 minutes observed for the free base porphyrin was
significantly different from the observed retention time of 6.45 minutesfor Fe'''MP8. In
addition, the 81% purity detected by HPL C showed that the sample is relatively pure.

However, the overlap of multiple peaks in the chromatogram (Figure 3.6) means that the
sampleisrelatively pure and that this technique is merely an assessment of purity is very

much an estimate.
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Figure 3.8: Enlarged view of FAB-MS MP8 Free Base in NBA Matrix.

The exact mass determinations for the MP8 free base shown in Figure 3.8 were also
excellent and in agreement where the observed mz was 1451.2 and the calculated 1451.
We propose that the signal observed at m/z = 1492.5 are traces of calcium ions since the
mass difference between this signa and the free base is ~ 41 m/z units. However, the

other signal where m/z = 1496.5 cannot be explained.
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Figure 3.9: Luminescence Spectra of MP8 free base.

The excitation spectrum of MP8 free base drawn in blue on Figure 3.9 was recorded from
300 nm to 670 nmwith emission ? =677 nm. There were six bands observed, four in the
visible region and two bands in the ultraviolet region. The bands at 343 nm and 410 nm
are characteristic of the N-band and Soret band, respectively, while, the bands at 505 nm,
541 nm, 565 nm and 614 nm are the same split Qbands we mentioned earlier. The
emission spectra of MP8 free base was recorded from 4185 nm to 750 nm with
excitation ? = 398.5 nm. There are two bands observed in the visible region at 617.5 nm
and 680 nm are characteristic of the transient triplet-triplet absorption observed in free
base porphyrins and are assigned Qx(0,0) and Q«(0,1), respectively.?* The appearance of
the Qx bands in the emission spectrum and disappearance of the split Q bands from the
excitation spectrum provide more evidence that demetalationwas successful. Metalated
porphyrins have no significant luminescence spectra because of rapid quenching of the
excited state by the central metal.
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3.1.3 Synthesisof Cd''M P8

i) Dissolveinwater

ii) Boil in paraffin oil bath

iii) Add cobaltous acetated
solution

(7 mg, 4.82 pmol) (5 mg, 3.32 umol)
M P8 Free Base co''MPs8

Figure 3.10: Metalation of MP8 Free Base to Co'''MP8. The% conversion calculated
from MP8 Free Base to Co'''M P8 assuming that the metal-free MP8 is

100 % pure.

The metalation procedure was also adapted from the report by Primus and coworkers.”
However, in this project cobalt was inserted into the porphyrin instead of manganese, so
as to mimic the cobalt in the vitamin B2, environment. The metalation process was
successful and Co''MP8 was synthesised in 69 % yield shown in Figure 3.10.

6 Time (Min) 8

Figure 3.11: HPLC chromatogram of Co'"'MP8 (retention time of 6.82 minutes)
with 79 % purity.
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The HPLC chromatogram of Co''MP8 is shown in Figure 3.11 and its UV-vis spectrum
is shown in Figure 3.12. When comparing the HPLC retention times of Co''"MP8 with
MP8 free base, we find that the retention time of Co''MP8 is 6.82 minutes and is
significantly different from the retention time of MP8 free base which is 5.99 minutes.
This shows that when the metal is inserted into the MP8 free kase, it moves dightly

slower on the column due to the increased polarity of the newly inserted meta ion

—e— Metal Free Base

Co(llMP8

Absorbance

300 350 400 450 500 550 600 650 700
Wavelength / nm

Figure 3.12: UV/visible spectrum of MP8 free base Co'''MP8in 0.001 M
NH4(COs), buffer and MP8 Free Base in 50 % methanol/water.

Four distinct absorption bands are observed at 350 nm, 425 nm, 533 nm and 567 nm for
Co"'"MP8 as shown in Figure 3.12. The characteristic N-band and Soret band occurs at
350 nmand 425 nm, respectively. The Qy band occursat 533 nm and the Q, band occur s
at 567 nm. Upon insertion of the cobalt into the MP8 free base, we observe the band
position of the Soret for the MP8 free base shifting from 380 nm to 425 nm
Furthermore, the four split Q-bands that were formed in the MP8 free base, merged to
form two new Q-bands. The spectrum shows that there is no charge transfer band
observed for Co'!'. Although there are restricted data available for Co'"', it can be
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compared to another c ion like Fe'', although the two species are not comparable given
that F€' is high spin whereas the Co'"' system involves a low spin meta ion. The ligand
to metal charge transfer in alow spin o at 476 nm is due to the transition, ay (?) ® ag
(dZ) and another at 320 nm isdue to, a2, (?) ® by (?). However, for Fe' in the high
spin state the metal to ligand charge transfer band occurs between 758 nm and 930 nm
which involves the transition, g (d?) ® ey(?*).”®

From the above spectra it can be clearly seen that there is a shift in peak positions which
is due to the presence or absence of the centra Co'"' ion. Low et al.?®* performed a
similar study where Mn" was inserted into MP8 free base utilising a reductive
demetalation procedure involving HF. There were $lit Soret bands observed which were
attributed to inequivalent interactions between the porphyrin p, and p, LUMOs and dp

electrons of manganeseion. However, in our study we do not observe this characteristic
split Soret bands
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Figure 3.13: FAB-MS spectrum of Cd''MP8in NBA matrix.
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In addition, FAB-MS was performed on Co''"MP8. The exact mass determinations for
Cao'""MP8 shown in Figure 3.13 were also excellent and in agreement, where the observed
m/z was 1508.3 and the calculated 1508. As this was the first time that Co''MP8 was

synthesised there were no comparative data available.

— Emission MP8 Free Base
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Figure 3.14: Excitation and emissionspectra of Co™' M P8 and emission spectrum of

MPS8 free base

The excitation spectrum of Co'"'MP8 shown in red on Figure 3.14 was recorded from 300
nm to 607 nm with emission ? = 617 nm. There were four bands observed, one in the
ultraviolet region and three bands visible in the region. The band a 395 nm is the
characteristic Soret band. We expected only two bands in the visible regionat 530 nm
and 566 nm, which are characteristic of the @ and Q, bands, however three bands are
observed at 505 nm, 541 nm and 564 nm This shows that the reaction did not go to
completion and that not al the free base porphyrin molecules were not metalated. The
emission spectraof Co''MP8 was recorded from 436 nm to 750 nm and shows that there
are no intense bands formed and that the transient triplet-triplet absorption observed for
free base porphyrins is quenched significantly.?* This provides more evidence that
metal ationwas successful. The fact that the Qx bands do not disappear completely shows
that there are trace amounts of free base porphyrins in solution that have not been
metal ated.
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3.1.4 Synthesis of NAc-Co"'"M P8

\ 58 % \
N / I N
g‘l S~ - % S~
o —Hig, i) Dissolvein carbonate buffer H —Hize
Wi i) Add acetic anhydride i
P A iii) Cool to 3 °C for 5 minutes G,
and increase to temp. to 35°C.
(5 mg, 3.32 umol)
i (3mg, 1%3] pmol)
Co_MP8 NAc-Co "' MP8

Figure 3.15; Acetylation of Co"'MP8 to NAcCo'"'MP8. The % conversion is calculated

fromCo'""MP8 to NAcCo'"'MP8 assuming Co'''MP8 is 100 % pure.

Acetylation of Cd''MP8 was carried out according to methods developed by Munro and
Marques®®® Figure 3.15 shows a schematic of the reaction performed according to the
above mentioned conditions. The acetylatio n process was successful and NAcCo''MP8
was synthesised in 58 % yield. However, the acetylation did not go to completion and
some of the unreacted Co'"'M P8 remained. The two chacteristic peaks shown in Figure
3.16 isindicative that the acetylation did not go to completion

! Time6(Min) 8
Figure 3.16. HPLC chromatogramof Co'''MP8 (6.59 minutes) and
NAc-Co""MP8 (5.99 minutes).
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The two major peaks observed at 5.99 minutes and 6.59 minutes have a percentage purity
of 8 and 27 %, respectively. When comparing these HPLC results to the retention time
observed for Co"'MP8 (6.82 minutes) in Figure 3.11, we find that the peak observed at a
retention time of 6.59 minutes is the closest match. Thus if we assume the above to be
correct, then by elimination the peak that has the retention time of 5.99 minutes is due to
NAc-Co'"'"MP8 and is 66 % pure.

Co(ll)MP8
B —&—N-Ac-Co(lll)-MP8
15

12

0.9

Absorbance

0.6

0.3

300 350 400 450 500 550 600 650 700

0.0

Wavelength / nm

Figure 3.17: UV/visible spectrum of NAcCo'"'MP8 and Co"'MP8in 0.001 M

ammonium carbonate buffer.

Four distinct absorption bands are observed at 350 nm, 425 nm, 533 nm and 567 nm for
NAcCo'"MP8 as shown in Figure 3.17 which corresponds to those earlier described in
Figure 3.12. Although the Soret seems to be dlightly shifted by about 4 nm when going
from Co''"MP8 to NAcCd''MP8, the above spectra show peak positions that were
expected and confirm that acetylation has no direct effect on the porphyrin electronic
structure itself.

107



100 =

90

Intensity (% Age)

1509.5 1552.3

N/
| T TR RN NN PRTTIRMATNE T°F I RTR I TRATT

I ] T I 1 1 T T r T 1
800 1000 1200 1400 1600 1800 2000

Low Resolution m/z

Figure 3.18: FAB-MS spectrum of NAcCo'"'MP8 in NBA matrix.

Furthermore, FAB-MS results gave m/z values expected for the molecular ions formed of
Co""MP8 and NAcCo'""M P8 as shown in Figure 3.18. The observed m/z for Co'"'MP8 and
NAcCo'"MP8 were 1509.5 and 1552.3 and the calculated 1508 and 1552, respectively.

The molecular ions formed have low intensities, and is due to the small concentration of
NAcCo'"MP8 in the matrix.
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3.2 Solution Chemistry of NAc-Co'''M P8
3.2.1 Determination of the Extinction Coefficients of NAc-Co'''M P8

The extinction coefficients (or molar absorption coefficients), e, were determined using
ICP-OES and UV-vis spectroscopy. |CP-OES was used to determine the concentration
of Co"" ions in 0.210 mg NAc-Co"''MP8, which was dissolved in 25 ml of 20 %
acetonitrile/water (v/v) and further diluted 10 times to fall within the range of the ICP-
OES multi-element calibration standards Table 3.1 shows the mean concentration
obtained for cobalt ions detected during ICP-OES anadlysis. Once the blank was
subtracted, it was assumed that the concentration of Co''! ions detected by 1CP-OES was
equivalent to the concentration of NAc-Co"

were detected at 237.8 nm.

MPS8 in solution. Theemissionof Co'' ions

Table3.1: Summary of ICP-OES results for NAc-Co'''MP8..

Statistical Values Co_237.8/ ppm
Mean Concentration, X 0.0236
d. Deviation, s 0.0004
Relative Std. Deviation, s 1.5%

The sample was analysed and the mean concentration observed was 0.0236 ppm with a
relative standard deviation of 1.5 %. After taking the dilution factor into account, it was
calculated that the expected [Co'"'] = 0.00319 mg I'* and the observed [Co'"'] = 0.0236 mg
I't. Thus, the % cobalt in solution was 73.98 %. This suggests that there is 73.98 %
NAc-Co""MP8 in 25 ml solution. This is expected as the starting cytochrome ¢ was only
ca. 80 % pure (from manufacturer’ s specifications). The same solution of NAc-Co'!'MP8
was then put into a 1.0 cmpathlength curvette and using a UV-vis spectrophotometer, the
extinction coefficients were determined from Beer’'s law (e = bc/A, where e represents
the molar extinction coefficient; b represents the pathlength of the cell; c represents the
concentration of the solution and A represents the absorbance recorded for that particular

solution). Table 3.2 summarises the results obtained using Beer’s Law.
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Table 3.2: Calculation of Extinction Coefficients using Beer’s Law.

? Average Averagee Std. Relative Std.
(nm) Absorbance|| (x 10°)/M ™ cm? Deviation Deviation
560.8 0.0289 0.139 0.019 1.37
5279 0.0286 0.137 0.017 1.27
415.1 0.3350 1.61 0.052 0.32
3477 0.0617 0.296 0.035 1.18
337.9 0.0560 0.268 0.035 1.30

3.2.2 Beer-Lambert Behaviour of NAc-Co''M P8

The microperoxidases have been used as biomimetic models for haemproteins for many
years, athough many studies have been complicated by their tendency to aggregate. An
effective method for accessing concentrationdependant aggregation phenomena in
solutions of haemproteins is to determine the degree of adherence of the solution to
Beer's law over the solute concentration range of interest.2% Deviation from Beer's law
signals aggregation of the absorbing species, while a single set of isosbestic points reflect
a simple equilibrium between two species®®® Marques et. al'® carried out a Beer's law
study of MP8 in aqueous phosphate buffer solution (pH 7.00, 4 = 0.1 M, 25 °C) and
revealed the existence of a simple monomer/dimer equilibrium (dimerisation constant Kp
= (1.17 + 0.02) x 10° M'Y) below an MP8 concentration of 8.08 x 10° M but higher
aggregates at concentrations above this. Since low-spin MP8 was obtained at highest
concentrations, this study suggested the likelihood of an aggregation mechanism
involving intermolecular coordination by Cys-14 a-amino group of MP8.1%2 Marques et
al.'® performed a similar study on NAc-MP8 in agueous phosphate buffer solution (pH
7.00, p = 05 M, 25 °C) and found that the Soret absorbance varies linearly with
concentration up to ~3 x 10> M, hereafter the slope decreases. The limiting slope of
NAc-MP8 was reported to be 1.55 + 0.01 x 10° M ™! cmi?, and was in agreement with that
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obtained for monomeric MP8 (1.57 + 0.01 x 10° M-t cmY). It iswell established that the
observed departure from linearity is the consequence of a simple dimerisation
equilibrium (Equation 3.1, where M and D are monomeric and dimeric forms of NAc-
M P8, respectively).?*4 2%

M === D Kp =-BL (3.1)
[M]

y = 1.80E+05x - 1.20E-01

8.00 - A N-Ac-Co-MPS8 in Distilled Water R = 9 97E-01
y = 1.66E+05x - 7.84E-02
- 1A
® NAc-Co-MP8in 1M NaClOs R =9.97E 01.
6.00 -
c
S
g
£ 4.00 ~
[e]
[$)
<
2.00 T
0.00 * L L 1 L 1 A )

0.00000 0.00001 0.00002 0.00003 0.00004
Concentration / M

Figure 3.19: Beer'slaw plot for an agueous solution of NAcCo''"MP8 (pH 7.00, 25 °C

in distilled water and 1.0 M NaClO 4.

The limiting slope for agueous solution of NAcCd'"MP8 (pH 7.00, 25 °C) in distilled
water and 1.0 M NaClO4 was 1.80 + 0.01 x 10° Mt e and 1.66 + 0.01 x 10° Mt cmi,
respectively. These values were dightly higher than that obtained for MP8 and NAc-
MP8 which were mentioned earlier and undoubtedly a consequence of the central metal
being changed from iron to cobalt. When the ionic strength of the NAcCo'''MP8 solution
wasincreased to 1.0 M using NaClO4 there was no deviation from linearity, but there was
a smal decrease in the limiting dope. Figure 319 shows that both solutions of

NAcCo''MP8 obey Beer's law over the concentration range monitored. Thus, all
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NAcCo""MP8 solutions used for future experiments should be carried out with
[NAcCd'"MP8] < 40 uM to avoid any possible aggregation. This is more than sufficient

for conventiona UV - vis spectroscopic work.

3.2.3 Determination of Spectroscopic Kas of NAc-Co''M P8
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Figure 3.20: pH dependence of NAc-Cd'''"MP8 in acidic region.
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The ectroscopic pKs of NAc-Co'''MP8 were determined using UV-vis spectroscopy.
The pH dependence of the electronic spectrum of NAcCo'"'MP8 in an aqueous
multicomponent buffer in the acidic region shows a shift of the Soret (B) band from ?
pH2 = 417.0 Nnm t0 ? e, s = 415.1 nm as shown in Figure 3.20. This change in
wavelength is aso accompanied by increase in the initia intensity by 5.40 %. Although
the peak position observed for the Q bands did not change, there were changes in
intensity. When changing from pH 2 to 6, the initia intensity Q, and Qo bands increased
by 5.79 % and 7.93 %, respectively.

Firstly, the experimental data was fitted to an ionisation isotherm involving one
spectroscopic pK s (Equation 2.1). The fit was reasonable with an r* value of 99.52 % and
pKa value of 3.68 + 0.02. The same data were then fitted to an ionisation isotherm
involving two spectroscopic pK s (Equation 2.2). The fit was marginally better with an r?
value of 99.55 %. The values of the spectroscopic pKas determined were 3.4 + 0.5 and 4.2
+ 0.7. The experimental data were fitted to an onisation isotherm involving three
consecutive equilibria (Equation 2.3). The r? value again improved with a fit of 99.61 %.
The values of the three spectroscopic pKas obtained from the theoretical curve fitting the
data (Figure 3.21) were pK; =2.0 + 0.3, K> =2.8 +0.1 and pK3 = 3.91+ 0.03. Finaly,
the experimental data were fitted to an ionisation isotherm with four consecutive
equilibria (Equation 2.4). The r* value was excellent with afit of 99.86 %. The values of
the four spectroscopic pKsswere 1.5 + 1.8, 3.3 + 0.1, 47 + 02 and 6.8 + 1.6. Ther
value of the fit involving three Kss is better than the fit involving one and two pKss but
the P value of the fit involving four [PKss is better than the fit involving three pKss.
However, some values obtained for four [Ka fit are unrealistic since it produces values
that are beyond the pH range under which we are working (1.5 + 1.8 and 6.8 + 1.6) with
significant error. In addition, glass electrode potentiometry cannot be used below pH of
about 2 because of the nonNernstian response. Therefore, we conclude that the most
reliable fit was observed for the isotherm with three consecutive equilibria (Figure 3.21).
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Figure 3.21: Variation of the Soret absorbance (415.05 nm) with pH titration of

NAcCo'"'MP8 in acidic region (pH 2 — 6) with NaOH.

The pH dependence of the electronic spectrum of NAcCo''"MP8 in agueous
multicomponent buffer in the basic region shows a shift of the Soret (B) band from ?max,
pH7 = 4141 nM 0 ?ma, pH12 = 419.1 nm. This change in wavelength is also accompanied
by increase in the initia intensity by 49.34 %. The ?nax Of Q, and Qo observed at pH 7
were 529 nm and 561 nm, respectively. However, ?max of Q, and Qo at observed at pH 12
was 533 nm and 566 nm, respectively. Thus there was an overall shift in wavelength.
Similarly, this change in wavelength is accompanined by an initial increase in intensity of
Qv and Qo bands by 50.3 % and 30.6 %, respectively.
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Figure 3.22: pH dependence of NAcCo '"MP8 in basic region.

The data were fitted for one, two, three and four spectroscopic pKss. Firstly, the
experimental data were fitted to an ionisation isotherm with one spectroscopic pKa
(Equation 2.1). The fit was poor with an r* value of 90.67 % and pKa value of 8.02 +
0.09. The same data were fitted to an ionisation isotherm with two spectroscopic pKaS
(Equation 2.2). The fit was dightly better with an r? value of 91.23 %. The values of the
spectroscopic pKzs determined were 7.27 + 0.09 and 8.51 + 0.01. Also, the experimental
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data were fitted to an ionisation isotherm (Equation 2.3) consisting of three consecutive
equilibria. The values of the three spectroscopic pKs obtained from the theoretical curve
fitting the data were pK,4 = 7.47 + 0.03, pKs = 9.19 + 0.04 and pKg = 12.07 + 0.03. Ther?
squared value was excelent with a fit of 99.88%. Finally, the experimental data were
fitted to an ionisation isotherm containing four consecutive equilibria (Equation 2.4).

The # value was excellent with a fit of 99.92 %. The values of the four spectroscopic
pKas were 7.49 + 0.03, 9.24 +0.01, 11.8 + 0.8 and 135 + 0.8. The F vaue of the fit
involving three pKss is better than the fits involving one and two pKss but the r? value of
the fit involving four pKss is better than the fit involving three pKss. However, the fourth
pKa (13.5 + 0.8) is unreliable as glass electrodes typically display Nernstian behaviour up
to pH values of between 12 and 13. Moreover this pK, is not observed in other MP8
studies.’% 1% Therefore, the most reliable fit was observed for the isotherm containing

three consecutive equilibria(Figure 3.23).
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Figure 3.23: Variation of the Soret absorbance (415.05 nm) with pH titration of
NAcCo'"MP8in basic region (pH 6-13) with NaOH.
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Figure 3.24: Speciesdistribution as afunction of pH at 25 °C for NAcCo''MP8ina
aqueous multicomponent buffer system.

The interpretation of all the spectroscopic Kcs is summarised in Fgure 3.24. At pH
<1.5, we propose, largely by analogy with the Fe''" system that NAcCo'"'MP8 exists as a
six-coordinate diagua complex and that the first transition (pK; = 2.0 + 0.3) involves
coordination of the c-termina carboxylate group (Glu-21) of the appended polypeptide.
It is known that the pK, of the c-terminal carboxylic acid group in proteins is 2.13.2% In

the presert case, the interaction with Co'"

-haem centre (with the a residual charge of +1)
does not appear to depress this pK, significantly.'® The second acid range transition
(pK2 = 2.8 + 0.1) for NAcCo''"MP8 probably involves the deprotonation of the cationic
His-18 and concomitant replacement of the c-terminal carboxylate by the neutral
heterocyclic base. The suggestion that the pK, at 2.8 reflects the coordination of His-18
is consistent with *H NMR and other studies on several of the cytochromes ¢,"?'3 as
well as studies on model haempeptides.®® In Figure 3.24 we have assigned pKs (3.91 +

0.03) to the ionisation of one of the haem propanoic acid groups. This is an assumption
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based on the pK, (4.31) for this group in the free amino acid,?** which is very close to the
vaue assigned to pKs. The second haem propanocic acid group is assigned to the
ionization with pK4 = 7.47 + 0.03. It is assumed that the pK,for this is raised relative to
that of the free propanoic acid (4.69 + 0.03, 25 °C, 0.1 M) because of the electronic
repulsion between its conjugate base and the first propanoate group. It is important to
note that c-termina n-propylamide NAcMP8 also shows two haem propanoic pKss in this
region at 4.95 + 0.07, and 6.1 + 0.3, repectively.’®® Indeed, many NMR and redox
studies on a variety of haemproteins have shown that the ionisation of one haem
propanoic acid group occurs in the pH range 4.5-7.5, while that of the second, also falling

within this range, is frequently observed.?® 2152

pKs (9.19 + 0.04) was assigned to the ionisation of the cobalt-bound water molecule.
Table 3.3 shows the K, values of other metal-bound water molecules; however the
central meta in these cases is iron. Comparing Ks with the tabulated values shown
below we notice that there is no significant difference between their values although the

central meta has changed.

Table 3.3: lonisation of iron-bound weter (pKn20) in various heemproteins.

Ferrihaemprotein/M odel PK (.0
horse Hb*## 8.86 + 0.02
horse Mb*<# 9.04 +0.03

sperm whae Mb component [V<<° 8.93

sperm whale Mb component [11A““° 9.03

sperm whale Mb component [1°°° 9.07
NAcMP8™ 9.59+0.01
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To confirm that pKs (9.19 + 0.04) was assigned correctly to the ionisation of the cobalt-
bound water molecule an investigation was carried out. Using simple ligand substitution,
pyridine was used to mask the ionisation of the cobalt-bound water molecule attached to
the axial position of the cobalt porphyrin.  Figure 3.25 shows the change in absorbance
at 415.1 nm as afunction of pH for an aqueous solution of NAcCo'"'MP8 with pyridine at
25°C (= 0.1 M KCl).

As before, the data were fitted for one, two, three and four spectroscopic Kss using
Equations 2.1 to 2.4, respectively. Firstly, the experimental data were fitted to an
ionisation isotherm consisting of one spectroscopic K. The fit was poor with an
value of 75.25 % and K, value of 7.7 + 0.2. The data were then fitted to an ionisation
isotherm with two spectroscopic pKs. The fit was good with an f value of 98.47 %.
The values of the spectroscpic Kss determined were 8.06 + 0.04 and 11.97 + 0.08. The
experimental data were fitted to an ionisation isotherm (Equation 2.1) with three
consecutive equilibria.  The values of the three spectroscopic [Kss obtained from the
theoretical curve fitting the data were K4 = 7.61 + 0.06, pKs = 9.16 + 0.04 and Kg=
11.78 + 0.03. The r* squared value was excellent with a fit of 99.72 %. Finally, the
experimental data were fitted to an ionisation isotherm of four consecutive equilibria
The P value was excellent with a fit of 99.77 %. The values of the four spectroscopic
pK.s were 7.4 + 0.2, 85 + 0.3, 9.9 + 04 and 11.73 + 0.05. The F value of the fit
involving three pKzs is better than the fits involving one and two pKs but the * value of
the fit involving four Kss is dightly better than the fit involving three Kzs. Using
pyridine to bind to the axial position of NAcCo'''"MP8, so as to mask the ionisation the
water molecule was not successful. Comparing the fitted data for three spectroscopic
pKos in the basic region for NAcCo''"MP8 with pyridine and without pyridine, we found

that there was no significant change in the value of the pKss.
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Figure 3.25: Variation of the Soret absorbance (415.05 nm) with pH titration of
NAcCo'"MP8 with pyridine in basic region (pH 6-13) with NaOH.

Finally, we attribute pK, (12.07 + 0.03) to the ionisation of the coordinated histidine trans
to the OH to form the histidinate complex (His-Ca"'-OH"). The pKa values of the free

224 \while coordination of the

histidine and imidazole are 14.4 and 14.2, respectively,
histidine to the transition netals such as Co'' and CU' reduces the value of these pKzs to

12.5 and 11.7, in each case.®?®

In asimilar study, Marques et. al reported six spectroscopic Kss in the acidic and basic
regions for NAc-Fe''"MP8; pK1 = 2.1+ 0.3, pK, = 3.12 + 0.07 and pKz = 4.95 + 0.07, pKy4
=6.1 + 0.3, pKs = 9.59 + 0.01 and pKg = 12.71 + 0.05.1®° When their data are compared

to our data, it is clear that the results are quite smilar in many instances.
Also of interest is the pK, of water coordinated to Co'"' in aguacobalamin. That pK, is

reported to be 8.09.°  Rubinsor’?® and coworkers have reported the pK, of
aquacobalamin to be 7.8. However this study was performed in 0.5 M KCI and the CI
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ion may coordinate to the cobalt centre and affect results. Although the authors have
suggested that the electrolyte has no effect on electrochemical potentials used in their
work. We have decided to use the K, value of 8.09 for comparative purposes. The

""MP8 and aquacobalamin

ionisation of the meta-bound water molecule for NAcCo
differs by 1.1 pH units. This difference is significant and may be attributed to the
environmental surroundings of the central cobalt ion, namely the porphine and corrin

macrocyclic environments.

It has been well established that the corrin cavity for cobalamin is much smaller than the
porphyrin cavity in microperoxidase.” 2> 163 167.1% A |though the formal charge of cobalt
in the porphyrin is +3, the actual charge of the metal depends on the extent the ligands
donate electron density to the electron deficient cobalt centre. Now, if we assume to a
first approximation that the electronic properties of histidine (in NAcCo''MP8) and
dimethylbenzimidazole (in By23) have the same s donor/p acceptor abilities toward the
cobalt centre, then the only variable is the difference in the donor ability of corrin and
porphine macrocycles. In cobalt corrinoids like Bi2s Ca" centre is in close proximity to
the electron rich corrin macrocycle and becomes more electron rich This leads to a
decrease the electron density on the coordinated water molecule and consequently
increases the ionisation of the axia water molecule (high Ky) and small pK, values. In
NAcCo''"MP8, the Co"' centre is not in close proximity to the eectron rich porphine
macrocycle (due to the cavity being larger and more rigid) and does not significantly
change the electron density on the coordinated water molecule. This results in smaller
ionisation constants being observed (larger pK, values). Hence, the results show that the

corrin moiety is a better electron donor toward Co' ', than the porphine moiety.

3.2.4 Ligand Binding Studies of Selected N-Donor Ligands by NAc-Co'''M P8
Solutions of NAc-Co'""MPS8 in the presence of varying concentrations of ligand were

allowed to equilibrate overnight in a water bath where the temperature was maintained at
25.0 + 0.1°C. SinceCo"' in NAc-Co'""MP8 is likely to be inert, the ligand had at |east 16
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hours in which to bind to NAc-Co"'MP8. It was our intention to study the
thermodynamic rather than the kinetic product. Consequently, the longer equilibrium had
no effect on the final form. Absorbance measurements were taken for each solution of
NAc-Co''"MP8 with the corresponding ligand and these values were plotted against
ligand concentration. Table 3.4 shows the recorded absorbance measurements for the

reaction of NAc-Co'''MP8 with varying concentration of N-methylimidazole.

Table 3.4: Absorbance measurements for the reaction of NAc-Co'!'M P8 with varying
concentration of N-methylimidazole. (pH 5.45, u= 1.0 M, 25 °C)

| Absorbance at 420 nm [ [N-methylimidazol€] |
| 0.3535 | 0.000 |
| 0.3725 | 0.000112 |
| 0.3770 Il 0.000335 |
| 0.3824 I 0.000668 |
| 0.3855 I 0.00111 |
| 0.3883 | 0.00167 |
| 0.3903 I 0.00277 |
| 0.3922 Il 0.00388 |
| 0.3935 I 0.00498 |
| 0.3959 I 0.00719 |
| 0.3980 | 0.00883 |
| 0.4010 I 0.0127 |
| 0.4028 I 0.0149 |
| 0.4046 Il 0.0182 |
| 0.4059 I 0.0214 |
| 0.4075 I 0.0236 |
| 0.4103 I 0.0290 |
| 0.4102 Il 0.0344 |
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Figure 3.26. Plot of the titration data for the binding of N- methylimidazole to

NAc-Co""MP8 at 420 nm. (25 °C, u = 1.0 M)

The formation constants between NAc-Co''"MP8 and N-methylimidazole were
determined using Equations 2.5 and 2.6. The plot of the titration data for the binding of
N-methylimidazole to NAc-Co''"MPS8 is illustrated in Figure 3.26. The data obtained

were initially fitted to account for a single formation constant (Equation 2.5). Kigps Was

determined to be 817 + 264 M. The fit was poor, with an r* value of 91.68 %.

The pKaof N-methylimidazole is 7.21. The fina pH of the NAc-Co'''MP8 solution with

N-methylimidazole was 5.396. The concentration of ligand in solution is dependent on
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the pH. Therefore Ky values had to be converted into pH-independent formation
constants using Equation 2.7. After correcting for pH, log K; was found to be 4.7 + 0.9.

We then proceeded to fit two formation constants using Equation 2.6 and the results were
excellent with an r? value of 99.70 %. We propose that the second formation constant,
Ko, is due to the formation of an outer-sphere complex, which eventualy leads to a
bisubstituted complex shown below in Figure 3.27 (where K, = Ko Ky'). Attempts have
been made to rationalise the nature of the outer-sphere complex formed in aquacobalamin
and the incoming ligand:??’ it was suggested that the complex was formed by pp
interactions between the corrin ring (or functional groups on the corrin, presumably the
""MP8sinceitisa
model for aquacobalamin. Kjgpsand Koops Were determined to be 10539 + 1704 and 50 +
13. Similarly, the data were corrected for pH using Equation 2.7. Log K; and log K>

were calculated to be 5.8 + 0.9 and 3.6 + 0.8, respectively.

amide side chains) and the ligand. This can be extrapolated to NAc-Co

OH, L OH> L L , IT
| L N S | —_— !
Go— = S e T e
: | Kos1 : | Ky \ | Kosz PN '," Kz
K, Kz

Figure 3.27: Proposed ligand substitution for NAc-Co'''MP8.

As before, absorbance measurements were taken for the reaction of each solution of NAc-
Co"'"MP8 with varying concentration of pyridine (Table 3.5). The formation constants
between NAc-Co'""MP8 and pyridine were determined using Equations 2.5 and 2.6. The
data obtained was initially fitted to account for only one formation constant (Equation
2.5). KiopsWas determined to be 13 + 2 x 10* M. The fit was reasonable with an * value
of 98.64 %. The pK, of pyridine is 5.19. The final pH of the NAc-Co''"MP8 solution
with N-methylimidazole was 5.436. After correcting for pH using Equation 2.7, log K;
was found to be 4.3 + 0.8.
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Table 3.5: Absorbance measurements for the reaction of NAc-Co'"'M P8 with varying
concentration of pyridine. (pH 5.44, u= 1.0 M, 25 °C)

Absorbance at 420 nm [Pyridine]
0.3606 0.000
0.3684 0.0000112
0.3849 0.0000445
0.3925 0.000111
0.3956 0.000166
0.3992 0.000221
0.4013 0.000331
0.405 0.000661
0.4105 0.00186
04112 0.00240
0.4127 0.00349
0.4159 0.00676
0.4187 0.0133
0.4207 0.0186

We then proceeded to fit two formation constants using Equation 2.6. The fit was
excellent with an ¢ value of 99.84% as shown in Figure 3.28. Kigs and Kogs Were
determined to be 2.3 + 0.3 x 10* M and 2.4 + 0.8 x 10° M™%, As before, the data were
corrected for pH using Equation 2.7. Log K1 and log K, were calculated to be 4.6 + 0.8

and 2.6+ 0.8, respectively.
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Figure 3.28: Titration data for the binding of Pyridine to NAc-Co'''"MP8 at 420 nm.
(25°C, 1= 1.0 M)

Table 3.6: Formation constants for NAc-Fe'''MP8, NAc-Co'"'MP8 and By 2.

Formation Constants NAc-Fe''"MP8 NAc-Co'''M P8 B12a
N-methylimidazole

log K1 417 +0.01 5.8+ 09 4.63+0.05
log K> - 3.6+ 08 -
Pyridine

log K1 2.62 46+08 1.23+0.07
log K - 26+08

Munro et al.?®® reported the log K for the reaction between N-methylimidazole with
NAc-Fe""MP8 to be 4.17 + 0.01. Marques et al.}* reported the log K for the reaction
between N- methylimidazole with aquacobalamin to be 4.63 + 0.05. These values of log
K1 for NAc-Co""MP8 with N- methylimidazole are significantly higher than those reported
for NAc-Fe'""MP8 and Biza.  Munroet al 2%® reported the log K; for the reaction between

126



pyridine with NAc-Fe'"MP8 to be 2.62. Knapton et al.??° reported the log K1 for the
reaction between pyridine with aguacobalamin to be 1.23 + 0.07. Similarly, the values of
log K1 for NAc-Co'""MP8 with pyridine are significantly higher than those reported for
NAc-Fe""MP8 and B12a.

Although log K> is not reported in the above studies, the brmation of a bis.complex is
well established in MP8 chemistry. Munro and coworkers found that in their ligand
binding studies of NAc-Fe''MP8 with pyridine ard other amines, there were multiple
equilibria observed.??® They also observed that there was a clear relationship between the
basicity of the incoming ligand (as measured by its K) and the log K for the binding of
that ligand by NAc-Fe'"MP8. Thus, the affinity of the ligand toward Fe(II1) in an iron
porphyrin paralels its affinity toward the proton. This was evident for primary amines
and pyridines. A similar observation was made by Pratt et al.?° In By, chemistry
precedents also exist for substitution of axial base by an exogenous ligand??°® Marques
and coworkers have made an outstanding contribution and have performed numerous
studies on aguacobalamin with a variety of ligands which all show that only the axial
base was replaced and that ligand substitution proceeds through a dissociative

interchange mechani gm 143146, 148-155

In Table 3.6 we see that the value of formation constants formed between the selected
ligands and NAc-Co'"M P8 are higher than those formed for NAc-Fe'''MP8 and Byza. It
has already been established that the porphyrin cavity is larger and less flexible than the
corrin cavity and that the Co(l11) ion is smaller than Fe(l11) ion.” 22 In NAc-Co''"MP8 we
have asmall Co(lll) ion in a large porphyrin cavity. This results in weaker bonds being
formed between cobalt and the porphyrin and the axial and proximal residues with the
metal centre (due to longer bond distances). This consequently leads to bis-substutution
in NAcCo'""MP8. However, in NAc-Fe''"MP8 and By, we observe only mono-
substitution, which strongly suggests that the Co(ll1)-His bond in NAc-Co''MP8 is
weaker than the same bond in By, and the Fe(l11)-His bond in NAc-Fe''"MP8. This result
is unexpected and clearly merits further, and more detailed invedigation. It was not the

principa focus of this investigation which was merely to show that investigations are
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feasible or not. Overall, itis not clear that asto whether the size of the macrocyclic cavity
and the identity of the central metal play an important role in the chemistry that occursat

the metal centre.

3.25 Kinetic Studies of the Reaction of Selected N-Donor Ligands
withNAc-Co'"'"M P8

The pseudo-first order rate constants were determined for the reaction between NAc-
Co""MP8 and N-methylimidazole (NMI) and methylamine (MeNH,) at pH 7063 and
8.011, respectively. As mentioned earlier, the pseudo-first order rate constants, Ko, Were
determined by curve fitting the absorbance versus time traces to Equation 2.8 using non-
linear least-sguares program employing a NewtonRaphson procedure. It has been well
established that the concentration of ligand in solution is dependent on the pH.
Consequently, Kkons, Values had to be converted into pH- independent rate constants using
Equation 3.2.

Keorrected = kobs(]-"']-opKa ) pH) (3.2

In the reaction between NAc-Co"' MP8 with N-methylimidazole we initially noticed that
the data obtained did not follow convention pseudo-first order kinetics; instead there was
some evidence for biphasic kinetics. Table 3.4 below shows the data obtained when
these data was fitted to Equation 2.8. The data show that there are two rate constants; we
proposed the first rate constant, ki, to bethe rate at which the first incoming ligand
displaces water and the second, ki’, to be the rate constant for another incoming ligand

which displaces the histidine to form a bis-complex.

Figure 3.29: Proposed kinetics of ligand substitutionfor NAc-Co'''MP8.
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InFigure 3.29, ke and kos1” represents the rate of formation of the outersphere complexes
and, keq and Kexa’ represents the exchange rate constants for the first and second ligand
substitution, respectively. The derivation of Equations 3.3 and 3.4 is presented in the
Appendix E

K1 = Kos1*Kex1 (3.9

k' = Kog " Kexa' (3.4)

Table3.7: Kineticsof NAcCo"'MP8 withNMI .

[NMI] /M Kiobs /ST ki/s* Kis 75" ki 7St
00503 |[ 205E04 |[ 492E-04 |[ 442E06 |[ 1OBEOS
01006 |[ 321E04 |[ 7.70E04 |[ 23805 |[ 5.74E05

020121 ][ 2.87E04 |[__689E-04 ][ 486E05 ][ 117E04
05030 |[ 193E04 |[ 463E04 |[ 274505 |[ 6.59E05
07604 |[ 260E04 |[ 6.25E-04 || 5.04E05 |[ 121E04
08048 |[ 207/E04 |[ 49804 |[ 279505 |[ 6.71E05
10060 |[ 240E04 |[ 576E04 |[ 232505 |[ 559E05

Corrected for pH using Equation 3.2

® ¥
1.2E-03 1
® kl’
8.0E-04 [
T'm ° )
~ [ ]
4 [ ° [ ]
4.0E-04
_ [ ] [ ]
0.0E+00 —— ' !
0 0.5 1
[NMI] /M

Figure 3.30: Plot of [NMI] against the observed rate constants for the

reaction with NAc-Co'"'MPS.

129




The plot of k versus [NMI] in Figure 3.30 shows that the rate at which ligand substitution
occurs is independent of the concentration of the incoming ligand within experimental

error.

The results can be explained if the mechanism proceeds through a purely dissociative
mechanism, i.e., if the rate of the reaction is controlled by the rate at which, firstly, the
water molecule dissociates from the Co'"!

from the metal. Hence, Figure 3.29 should be modified as shown in Figure 3.31.

centre and, secondly, the histidine dissociates

H3C\

OH, ‘\1
| k1 NMI

co— =——» —Co— +H,0O —> Co—
\ | \i‘ fast \ |

-
oG ?CO_
HN | |
NH

Figure 3.31: Proposed kinetics of ligand substitutionof NMI with NAc-Co'''"MP8.

This reaction depicts a dissociative mechanism (D) since there is no nucleophilic
participation of the incoming ligand in the transition state.24” 1> The second order rate
constant, kz, cannot be determined since the rate at which the reaction occurs is

independent of N-methylimidazole concentration.

Similarly, Table 3.8 below shows the two rate constants obtained when the data for the
reaction between NAc-Co'""MP8 with methylamine. The pK, of methylamine is 10.941.
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As before the ks Values had to be converted into pH-independent rate constants using

Equation 3.2.

Table 3.8: Kinetics of NA c-Co'"'"MP8with MeNH..

[M eNHz] /M k]_obS/S_l k]_ /st klobs’ /s k]_’ /s
0.501 9.79E-03 834 4.47E-02 38.09
1.001 1.56E-02 13.29 6.05E-02 51.55
1.502 2.26E-02 19.26 4.07E-01 346.82
1.753 3.27E-02 27.86 1.62E-01 138.05
2.003 2.44E-02 20.79 4.38E-01 337.24
2.253 4.78E-02 40.73 3.99E-01 340.00
2.504 3.58E-02 30.51 4.29E-01 365.57

" Corrected for pH using Equation 3.2
kq
ky'
300
<« 200 r
()
~
100
0 |
0 0.5 1 15 2 25 3
[Methylamine] / M
Figure 3.32: Plot of [MeNH,] against the observed rate constants for the

reaction with NAc-Co'''MPS.
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The plot of k versus [MeNH,] in Figure 3.32 for the rate constants, k; and k;’, are
dependent on the concentration and participation of the incoming ligand and we propose
that it involves the displacement of water and histidine residue, respectively. Thus a

dissociative interchange (14) mechanism may be operating in both cases®®

We propose
that the displacement of water and histidine by methylamine involves an interchange
mechanism (I 4), where the bond forming and bond breaking occur simultaneously, and

thus the rate of reaction becomes dependent on the concentration of the incoming ligand.

Similarly, the dopes of the above plot gave the second order rate constants, k, and k>, to
be13 + 3M* st and 177 + 51 M s, In the reaction of N-methylimidazole with NAc-
Co""MP8, we observe that the reaction is independent of ligand concentration and
therefore must proceed through a dissociative (D) mechanism. The results show that the
rate of reaction for methylamine being faster than N-methylimidazole with NAc-
Co'""MP8. These differences in rate constants may be attributed to the size of the
incoming ligands. N-methylimidazole is a secondary amine and is relatively more bulky
than methylamine which is a primary amine; therefore it is easier for methylamine to

attach to the metal centre compared to N- methylimidazole.

3.2.6 Kinetic Studies of Selected N-Donor Ligands by B12a

144 and methylamine**® with

The kinetics involving the ligand substitution of imidazole
aquacobalamin has been reported by Marques and coworkers. However, we have
decided to repeat these studies under the different conditions so as to have comparative
data that are relevant to our project. The pseudo-first order rate constants were
determined for the reaction between Bj2, with N- methylimidazole and methylamine at pH
7.063 and 7.951, respectively. Similarly, as a result of the reactions being performed at
different pH, Kkops Values had to be converted into pH-independent rate constants using

Equation 3.2. The usualy inert Co'"'

-centre is exceptionally labile and the axia water
ligand easily undergoes substitution with a variety of ligands as shown below in Figure

3.33.
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Figure 3.33: Shows schematic of ligand substitution in Byoa>

Table 3.9 below shows the calculated rate constants obtained when the data for the

reactionbetween Bj,, with N- methylimidazole were fitted to Equation 2.9.

Table 3.9: Kineticsof Biyawith NMI.

[NMI]/M Kiobs /S™ ki s
| 0.00010055 I 2.23E-03 | 5.36E-03
| 0.0001508 [ 2.54E-03 | 6.11E-03
| 2.01E04 I 2.96E-03 | 7.11E-03
| 25104 I 3.34E-03 | 8.02E-03
| 3.02E04 [ 3.70E-03 | 8.90E-03
| 352E04 I 2.935-03 | 7.03E-03
| 4.02E-04 Il 4.72E-03 | 1.13E-02
| 0.0005208 | | 5.53E-03 | | 1.33E-02
| 6.03504 [ 6.04E-03 | 1.45E-02
| 7.04E-04 [ 7.01E-03 | 1.69E-02
| 0.0008044 I 7.48E-03 | 1.80E-02
| 0.000905 [ 9.01E-03 | 2.16E-02
| 0.0010055 | 1.04E-02 | 2.50E-02
| 0.001207 [ 1.14E-02 | 2.73E-02
| 141503 I 1.28E-02 | 3.09E-02
| 1.61E03 | 1.62E-02 | 3.90E-02
| 0.00181 [ 1.68E-02 | 4.04E-02
| 0.002011 I 1.98E-02 | 4.76E-02
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Figure 3.34: Plot of [NMI] against the observed rate constants for the
reaction with By2,.

The dope of the plot of k; versus [NMI] in Figure 3.34 shows that the rate at which
ligand substitution occurs is dependant on the concentration of the incoming ligand. We
propose that it involves the displacement of water and that a dissociative interchange (lg)
mechanism may be operating®® The second order rate constant, ks, for the reaction
between N-methylimidazole and B1,,is21.82 + 0.53M ™ s!. However, Marqueset al.***
reported a second order rate constant, k», for the same reaction to be 16.6 + 0.3 Mt s,
Marques et al.}** used KCI as an electrolyte and this would have formed a more inert

chloro-Bj 2, complex which would account for the lower value obtained.
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Table 3.10 below shows the calculated rate constants obtained when the data for the

reaction between Bj,, with methylamine were fitted to Equation 2.9.

Table 3.10: Kinetics of B1oa withMeHH .

[MeNH,]/ M Kioms /S ™ ki/st
0.2505 7.24E-01 7.08E+02
0.5010 5 54E-01 5 40E+02
0.7515 1.03E+00 1.01E+03
12525 1.70E+00 167E+03
1.5030 184E+00 1.80E+03
1.7535 2.18E+00 2.13E+03
2.0040 2 21E+00 2.16E+03
22545 2.86E+00 2.79E+03
2.5050 2.93E+00 2.86E+03
3000

2000

ki/s*

1000

0 0.5 1 1.5 2 2.5
[MeNH,] /M

Figure 3.35: Plot of [MeNH;] against the observed rate constants for the

reactionwith B;2s.
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The dope of the plot of k; versus [MeNH;] in Figure 3.34 shows that the rate at which
ligand substitution occurs is dependart on the concentration of the incoming ligand.
Similarly, we propose that it involves the displacement of water and that a dissociative
interchange (14) mechanism may be operating.™®® The second order rate constant, k, for
the reaction between methylamine and By, is 1.052 + 0.071 x 10° M s®. In asimilar
study Marques et al .24

0.927 + 0.0022.

reported the second order rate constant for the same reaction to be

Table 3.11: Second order rate constants of NAc-Co'"'MP8 and B12a.

Ligand Second order rate Second order rate
constant for constant for
NAc-Co''MP8/M st Biza/M™ts?t
NM I - ko =16.6 (a)

- ko =21.82 + 0.53

MeNH; ko= 1.32 + 0.3 x 10° ko = 9.27 x 107 (b)

ko' =177 + 51 k> = 1.052 + 0.071 x10°

a — data obtained from reference 144
b — data obtained from reference 146

Table 3.11 shows that in the reaction of NAc-Cad''MP8 with N-methylimidazole and
methylamine, two ligand substitutions are observed. In both reactions, we propose that
the first rate constant is due to the substitution of the axial water molecule and the second
due to the substitution of the proximal histidine residue giving rise to the formation of a
bis-complex. Also when comparing the second order rate constants of both ligands with
NAc-Co""MP8, we observe that the rate of substitution of methylamine is significantly
faster than N-methylimidazole. This may be attributed to the relative size of the ligands

as mentioned earlier. In addition, the reaction of NAc-Fée''"MP8 with N-methylimidazole

is independent of ligand concentration which suggests a dissociative mechanism While
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the reaction of NAc-Fe'"MP8 with methylamine the rate of ligand substitution is

dependant on ligand concentration (suggests |, mechanism).

Although the observed reaction rates of Bjoq With N-methylimidazole compare very well
with literature, the observed reaction rate of Biza with methylamine do not. The results
show that the rate of the reaction between NAc-Co'"'MP8 and Biza with N-
methylimidazole and methylamine are significantly different. Overall it is clear that the
solution chemistry of NAc-Co'""MP8 is complex and does not mimic the chemistry of
NAc-Fe'""MP8 nor B;,, due to bisubstitution of the cobalt centre.
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Chapter 4 Conclusions and Future Work

4.1 Conclusons

4.1.1 Thesynthesis and characterisation of productsleading to the
formation of NAc-Co'''M P8

In this project we synthesised NAc-Co''"MP8 in an attempt to develop a model system to
probe the chemistry of vitamin Bya. All products formed during the synthesis of NAc-
Co"'"MP8 were characterised using HPLC, UV-vis spectroscopy and FAB-MS with good
results, where appropriate, that compared well with literature values

We used the procedure developed by Munro and Marques with some modifications to
synthesise Fe''"MP8.1®° The synthesis of Fe'''MP8 was successfully performed in 55 %
yield. The removal of the central F€'' ion from Fe''MP8 was successfully accomplished
by a process known as reductive demetalation.”” MP8 free base was successfully
synthesised in 73 % yield. The MP8 free base was further analysed using luminescence
spectroscopy and characteristic triplet-triplet absorption band was observed on the
emission spectrum  This provided further evidence that the reductive demetalation
procedure was successful. Co'"' was successfully inserted into the empty porphyrin
cavity of the MP8 free base using a procedure which was also adopted from the report by
Primus and coworkers.”® Co'""MP8 was synthesised in 69 % yield. Co"'MP8 was further
analysed using luminescence spectroscopy, however, the characteristic triplet-triplet
absorption band was not observed on the emission spectrum The quenching of the
triplet-triplet absorption band provided more evidence that remetalation was successful.
Finally, aetylation of Co'"
Munro and Marques.'® NAc-Co""MP8 was synthesised in 58 % yield. Evenif the
acetylation step was done very early in the study, better yields would not have been
obtained, since this would acetylate the nitrogen of the histidine residue instead of Cys-14
residue. The overal yield from Fe'''M P8 to was calculated to be 29 %.

MP8 was carried out according to methods developed by
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4.1.2 Solution Chemistry of NAc-Co''"M P8

We have used UV-vis spectroscopy to fully characterise the solution chemistry of
monomeric NAc-Co"'MP8 over the pH range. Beer's law studies showsthat NAc-
Ca"'MP8 remains monomeric in agueous solution up to concentrations of at least 35 uM.
The extinction coefficient, e, of NAcCo''"MP8 (pH 7.00, 25 °C) in distilled water and 1.0
M NaClO 4 was 1.80 + 0.01 x 10° M cmi* and 1.66 + 0.01 x 10° M cm®, respectively.

The spectroscopic changes observed for NAc-Co""MP8 during the course of
spectrophotometric titration are very similar to those observed for NAc-Fe''"MP8 % with
both being consistent with six successive ionisations. At pH <1.5, we propose that
NAcCo"'MP8 exists as a six-coordinate diagua complex. By analogy with NAc-
Fe'''MP8, we attribute the first (pK1 = 2.0 + 0.3) involves coordination of the c-terminal
carboxylate group (Glu-21) of the appended polypeptide. The second acid range
transition (pKz = 2.8 + 0.1) for NAcCo'"'MP8 probably involves the deprotonation of the
cationic His-18 and concomitant replacement of the c-terminal carboxylate by the neutral
heterocyclic base. We have assigned (K3 (3.9 + 0.03) to the ionisation of one of the
haem propanoic acid groups. The second haem propanoic acid group is assigned to the
ionization with pK4 = 7.47 + 0.03 and pK5 (9.19 + 0.04) was assigned to the ionisation of
the cobat-bound water molecule. Findly, we attribute pKs (12.07 + 0.03) to the
ionisation of the coordinated histidine trans to the OH" to form the histidinate complex
(His-Co"-OH").

To further delineate the solution chemistry of NAc-Co"'MP8, its reaction with selected
N-donor ligands was studied by monitoring the dependence of the absorbance at the Soret
wavelength on the added ligand concentration. The formation constants between NAc-
Co""MP8 and N-methylimidazole and pyridine were determined successfully. When
comparing the formation constants of NAc-Fe'"MP8, NAc-Cd"MP8 and B2, we found
that the value of log K; for NAc-Co'"'"MP8 is significantly higher than that reported for
NAc-F€'"MP8 and B2, In addition, we observed the formation of a bisubstituted
complex in the reaction of NAc-Co'""MP8 with the selected N-donor ligands, and only
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mono-substituted with NAc-Fe''"MP8 and Bi,,.  This strongly suggests that the Co(l11)-
His bond in NAc-Co'""MP8 is weaker than the same bond in B12, and the Fe(l11)-His bond
inNAc-Fe'''MP8.

In the reaction between NAc-Co''"MP8 with N-methylimidazole and methylamine we
initially noticed that the data obtained did mot follow convention pseudo-first order
Kinetics; instead there was some evidence for biphasic kinetics. In the reaction of N-

methylimidazole with NAc-Co""!

MP8, the results can be explained if the mechanism
proceeds through a purely dissociative mechanism i.e., if the rate of the reaction is
controlled by the rate a which, firstly, the water molecule dissociates from the Cd"
centre and, secondly, the histidine dissociates from the metal. The second order rate
constant, ky, cannot be determined since the rate of reaction is independent of N-
methylimidazole concentration. In the reaction of methylamine with NAc-Co'''"MP8, the
rate constants are dependent on the concentration and participation of the incoming
ligand and we propose that it involves the displacement of water and histidine residue,
respectively. The results suggest that a dissociative interchange (Iy) mechanism may be
operating.*®> We propose that the displacement of water and histidine by methylamine
involves an interchange mechanism (l4), where the bond forming and bond breaking
occur simultaneously, and thus the rate of reaction becomes dependant on the

concentration of the incoming ligand.

Overall, the results show that the rate of reaction for methylamine with NAc-Co''MP8
being faster than N-methylimidazole. As mentioned earlier, hese differences in rate
constants may be attributed to the size of the incoming ligands. The rate of reaction of
B12a With N-methylimidazole and methylamine was also determined. Although the
observed reection rates of Biza with N-methylimidazole compare very well with
literature, the observed reaction rate of Bz, With methylamine do not. The results show
that the rate of the reaction between NAc-Co'"'MP8 and By, with methylamine is

significantly different.
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The results obtained from the Beer's law studies and pK, determinations of NAc-
Co""MP8 are in excellent agreement with similar studies performed with NAc-Fe''MP8.
However, it is clear that the ligand substitution and kinetic studies of NAc-Co'''MP8is
complicated due to the formation of a bis-complex. The results presented in this work
11

do give a generd indication on how thermodynamicaly stable a Co" ion is in a

porphyrin ring and also to a very limited extent show that a porphyrin does not confer the

same kinetic lability on the Co'" ion as the corrin ring.

4.2 Future Work

This work is sets the foundation for future endevours where much more in depth studies
of thermodynamics of ligand coordination, kinetics of substitution processes, molecular
modeling, reduction and self-exchange reactions, catalytic studies and various other
studies on the solution chemistry of N-Ac-Co(I11)MP8 can be unraveled.
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Appendices

Appendix A: HPLC Data

Table Al: HPLC analysisof MP8in pH 7.00 buffer at | = 397nm

Peak No. Area % RT Area BC

1 95 6.45 217600 01

2 5 6.15 11453 0.1
Total 100 229053

Table A2: HPLC analysis of MP8 free base in pH 7.00 buffer at | =403nm

Peak No. Area % RT Area BC

1 1.689 4.63 1389 0.1

2 3.525 5.38 2899 02

3 9.235 5.64 7595 02

4 80.592 5.99 66279 02

5 4.959 6.49 4078 03
Tota 100 82240

Table A3: HPLC analysis of Co(I11)MP8 in pH 7.00 buffer at | = 403nm

Peak No. Area % RT Area BC

1 79.268 6.82 52448 02

2 0.484 743 6275 02

3 11.248 8.42 7442 03
Total 100 66165




Table A4: HPLC analysisof N-Ac-Co(ll1)MP8in pH 7.00 buffer at | = 397nm
Peak No. Area% RT Area BC

1 1.844 521 1678 07

2 4.249 5.47 3867 02

3 66.103 5.99 60164 03

4 26.618 6.59 24226 01

5 1.187 7.05 1080 01

Total I 100 I 91015 || |

Appendix B: FAB-M S Data

FAB-M S for MP8

Intensity (%age)

100

SCAN GRAPH. Flagging=Low Resolution M/z.

Scan 5#0:40. Entries=1142. Base M/z=154. 100% Int.=1.52768. FAB. POS.

90+

80—

70—

60—

404

30—

154
—

200

400 600

800 1000
Low Resolution M/z

1200 1400

1600

1800 2000

Figure B1l: FAB-MS spectra of MP8 sample and matrice.
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Comparison between "CA\MASPEC\Data\DEN N Ac Co(lll) MP8 PREPY(2) LRFAB.ms2" and "C\MASPEC\DataNBA 050204 LRFAB.ms2"
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Figure B2: FAB-MS spectra of sample with matrice subtracted (bottom spectra).
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SCAN GRAPH. Flagging=Low Resolution M/z.
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Figure B3: Isotopic distribution of sample.
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Figure B4: Theoretical isotopic distribution of sample.
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FAB-M Sfor MP8 Free Base
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Figure B6: FAB-MS spectra of MP8 free base sample and matrice.
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Figure B7: FAB-MS spectra of MP8 free base sample and matrice (enlarged view).
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Figure B8: FAB-MS spectra of MP8 free base sample with matrice subtracted
(bottom spectra).
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FAB-M Sfor Co(l11)MP8
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Figure B8: Fab spectra of sample and matrice.
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SCAN GRAPH. Flagging=Low Resolution M/z.
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Figure B9: Fab spectra of sample with matrice subtracted(bottom spectra).
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Figure B10: Isotopic distribution of sample.
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Figure B11: Theoretical isotopic distribution of sample.

162



FAB-MSfor NAc-Co'"'-M P8

SCAN GRAPH. Flagging=Low Resolution M/z.
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Figure B13: Fab spectra of sample with matrice sub tracted(bottom spectra).
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SCAN GRAPH. Flagging=Low Resolution M/z.
__Scan 12#1:35. Entries=1173. Base M/z=154.1. 100% Int.=1.52064. FAB. POS.
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Figure B14: Isotopic distribution of sample.
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Figure B15: Theoretical isotopic distribution of sample.
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Appendix C: Beer’sLaw Data

Table C1: Absorbance measurements for varying concentrations of NAcColll-MP8 in

distilled water.

Absorbance at 420 nm

Concentration / M

| |
| 0 || 0 |
| 0.0829 || 5.49E-07 |
| 0.1724 \ 1.09E-06 |
| 0.2534 | 1.63E-06 |
| 0.3404 | 2.15E-06 |
| 0.4226 [| 2.68E-06 |
| 0.5059 || 3.19E-06 |
| 0.589 || 3.7E-06 |
| 0.6703 || 4.21E-06 |
| 0.8379 || 5.2E06 |
| 1.0036 || 6.16E-06 |
| 1.1656 [| 7.11E-06 |
| 1.326 || 8.03E-06 |
| 1.5058 | 8.93E-06 |
| 1.6513 || 9.81E-06 |
| 1.7957 || 1.07E-05 |
| 1.9357 || 1.15E-05 |
| 1.733621 || 1.15E-05 |
| 2.057759 [l 1.34E-05 |
| 2.37931 [| 1.52E-05 |
| 2.707759 [| 1.69E-05 |
| 3.041379 [| 1.85E-05 |
| 3.389655 | 2.01E-05 |
| 3.681897 | 2.15E-05 |
| 4.127586 || 2.43E-05 |
| 4.739655 || 2.69E-05 |
| 5.156897 [| 2.92E-05 |
| 5.500862 | 3.14E-05 |
| 5.983621 | 3.35E-05 |
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Table C2: Absorbance measurements for varying concentrations of NAcColll-MP8 in

1.0 M NaClOa,.

Absorbance at 420 nm

Concentration / M

| |
| 0 | 0 |
| 0.0828 I 5.49E-07 |
| 0.1684 I 1.09E-06 |
| 0.0468 I 163E-06 |
| 0.3336 I 2.15E-06 |
| 0.4152 | 2.68E-06 |
| 0.4889 I 3.19E-06 |
| 0.5671 I 3.7E-06 |
| 0.6413 I 4.21E-06 |
| 0.81 I 5.2E06 |
| 0.9681 I 6.16E-06 |
| 1123 I 7.11E-06 |
| 1.2739 I 8.03E-06 |
| 14251 I 8.93E-06 |
| 15367 I 9.81E-06 |
| 17113 | 1.07E-05 |
| 1.8456 I 1.15E-05 |
| 1606034 I T15E-05 |
| 1928448 I 134E-05 |
| 2006724 I 152E-05 |
| 2567241 I 1.69E-05 |
| 2.891379 I 1.85E-05 |
| 3.114655 I 2.01E-05 |
| 3.469828 I 2.15E-05 |
| 4086207 I 2.43E-05 |
| 4612931 I 2.69E-05 |
| 4.768966 I 2.92E-05 |
| 5.026724 I 3.14E-05 |
| 5499138 I 3.35E-05 |
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Appendix D: Spectroscopic pK, Data
Table D1: Spectroscopic K Data in Acidic Region

| pH | Absorbance [l pH || Absorbance |
| 2.05 I 0.698 [ 486 |[ 0538 |
| 2.105 l 0.6998 [ 4,982 [ 05325 |
| 2.187 I 0.7024 | 5111 [ 05283 |
| 2.22 I 0.7035 | 5243 || os2r5 |
| 2.314 I 0.7045 [l 5.332 | 05245 |
| 2.404 | 0.7031 I 5.466 [ 05265 |
| 251 | 0.6981 I 5.614 I 0528 |
| 2,576 I 0.6979 \ 5.751 [ 05298 |
| 2.652 I 0.6949 Il 5846  |[ 0535 |
| 2.706 I 0.6933 || || |
| 2.805 [| 0.6899 [ [ |
| 2.9 | 0.6824 || || |
| 3 | 06749 | | |
| 314 I 0.665 || || |
| 0658 | | |
| 3.364 I 0.6472 [ [ |
[ sa 06411 | | |
| 3.532 [l 0.635 [ [ |
| 3.587 I 0.627 || || |
| 3.644 I 0.615 || || |
| 3.755 I 0.6101 [ [ |
| 3.827 I 0.6046 [ [ |
| 3.931 I 0.5965 [ [ |
| 4.024 I 0.5865 || || |
| 4.218 | 0.578 || || |
| 4.411 I 0.5672 [ [ |
| 4.529 I 0.5501 [ [ |
| 4.646 | 0548 | | |
| 4,762 I 0.5448 || || |
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Table D2: Spectroscopic K, Data in Basic Region

| pH I Absorbance [ pH || Absorbance |
| 5.49 I 0.937 [ 8434 |[ 10639 |
| 5,573 1 0.9377 || 8504 || 10667 |
| 5.655 | 0.9384 [ 8574 |[ 10695 |
| 5.725 I 0.9403 [l 8645  |[ 10724 |
| 5.795 I 0.9431 | 8742 || 10771 |
| 5.933 I 0.9444 | 8838 |[ 1085 |
| 6.07 I 0.0456 [ 8935 || 1093% |
| 6.142 | 0.9445 1 903 |[ 11027 |
| 6.214 I 0.9433 [l 9.142 | 11128 |
| 6.3 I 0.9422 [ 9254 |[ 11198 |
| 6.395 I 0.9451 [ 9326 |[ 11239 |
| 6.504 1 0.948 [ 9398 |[ 11279 |
| 6.591 | 0.9504 || | |
| 6.678 I 0.9528 [l I |
| 6.766 I 0.9561 I I |
| 6.901 i 0.9641 [| || |
| 7.036 I 0973 1 1 |
| 7.139 I 0.9775 I I |
| 7.322 I 0.987 || || |
| 7.402 I 0.992 [| || |
| 7.481 ” 0.9971 | | | | |
| 7.564 I 1.005 | | |
| 7.647 I 1.0129 [ [ |
| 7.739 [| 1.0207 [ [ |
| 7.914 I 1.0339 [ [ |
| 8.003 l 1.0441 [| [| |
| 8.117 I 1.0499 | | |
| 8.231 I 1.0557 [ [ |
| 8.333 I 1.0598 || || |
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Table D2: Spectroscopic K, Data in Basic Region with Pyridine

| pH I Absorbance [ pH || Absorbance |
| 5.958 I 0.972 [ 9945 |[ 11989 |
| 6.101 1 0.9993 ||| 10135 || 12021 |
| 6.2 | 0.9929 [ 1035 |[ 12052 |
| 6.304 I 0.9892 | 10504  |[ 12056 |
| 6.41 I 0.9853 [ 10688 || 1206 |
| 6.515 I 0.9874 [ 1085 |[ 119 |
| 6.61 I 0.9913 [ 11027 | 11919 |
| 6.717 I 0.9957 | 12229 |[ 11805 |
| 6.826 I 1.0036 [ 11431 | 1169 |
| 6.9 I 1.0099 | 1587 |[ 11516 |
| 7.01 I 10162 [ @743 || 11342 |
| 7.176 1 10226 | 18’ [ 11219 |
| 7.306 | 1.0336 1 1 |
| 7.435 I 1.0473 || || |
| 7.575 I 1.0548 || || |
| 7.715 I 1.0623 1 1 |
| 7.856 I 10715 1 1 |
| 7.929 I 10827 I I |
| 8.002 I 1.0926 || || |
| 8.289 I 1.114 [| [| |
| 8.576 l 1.1348 [| [| |
| 8.722 | 1.1436 [l [l |
| 8.868 I 1.1524 [ [ |
| 9.014 [| 1.1611 [ [ |
| 9.123 I 11714 [ [ |
| 9.239 ” 1.1745 | | | | |
| 9.356 | 1.1/81 |1 1 |
| 9.548 I 1.185 || | |
| 9.741 I 1.1919 || || |
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Appendix E: Derivation of Rate Constant Equation

K
A ké B =
K1
dc
——— = kelB]
dD

Steady state on [B] :-
ki[A] = k4[B] + ke[ B]
= [Bl(k1 * Kex)

Therefore, [B] = Kk[A]
k_l + kex

It followsthat,

= Keka[A]

k_l + kex
Now usually kg, << k_;

Therefore,

= keka[A]
k.1
= kexKl[A]

dD

Therefor g, Kgps = KeK1 (0r KogiKext)

170



171



