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Re-engineering of a Haem Protein: A Spectroscopic and
Functional Analysis of Leghaemoglobin

Neesha Patel

Abstract

Site directed mutagenic replacement, of key active site residues, in recombinant
leghaemoglobin (rLb) has been performed to probe structure/function relationships in this and
other haem proteins.

The role of the active site residues, in nicotinate binding was investigated.
Replacement of the tyrosine 30 and histidine 61 residues with alanine, essentially removing
the hydrogen-bond stabilisation to the haem-bound nicotinate, resulted in a ~ 20-fold decrease
in affinity for nicotinate. A pH-dependent nicotinate binding study was also conducted on rLb
(pK. of 5.2) and Glu63Leu (pH-independent), using electronic (through determination of Kys)
and NMR spectroscopy, and identified glutamate 63 as the residue regulating nicotinate
binding under acidic conditions.

A His61Ala variant was constructed to determine the origin of the low-spin haem
species evident in leghaemoglobin. The absence of the low-spin signals in the variant, as
determined using a range of spectroscopic techniques, confirmed the origin of the low-spin
haem species as arising from coordination of the mobile His61 residue to the haem.

The mobility of the His61 residue was further exploited to incorporate new haem axial
ligation into rLb. Spectroscopic analysis (using electronic absorption, MCD and EPR
spectroscopy) of the His61Tyr and His61Lys variants confirmed haem ligation of the new
amino acids and revealed similar spectroscopic characteristics to other haem proteins
containing similar haem ligation. Characterisation of the His61Arg variant revealed bis-
nitrogenous haem ligation, however, only a tentative assignment for the haem axial ligation
could be made.

New reactivity was incorporated by replacement of His61 with alanine. The His61Ala
variant exhibited haem oxygenase reactivity, as evidenced (using a combination of electronic
absorption, HPLC and MS techniques) by the degradation of haem to Fe(Ill)-biliverdin, via
the Fe(II)-O, and unstable verdohaem intermediates, in the presence of a reducing agent
(ascorbate). However, the haem degradation of His61Ala proceeded with non-
regiospecificity, in contrast to the a-regiospecificity observed for HO and Mb.
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Chapter 1: Introduction

1  Structure/Function Relationship in Haem Proteins: An
Introduction to Leghaemoglobin

1.1 The Role of Metal Ions in Biological Systems

Nature uses metal ions extensively in functional as well as structural roles within a
protein. In biological systems, metal ions are of crucial importance in a range of reactions.
Iron has been selected in molecular evolution to carry out a wide range of biological functions
due to its rich and subtle chemical properties and also because of its abundance in the earth’s
crust. In appropriately tailored macromolecular environments, iron is responsible for the
transport of oxygen (haemoglobin, myoglobin and haemerythrin), the activation of molecular
oxygen (oxygenases, peroxidases, monoxygenases and oxidases) and for electron transport
(cytochromes and iron-sulphur proteins). In addition, because of the tendency of iron to
hydrolyse and precipitate in aqueous solution, special molecules have been designed for its
transport (ferrichromes and transferrin) and storage (ferritin).

There are two major factors that control the properties of iron and other metal ions in
biological systems: (a) the structure of the metal centre, including the geometry and structure
of the metal complex and the nature of the ligands attached to the metal and (b) the
environment of the metal complex, including the polarity of the immediate surroundings and
steric constraints on the accessibility of substrates to the metal and of the metal to the solvent.
In order to partially address how these factors can influence the reactivity at a metal centre,
this Chapter focuses on the diverse reactions displayed by haem-containing proteins.
Accordingly, the following section will give an introduction to the haem macromolecular
structure followed by a brief overview of the diverse range of reactivities exhibited by haem

proteins and the factors believed to govern their particular function.

1.2 Haem Prosthetic Group

The majority of haem proteins (haemoglobins, myoglobins, catalase, most
peroxidases, the b-type cytochromes and the cytochromes P450) contain the same prosthetic
group at their active site, namely that of an iron protoporphyrin IX, Figure 1.1(A). This group,
also known as haem b, can be described as a partially unsaturated tetradentate macrocyclic
ligand, which in its deprotonated form can bind to metal ions. In this thesis, the term ‘haem’

will be used tq describe iron protoporphyrin IX. The haem group consists of an organic
2



Chapter 1: Introduction

component and an iron atom. The organic component, protoporphyrin, is made up of four
pyrrole rings linked by methene bridges to form the tetrapyrrole ring. Four methyl (at
positions 1, 3, 5 and 8), two vinyl (at positions 2 and 4) and two propionate side chains (at
positions 6 and 7) are attached, Figure 1.1(B). The iron atom binds to the four pyrrole
nitrogens in the centre of the protoporphyrin ring, giving rise to a square planar structure; the
net charge on the haem with four coordinate iron (IIl) is +1, Figure 1.1(A). The iron can form
two additional bonds, one on either side of the haem plane and are termed as fifth (or
proximal) and sixth (or distal) coordination sites, Figure 1.2. The nature of coordination at
these sites varies between haem proteins, although in many cases the proximal ligand is
histidine.

Modifications to the basic porphyrin structure, Figure 1.1(B), are also known,
however.[1} For example cytochrome ¢ oxidase, which is responsible for the reduction of
oxygen to water during the terminal electron transfer step in mitochondrial respiratory chains,
contains a haem a prosthetic group, Figure 1.1(C). This haem group has a
hydroxyethylfarnesyl side chain at position 2 and a formyl group at position 8 of the
porphyrin ring. Cytochromes c, the electron transfer proteins, contain a type ¢ haem group,
Figure 1.1(D), in which the porphyrin is covalently linked to the surrounding protein matrix
via two thioether linkages at positions 2 and 4. A final example is the haem d; group, Figure
1.1(E), which is present in cytochrome cd; nitrite reductase, a bifunctional enzyme that
catalyses both the one electron reduction of nitrite to nitric oxide and four electron reduction
of oxygen to water. This haem group has two acetate groups at positions 1 and 3 and two
carbonyl groups at positions 2 and 4 of the porphyrin ring.

As is evident from the above discussion, the haem complex is clearly one of the most
versatile redox centres in biology[2] and is a ubiquitous prosthetic group found in many haem
proteins and enzymes. However, although these proteins share a common or very similar
porphyrin structure, they display a very wide range of biological functions, which will be
highlighted in the following section.
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HOOC COOH HOOC COOH
(A) (B)
CH(OH)
HOOC COOH HOOC COOH
©) (D)
HOOC COOH

HOOC COOH
(E)

Figure 1.1. The structures of (A) iron protoporphyrin IX, as found in the cytochromes b,
globins, monooxygenases and some peroxidases, (B) protoporphyrin IX, (C) haem a, where
R = [(CH22CH=C(CH3)]3CH3, found in cytochrome ¢ oxidase, (D) haem ¢, as found in the

cytochromes ¢, and (E) haem d\, as found in cytochrome cd\ nitrite reductase.
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Figure 1.2. Schematic haem pocket architecture. The block lines represent the haem moiety
(viewed along the haem plane). The axial ligands X and Y refer to the distal and proximal

sites, respectively.

1.3 Haem Proteins

Haem proteins are amongst the most ancient metalloproteins known in biochemistry.
They are contained and utilised in almost all living cells, both prokaryotic and eukaryotic, and
encompass a wide range of biological functions, most of which have been reviewed fairly
extensively.[3-71

Broadly, these different biological functions can be grouped into three categories
(Table 1.1). The first group consists of proteins that serve as electron carriers, which comprise
the cytochrome family found in the respiratory electron transport chains.[6] The second group
consists of redox enzymes, examples of which are the cytochrome P450s, which act as
monooxygenases, inserting an oxygen atom into aromatic and aliphatic substrates,[8: 91 and the
peroxidase enzymes, which are present to prevent accumulation of harmful peroxides in the
celL.l10] The third group involves proteins that are capable of oxygen storage and transport,
myoglobin and haemoglobin, being the most well-known and well-characterised examples of
this group.[!1l Both the reduction-oxidation properties and coordination chemistry of the
porphyrin iron — which themselves are controlled by a number of variables imposed upon the
molecule by the surrounding protein structure — can influence the function of the

metalloprotein. The various functions of some haem proteins are outlined in Table 1.1.
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Table 1.1.

The diversity of haem protein structure and function

Protein Coordination Coordinating Function
Number Ligand(s) (X/Y)
Cytochrome ¢ 6 His/Met Electron transfer
Cytochrome P450 6 H,0/Cys Monooxygenase
Cytochrome ¢ 5 -/His Peroxidase
peroxidase
Haemoglobin 6 H,O/His Oxygen binding
Myoglobin 6 H,O/His Oxygen storage

The flexibility in function, more than likely, arises from a combination of differences
in both the polypeptide and haem constituents of the various haem proteins. Cytochromes,
mostly found in the respiratory pathways, act as one-electron carrier proteins by shuttling
between iron (II) and iron (III) at their active site.[5 121 These haem proteins, which are
involved in such simple electron transfer reactions, need to avoid substantial reorganisation at
the haem iron upon electron transfer and, as a consequence, are predominantly six-coordinate.
The ligation of two strong ligands at the proximal and distal sites, Figure 1.2, of the haem iron
results in a low-spin species being maintained in both oxidation states. In contrast, the
availability of a coordination site to bind exogenous ligands is important for haem proteins
that bind or are activated by oxygen. The haem iron of the P450 haem enzymes, which act as
monooxygenases by using dioxygen (via oxygen insertion) to catalyse aromatic and aliphatic
hydroxylations,[8: 91 possess weakly ligated ligands at the sixth site that can be easily replaced
with substrates. The haem group of peroxidases is known to have a vacant sixth site and
therefore can easily bind substrates such as peroxides. Peroxidases are able to reduce
peroxides and, as a consequence, are utilised to prevent the accumulation of potentially toxic
H,0; in cells.l[6]l Haemoglobin and myoglobin also contain haem with weakly ligated sixth
coordination site so that other exogenous ligands, such as oxygen, can easily bind to the
haem. Hence, haemoglobin and myoglobin are able to maintain a balanced supply of oxygen
by functioning as oxygen transport and binding proteins.[!!]

Identification of the ways in which protein structure is able to modulate the chemistry

of the haem (or any other) prosthetic group is one of the most significant challenges in bio-
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inorganic chemistry. The acquisition of such fundamental knowledge is of more than
academic interest: it is central to developing our understanding of the way proteins operate
and ought to establish a firm foundation upon which the rational design of new enzymes and
proteins for potential industrial or medical uses can be based. Accordingly, given the diversity
in function that is displayed by haem proteins, an understanding of the mechanism by which
the chemical reactivity of the haem iron is controlled by the polypeptide structure of haem
protein is of tremendous importance to the advancement of our current ideas on structure-
function relationships. The availability of crystallographic data for these haem proteins makes
them highly attractive targets in this context as the availability of recombinant DNA
technology has revolutionised the way in which haem structure/function studies in general are
conducted. Hence, it is now possible to introduce systematic perturbations into the protein
architecture by site-directed mutagenesis which, when combined with detailed structural,
spectroscopic and functional analysis, can provide very specific information on the role of
individual residues. In addition, it has been possible to introduce structural and functional
aspects of one haem protein into another, which further assists towards rationalising
structure/function relationships that exist between the different classes of haem proteins.[13]
The following sections aim to summarise how the versatility in function of different
haem proteins is made possible. A brief introduction to the different classes of haem proteins
and the fundamental issues that govern protein function - haem axial ligation (cytochromes,
globins and peroxidases) and haem environment (peroxidases and globins) will be outlined.
The main focus of the rest of this Chapter will be based on leghaemoglobin, the haem protein

extensively investigated in this thesis.

1.4 Electron Transfer Haem Proteins

The ability of a variety of proteins to undergo reversible oxidation-reduction is
especially important in photosynthesis and respiration. The ability of proteins (and other
electron transfer systems in general) to carry out electron transfer reactions is dependent on a
number of factors. First, the distance between redox centres during the transfer process and
the nature of the intervening medium, i.e. whether the electron travels through bond or
through space, is vitally important. Second, the rates of electron transfer within physiological
systems are influenced by the differences in reduction (mid-point) potential between the

electron donor and acceptor. This factor contributes to the driving force for the reaction. In
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addition, the re-organisation energy associated within the protein also affects the efficiency of
electron transfer.

Haem groups are ideally suited for electron transfer reactions. The use of the extended
porphyrin ©-system allows delocalisation of the electron/electrons over an extended area. This
minimises the re-ordering of the local atomic structure and the surrounding environment when
the electron transfer occurs. Cytochromes, one of the electron transfer haem proteins found in
Nature, capitalise on these advantages by minimising the required re-organisation energy
associated with the electron transfer within the rigid hydrophobic haem environment. The
protein achieves this through its six-coordinate, low-spin haem for cytochrome ¢, methionine
and histidine act as the fifth and sixth ligands, respectively, Figure 1.3, which are
encapsulated within a hydrophobic pocket.[14] Therefore, delocalisation of the electron can be
easily achieved over the porphyrin ring m-system. Cytochromes possess a wide range of
properties and function in a large number of different redox processes.[15. 161 Four classes of
cytochrome ¢ have been recognised.[!7] Class I includes low-spin soluble cytochrome ¢ of
mitochondria and bacteria. Class II[18] includes high-spin cytochrome ¢ and a number of low-
spin cytochromes, e.g. cytochrome css¢. Class III[19 comprises the low redox potential
multihaem cytochromes: cytochrome c¢; (trihaem), c3 (tetrahaem) and high molecular weight
cytochrome ¢ (HMC; hexadecahaem). Class IV includes flavocytochrome ¢ and cytochrome
cd,.

As mentioned above, the reduction potential of electron donor and electron acceptors
influence the rate of electron transfer. The reduction potential of the haem can be modulated
over a wide range (-400 to +400 mV) by the surrounding protein environment. Site-directed
mutagenesis has facilitated quantification of the effect that haem-iron ligation has upon haem
protein reduction potentials.[13- 20-23] Factors that are known to also affect reduction potential
include orientation of the haem,[24] the identity of the haem ligands,[25] the orientation of the
haem vinyl groups[26] and hydrogen bonding to the proximal and distal ligands.[27. 28]
Unfortunately, the isolation of only one of these variables, whilst keeping all others constant,
has proved to be quite difficult. As a result, the exact structural factors controlling reduction

potential are still not clearly defined.
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Met80

Figure 1.3. The structure of yeast cytochrome c.l114 The haem group is shown in orange
together with the cysteine thiolate linkages to the vinyl groups and the methionine (Met80)

and histidine (His 18) axial ligands are indicated.

1.5 Monooxygenases

Haem-containing monooxygenases!8! activate molecular oxygen and catalyse the
incorporation of one of the two oxygen atoms of an O: molecule into a broad variety of
substrates with concomitant reduction of the other oxygen by two electrons to water,!29” 3°1

Equation [1.1].

SH + 02+ 2e H2H+ P> S(O)H+H

A well-known example of this group of haem proteins are the cytochrome P450s,131°
321 which have been isolated from numerous mammalian tissues, insects, plants, yeasts and
bacteria.!33] The reactive site of cytochrome P450 is remarkably simple, containing only haem

b with cysteine as the fifth ligand, leaving the sixth coordination site to bind and activate
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molecular oxygen, Figure 1.4. The haem environment consists mainly of hydrophobic protein
residues and a single threonine hydroxyl group, which is essential for catalysis for some but
not all cytochrome P450s. Activation of O, requires electrons that are transferred to the
enzyme by electron transfer proteins and insertion of one of the oxygen atoms necessitates
that the substrate to be bound within the vicinity of the haem iron.

The catalytic reaction cycle of cytochrome P450, Scheme 1.1,[30. 34] involves: (a)
binding of the substrate to the haem iron which is associated with a change in the haem-iron
reduction potential (from —270 mV to —170 mV)B5] and reduction of the haem from the ferric
to the ferrous state; (b) binding of molecular oxygen to generate the dioxygen complex; (c)
transfer of a second electron to this complex to give a peroxoiron(IIl) complex; (d)
protonation and cleavage of the O-O bond with concurrent incorporation of the distal oxygen
atom into a molecule of water and the formation of a reactive iron-oxo species;[36: 371 (e)
oxygen atom transfer from this oxo complex to the bound substrate; and (f) dissociation of the
product.

The influence of the proximal thiolate ligand of cytochrome P450 on the haem-iron
chemistry has been examined in a number of ways.[8: 13] Comparisons between the anionic
ligand binding properties of ferric P450 and met-myoglobin has provided indirect
confirmation that the monooxygenases have a much lower affinity for anionic ligands, which
is most probably due to the electron-releasing character of the proximal thiolate. Mutagenic
substitution of the proximal histidine of human myoglobin with cysteine has been shown to
enhance the heterolytic O-O cleavage of peroxide (oxidant) in comparison with native
myoglobin. The axial thiolate apparently stabilises the oxy ferryl (oxo) haem iron species

formed.[38-40]

1.6 Haem Peroxidases

Haem-containing peroxidases comprise of a family of metalloenzymes that catalyse
the H,0,-dependant oxidation of a plethora of organic and inorganic substrates,[42: 43]
Equation [1.2].
Peroxidase

H,0, + 2 Substratereq » 2H,O + 2 Substratey [1.2]
2H"

Peroxidases can be categorised into two superfamilies based on sequence similarity:

10
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Figure 1.4. The crystal structure of cytochrome P450cam,141l illustrating the haem group and
thiolate ligand (orange).
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(©

2H

Scheme 1.1. Catalytic cycle of cytochrome P450.t3° S = substrate.
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animal peroxidases form one of the superfamilies, examples include myeloperoxidase (MPO),
lactoperoxidase (LPO), thyroid peroxidase(TPO) and eonisophil peroxidase (EPO).44] The
other superfamily is formed by fungal, plant and bacterial peroxidases.[45] The latter can be
further grouped into three classes based on sequence alignments and biological origin.[43; 46]

Class I is formed by mitochondrial cytochrome ¢ peroxidase (CcP), chloroplast and
cytosol ascorbate peroxidases.l47] Secretory fungal peroxidases (like manganese and lignin
peroxidase) belong to class I1.[48-50] The secretory plant peroxidases, or classical plant
peroxidases, for example horseradish peroxidase (HRP), barley and peanut peroxidase,[46- 51,
52] belong to class I11.[45]

Peroxidases are known to perform a diverse number of roles, such as aiding the
development of processes, which are environmentally clean, oxidation of dyes and/or toxic
phenolic molecules33; 541 and degradation of lignin.[55: 561 The abundance of peroxidases in
Naturel37] and the ability of the enzyme to carry out reduction-oxidation reactions (acting as a
redox enzyme) have resulted in these systems being utilised in a variety of biosynthetic or
degradable processes by all living organisms, e.g. defence against pathogens or oxidative
pressure.[51, 53]

Most haem peroxidases follow the reaction mechanism summarised in Figure 1.5 (the
mechanism shown in Figure 1.5 is that of cytochrome ¢ peroxidase).[581 Peroxidase catalysis
is initiated by the coordination of neutral hydrogen peroxide to the ferric haem iron. Oxygen-
oxygen bond scission is promoted by an active site arginine that polarises the double bond.
Heterolytic cleavage of the peroxide bond to give this Compound I structure requires two
electrons from the protein, one of which comes from the iron atom, the second oxidising
equivalent is stored in the form of either a porphyrin m-cation radical (HRP), or a protein-
based radical (CcP).[3% 601 The second step involves transfer of one electron from the
substrate (S) to Compound I of the peroxidase, giving Compound II in which the ferryl
species remains intact but the porphyrin or protein radical has been reduced. Transfer of a
second electron to the peroxidase in the final step of the cycle reduces Compound II back to
the resting state, and results in the protonation and subsequent release of the ferryl oxygen as
a second molecule of water, Figure 1.5.061]

Detailed comparison of the active site structures of the peroxidase enzymes has
revealed a high level of sequence similarity around the haem. A histidine and arginine residue
on the distal side of the haem form the peroxide binding pocket. On the proximal side of the
haem, the proximal histidine residue hydrogen bonds with a buried aspartate residue. Figure

12
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1.5 outlines the general structure of the peroxidase active site and summarises the roles of the
active site residues in governing enzyme activity as elucidated from mutagenesis experiments
of recombinant CcP and HRP.[42. 60, 62, 63]

1.7 Globins

Globins are a class of haem proteins that are used by Nature to maintain and regulate
oxygen supply within biological systems. The globin superfamily includes vertebrate
haemoglobins (Hb), vertebrate myoglobins (Mb), invertebrate globins, fungal and bacterial
flavohaemoproteins (FHb) and plant globins. Three-dimensional structures are known for a
number of globins and all share the highly conserved ‘globin fold’.[64-67]

The field of globin chemistry has been an ongoing area of research. The increasing
availability of crystallographic data and the availability of recombinant cDNA technology and
site-directed mutagenesis for these proteins still makes them highly attractive to ongoing
research into protein structure/function relationships. Characterisation of the new variant
proteins using a range of techniques helps towards dissecting the structure/function
relationships that exist within a protein.

The following section summarises some of the current knowledge that has been gained
from ongoing research on mammalian myoglobins. Following on from this, an introduction
to soybean leghaemoglobin, a plant haemoglobin, which is the main subject of the research

presented in this thesis, will be discussed.

1.7.1 Myoglobin

Myoglobin plays a role in oxygen storage,[68. 691 although the role in the diffusion of
dioxygen through muscle tissue to mitochondria has also been postulated.[70-731 The protein

functions by reversibly binding oxygen. This equilibrium, Equation [1.3],

_ K
Globin (Fe', H,0) + 0, =—=2== Globin (Fe", 0,) + H,0 [1.3]
Ky

requires that the haem iron be maintained in its ferrous oxidation state under physiological

conditions. The hydrophobic distal haem pocket of myoglobin, Figure 1.6, (and globins in
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Figure 1.5. Left: General peroxidase mechanism showing ferric enzyme, Compound I and Compound II. Sax and Sredrefer to the oxidised and reduced
forms of the substrate, respectively. The key active site residues have been labelled according to the residues numbering of cytochrome ¢ peroxidase.
Middle: The crystal structure of'yeast cytochrome ¢ peroxidase showing the haem (orange) and key active site residues (cyan)iS8l Right: The active site

structure of cytochrome ¢ peroxidase showing key active site residues and hydrogen bonding (dashed lines).
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general) stabilises the oxygen bound complex either through hydrogen bond stabilisation
(His64) or steric effects (Val68). The conserved distal histidine and valine residues (found in
all mammalian globins) hinders access to the sixth coordination site so that a controlled
binding of small molecules may result only as a consequence of side chain dynamics of the
protein. At neutral pH, the resting state of the haem iron of myoglobin is coordinated to a
highly conserved histidine residue and a labile water molecule, which are located on the
proximal and distal protein domains, respectively.

Recombinant expression systems and site-directed mutagenesis have greatly enhanced
our understanding of how the structure of globins controls haem coordination geometry.[2 5.
40, 741 As such, the active site of myoglobin, and the effect of active site amino acid
substitutions has been the subject of intense experimental scrutiny.[40: 741 The role of the distal
histidine 64 residue of myoglobin has received considerable interest and has been shown to be
crucial in ligand binding reactions of the protein through its hydrogen-bonding interactions
with the haem-bound ligand.[74] Replacement of His64 with residues incapable of hydrogen-
bonding interactions has resulted in the alteration of the coordination state of the haem. For
example, His64 stabilises water coordination at the sixth site, removal of this residue results
in five-coordinate, high-spin metmyoglobin derivatives(’5] with altered ligand binding
properties.[74] However, in a few cases, substitution of His64 with appropriate residues has
been shown to result in coordination of the new residue to the haem iron.[76-811 Variants of
this type are generally less reactive in their O, and ligand binding, but they nevertheless
provide useful spectroscopic species for comparative studies with other types of haem
proteins.

As the structure of myoglobin is relatively simple compared to the other haem
proteins, and as it was the first for which the three-dimensional structure was determined,
myoglobin serves as a model for understanding the manner in which the protein environment
determines reactivity of the haem.[13. 821 Accordingly, a vast range of mutagenic studies on
myoglobin has been undertaken and used as a platform to address the fundamental question of
how structure influences function in haem protein systems.[40] Site-directed mutagenesis
studies on myoglobin have also shown that it is possible to incorporate new haem reactivities
into the myoglobin molecule that are reminiscent of haem reactivities of other haem
proteins.[13] These include and vary from, the relatively simple process of reversible binding
of an electron (electron transfer reactivity), activation of dioxygen for substrate hydroxylation

(monooxygenase reactivity), the ability to catalyse oxidation of substrates by H,0,
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(peroxidase activity), oxidation of unsaturated fatty acids (lipoxygenase activity), and haem
degradation (haem oxygenase reactivity). HJ
Myoglobin will be used as a basis for comparisons for the work carried out on

leghaemoglobin throughout this thesis.

Figure 1.6. The crystal structure of oxymyoglobin, pH 8.4,H] illustrating the His64, Val68
and His93 residues and the hydrogen bond between His64 and the bound oxygen.

1.7.2  Leghaemoglobin

Although mammalian globins have been identified since the late half of the 19t
century,H 0, 83] the existence of globins in the plant kingdom (leguminous plants) has also been
recognised.!&] The following sections aim to present the current knowledge on these proteins,
in particular on soybean leghaemoglobin, and highlight some of the limitations faced in this
area of research. The way in which these limitations have been recently overcome, and the

key questions that remain to be answered, will be highlighted.
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1.7.2.1 Biological Background

The classical definition of haemoglobin[®] required haem to be combined with a
globin in such a way that dioxygen could form a reversible complex in which the iron
remained in the ferrous state. In 1939, Kubol84] recognised this property in a red pigment
isolated from the nodules of soybean. It was concluded that this haemoglobin-like pigment
was therefore connected with oxygen respiration in the root nodules. Although the initial
proposed function was controversial, in 1945 Keilin and Wang[8] confirmed that the
molecule was indeed responsible for maintaining a balanced level of oxygen within the
legume plant and that the oxy-form might function in oxygen transport during symbiotic
nitrogen fixation. Hence, the term leghaemoglobinl87] was coined. The suggested main role of
leghaemoglobin in the root nodules was to maintain and regulate the oxygen supply to the
vigorous Rhizobium bacteria (bacteroids), which proliferate within the plant cells of the
developing nodule,[34] at a level that does not damage the oxygen sensitive nitrogen fixing
nitrogenase enzyme.[88-91]

There are two types of leghaemoglobins found in plants, non-symbiotic and symbiotic:
soybean leghaemoglobin (Lb) is a member of the latter group, with protein expression

induced upon nodulation.2]

1.7.2.2 Soybean Leghaemoglobin

Soybean leghaemoglobin can be isolated in good yields from root nodules, 25-28 days
after Rhizobium infection. From isolation and isoelectric focussing experiments, the protein
was found to contain four major components (a, ¢;, ¢z, ¢3) and four minor components (b, dj,
dy, d5),31 (the minor components are N-terminal acetylation products of the major
components). This is not unusual: most leghaemoglobin species have been found to contain a
number of components, lupin,[94 cowpea,[95] broad bean,[96] kidney beanl®7] and alfalfal®8]
are good examples. Peptide sequencing of components from different leghaemoglobins shows
that there are relatively few differences observed between different components of a particular
species and comparison of soybean leghaemoglobins a and ¢ show only an 8% difference in
sequence. 83 99 Leghaemoglobins show conserved regions as in most protein ‘families’- only
two histidine residues are present, on the proximal and distal side of the haem, and no

cysteine residues are present, thereby favouring a monomeric species.
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Soybean leghaemoglobin a (Lb) is a monomeric protein of 144 amino acids and has a
mass of 15.9 kDa similar to that of vertebrate myoglobin. However, although the masses of
the two proteins are similar, there are quite a few differences between the two proteins. The
amino acid sequence of soybean leghaemoglobin, when aligned with vertebrate myoglobins,
(e.g. sperm whale and horse heart, Figure 1.7), shows that between residues 68 and 143 of
soybean Lb (highlighted in green), there is only 28% and 31% sequence identity, respectively,
and 17% and 13% sequence similarity, respectively, to sperm whale and horse heart
myoglobins. Although the amino acid sequences of leghaemoglobin differ, common features
between soybean leghaemoglobins and myoglobin appear in the nature of the globin fold.

The elucidation of the crystal structure of soybean Lbl190; 101] provided further insight
into understanding this protein. The crystal structures revealed that, whilst the haem
coordination geometry on the proximal side is similar to that present in the mammalian
globins, the distal side of leghaemoglobin is slightly larger, which allows passage of ligands
into and out of the active site.[100-104] Additionally, the crystal structures also showed that
there is no obvious channel by which oxygen or any other exogenous ligands may gain access
to the haem group, so fluctuations in the protein as well as conformational changes are
implicated for these ligand-binding processes.[195] This may explain the extremely high
oxygen affinity observed for soybean Lb when compared to myoglobin and haemoglobin
equivalents, Table 1.2, which is known to arise from a very fast rate constant for association

of oxygen, together with a moderately slow rate of dissociation,[193] Equation [1.4].

kon
Lba + 02 e
koff

Lba—0, [1.4]

Table 1.2.
Comparison of association (ko) and dissociation (k) rate constants, and association binding

constant (K) for oxygen binding to Lb, human Hb and horse heart Mb.[103]

Globin ko (UMTST) Fott (sT) K (uM")
Leghaemoglobin(Lb) 118 4.4 27
Human Hb B-chain 71 16 4.4
Horse heart Mb 14 11 1.3
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Figure 1.7. Sequence alignment of horse heart and sperm whale myoglobin and soybean leghaemoglobin. The amino acids 68 to 143, of soybean Lb,

are highlighted in green. Blue letters indicate amino acid similarities and red letters indicate amino acid identities of the myoglobins to soybean Lb.

Numbers correspond to numbering of amino acids in Lb.
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1.7.2.3 Nicotinate-The Physiological Ligand of Leghaemoglobin

The crystallographic data for the nicotinate derivatives of soybean Lb,[100, 101] Figure
1.8, and lupin(19¢] have revealed that a deprotonated pyridine nitrogen (pK, = 4.87)[107]
replaces water as the sixth axial ligand to the haem in both ferric and ferrous oxidation states,
Figure 1.8. This observation supported earlier work where chromatographically pure samples
of Lb had shown a non-homogeneity when examined spectroscopically, and were found to
contain a low-spin haem protein contaminant.[108, 109 Early work focussed on the origin of
this low-spin contaminant and, in 1973, the low-spin haem derivative was identified and was
found to arise from the interaction of a pyridine 3-carboxylic acid anion (nicotinate), Figure
1.9, which is found in the root nodules of the plant, with the haem iron. Spectroscopic
datal10. 111] for the nicotinate derivatives have subsequently emerged and also confirmed this
haem ligation. The nicotinate binds most strongly at a pH of 5.2,[197] where a protonated distal
histidine residue stabilises the complex, Figure 1.8. The existence of an additional hydrogen
bond in Lb between the carboxyl group of nicotinate and phenolic O atom of ‘Tyr B9’ (distal
tyrosine 30)[100, 101] has also been predicted by Arutyunyan,[112] and additional stabilisation of
the complex, Figure 1.8. However, the exact quantitative contribution of these residues in
stabilising nicotinate in the active site has not been established.

The presence of nicotinic acid in soybean Lb has been shown to decrease the affinity
of the protein for oxygen at low oxygen pressures.[107] The stabilisation of the Lb-nicotinate
complex in the active site by endogenous residues is thought to have direct implications
towards this decrease in affinity for oxygen. Therefore, there must be stringent physiological
control within the plant to prevent elevated oxygen pressure, whilst maintaining adequate
levels of nicotinate-free protein. One physiological factor believed to regulate this control was
pH. The change of nodule pH, perhaps in a local domain within the cell or under metabolic
stress conditions, could have the effect of affecting Lb oxygen affinity since nicotinate
binding is affected by change in pH.[107. 1131 However, little is known about this pH-
dependent nicotinate binding process. Earlier work on the native protein has only predicted
that active site amino acid residues may be involved in controlling this binding process, but
no clear or direct evidence has been published.[107. 114-116] Hence, although the presence of
nicotinate in Lb has been established, very little work has been undertaken in order to

establish its true function.
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1.7.2.4 The Flexible Active Site Structure of Soybean Leghaemoglobin

The larger and flexible active site architecture of leghaemoglobin, shown by
crystallographict88’ 100° 101» 103>1041 and proton relaxation technique studies,!1021 gives rise to
some rather unusual features. First, and in contrast to the mammalian globins,
leghaemoglobins are able to bind very bulky ligands (e.g. nicotinate) at the distal site,!107]
which has been proposed to involve a mechanism involving the distal histidine ‘swinging’
away from the haem pocketJ &l It is believed that the movement of the histidine occurs by
rotation about the C(a) - C(|3), such that the imidazole ring swings out of the hydrophobic
pocket and away from the haem iron, thereby allowing access of a ligand into the active site
pocket to the buried haem.

Further early evidence for the mobility of histidine in leghaemoglobin was provided
by the magnetic susceptibility and EPR experiments of Ehrenberg and Ellfolk.!117! These
studies have established that soybean ferric leghaemoglobin exists as an equilibrium mixture
of high- and low-spin haem species (pH 6.1) at room temperature. However at low
temperature, a temperature-dependent alteration in spin state and coordination geometry was
detected, Scheme 1.2, which resulted in formation of a low-spin species and has been
interpreted!88] in terms of a flexible haem pocket, involving coordination of a mobile distal
histidine residue to the haem iron (Section 1.7.2.5).1118] It is believed that the distal histidine
approaches close enough to the haem iron (at a distance of 2-2.4 A) to become the sixth
ligand and hence form a bis-histidine, low-spin form.!88! However, direct evidence for the true
origin of the low-spin species detected at both room and low temperature has not yet been

established.

Ou,o N His

Fe Fe

NHis92 Nnis92
298 K 77 K

Scheme 1.2. Temperature-dependent change in coordination geometry in Lb. The 298K

species contains high-spin haem, 77K species is entirely low spin.
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1.7.3 cDNA and Recombinant Expression Systems

Leghaemoglobins from soybean and other species, such as lupinl!!®l and kidney
bean,[!114] have been isolated and characterised, although the soybean protein is by far the
most-well characterized, with extensive availability of spectroscopic datal®0. 91, 1201 gnd
crystal structures for the free and nicotinate-bound derivative.[190, 101] Despite the number of
investigative studies, many of the unique functional aspects remain unexplained at the
molecular level, and the exact role of protein structure in the control of function is relatively
ill-defined. A prerequisite for structure/function studies is the ready availability of efficient
bacterial expression systems for generation of recombinant protein from E.coli. The absence
of cDNA and recombinant technology, site-directed mutagenesis and expression systems
hindered progress in this case and the roles of individual amino acids on protein function and
spectroscopic properties therefore could not be established.

Recently, cDNA sequences for a number of leghaemoglobins (Lbs) have emerged,
including Medicag sativa (alfafa),121-1231 Sesbania rostrata,124] Vigna unguiculata
(cowpea),[95] Lupinus luteus (lupin)[125 1261 and Glycine max (soybean).[127. 128] Expression
systems have been developed as a result of the available sequence information for lupin
Lbl129 and cowpea LbIL[95] but until 1996,[130] no bacterial expression system was available
for soybean Lb. Unfortunately, the early systems generated insoluble inclusion bodies, which
meant that large quantities of soluble protein were not readily obtained.[130: 1311 Subsequently,
an alternative vector was used for the expression of this gene,[!321 which has recently been
shown, by a number of spectroscopic methods, to generate protein that is identical to the

native protein. Hence, structure/function studies on recombinant Lb are now possible.

1.7.4 Recent Developments

Since the development of these recombinant systems, our knowledge of soybean Lb
has been extended and the roles of individual active site residues have been examined. For
example, the role of the distal histidine in regulating oxygen binding[13!] and nicotinate
binding has been investigated(133] using site-directed mutagenesis. Oxygen binding studies
have revealed that at neutral pH the hydrogen bonding between the haem bound oxygen and
the distal histidine 61 is less important in regulating O, binding to the soybean protein when

compared to the analogous binding interaction in myoglobin.[4: 1341 Redox effects have been
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investigated through electrostatic substitution of the proximal leucine residue with aspartic
acid (Leu88Asp): this mutation has been established to weaken the ligand binding properties
of the protein and enhance the stability of the ferric form.[135]

Nicotinate binding studies in soybean Lb have revealed that the hydrogen bonds
formed between the distal histidine and distal tyrosine to the 3-carboxylic anion of nicotinate
(101} are important in stabilising the Lb-nicotinate complex. The removal of the hydrogen
bond donors (His61Ala and Tyr30Ala variants) resulted in a ~10-fold decrease in the binding
affinity of the protein for nicotinate.[133] This work also established that the distal histidine
participates in regulating nicotinate binding under neutral to alkaline pH conditions, with
nicotinate binding being disfavoured at alkaline pHI!33], Scheme 1.3. This was explained
through protonation of His61, which occurs below the pK, of histidine 61 (pK, of 6.9)[!33] and
facilitates binding of the nicotinate ligand through formation of a hydrogen bond; above the
pKa of histidine 61, hydrogen bond formation is not possible and hence the binding interaction
is disfavoured.[133] A possible regulatory role for nicotinate, which naturally occurs in the root
nodules of the soybean has also been proposed(!33] on the basis of these results. The presence
of nicotinate was also shown to decrease the reduction potential of the protein by ~ 100 mV,

stabilising the ferric form of the protein, thereby inhibiting oxygen binding.

H
N H
N
| o
61His\)i“
N 61 His\/[N/>
6)
!"‘?’ HO‘@—\ (ﬂe ’,HO~©—\
N

N
- Fle— —;———:IE‘I""'“:——-— —_— Fle—
+H"
! T

Scheme 1.3. Scheme indicating the protonation states of His61 and their effects on the

binding of nicotinate.[133]
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1.7.5 The Unresolved Questions

Although there has been some progress towards understanding the roles of some key residues
in the function of soybean Lb, there are still a number of questions that yet remain to be
answered. These include:
1. How would nicotinate binding be affected if both of the hydrogen-bond interactions
between the protein and the ligand were removed? (Chapter 2)
2. How is nicotinate binding regulated by pH in the acidic region and which groups or
residues are involved in this process? (Chapter 2)
3. Does the origin of the low-spin haem species in soybean Lb arise from ligation of the
distal histidine 61? (Chapter 3)
4. Can new haem coordination structure (Chapters 4 and 5) and reactivities (Chapter 6) be

incorporated into the Lb molecule?

The availability of an adequate expression system for recombinant soybean Lbl!32] allow

these questions to be addressed and provides the rationale for the experiments presented in
this thesis.
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2  Investigation of the Nicotinate Binding Process in
Leghaemoglobin: Role of the Active Site Residues

2.1 Introduction

The physiologically significant ligand-binding interaction between nicotinate and the
haem of leghaemoglobin (Lb), Figure 2.1, was first identified in 1973.[11 The high affinity that
the protein displayed for the nicotinate ligand was particularly interesting and had attracted
increasing attention, since the interaction of a strong ligand with the haem was likely to affect
the ability of the molecule to bind dioxygen in an efficient manner. As a result, the binding
interaction between the protein and nicotinate was believed to have direct functional
consequences. The strong nicotinate-Lb interaction lowered the overall affinity of the
proteinl!] for oxygen and as a consequence a physiological role for nicotinate as an oxygen-
regulator within the root nodules of the plant was predicted.

X-ray crystallographic (for soybeanl2-3l and lupin[4]) and spectroscopicl3] data have
since confirmed that the deprotonated pyridine nitrogen of nicotinic acid provides the sixth
axial ligand to the haem of Lb. In addition, data for Lb have implicated the participation of
the carboxylic anion of the bound ligand in hydrogen-bonding interactions with the active site
residues histidine 61 and tyrosine 30, Figure 2.1. Structural identification of the hydrogen-
bonding interactions within the active site provided important information since these
hydrogen-bonding residues were likely to be influential in controlling the ability of the
protein to bind nicotinate. Complementary quantitative evidence from other sources on the
exact thermodynamic contribution of each residue to the binding process has not been
forthcoming until recently.

The availability of an efficient expression system for recombinant Lb (rLb)[6] for the
generation of site-directed variants has allowed the dissection of the Lb-nicotinate binding
interactibn in more detail than has been previously possible. The relative contributions of the
protein-ligand interactions!’l that provide hydrogen-bonding stabilisation to nicotinate have
previously been examined by mutagenic replacement of the distal histidine 61 and tyrosine 30
residues with alanine (His61Ala and Tyr30Ala, respectively). These alterations effectively
removed consecutive hydrogen-bonding interaction to the bound nicotinate and
thermodynamic data for the two variants revealed that both hydrogen bonds from histidine 61
and tyrosine 30 are important in the binding process.[7]

An additional feature of the nicotinate-Lb interaction was the influence of pH.[8] The

residues thought to govern the pH-dependent nicotinate binding process have been the subject
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of great interest.[3-12] Although the distal histidine 61 was assigned as controlling the pH-
dependent nicotinate binding process in Lb under neutral to alkaline conditions, the exact
value of the pK, for the distal histidine had been a matter of continuing confusion in
literature.[8-121 The definitive assignment of the distal histidine 61 as controlling the pH-
dependent nicotinate binding process in Lb under neutral to alkaline conditions was later
confirmed through equilibrium binding studies of rLb, His61Ala and Tyr30Ala with
unambiguous assignment for the pK, of His6l (6.9 and 6.7 for rLb and Tyr30Ala,
respectively).[7]

An additional titration process, in the acidic region, has also been reported to affect
nicotinate binding.[!> 8] This process has been variously assigned as arising from titration of
the ring nitrogen of nicotinate itself,{!] either of the haem propionate groupsls: 12, 131 or a
glutamic acid residue located close to the haem.[8] A clue to the likely identity of the titrating
residue in Lb, which has been proposed to act as an electrostatic ‘gate’ for ligand binding,[!:
131 was provided by comparisons with the nicotinate binding interaction in kidney bean Lb,
which is pH-dependent,[8] and in lupin Lb, which is pH-independent.[!4] Examination of the
crystal structure of Lbl2] identifies a glutamic acid residue at position 63 which, from
sequence comparisons, is also known to be present in kidney bean Lbl!5] but which is
replaced by a non-titratable glycine residue in lupin Lb.[4; 16, 17]

This Chapter focuses on extending the pH-dependent analysis of the binding process
of nicotinate in rLb. Two separate approaches have been employed. The first aim was to
address the hydrogen-bonding stabilisation of nicotinate in the active site of Lb by examining
the combined roles played by the active site residues, histidine 61 and tyrosine 30. The
objective here was to replace the two residues with alanine to generate the double variant
His61Ala/Tyr30Ala, effectively removing the hydrogen-bonding network to the haem-bound
nicotinate. The second aim was to address the pH-dependent binding of nicotinate in rLb, in
the acidic region, in order to identify the exact role of glutamic acid 63, Figure 2.1. A site-
directed variant of rLb has been generated in which the glutamic acid 63 residue has been
replaced with the isostructural and non-titratable leucine residue (Glu63Leu). Taken together
with previous pH-dependent binding data in the neutral to alkaline region (see above),!”] the

aim of this work is to fully describe the pH-dependent interaction between Lb and nicotinate.
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Glu63

Tyr30

His61

His92

Figure 2.1.  The active site of nieotinate-bound Lb, showing the distal histidine (His61),
distal tyrosine (Tyr30) and glutamic acid (Glu63).123Nicotinate is shown in yellow. Hydrogen

bonds are indicated as dotted lines.
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2.2 Mutagenesis of rLb, Protein Expression, Isolation and Purification

The rLb DNA was obtained from Dr D K Jones (University of Leicester) and was the
starting point for mutagenesis and protein isolation. Generation of His61Ala/Tyr30Ala was
achieved by site-directed mutagenesis according to the QuikChange protocol, using the
recombinant His61Ala rLb DNA and the Tyr30Ala mutagenic oligonucleotide (See Chapter
7, Section 7.2). Expression and purification of rLb and His61Ala/Tyr30Ala were conducted as
described in Chapter 7, Section 7.1.7. The rLb protein was obtained as a haem-containing
protein; however, His61Ala/Tyr30Ala was acquired in the apo-form. Reconstitution of apo-
His61Ala/Tyr30Ala and rLb, to form holoprotein, was achieved by addition of a small excess
of exogenous haem (Sigma) to both proteins and the excess haem removed by gel filtration
(Sephadex G50). Samples of rLb and His61Ala/Tyr30Ala were obtained with R, values of > 4
and were comparable to those observed for Lb (R, values of > 4).[181 The samples obtained in
this work were considered pure and migrated as a single band on the SDS PAGE gel (Chapter
7, Figure 7.2). Yields of ~ 10 mg and ~ 8 mg of purified protein per litre were obtained for
rLb and His61Ala/Tyr30Ala, respectively.

2.3 Results

2.3.1 Hydrogen-Bonding Investigations

2.3.1.1 Electronic Absorption Spectra of rLb and His61Ala/Tyr30Ala

The electronic absorption spectra of rLb and His61Ala/Tyr30Ala were recorded,
Figure 2.2, following purification. Comparison with previously published spectra for rLb and
Lb revealed that the spectroscopic features of rLb isolated in this work were in agreement
with published data.[6. 13, 191 Characteristic six-coordinate, high-spin transitions (Amax = 403,
495 and 626 nm) and six-coordinate, low-spin transitions (Amax = 530 and 560 nm) were
apparent and analogous to those previously published for rLb (Anax = 403, 495, 530, 560 and
626 nm).[6] For Lb and rLb, the high- and low-spin species were assigned as arising from a
six-coordinate, water-bound haem derivative and from coordination of the distal histidine 61
residue to the haem,[6. 18, 19] respectively.

Analysis of the electronic absorption spectrum of His61Ala/Tyr30Ala, Figure 2.2,

revealed characteristic six-coordinate, high-spin transitions (Amax = 402, 499 and 631 nm)
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analogous to those found for His61Ala (Chapter 3) and rLb. These transitions dominated the
electronic spectrum for His61Ala/Tyr30Ala in contrast to rLb, which also show significant
low-spin character. A minority contribution from a low-spin haem species was also apparent
in His61Ala/Tyr30Ala (Amax = ~ 536 and ~ 574.5 nm). The high-spin transitions for
His61Ala/Tyr30Ala were assigned to six-coordinate, water-bound haem, as for rLb. The
minority low-spin transitions observed for His61Ala/Tyr30Ala were assigned to hydroxide-
bound haem.

Molar absorption coefficients for rLLb and His61Ala/Tyr30Ala were determined as an
average of two haem contents using the pyridine haemochromagen method[2%! (Chapter 7,
Section 7.2.2). Values of €403 = 157 mM'cm™'[6] and €40 = 137 mM'cm™ were determined
for rLb and His61Ala/Tyr30Ala, respectively. The calculated molar absorption coefficient for
rLb in this work was consistent with previously published valuesl! and has been used to

calculate the haem-based concentrations reported throughout this thesis.

—— 1Lb
His61 Ala/Tyr30Ala

PR

0.8

0.6

Absorbance

1 | 1 1 1 1 |

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 2.2. Electronic absorption spectra of ferric rLb and ferric His61Ala/Tyr30Ala.
Absorbance values in the visible region (450-700 nm) have been multiplied by a factor of
five. Conditions: sodium phosphate, pH 7.0, p = 0.10 M, 25.0 °C.
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2.3.1.2 Binding of Anionic Ligands to rLb and His61Ala/Tyr30Ala

The simplest of all haem protein reactions are those involving iron-centred ligand (X)

binding, Equation [2.1].

Fe+X Fe-X [2.1]

Figure 2.3 shows a series of ferric anionic ligand-bound derivatives of rLb and
His61Ala/Tyr30Ala. Absorption maxima and corresponding millimolar absorption
coefficients for the various ferric and ferrous anionic derivatives of rLb and
His61Ala/Tyr30Ala are presented in Table 2.1. Wavelength maxima for rLb found in this
work were consistent with those previously published for rLb and Lb.[6: 13, 191 The spectra for
the cyanide derivatives of rLLb and His61Ala/Tyr30Ala were consistent with the formation of
a six-coordinate, low-spin species with apparent red-shift of the Soret band and disappearance
of the CT, band in the visible region. Binding of fluoride resulted in the formation of a six-
coordinate, high-spin species with a slight blue-shift of the Soret band and the appearance of
the CT; band (~600 nm) indicative of high-spin haem.

2.3.1.3 Acid-Alkaline Transition of rLb and His61Ala/Tyr30Ala

A series of spectrophotometric pH titrations were conducted on rLb and
His61Ala/Tyr30Ala, with the aim of establishing the pK, of the distal water molecule.
Titrations were conducted as described in Chapter 7, Section 7.2.5. Data for
His61Ala/Tyr30Ala were acquired between pH 5.1 and pH 9.0°, Figure 2.4(A). Data for rLb
were recorded between pH 6.2 and 9.9, Figure 2.4(B). Isobestic points at A = 406, 470, 539
and 615 nm for rLb and A = 410, 470, 535 and 610 nm for His61Ala/Tyr30Ala, dominated the
pH-dependent equilibrium, indicating titration of one species.

The titration behaviour of rLb was similar to that previously reported for Lb and
rLb,[6. 21, 22] Figure 2.4(B). A similar trend was also observed for His61Ala/Tyr30Ala, Figure
2.4(A). As the pH was raised, titration of the distal water molecule and subsequent formation
of a hydroxide-bound derivative (A= 408.5, 539 and 570 nm for rLb and A= 406, 537 and 574
nm for His61Ala/Tyr30Ala) was observed, Equation [2.2].

? (acid denaturation below pH 5 and alkaline denaturation above pH 9 only permitted readings
between pHs 5-9)
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(A)

Ferric rLb

Ferric acetate derivative

Ferric cyanide derivative
5 Ferric fluoride derivative

Ferric azide derivative

Ferrous rLLb

AN d
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Wavelength (nm)
0.8
(B)
Ferric His61Ala/Tyr30Ala
Ferric acetate derivative
6) Ferric cyanide derivative

Ferric fluoride derivative

Ferric azide derivative
Ferrous His61Ala/Tyr30Ala
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Figure 2.3. Electronic absorption spectra of ferric, ferrous and the ferric anionic ligand-bound
derivatives of (A) rLb and (B) His61 Ala/Tyr30Ala at 298 K. Conditions: sodium phosphate,
pH 7.0, p=0.10 M, 25.0 °C
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Wavelength maxima (nm) and, in parentheses, absorption coefficients (mM"cm™) for the

Table 2.1.

ferric and ferrous derivatives of rLb and His61Ala/Tyr30Ala. Conditions: pH 7.0, u = 0.10 M, 25.0 °C. Nic = nicotinate, sh = shoulder.

rLb His61Ala/Tyr30Ala
Derivative () Soret CT, o B CT, () Soret CT; o B CT,
Fe(III) 403 (157) | 495(10.7) | 530(9.91) | 560 (7.13) | 626 (4.92) || 402 (137) | 499 (9.12) 536 574.5 (sh) | 631(3.91)
Fe(Il)-CN" 415 (117) - 539 (11.9) . . 417 (84.4) - 540 (9.8) - -
Fe(IIT)-Nic 407 (123) - 529 (13.4) | 557 (11.2) - 407 (117) . 530 (6.20) | 562 (4.43) -
Fe(IlD-N5 || 413.5 (126) - 549 (12.4) | 572(9.36) - 415 (102) - 542 (10.6) | 574 (8.1) -
Fe(III)-F- 401 (149) | 484 (11.1) | 540 (8.88) - 601 (10.0) || 400 (150) | 487 (13.2) | 541(7.92) - 606 (9.86)
'Fe(Il)-OAc™ || 403 (236) | 497 (13.9) | 533(10.8) | 571 (8.71) | 622(9.02) || 403 (169) | 494 (11.5) | 535(8.28) | 572(7.05) | 622(8.02)
Fe(Il)-OH || 409 (117) - 539 (11.3) | 570 (10.1) - 406 (83.6) - 537 (7.11) | 574(6.54) -
Fe(II) 427 (111) - - 555 (13.3) - 428 (90.4) - - 558 (12.9) -
Fe(I)-CO 415 (199) . 537 (13.6) | 561 (12.7) - 419 (170) - 538 (12.7) | 567 (11.8) -
Fe(II)-Nic 418 (230) - 524 (24.7) | 554 (44.6) | 685(2.56) || 417 (170) - 525 (16.4) | 554(39.4) | 687(2.3)

' Fe(IIT)-OAC™ for Lb Amax = 403, 496, 570 and 622 nm.[19]
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-H'
Lba-OH [2.2]

Lba —H20
+H"

A fit of the data to the Henderson-Hasselbach equation (Chapter 7, Equation [7.7]) for a
single pK,, single proton process, yielded pK, values of 8.3 + 0.1 for rLb (similar to
previously published values (pK, of 8.3)[6.21.22]) and 8.4 + 0.1 for His61Ala/Tyr30Ala.

2.3.1.4 Investigation of Nicotinate Binding

Spectroscopic investigation of ligand binding equilibria of the variants of rLb provides
an appropriate method to qualitatively assess the active site of the recombinant haem protein.
Work presented in this section investigates the nicotinate binding characteristics of
His61Ala/Tyr30Ala. The main objective was to understand the ability of His61Ala/Tyr30Ala
to bind nicotinate and was achieved through measurement of the thermodynamic, equilibrium
dissociation constant, Kj. Results were compared to those obtained previously for rLb,
His61Ala and Tyr30Ala.[7] Hence, the importance of the hydrogen-bonding residues, histidine
61 and tyrosine 30, in their role to stabilise nicotinate binding, in the active site of Lb, was
elucidated.

Equilibrium nicotinate binding dissociation constants for His61Ala/Tyr30Ala, Figure
2.5, were calculated from a fit of the spectrophotometric titration data to Equation [7.3],
Chapter 7. Ligand binding data revealed that replacement of both distal histidine 61 and
tyrosine 30 (and in effect removal of the hydrogen bonds to nicotinate) resulted in a decrease
in affinity of the variant protein for nicotinate. An average value for the dissociation constant,
K4, 0f 32 £ 1 uM was obtained for His61Ala/Tyr30Ala. This value compares to the Ky values
of 1.4 pM, 19 uM and 11 pM for rLb, His61Ala and Tyr30Ala, respectively,[’] and indicates
that the effect of the double mutation was effectively additive when compared to the single

mutations.

2.3.2 pH-Dependent Nicotinate Binding

As mentioned earlier, the binding of the physiological ligand, nicotinate to Lb is a pH-
dependent process. It has been previously shown that the active site residue, histidine 61 of

Lb was the residue responsible for regulating nicotinate binding in the neutral to alkaline
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Figure 2.4. Spectrophotometric pH titration of (A) ferric His61 Ala/Tyr30Ala: (a) 5.1, (b) 9.0
and intermediate pHs 6.0, 7.0, 7.3, 7.8, 8.1 and 8.8 and (B) ferric rLb: (a) pH 6.2, (b) pH 9.9
and intermediate pHs 6.8, 7.2, 7.6, 8.3, 8.8 and 9.4. Arrows indicate the direction of change in

absorbance with pH. Inset: plot of variation in absorbance, at 403 nm for rLb and 402.5 nm

for His61 Ala/Tyr30Ala, with pH. The solid line represents a non-linear squares fit to

Equation [7.7]. Conditions: mixed sulphonic acid buffer, 25.0 °C.
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Figure 2.5. Electronic absorption spectra of the nicotinate titration of ferric
His61Ala/Tyr30Ala. The visible region has been expanded by five for clarity and arrows

denote the change in absorbance with increasing nicotinate. Conditions: sodium phosphate,

pH 5.5 p=0.10 M, 25.0 ° C.

region. I71 The nicotinate binding process was also predicted to be pH-dependent in the acidic
region. IL 81 From sequence comparison ofkidney bean, lupin and soybean, it seems likely that
the binding process involves the glutamic acid 63 residue, which is found to be near the
vicinity of'the active site of Lb (a distance of 12.7 A from the carboxylate ofthe glutamic acid
to the carboxylate of the haem-bound nicotinate and 16.3 A to the haem iron). Work carried
out in this section aims to provide a detailed analysis of the nicotinate binding process in the
acidic region, with clarification of the role of glutamic acid 63. A new variant, Glu63Leu has
been generated and characterised. With the aid of equilibrium binding and nuclear magnetic
resonance (NMR) spectroscopy, the nicotinate binding process in the acidic, as well as the

neutral to alkaline region, has been investigated and compared to binding data for rLb.
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2.3.2.1 Mutagenesis, Isolation and Purification of Glu63Leu

The Glu63Leu variant was generated using the rLb encoding PET11a vector and the
Glu63Leu mutagenic oligonucleotide (Chapter 7, Table 7.1). The variant was expressed,
isolated and purified as described in Chapter 7, Section 7.7. The Glu63Leu variant was
isolated as holoprotein as for rLb and was obtained with As93/Azgo (R, value) of > 4 and
migrated as a single band on SDS PAGE gel. Purified protein was obtained with a yield of ~8
mg/1.

2.3.2.2 Characterisation of Glu63Leun

Electronic Absorption Spectra of Glu63Leu

The electronic absorption spectrum of the ferric derivative of Glu63Leu, Figure 2.6,
revealed a mixture of species, as observed for rLb. Characteristic six-coordinate, high-spin
transitions (Amax = 403, 499 and 626 nm) and six-coordinate, low-spin transitions (Amax = 534
and 573 nm) were apparent and were analogous to those observed for rLb (Ayax = 403, 495,
530, 560 and 626 nm).l6] As for rLb,[6: 18, 19] the high- and low-spin species for Glu63Leu
were assigned as arising from six-coordinate, water-bound haem and histidine-bound haem,
respectively.

The molar absorption coefficient for Glu63Leu was determined from the haem content
of the variant protein, using the pyridine haemochromagen method[291 (Chapter 7, Section
7.2.2). A value of €493 = 153 mM" lem! was determined for Glu63Leu, consistent with a six-
coordinate haem species and was used to calculate the haem-based protein concentrations

reported throughout this thesis.

Anionic Ligand Binding

Spectra for the ferric anionic ligand-bound derivatives of Glu63Leu, Figure 2.7,
revealed that the variant behaved in a similar manner to rLb. Formation of a low-spin haem
species, on binding cyanide, and formation of a high-spin haem species, on binding fluoride,
was apparent and consistent with expected ligand-binding behaviour. Absorption maxima and
the corresponding absorption coefficients for the various ferric and ferrous derivatives are
shown in Table 2.2, illustrating that Glu63Leu readily binds exogenous ligands at the haem

iron in both the ferric and ferrous oxidation states.
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Figure 2.6. Electronic absorption spectra of ferric rLb and ferric Glu63Leu. Absorbance
values in the visible region (450 - 700 nm) have been multiplied by a factor of five.

Conditions: sodium phosphate, pH 7.0, p = 0.10 M, 25.0 °C.

0.7
Ferric Glu63Leu
0.6 Ferric acetate derivative
Ferric cyanide derivative
0.5 Ferric fluoride derivative
6) Ferric azide derivative
I 04 Ferric nicotinate derivative
S Ferrous Glu63Leu
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Figure 2.7. Electronic absorption spectrum of ferric, ferrous and the ferric anionic derivatives

of Glu63Leu. Conditions: sodium phosphate, pH 7.0, p =0.10 M, 25.0 °C.
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Table 2.2
Wavelength maxima (nm) and, in parentheses, absorption coefficients (mM'em™) for the

ferric and ferrous derivatives of rLb and Glu63Leu. Conditions: pH 7.0, p = 0.10 M, 25.0 °C. Nic = nicotinate, sh = shoulder.

rLb Glu63Leu
Derivative (y) Soret CT, a B CT, (y) Soret CT, o B CT,
Fe(11I) 403 (157) | 495 (10.7) | 530(9.91) | 560 (7.13) | 626 (4.92) 403 (153) | 499 (10.1) | 534 (8.21) | 573(6.02) | 626 (3.65)
Fe(Il)-CN™ || 415 (117) - 539 (11.9) - - 416 (58.3) - 541 (13.0) - -
Fe(Ill)-Nic || 407 (123) - 529 (13.4) | 557(11.2) - 407 (143) - 530 (8.01) | 562 (6.22) -
Fe(Il-N5~ || 413.5 (126) - 549 (12.4) | 572(9.36) - 415 (83.3) - 541(9.17) | 579 (7.30) -
Fe(Ill)-F 401 (149) | 484 (11.1) | 540 (8.88) - 601 (10.0) 401 (179) | 486 (24.1) | 538(20.4) | 574(sh) | 601(18.6)
Fe(Il)-OAc™ || 403 (236) | 497 (13.9) | 533(10.8) | 571 (8.71) | 622 (9.02) 403 (169) | 494 (11.5) | 535(8.28) | 572(7.05) | 622(8.02)
Fe(lI)-OH" || 409 (117) - 539 (11.3) | 570 (10.1) - 412 (135) - 540 (12.1) | 573 (11.2) -
Fe(I) 427 (111) - - 555 (13.3) - 428 (113) - - 558 (15.5) -
Fe(I)-CO || 415 (199) - 537(13.6) | 61 (12.7) - 415 (177) - 538 (15.9) | 563 (14.7) -
Fe(I)-Nic || 418 (230) - 524 (24.7) | 554 (44.6) | 685 (2.56) 418 (213) - 525 (22.7) | 554 (40.2)
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pH Titration

Spectrophotometric titrations were carried out on Glu63Leu using the same procedure
as for rLb. Titration of the ‘acidic’ protein to the ‘alkaline’ form was conducted by careful
addition of 0.1M NaOH. The spectrophotometric shifts observed, Figure 2.8, were consistent
with the formation of an iron-hydroxide species (Anax = 412, 540, 573 nm) at alkaline pH,
essentially the same as for rLb. A fit ofthese data, in the pH range 6.9 —9.8, to Equation [7.7]
yielded a pKaof 8.3 + 0.2, similar to that observed for rLb (pKa = 8.3).16i Isobestic points at
A=410, 470, 539 and 607 nm, for Glu63Leu, confirmed titration of a single species, which
dominated the pH-dependent equilibrium. These data were consistent with the deprotonation

of'the haem-bound water molecule to form a six-coordinate, hydroxide-bound species as the

pH was increased.
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Figure 2.8. Spectrophotometric pH titration of ferric Glu63Leu at (a) pH 6.9, (b) pH 9.8 and
intermediate pHs 7.2, 7.7, 7.0, 8.1, 8.4, 8.9, 9.5. Arrows denote the direction of change in
absorbance with pH. Inset: plot of the variation in absorbance at 403 nm with pH. The solid
line represents a non-linear least squares fit to Equation [7.7]. Conditions: sodium phosphate,

pH 6.99, p=10.10 M, 25.0 °C.
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Spectroelectrochemistry

The mid-point potentials of both rLb and Glu63Leu were measured using procedures
described in Chapter 7, Section 7.2.7. Application of a potential of — S00 mV vs SCE across
the cell reduced the ferric protein to ferrous. The reduction process was monitored by changes
in absorption at the Soret wavelength. Re-oxidation of the reduced protein was effected by
incremental increase in potential (typically 50 mV increments). Complete oxidation of the
protein was achieved by application of a potential of +200 mV vs SCE to the protein solution.

Spectroelectrochemical titration spectra for rLb and Glu63Leu as a function of applied
potential are shown in Figures 2.9(A) and 2.9(B), respectively, together with their
corresponding Nernst plots (inset). Determination of the ferric-ferrous mid-point potential of
the two proteins was conducted by fitting data to the Nernst equation (Equation [7.9],
Chapter 7). A mid-point potential of 21 + 2 mV vs SHE (pH 7.0, 25.0 °C, p = 0.10 M) for rLb
was determined and was in agreement with published values for Lb.[23] For Glu63Leu, a mid-
point potential of 45 = 2 mV vs SHE (pH 7.0, 25.0 °C, p = 0.10 M) was determined, an
increase of 24 mV compared to rLb. The average Nernst slopes for rLb and Glu63Leu, were

70 £ 1 mV and 65 £ 1 mV respectively, consistent with a single electron process (theoretical
value 59 mV).

2.3.2.3 pH-Dependent Nicotinate Binding

Following the reported second titration processt!: 81 for nicotinate binding to rLb under
acidic conditions, the binding process warranted further investigation. Previous work by
Appleby and co-workersll] and Atanosov and co-workers[8] had only mentioned pK, values,
with only predicted assignments to the residue or groups involved in the nicotinate binding
process in Lb. Work carried out in the following sections aim to determine the pK, of the
nicotinate binding process in rLb in the acidic region, together with a definitive assignment of

the residue responsible for the binding process under acidic conditions.
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Figure 2.9. Thin-layer spectroelectrochemical spectra for (A) rLb and (B) Glu63Leu at

various applied potentials, £ap (mV). Fully oxidised (O) and fully reduced (R) spectra for

each derivative are indicated. The inset shows a fit of the absorbance data at 403 nm to the

Nemst equation. Absorbance values in the visible region (450-700 nm) have been multiplied

by a factor of five. Conditions: sodium phosphate, pH 7.0, p =0.10 M, 25.0 °C.
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Chapter 2: Nicotinate Binding in rLb

NucleWr Magnetic Resonance (NMR) Spectroscopy

The 300 MHz (pH* 7.0, 25 °C) IH-NMR spectrum of ferric rLb and Glu63Leu are
depicted in Figure 2.10. Proton resonances for Glu63Leu were found to be almost identical to
those of rLb (6 (ppm) rLb: 67.2, 63,0, 57,5, 51,7, 45,1, 40.0, 35.9, 29«, 14.3, -2,1, -3.3, -4,2
and -6.7; 8 (ppm) Glu63Leu: 68.1, 63.2, 57.1, 51.9, 46.0, 39.9, 35.8, 29.5, 15.1, -2.2, -3.3, -
4.2 and -6.7). Assignments for these resonances were not available for Lb or rLb, and
comparison with Lb was made more difficult by the poor quality of the early NMR data for
ferric Lb.113>243 However, foe spectra of rLb and Lb were broadly similar with chemical shift
values for the proton resonances that wpre in approximate agreement (8 (ppm) Lbf,3>24h «

68a,» 63a, * 56a, » Sla » 44 (broad)3 * 35a » 26 (broad)3 «15a » -2a, -3.0, -3.7, -6.7).
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Figure 2,10 300 MHz 'H-NMR spectra of (A) rLb; (B) Glu63Leu, Conditions: pH* 7,0,
25.0 °C, D20, wifo assignments from references.! 13’ 4]

8 Chemical shift values (ppm) estimated from publisjpd spectra,
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Chapter 2: Nicotinate Binding in rLb

The 300 MHz 'H-NMR spectra of the nicotinate complex of rLb are shown in Figures
2.11(A-C), illustrating changes in resonance chemical shifts at pH* 4, 7 and 9. The 'H-NMR
spectrum of the nicotinate complex of rLb at pH* 7.0, Figure 2.11(B), shows chemical shifts
(ppm) at 27.5, 22.3, 20.0, 15.8, 13.4, 13.1, 10.8, 10.6, -8.8 and -10.8, which were in
agreement with those previously published for Lb.[5: 251 The proton resonances for Lb have
been previously assigned!l- 251 and are indicated for rLb in Figures 2.11(A)-(C).

The changes in hyperfine chemical shifts for the haem resonances of rLb-nicotinate, as
a function of pH, are shown in Figure 2.12(A). No apparent trends were observed as the pH*
was increased (from 3.8 to 10) for the 5-methyl, 2-vinyl a-CH, 1-methyl, 2-vinyl B-CHs, 2-
vinyl B-CHygans and H-5 nicotinate resonances. However, the two a-CH, proton resonances of
the 6-propionate group of Lb (designated 6-H, and 6-H,-) have been shown to be a sensitive
function of solution pH*,[5- 131 with chemical shifts that report on the protonation state of a
nearby titratable residue. Figure 2.12(C) shows the changes in chemical shift for the 6-H, and
6-H, proton resonances of rLb as a function of increasing pH*. The hyperfine shifts show, in
agreement with previously published work,[3- 131 that these proton resonances were sensitive
to pH* changes. A fit of these data for both resonances to Equation [7.7], Chapter 7, yielded
an average pK, of 5.0 £ 0.2 (5.2 and 4.9). In view of the inherent difficulty in obtaining pK,
values in the low pH region (as a consequence of protein denaturation), an average pK,
determined from the 6-H, and 6-H, data was used: this value was in sensible agreement with
previous determinations on Lb (pK, = 4.9).[5, 131

The 300MHz '"H-NMR spectra of the nicotinate complex of Glu63Leu are shown in
Figures 2.11(D)-(F), illustrating changes in resonance chemical shifts at pH* 4, 7 and 9. The
'H-NMR spectrum of the nicotinate derivative of Glu63Leu at pH* 7.0 is shown in Figure
2.14(E)k. The hyperfine shifts (6 (ppm): 28.0, 22.2, 19.2, 15.6, 13.9, 13.3, 10.8, 10.6, -8.8 and
—10.7) were very similar to those for rLb, and tentative assignments are indicated based on
peak intensity. The change in hyperfine chemical shift for the haem resonances of Glu63Leu-
nicotinate as a function of pH* are shown in Figure 2.12(B). Like rLb-nicotinate, no apparent
trends were observed, upon an increase in pH (from 3.8 — 10), for the 5-methyl, 2-vinyl a—
CH,, 1-methyl, 2-vinyl B-CH;s, 2-vinyl f-CHians and H-5 nicotinate resonances. However, in
contrast to rLb, the a-CH, proton resonances of the 6-propionate group showed no change in
chemical shift as a function of pH*, Figure 2.12(C), thereby assigning the origin of the pH-

dependent profile in rLb to titration of glutamic acid 63. These results provided initial
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Chapter 2: Nicotinate Binding in rLb

evidence towards the assignment, indicating and confirming that the glutamic acid 63 is the

residue responsible for the nicotinate binding process in the acidic region.

Nicotinate Binding in rLb in the Acidic Region

Equilibrium nicotinate binding in rLb were conducted in the pH range 3.6 — 5.5 and
equilibrium dissociation constants determined at each pH. Fit of the data, to the Henderson
Hasselbach equation (Equation [7.7], Chapter 7), showed binding of nicotinate to be pH
dependent, Figure 2.13(A). A pK, of 5.2 = 0.1 was determined, which compared with pK,
values of 4.918. 131 and 4.8[!] previously reported for Lb. The pK, was initially assigned to the
glutamic acid 63 residue of Lb. Determination of the correct assignment needed further
experimental analysis. Equilibrium dissociation constants, Ky, for the binding of nicotinate to
Glu63Leu were determined over a range of pH (3.6 — 9), Figure 2.13(B). For Glu63Leu in the
alkaline region (pH 5.5 — 9), a pK, of 7.0 £ 0.1 was determined, Figure 2.10(B), close to the
value obtained for rLb (pK, of 6.9 + 0.1).[71 By contrast, a pH-independent profile was
observed for Glu63Leu in the acidic region (pH 3.6 — 5.5), Figure 2.13(A). These results, with
emphasis based on the pH-independent profile for the Glu63Leu data, provided evidence to
the assignment that the glutamic acid 63 is the residue responsible for the nicotinate binding
process in the acidic region.

To eliminate the possibility that the haem propionates are responsible for the pH-
dependent behaviour, nicotinate binding titrations were carried out on rLb, His61Ala and
Glu63Leu reconstituted with protoporphyrin IX dimethyl ester, in which the titratable haem
carboxylates of the propionates were removed. Similar pH profiles were observed to that for
the nicotinate binding process to rLb, His61Ala and Glu63Leu containing protoporphyrin IX.
A pH-dependent relationship was seen for rLb and His61Ala with pK,s of 5.2 + 0.2, Figure
2.14(A)}, and 5.3 + 0.2, Figure 2.14(B), respectively: an indication that the haem propionate
groups were not involved in the nicotinate binding process in Lb. A pH-independent profile
was observed for Glu63Leu, Figure 2.14(C), providing further evidence for the initial
assignment made that the glutamic 63 residue regulates nicotinate binding in rLb under acidic
conditions and eliminates the possibility that the glutamic 63 mutation could have any indirect

effects on the titration of the propionates in the nicotinate binding process, Figure 2.15.
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Figure 2.11. 300MHz *H-NMR spectra of rLb-nicotinate (left) at pH* 4 (A), 7 (B), 9 (C) and Glu63Leu-nicotinate (right) at pH* 4 (D), 7 (E),
and 9(F). Variations of chemical shift (ppm) are indicated for the haem resonances. Iron Protoporphyrin IX (centre) indicating positions of haem

resonance assignments. Conditions: 25.0 °C, D20.
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Figure 2.12. Variation of chemical shifts resonances of (A) rLb-nicotinate, (B) Glu63Leu-
nicotinate and (C) an expansion of the variation of chemical shift positions for the 6-

propionate a-CH2 with pH of rLb-nicotinate and Glu63Leu-nicotinate. Conditions: 25.0 °C,
D20.
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Figure 2.13. Variation of k&with pH for binding of nicotinate to rLb (O) and Glu63Leu ().
Fits of the data to Equation [7.7] for rLb and Glu63Leu are shown. (A) fits for the acidic to

neutral region and (B) fits for the whole pH region. Conditions: p = 0.10 M, 25.0 °C

56



Chapter 2: Nicotinate Binding in rLb
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Figure 2.14. Variation of /Q with pH for the binding of nicotinate to (A) rLb (O), (B)
His61 Ala (¢) and (C) Glu63Leu (O) proteins reconstituted with protoporphyrin IX dimethyl
ester. Fits of the data to Equation [7.7] for rLb and variants are shown. Conditions:

p=0.10M, 25.0 °C.
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Glu63
His61

Figure 2.15. The active site of nicotinate-bound Lb, showing the distal histidine (His61),
distal tyrosine (Tyr30) and illustrating the glutamic acid (Glu63, blue) residue bonded to
lysine 64 (solid line).PI Nicotinate is shown in yellow. Hydrogen bonds (black) and the salt
bridge (blue) formed between Lys64 and the 6-propionate haem group are indicated as dotted

lines.
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2.4 Discussion

The Lb-nicotinate interaction has been the subject of intense experimental
investigation since the 1960s. It was first identified when early preparations of Lb were found
to be spectroscopically heterogeneous as a result of nicotinate being bound to the haem during
isolation.[10: 26] Later, the Lb-nicotinate interaction, which is physiologically relevant since it
affects dioxygen affinity, was studied in detail using spectroscopic,[!- 5. 7. 8, 11, 13, 19, 22, 25, 27-29]
kinetic[3%] and X-ray crystallographicl?: 3] techniques.

This Chapter, for the first time, describes a detailed thermodynamic investigation of
nicotinate binding to rLb. The significance of the hydrogen-bonding residues in stabilising
nicotinate in the active site of the protein has been established. In addition, the identification
of the residue responsible for regulating nicotinate binding under acidic conditions has been
elucidated. As a result, the complete description of the pH-dependent nicotinate binding

process in rLb is presented.

2.4.1 Influence of Distal Histidine and Tyrosine in Stabilisation of Nicotinate

It was previously determined that the removal of the distal histidine or the distal
tyrosine resulted in a decrease in affinity of the protein for nicotinate.[”] These residues were
shown to play a crucial role in stabilising the haem-bound ligand in the active site through
hydrogen bonding. In this Chapter, the hydrogen-bond stabilisation of nicotinate has been
pursued through preparation of the double variant, His61Ala/Tyr30Ala, in which both the
distal histidine and tyrosine have been replaced by non-hydrogen-bonding residues. The effect
of this mutation on the spectroscopic properties, as well as the ligand binding capabilities has
been investigated. Comparisons to rLb have been made to establish the difference in

properties as a result of the mutation.

2.4.1.1 Haem Electronic Structure

The electronic absorption spectrum of His61Ala/Tyr30Ala differed from that of rLb,
with dominating high-spin transitions apparent for the variant. This spectrum was found to be
similar to that of His61Ala (Chapter 3). As a result of the similarities observed for His61Ala
and His61Ala/Tyr30Ala, it was concluded that the histidine 61 residue gives rise to the low-
spin transitions (Chapter 3). The high-spin features for His61 Ala/Tyr30Ala (Amax (nm) = 499
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and 631) were attributed to water-bound haem, as for rLb (Amax (nm) = 495 and 626).
However, the minority low-spin features observed for the double variant ((Amax (nm) = 536
and 574) were assigned to hydroxide-bound haem (as for His61Ala (Chapter 3)), since no
contribution of the low-spin transitions could arise from the distal histidine in this case ((Amax
(nm) = 530 and 560). The molar absorption coefficient determined for His61Ala/Tyr30Ala
was found to be 20 mM'cm™ lower than that for the rLb. This difference indicated the change
in haem spin-state of the protein as a result of the mutation and is in agreement with
formation of a six-coordinate, high-spin species.

Anionic ligand binding spectra for His61Ala/Tyr30Ala showed similarities to rLb.
Observed changes in the haem spin-state for both proteins were consistent with previously
reported ligand binding characteristics: formation of a low-spin complex on binding the
strong field ligand cyanide and characteristic high-spin transitions on binding the weak field
ligand fluoride. These results suggested that the mutagenic substitution did not lead to a
substantial perturbation of the protein active site and that neither of these distal residues plays
a significant role in the binding or stabilisation of these small ligands.

The similarity of the pK, values observed for His61Ala/Tyr30Ala (8.4) and rLb (8.3)
suggested titration of the same moiety, the distal water molecule, occurs in both proteins as
the pH was increased. These data were surprising, since one might have predicted that
removal of the hydrogen-bonding interactions in the haem pocket (particularly the hydrogen
bond from histidine 61 to the haem-bound waterl2l) would lead to a change in the H,O/HO
distribution. Although the structures of the water- and hydroxide-bound Lb derivatives are
not known, the distal histidine itself is known to be mobile.[2. 3. 31. 32] As such the similarity in
pKas for rLb and His61Al/Tyr30Ala may suggest that hydrogen-bonding interactions do not

have significant influence on the water/hydroxide equilibrium in Lb.

2.4.1.2 Nicotinate Binding to His61Ala/Tyr30Ala

A significant decrease in binding affinity for nicotinate was observed for the
His61Ala/Tyr30Ala variant. An equilibrium dissociation constant value of 32 + 1 uM was
determined for His61Ala/Tyr30Ala, a ~20 fold decrease in affinity compared to rLb (Kq = 1.4
+ 0.3 uM). When compared to His61Ala (19 + 1 uM) and Tyr30Ala (11 £ 1 pM), an additive
effect was observed for His61Ala/Tyr30Ala. These results confirm the importance of the two
distal residues in stabilising the haem-coordinated nicotinic acid anion in the active site of Lb.
These results are however surprising, since a dissociation constant similar to that for the
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binding of pyridine to rLb (260 + 50 pM)I7] was expected, for which there is no possible
hydrogen bonding of the active site residues to the haem-bound ligand (no carboxylate
functionality on the ligand for tyrosine 30 and histidine 61 to hydrogen bond to). However,
results obtained for His61Ala/Tyr30Ala may be explained in terms of steric effects. Easier
access of nicotinate into the active site (to the haem) is afforded on removal of the two bulky
residues, histidine 61 and tyrosine 30, and hence an increase in ligand affinity (a lower K4

value) is observed compared to that for binding of pyridine to rLb.

2.4.2 pH-Dependent Nicotinate Binding (Glu63Leu)

It was recognised at an early stage that the binding interaction of nicotinate was pH-
dependentl!] and recently the distal histidine 61 residue has been identifiedl’] as being
responsible for this pH-dependence in the neutral to alkaline region. In this Chapter, the
analysis of the pH-dependent nicotinate binding process has been extended. Analysis of
nicotinate binding to rLb and Glu63Leu has been investigated. The data presented in this
work leads to the assignment of glutamic acid 63 and provides an answer to the question, first
posed more than twenty years ago,[l: 131 as to whether glutamic acid 63 acts as an

‘electrostatic gate’ in regulating nicotinate binding in Lb under acidic conditions.

2.4.2.1 Haem Electronic Structure

The electronic absorption spectrum of Glu63Leu showed wavelength maxima that
were very similar to that of rLb, Table 2.1, indicating that the active site structure had not
been seriously perturbed as a result of the mutation: NMR spectra for the ferric derivative of
Glu63Leu were also consistent with those for both rLb and Lb, indicating that large-scale
perturbations had not occurred. Wavelength maxima for ferric Glu63Leu showed features
arising from six-coordinate, high-spin and six-coordinate, low-spin haem. For Lb, the high-
spin feature has been assigned[?7] as arising from coordination of a distal water molecule; the
low-spin derivative has been proposed(!9 271 to arise from coordination of the distal histidine
61 residue to the haem — an assignment that has been confirmed by mutagenesis (Chapter 3).
In Glu63Leu, the site of the mutation is located at a considerable distance (a distance of 16.3
A to the carboxylate of glutamate 63) from the haem and would, therefore, be unlikely to
substantially perturb the electronic transitions associated with the porphyrin. Hence, by

analogy with Lb, the high- and low-spin haem signatures for Glu63Leu were assigned as
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arising from water- and histidine 61-coordinated haem, respectively. At alkaline pH, the
electronic spectrum of Glu63Leu showed changes that were consistent with titration of the
distal water molecule. The pX, for this transition was identical to rLb and wavelength maxima
were similar in both cases, indicating that the removal of the negatively charged Glu63 group
had no influence on the water/hydroxide equilibrium in the distal pocket.

The ligand binding capabilities of Glu63Leu were effectively similar to rLb.
Formation of a low-spin species was seen on binding cyanide and a high-spin species on
binding fluoride. These findings were in agreement with NMR data as mentioned above and
indicated that the active site structure and the ligand binding capability of the protein had not
been seriously perturbed.

2.4.2.2 Determination of the Mid-Point Potential

The 24 mV increase in mid-point potential observed on replacement of the charged
glutamic acid 63 residue with the neutral leucine is consistent with simple electrostatic
arguments that predict stabilisation of the reduced derivative on removal of the negative
charge. Opposite effects have recently been observed in the Leu88Asp variant of rLb, where
the introduction of a negatively charged Asp residue led to a destabilisation of the reduced
form.331 Although the effects of charge substitution on redox properties of haem proteins in
general are not fully understood in a quantitative mannerl34l- and there are only a limited
number of examples in which this has been examined for the globins[35] - these changes for

Lb can be satisfactorily rationalised in a qualitative context.

2.4.2.3 pH-Dependent Nicotinate Binding

NMR titrations provided evidence in support of the assignment of glutamic acid 63 as
the titrating residue. The NMR spectrum of the nicotinate derivative of rLb showed proton
resonances at almost identical chemical shifts to those previously reportedls: 131 for Lb, and
proton resonances for Glu63Leu are in agreement with those for rLb, Figure 2.10(B). Values
for the pK, of the titrating residue determined by NMR (pK, = 5.0 + 0.2) were in good
agreement with the pK, determined for this residue from the equilibrium binding studies (pK,
= 5.2 +£0.1), and in approximate agreement with values for the pK, (pK, = 4.136]) of glutamic
acid (protein pK,s are known to be a sensitive function of structural environment). Most

importantly, replacement of glutamic acid 63 with a non-titratable residue eliminated the pH-
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dependent alteration in chemical shift first identified in 1979,[131 providing further
confirmation to a question that was first posed in 1973 - that glutamic acid 63 is the
electrostatic gate that controls nicotinate binding in the acidic region.

In the neutral to alkaline region, binding of nicotinate to the haem was unaffected by
mutation of the Glu63 residue: absolute values for K4 for rLb and Glu63Leu were very similar
(consistent with the haem water-hydroxide titration properties, above) and the pK,s derived
from a fit of the data in this region for both proteins yielded very similar values (pK,s of 6.9
and 7.0, respectively).

It has been reported previously(!l, 131 that the equilibrium dissociation constant for
binding of nicotinate to Lb is also pH-dependent in the acidic region, with pK, values of
491131 and 4.8[11]. With data for rLb in the pH range 3.6 — 5.5 from this work, binding of
nicotinate was indeed observed to be pH-dependent with binding becoming slightly more
favourable as the pH was decreased. (The direction of this change in Ky for rLb was,
qualitatively, consistent with the titration properties of the glutamic acid 63 residue: as
glutamic acid 63 protonates at low pH, charge neutralisation occurs and binding of the
(anionic) nicotinate residue become slightly more favourable). Although the magnitude of
these changes in Ky (>>10-fold) as a function of pH were broadly consistent with published
datalll. 131 and although a pK, (5.2 £ 0.1) that agrees with the published data [11, 13] were
obtained from a non-linear least squares fit of these data to a single proton process, the
changes in K3 were much less substantial than in the alkaline regionl12l and it was not possible
to satisfactorily separate the two titration processes (although this has been attempted
previouslyl!31 ). For this reason the NMR data was regarded as a more reliable means of
establishing the origin of the pH-dependent profiles. Significantly, however, equilibrium
dissociation constants for Glu63Leu were absolutely independent in the pH range 3.6 — 5.5,
consistent with a role for Glu63.

Although the pK, of nicotinate (pK, = 4.8) is also similar to the pK, values obtained
for nicotinate binding to rLb, His61Ala and His61Ala/Tyr30Ala in the acidic region, the
nicotinate cannot be attributed to giving rise to the titration process. The pH-independent
profile observed for the Glu63Leu-nicotinate binding process rules out the possibility that the
titration of the nicotinate molecule was involved.

The possibility that the haem propionate groups, as predicted previously by various
groups, [5: 12, 131 could be directly involved in the pH-dependent binding of nicotinate in the
acidic region was also investigated . Removal of the carboxylate functionality of the haem
propionate groups in rLb and His61Ala had no effect on the pH-dependent binding process,
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clearly indicating that the propionate groups are not responsible for the behaviour. Further
evidence was provided by the pH-independent nicotinate binding profile observed for
Glu63Leu variant reconstituted with protoporphyrin IX dimethyl ester. These data also
eliminate the possibility that the haem propionates are involved in the pH-regulation process
and that secondary effects on the pK, of glutamic acid 63 have been introduced as a
consequence of the mutation (since, in this case, a pH-independent profile for the dimethyl
ester-reconstituted rLb and His61Ala would have been observed). These results provide
additional evidence to the assignment made in this work that the residue regulating nicotinate
binding in the acidic region is Glu63.

Together with previous analysis,[7! in which histidine 61 was identified as a key
determinant in the neutral to alkaline region, these data now provide a complete description of

the pH-dependent interaction between Lb and nicotinate.
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2.5 Summary

This Chapter has described a detailed thermodynamic investigation of nicotinate
binding to rLb. The significance of the hydrogen-bonding residues in stabilising nicotinate in
the active site of the protein has been established. Removal of both distal histidine 61 and
tyrosine 30 residues (His61Ala/Tyr30Ala) resulted in a decrease in affinity of the variant for
nicotinate. An additive effect (K4 = 31uM) for His61Ala/Tyr30Ala was observed for binding
of nicotinate when compared to data for the single variants His61Ala (K3 = 11uM) and
Tyr30Ala (K4 = 19uM).[7}

The pH-dependent nicotinate binding process was also investigated. Identification of
glutamic acid 63 as the residue responsible for regulating nicotinate binding under acidic
conditions has been elucidated. Together with the assignment of the histidine 61 as the
residue governing nicotinate binding in the neutral to alkaline condition, a complete

description of the pH-dependent binding of nicotinate in rLb has now been achieved.
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3 Determination of the Haem Axial Ligation in
Leghaemoglobin: Does the Origin of the Low-Spin Haem
Arise from Ligation of His61?

3.1 Introduction

As highlighted in Chapter 1 the distal histidine in Lb is believed to be mobile and the
mobility thought to be responsible for the ability of the protein to bind bulky ligands.[- 21 This
distal histidine residue was also proposed to act as a ligand to the haem at low temperatures.[2:
3] The aim of this Chapter was to elucidate the origin of the temperature-dependent change
that is observed in Lb and results in conversion of a mixed high- and low-spin species at room
temperature to a fully low-spin derivative at low temperature. This change in spin-state has
been previously interpreted as arising from the ligation of an endogenous ligand, the mobile
distal histidine, to the haem in the flexible active site pocket of Lb.[2-4]

The availability of an adequate recombinant expression system for soybean
leghaemoglobinl] has allowed the contribution of this distal histidine 61 to the formation of
the low-spin species in rLb to be assessed directly. In this work, a His61Ala variant of rLb
(Figure 3.1) has been generated, in an attempt to eliminate the low-spin species. A
preliminary characterisation of His61Ala has been conducted to assess the effect of the
mutation on the ligand binding and electrochemical properties of the protein in comparison to
rLb. The main investigative study, which was based on elucidating the nature of the low-spin
species found in rLb at both room and cryogenic temperature, has been conducted using the
combined application of various spectroscopic techniques - electronic absorption
spectroscopy, resonance Raman, magnetic circular dichroism (MCD) and electron

paramagnetic resonance (EPR) spectroscopy.
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His61

His92

Figure 3.1. The active site of nicotinate-bound Lb, showing the distal histidine (cyan), which
has been substituted for alanine in the His61Ala variant.!6] Nicotinate is shown in yellow and

hydrogen bonds are indicated as dotted lines.
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3.2 Mutagenesis, Protein Expression and Isolation

Site-directed mutagenesis was performed, according to the QuikChange protocol
(Stratagene), using the rLb encoding pETlla vector and the His6l1Ala mutagenic
oligonucleotide (Chapter 7, Table 7.1) containing an alanine (GCT) codon at position 61
(Perkin Elmer). Sequencing across the whole rLb coding gene confirmed the required
mutation and confirmed that spurious mutations had not been introduced. Bacterial expression
of His61Ala was according to procedures described in Chapter 7 and protein samples were
prepared as previously describedld] (Chapter 7). Isolation of His61Ala resulted in the
formation of an apo-protein. Reconstitution of His61Ala was required to ensure formation of
the holoprotein and was achieved by the slow addition of freshly prepared hemin chloride (10
mg, Sigma) dissolved in 0.1 M NaOH. Excess hemin was removed using a G50 Sephadex
(Pharmacia) column equilibrated with 20 mM Tris/HCI buffer, pH 8.0. The His61Ala variant
was prepared with high purity (R, >4) and migrated as a single band on a SDS PAGE gel
(Chapter 7, Figure 7.2). Yields of ~ 10 mg of pure protein per litre were obtained as for ferric
rLb.

3.3 Results

3.3.1 Preliminary Characterisation of His61Ala

Preliminary characterisation of His61Ala was carried out to assess the effect of the
mutation on the spectroscopic properties of the protein in comparison to rLb. This section

summarises the spectroscopic data obtained for His61Ala.

3.3.1.1 Electronic Absorption Spectroscopy

Analysis of the electronic absorption spectrum of the ferric derivative of His61Ala,
Figure 3.2, revealed a predominant six-coordinate, high-spin species with minor contribution
from a low-spin haem species. Characteristic high-spin transitions (Amax (€/mM’ fem™) = 402.5
(148), 500 and 630 nm) and minor low-spin transitions (Amax ~535 and ~563 nm) were
analogous to those found for the high-spin (Amax (6/mM'cm™)[S] = 403 (157), 495 and 626

nm) and low-spin (Amax = 530 and 560 nm) transitions of rLb. The high-spin transitions were
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assigned as arising from water-bound haem, as for rLb. The minority low-spin transitions

were assigned to hydroxide-bound haem.

1.2
1.0 Lb
His61 Ala
T 0.8
e
J 0.6
<
0.4
0.2

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 3.2. Electronic absorption spectra of ferric rLb and ferric His61 Ala. The absorbance
in the visible region has been multiplied by a factor of five. Conditions: sodium phosphate,

pH 7.0, p = 0.10 M, 25.0 °C.

3.3.1.2 Ligand binding

The His61Ala variant readily bound exogenous ligands at the haem iron in both the
ferric and ferrous oxidation states, thus behaving in a similar manner to rLb. Formation of a
low-spin haem species was observed when strong field ligands such as cyanide and nicotinate
were bound to the haem, and characteristic high-spin features were observed on binding
weaker field ligands such as fluoride. Anionic ligand-bound derivatives of His61Ala are
depicted in Figure 3.3. Absorption maxima and corresponding absorption coefficients for the
various ferric and ferrous derivatives His61Ala, Table 3.1, are similar to those of the ferric

and ferrous derivatives ofrLb.
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Ferric His61Ala

Ferric acetate derivative

Ferric cyanide derivative

Ferric fluoride derivative
§) Ferric azide derivative

Ferrous His61Ala

A &

Wavelength (nm)

Figure 3.3. Electronic absorption spectra of ferric, ferrous and various anionic ligand-bound

derivatives of His61 Ala. Conditions: sodium phosphate, pH 7.0, p = 0.10 M, 25.0 °C.

The ability of His61Ala to bind exogenous ligands, Equation [3.1] where L = ligand,
was determined by equilibrium binding measurements. Data were fitted to Equation [7.3],

Chapter 7, to determine values for Kd the equilibrium dissociation constant.

His61Ala-L . d - His6lAla +L

An equilibrium dissociation constant, Kd of 0.5 = 0.1 pM was determined for the
binding of cyanide to His61Ala and was similar to that for rLb (Kd = 1.2 + 0.3 pM)J3
Binding ofazide to His61 Ala yielded an equilibrium dissociation constant of 12.3 + 0.2 pM, a
value slightly different to that observed for the rLb-azide titration (Kd=4.8 + 0.2 pM).t5l On
binding the physiological ligand, nicotinate, to HisblAla a difference in the equilibrium
dissociation constant was observed: in this case, a Kd value of 19 £ 1.0 pM was determined

compared to a Kdof75 £ 5.0 pM for rLb (pH 7.0, p =0.10 M, 25.0 0C)J71
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Table 3.1.
Wavelength maxima (nm) and, in parentheses, absorption coefficients (mM"cm") for the

ferric and ferrous derivatives of rLb and His61Ala. Conditions: pH 7.0, p =0.10 M, 25.0 °C. Nic = nicotinate. sh = shoulder.

rLb His61Ala
Derivative (y) Soret CT, B a CTy (y) Soret CT, B a CT,
Fe(Il) 403 (157)  495(10.7)  530(9.91) 560(7.13) 626 (4.92) || 402.5(148) 500 (8.74) ~535 ~563 630 (3.65)
Fe(ID-CN™ || 415(117) - 539 (11.9) - 417 (106) . 541 (11.0) . .
Fe(III)-Nic 407 (123) - 529 (13.4) 557(11.2) - 407 (128) - 530(13.0) 557(11.0) -
Fe(III)-Ny 414 (126) - 549 (12.4) 572 (9.36) - 415 (113) - 542 (10.6) 574 (8.30) -
Fe(IIl)-F 401 (149) 484 (11.1) 540 (8.88) - 601(10.0) || 400(124)  487(7.82) 542(5.54)  574(sh) 605 (8.13)
Fe(1II)-OH 409 (117) - 539(11.3) 570(10.1) - 406 (81.7) - 537 (5.51) 574 (4.53) -
Fe(Il) 427 (111) - - 555 (13.3) - 428 (96.5) - - 556 (11.5) -
Fe(1I)-CO 415 (199) - 537(13.6) 561 (12.7) - 418 (182) - 538 (14.7) 566 (5.33) -
Fe(II)-Nic 418 (230) - 524 (24.7) 554 (44.6) 685 (2.56) 417 (187) - 525(19.4) 554 (39.2) 690 (2.4)
Fe(I1)-O, 412 (108) - 541(10.8) 574 (10.5) - 411 (101) - 540 (11.2) 575(10.9) -
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3.3.1.3 Spectrometric pH Titrations

The pH-dependent titration behaviour of His61Ala was similar to that previously
observed for rLb, Figure 3.4. As the pH was increased, spectra indicated formation of a low-
spin derivative, with maxima (Amax (/mM'cm™) = 406 (81.7), 537 (5.51) and 574 (4.53) nm)
similar to those reported for the six-coordinate, hydroxide-bound derivative of rLb
(Amax (/mM'em™) = 409 (117), 539 (11.3) and 570 (10.1). These data suggested that the low-
spin species in His61Ala arise from the deprotonation of the distal water molecule, as is
observed for rLb, Equation [3.2]. A fit of the absorbance changes at 402.5 nm between pH
4.7 — 9.8 to the Henderson Hasselbach equation (Equation [7.7], Chapter 7) yielded a pK,
value of 8.4 + 0.1 (p = 0.10 M, 25.0 °C), very similar to the pK, obtained for rLb (8.3 +
0.03).051

His61Ala - H,0 His61Ala - OH [3.2]

+H'

3.3.1.4 Spectroelectrochemistry

The ferric-ferrous mid-point potential of His61Ala was determined from thin-layer
spectra obtained across an applied potential of —500 mV to +200 mV vs SCE. Data from two
determinations were fitted to the Nernst equation (Equation [7.9], Chapter 7).

A representative family of spectra obtained for His61Ala at various applied potentials
is shown in Figure 3.5 along with the corresponding Nernst plot (inset). The mid-point
potential of His61Ala determined from this measurement was — 6 £ 2 mV vs SHE (25.0 °C,
pH 7.0, p = 0.10 M), which compared with the value of + 21 £ 3 mV obtained for rLb
(25.0 °C, pH 7.0, p = 0.10 M, see Chapter 2). The average Nernst slope for the mid-point
potential determination was 69 £ 1 mV, consistent with a single electron process (theoretical

=59 mV).
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Figure 3.4.  Spectrophotometric pH titration of ferric His61Ala. (a) spectrum of His61Ala
at pH 4.7, (b) at 9.8 and at intermediate pHs 6.0, 6.5, 7.2, 7.9, 8.0, 8.2 and 9.0. Arrows
indicate the direction of change in absorbance with increasing pH. Inset: plot of the variation
in absorbance at 402.5 nm with pH (additionally including pH 9.8). The solid line represents a

non-linear least squares fit to Equation [7.7]. Conditions: 25.0 °C.

3.3.2  Spectroscopic Analysis of His61Ala

3.3.2.1 Electronic Absorption spectroscopy

As mentioned previously (Section 3.2.1), the electronic absorption spectrum of
His61Ala revealed a predominantly high-spin protein. The initial conclusion that can be
drawn from this was that the low-spin species in rLb arises from the coordination ofthe distal
histidine. Although electronic absorption spectroscopy can indicate changes in spin-state, the
technique is not diagnostic for the identity of the ligand giving rise to the various haem
species. A more detailed rationalisation of the haem environment necessitated the use of
techniques with greater diagnostic capabilities. Accordingly, characterisation of the low-spin
form(s) using a variety of spectroscopic techniques was carried out with the aim of extending
the investigation and possibly identifying the nature of the low-spin derivative of rLb at low

temperature.

76



Chapter 3: Origin ofthe Low-spin Haem in rLb

350 400 450 500 550 600 650 700
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Figure 3.5. Thin layer spectroelectrochemical spectra of His61Ala at various applied
potentials. O and R represent the oxidised and reduced forms respectively and arrows denote
the change in absorbance with increasing Eap The corresponding Nemst plot obtained from a
fit of this data to Equation [7.9] is shown as an inset. Conditions: sodium phosphate, pH 7.0,
p=0.10 M, 25.0 °C.

3.3.2.2 Resonance Raman Spectroscopy

The high frequency region of the resonance Raman spectra of haem proteins is
composed of porphyrin in-plane vibrational modes that are markers of the oxidation,
coordination and spin-state of the haemd8-10! To determine the haem coordination and spin-
state, resonance Raman spectra in the high frequency region (1300-1700 cm'l), using 413 nm
excitation, were obtained for rLb and His61Ala, Figure 3.6, under differing conditions.
Characteristic and/or spin-state marker bands for both proteins under various conditions are
compiled in Table 3.2.

At room temperature and neutral pH the frequency of the oxidation state marker line
v4, was located at 1373 and 1372 cm'1 for the rLb and His61 Ala, respectively, Figures 3.6 (A)

and (B). These values fall in the typical range observed for ferric haem proteins
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(1370 - 1373 cm"). The v; line, which is coordination and spin-state sensitive, is detected in
the 1470 — 1505 cm™ range for various ferric haem proteins, [8 % 111 The high frequency region
of the resonance Raman spectra for rL.b and His61Ala show vibrational modes characteristic
of a mixture of six-coordinate, high-spin (v3 ~1480 cm™ and v, ~1565 cm™) and six-
coordinate, low-spin (v3;~1505 cm” and v, ~1585 cm) haem species, Figures 3.6(A) and
3.6(B). An important and distinctive feature of the spectrum for the variant was the
dominating characteristic six-coordinate, high-spin modes. These modes were clearly
apparent when compared to the spectroscopic high-spin modes for rLb.

Under basic conditions (pH 9.0) and low temperature (90K), bands from six-
coordinate, low-spin species dominated the spectra in rLb and His61Ala, Figures 3.6(C) and
(D). In these spectra, the vio mode of the six-coordinate, low-spin species was now clearly
observed at 1639 cm™, and was distinct from the vinyl (C=C) stretches. These observations
suggested deprotonation of the six-coordinate, high-spin (water-bound) species to a low-spin,
hydroxide-bound species for both rLLb and His61Ala. Assignment of the six-coordinate, low-
spin hydroxy-bound complex in rLb at alkaline pH was identified by the v(g.on) stretching
frequency observed at 571 cm™. In hydroxy-metmyoglobin (Mb),[!2] the equivalent stretching
mode is observed at 550 cm™.

At neutral pH and 90K, the resonance Raman spectrum of ferric-rLb was largely
dominated by contribution from six-coordinate, low-spin species, Figure 3.6(E). However,
unlike rLb at cryogenic temperatures, the spectrum of His61Ala retained a mixture of high-
and low-spin transitions, in which the low-spin transitions were less pronounced, Figure
3.6(F). Under these conditions, incubation of either protein in '8O-labelled water did not

reveal a v(r..on) stretching frequency.
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Table 3.2.
Characteristic spin-state marker bands (cm™) for ferric derivatives of His61Ala and rLb.

rLb His61Ala
pH7 pH 7 pH 10 pH 7 pH7 pH9
298 K 90 K 298 K 300K 90 K 298 K
Vio - 1636 1639 - 1647 1639
V4 1373 1374 1378 1372 1374 1375
V3 1482 1505 1505 1484 1485 1505
1505 1512 1512
A% 1566 1565 1586 1566 1566 1565
1582 1583 1582 1584 1590

3.3.2.4 Magnetic Circular Dichroism (MCD) Spectroscopy

Room Temperature MCD

Features that are resolved in the MCD spectra facilitate analysis of the spin-state
composition of the species from which they are derived. Bands observed at wavelengths
below 600nm are porphyrin-based m-wn* transitions that shift together with an increase in
intensity as the haem iron spin-state changes from high- to low-spin.[!3] Figure 3.7(B) shows
the room temperature UV-visible magnetic circular dichroism spectrum of His61Ala at
neutral pH. A typical ferric high-spin spectrum was observed for the variant similar to that
observed for ferric metmyoglobin.[13. 141 The MCD spectra correlated with the electronic
absorption peaks observed in the same wavelength region, Figures 3.7 (A) and (B). The MCD
spectruin showed a decrease in low-spin contribution (397, 415 and 571 nm) for His61Ala
compared to rLb.[5] The Soret troughs at 397 and 415, which arise largely from the more
intense low-spin contribution, Figure 3.7, had effectively halved in intensity for His61Ala
(AMnm (Ae/H (M 'em™ T for His61Ala: 397 (+17) and 415 (-17); for rLb 397 (+40) and 415
(-37)).151 A prominent increase in trough intensity of the high-spin contribution at 545.5 nm
and 637.5 nm was also observed for His61Ala. This increase was relative to the decrease in
intensity of the low-spin feature at 571 nm: (A/nm (Ae/H M'em'T) for His61Ala: 571 (-
15); rLb 571 (-26)).151 A high-spin feature was also apparent at 440 nm that was not apparent

for rLb.[5]
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Figure 3.6.  High frequency region of the resonance Raman spectra of rLb and His61Ala.
(A) rLb at pH 7 (100 mM phosphate) and room temperature; (B) His61Ala at pH 7 and room
temperature; (C) rLb at pH 10 and room temperature; (D) His61Ala at pH 10 and room
temperature; (E) rLb at pH 7 and 90K; (F) His61Ala at pH 7 and 90K.
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The decrease in low-spin contribution for His61Ala was similarly reflected in the
near-IR region of MCD at room temperature (Figure 3.8 (B)).

At wavelengths longer than 600 nm, the energies of porphyrin(n) — Fe(III) charge-
transfer (CT) bands give additional information of the nature of the haem axial ligands: high-
spin haem give two CT bands and low-spin haem give one band.[!5. 16] The higher energy
high-spin band gives rise to a derivative-shaped feature, the low energy trough of which can
be used as a marker for specific ligand set.[17. 181 At neutral pH, the MCD spectrum of
His61Ala identified two six-coordinate, high-spin species; hence, two high-spin CT bands
were observed. A broad charge-transfer band at 740 to 1260 nm, Figure 3.8(A), which
corresponds to a derivative feature in the MCD spectrum, Figure 3.8(B), was characteristic of
high-spin, water-bound haem.[15. 16, 191 For His61Ala this band was almost at the same
position (centred at 1105 nm, Figure 3.8(B)) as is found for metMb.[20] The second high-spin
CT band, also observed for rLb and metMb, was apparent at 809 nm, Figure 3.8(B) and arises
from a minority population of high-spin, hydroxide-bound haem. A comparison of the
intensities of these transitions with those of Mb provided an estimate that the high-spin water-
and hydroxy-bound forms were present at levels of ~ 20 % and ~ 45 %, respectively, for
His61Ala. The identification of the two high-spin species for His61Ala were consistent with
the titration behaviour (pKa = 8.4 + 0.1) and with the spectroscopic information obtained from
resonance Raman. Clarification of the low-spin species observed in the MCD spectrum for
His61Ala was also sought. Thermal equilibrium of the high-spin, hydroxy-bound haem with a
low-spin form characterised with a positive CT band at ~ 1020 nm is usually observed.
Although it is very likely that a low-spin, hydroxide-bound derivative exists for His61Ala as
observed from the UV-visible spectra, unfortunately in this case the CT band in the MCD was
obscured by the broad 1105 nm band, Figure 3.8(B), and was not observed.

At wavelengths longer than ~1360 nm at room temperature, the absorption spectrum
was obscured by vibrational transitions, Figure 3.8(A) dotted, and any underlying electronic
transitions were not resolved. However, these vibrational transitions had no appreciable MCD
intensity[2!] and the MCD spectrum, Figure 3.8(B), revealed a broad positive electronic
transition at 1370 — 1940 nm characteristic of a second low-spin species. Although the precise
origin of this minority species was not clear, it did not derive from hydroxide-coordination
since the CT transition of histidine/hydroxide ferric haem occurs in the region 1000 — 1170
nm.[20, 22-24] Bands near 1700 nm are normally associated with a second nitrogenous
ligand.[13] For rLb, a broad envelope was also observed3] at similar wavelengths but with

three times the intensity and discernible peak (at ~ 1620 nm), which was attributed to bis-
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histidine ligation in ~30 % of rLb, an assignment which clearly cannot be made in the case of
His61Ala. This unidentified low-spin form in His61Ala (which is present in lower
concentrations than is for rLb), together with the low-spin component of the hydroxy-bound
haem, presumably accounted for the remaining ~35 % of the sample and for the low-spin

haem signatures in the room temperature resonance Raman and electronic absorption spectra.

Low Temperature- MCD

Consideration of the low temperature (4.2 K) spectra, showed that at wavelengths
shorter than 600 nm the UV-visible MCD spectrum of His61Ala, Fig. 3.7(C), was dominated
by low-spin transitions, which were at least an order of magnitude more intense than their
high-spin counterparts. However, at longer wavelengths where low-spin transitions were
absent, there was a detectable high-spin transition at 630 nm (a diagnostic band of this spin-
state) - corresponding to the 637.5 nm trough in the room temperature spectrum, Fig. 3.7(B),
which was not observed for rLb. The intensity of this transition varies substantially between
haemoproteins and, although apparently small, could easily account for the levels of high-spin
haem observed at room temperature, particularly since both the resonance Raman and EPR
data (vide infra) indicated substantial contributions from high-spin haem at low temperature.

Similarly, in the Soret region, Lbl3] was previously found to have a peak-to-trough
intensity of ~ 32 mMcm”, indicating ~100 % conversion to low-spin at 4.2 K; for His61Ala,
the Soret band, Fig. 3.7(C), had only ~ 1/3 of this intensity and was not consistent with a
complete spin-state transition. Hence, the MCD data supported the existence of considerable
amounts of high-spin haem even at low temperature and, as such, were consistent with the
resonance Raman data. This was further supported by the low temperature spectrum in the
near-IR region, Fig. 3.8(C), which contained broad low-spin, CT intensity between 1000 and
2000 nm, peaking near ~ 1540 nm, but of insufficient intensity to account for 100 % low-spin
haem. A similar transition was also observed for Lb,[3] but with a very well-resolved peak at
1600 nm, indicative of bis-histidine ligation, and an intensity ~ 3.6 times that observed for
His61Ala. A shoulder in the Lb spectrum at 900 — 1100 nm was attributed to low-spin,
hydroxy-bound haem,3] which may correspond to the ~ 1070 nm feature for His61Ala, Fig.
3.8(C), (although this was likely to be heavily overlapped with the 1105 nm high-spin CT

transition).
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Figure 3.7. (A) Electronic absorption spectrum of His61Ala at room temperature, pH 7.0. (B)

UV-visible MCD spectra of His61Ala (pH 7.0) recorded at room temperature using a

magnetic field of 6 T and sample concentrations of 67 (in the Soret region) and 734 pM (in

the visible region) and (C) recorded at 4.2 K using a magnetic field of 5T and sample

concentrations of 34 and 340 uM.
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3.3.2.5 Electron Paramagnetic Resonance (EPR) Spectroscopy

Low temperature electron paramagnetic resonance spectra of His61Ala were recorded
at neutral pH. EPR spectroscopy in the absence, Fig. 3.9(A), and presence, Fig. 3.9(B), of
glycerol glassing agent provided a clearer indication of the relative concentrations of the low-
spin species at cryogenic temperatures. As expected, the spectra were dominated by high-spin
signals (gx and g, near 6, and g, at ~ 2). However, expansion of either spectrum in the g =~ 2
region revealed the presence of two, distinct low-spin haem species, in agreement with the
conclusions derived from the MCD spectra. In the absence of glycerol, Fig. 3.9(A), a rhombic
trio with gzy,-values of 2.78, 2.30 and 1.66, respectively, was observed and was assigned to a
low-spin species. On addition of glycerol, Fig. 3.9(B), the freezing-induced changes were
significantly reduced and leaded to a shift of g, to 2.83 with concomitant emergence of a new
species (g, = 3.15), which may correlate with an unresolved broad feature observed prior to
the addition of glassing agent. Integration of these EPR intensities using published
methods,[25] indicated that the g, =3.15 and g, = 2.83 account for 10 (+ 2) % and 14 (£ 3) %
of the sample concentration, respectively. This was in reasonable agreement with the
estimations from the MCD spectra: that there were two low-spin species that account for
approximately one quarter of the His61Ala population.

For rLb, EPRI] has shown minority high-spin species (g = 6.01 and 2.00), in
comparison to that observed for the high-spin spectra for His61Ala and hence, consistent with
UV-visible data at 77K for rLb. Low-spin features dominate the spectra, notably at g = 2.74
and 2.27. This species has been detected previously (g = 2.72 and 2.26[26l; g = 2.76 and
2.31Bl; g = 2.69 and 2.24[41) and has been assigned to the formation of a bis-imidazole
species. A weak feature at g = 3.1 was also apparent, which has been detected previouslyl4. 26]

and probably derives from a second low-spin form which is also apparent in His61Ala.
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Figure 3.8. Near-infrared MCD spectra of His61Ala (pH 7.0). (A) room temperature UV-
visible spectrum. (B) MCD spectrum recorded at room temperature using a magnetic field of
6 T and a sample concentration of 734 pM. (C) MCD spectrum recorded at 4.2 K using a

magnetic field of 5 T and a sample concentration of 340 pM.
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Figure 3.9. X-band EPR spectra of His61Ala (pH 7.0) before (A) and after (B) the addition
of~ 50 % v/v glycerol. Spectra were recorded at 10 K using 1 mT modulation amplitude and

2.01 mW microwave power. The g-values are indicated.
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3.4 Discussion

The low-spin haem species evident in rLb has been proposed to arise from the
coordination of the mobile distal histidine to the haem iron.[3] This low-spin species is more
apparent at low temperature. The main objective of this Chapter was to elucidate the identity
of the ligand giving rise to the low-spin derivative in rLb at both room and low temperature.
Hence, the His61Ala variant of leghaemoglobin was generated by removing histidine 61 from
the active site. Spectroscopic analysis of His61Ala and comparison to rLb at both room and
low temperature has provided evidence that coordination of histidine 61 to the haem is indeed
the origin of the low-spin feature. The spectroscopic similarities and differences displayed by
rLb and His61Ala will be discussed in this section.

3.4.1 Preliminary Characterisation of His61Ala.

The wavelength maxima (Amax = 402.5, 500 and 630 nm) observed in the electronic
absorption spectrum of His61Ala were consistent with a predominantly six-coordinate, high-
spin haem, assigned to a water-bound haem as for rLb (Amax 403, 495, and 626 nm).[5] Some
minor low-spin haem (Amax = ~535 and ~ 563 nm) was also apparent and was attributed to a
hydroxide-bound haem, since no contribution of the low-spin transitions can arise from the
distal histidine in this case, and it was assumed that protein ligand was not provided from any
other source. In effect, the removal of the distal histidine 61 had resulted in the loss of the
low-spin transitions (Amax = 530 and 560 nm) observed in rLb. This indicated the involvement
of the distal histidine in formation of the low-spin transitions. Assignments of the high- and
low-spin species were confirmed using resonance Raman, MCD and EPR spectroscopy.

Investigation of the ligand binding behaviour revealed His61Ala to behave in a similar
manner to rLb, with characteristic spectroscopic features observed upon formation of the low-
and/or high-spin ligated protein. These data suggested that the protein active site and the
ability of His61Ala to bind exogenous ligands had not been seriously perturbed as a result of
the mutation. Equilibrium dissociation constants derived for the binding of cyanide and azide
to His61Ala were found to be essentially the same as rLb, suggesting that the distal histidine
does not play a significant role in binding or stabilisation of binding of these ligands in the
active site. These results also support previous work,[2] which suggests that the distal histidine

ligand ‘swings’ in and out of the active site haem pocket of the protein to accommodate
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exogenous ligands. However, in comparison to data for rLb,[7] a decrease in the equilibrium
dissociation constant was observed for His61Ala on binding the bulkier ligand, nicotinate at
neutral pH. This observation can be explained in terms of steric effects: the removal of the
bulky histidine residue allows easier access of nicotinate into the active site to bind to the
haem.

Determination of the pK, of His61Ala to identify the titrating residue in the variant
was very similar to that of rLb and indicated titration of the distal water molecule. Formation
of a low-spin species was observed for His61Ala as the pH was increased similar to rLb.[5]
Wavelength maxima (Amax = 406, 537 and 574) indicated formation of six-coordinate,
hydroxide-bound haem, which derives from the deprotonation of the coordinated distal water
molecule. This similarity of pK,s was surprising, since one might have expected a change in
the H,O/OH’ distribution through removal of hydrogen-bonding interaction to the coordinated
water in the haem pocket. Although the structures of the water- and hydroxide-bound Lb
derivatives are not known, the distal histidine 61 residue is known to be mobile. As such, the
similar pK,s for His61Ala and rLb may suggest that the hydrogen-bonding interaction does
not have a significant influence on the H;O/OH" equilibrium in Lb. The results are also
consistent with the equilibrium binding data for cyanide and azide binding to His61Ala (see
above).

3.4.1.1 Spectroelectrochemistry

Determination of the mid-point potential for His61Ala (-6 mV) revealed a decrease of
27 mV compared to rLb (21 mV), indicating a slight net destabilisation of the reduced form of
the haem. An explanation for these findings can be based on comparison of the active site and
haem axial ligation of rLb and His61Ala. The rLb protein exists as a mixture of high- and
low-spin species whereas His61Ala exists as a predominantly high-spin species. The nature of
the high-spin form for both proteins has been attributed to water-bound haem. The only
difference between the two proteins is the low-spin species, which arises from the
coordination of hydroxide and distal histidine in rLb and from coordination of hydroxide in
His61Ala. Since the two proteins have similar pK, values, it can be assumed that at pH 7 there
will be the same amount of water- and hydroxide-bound species present. Therefore the only
difference between the two proteins is the lack of the distal histidine residue. Coordination of
the n-acceptor histidine to the haem of rLb may stabilise the ferrous oxidation state due to the
electron donating ability of the histidine nitrogen, which will favour the ferrous oxidation

state of the protein. Absence of this residue in the His61Ala variant results in a decrease in
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the mid-point potential (the ferrous oxidation state is less favourable). As a consequence the
difference in the mid-point potentials observed for rLb and His61Ala must arise from the

presence of the histidine-bound species (effect of the distal histidine).

3.4.2 Spectroscopic Correlations

Mutagenic replacement of the distal histidine with alanine resulted in a predominantly
six-coordinate, high-spin ferric species with little low-spin contribution evident in the
electronic absorption spectrum. Loss of the low-spin features that were apparent in the
electronic absorption spectrum of rLb indicated the involvement of the histidine residue in
rLb and gave initial evidence that this residue does indeed coordinate to the haem in rLb.

The nature of the high- and low-spin forms required further investigation. Resonance
Raman spectroscopy gave further insight into the differences and similarities in haem
coordination and spin-state distribution in both proteins. Resonance Raman spectroscopy
facilitated quantitative analysis of the low-spin forms of rLLb and His61Ala with changes in
pH or temperature. At room temperature and neutral pH, resonance Raman spectra of rLLb and
His61Ala consisted of six-coordinated, high- and low-spin species, with the high-spin modes
dominant for the variant in agreement with electronic absorption data. Spectra obtained at
basic pH showed dominant low-spin species for both proteins, again in agreement with high
pH electronic absorption spectra. The low-spin modes observed at basic pH were assigned to
an iron-hydroxide derivative. Assignment of the six-coordinate, low-spin hydroxy-bound
complex in rLb at alkaline pH was identified by the v(r.-on) stretching frequency observed at
571 cm™ that down shifts by 26 cm™ in '80-labelled water. In hydroxy-metmyoglobin!!2] the
equivalent stretching mode was observed at 550 cm™'. Parallel experiments with His61Ala
failed to detect any '®O-isotope sensitive frequency, although MCD and electronic absorption
data provided evidence for hydroxide-bound haem in His61Ala. However, poor resonance
enhancement of the v(re.on) band in the variant may account for this apparent discrepancy.

At cryogenic temperatures and neutral pH, the variant was observed as a mixture of
high- and low-spin species, in contrast to the wholly low-spin form observed for the rLb
under the same conditions. The low-spin form was not attributed to a Fe-hydroxide species, as
incubation of either protein in '*0O-labelled water did not reveal a v(..on) stretching frequency.
This suggested a different form for the low-spin species in both proteins.

Semi-quantitative assessment of the nature of the new/different low-spin species was

sought using the diagnostic pairing of MCD and EPR. Identification of haem protein axial
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ligand using the combined applications of magnetic circular dichroism and electron
paramagnetic spectroscopy was facilitated by the fingerprint library that has been based upon
analysis of many haem proteins of known ligation properties.[17: 181 Throughout the 450 — 600
nm region, both high- and low-spin species contributed to the MCD spectrum, with bands
derived from the low-spin form being less intense than high-spin bands for His61Ala, in
contrast to that observed for rLb. Spectra obtained at neutral and mildly acidic pH differed
solely in the relative proportions of the six-coordinate, high- and low-spin components, with
slightly increased proportion of the latter at high pH assigned to the hydroxide form of both
proteins. Similar observations were observed at low temperature. The His61Ala variant
displayed low-spin MCD spectroscopic features at low temperature that were similar to rLb.
Accordingly, bis-imidazole ligation involving the distal histidine was precluded as the origin
of the low temperature form in rLb, which is not possible in His61 Ala. However, the low-spin
band observed in the near-IR MCD spectrum at 1540 nm, a minority feature observed for the
variant and which was probably hidden by the 1600 nm band for rLb, suggested that the
temperature-dependent spectral changes, whilst not deriving from ligation from the distal
histidine, were likely to be due to the coordination of another nitrogenous protein residue.
These data suggested that two low-spin species were present for His61Ala. In conjunction
with MCD data, the EPR analysis also confirmed two low-spin species for His61Ala evident
at low temperature. Assignment of these two low-spin species was not straightforward. The g,
= 2.83 signal was in a similar region to the alkaline forms of Mb (g, ~2.6) and horseradish
peroxidase (g, ~ 2.9),[27. 28] and was likely to correspond to low-spin, hydroxide-bound haem,
particularly since MCD and UV-visible data provided evidence for the presence of this
species in the high- and low-spin forms, respectively. The second, minority low-spin species
(g2 = 3.15) — which was also detected in the MCD spectra — was more difficult to assign, but a
similar species (g ~ 3.1) has been previously observed in the EPR spectra of Lb,[4. 26lrLb,[5]
His61Arg (Chapter 5) and His61Lys (Chapter 5). Clearly, this cannot arise from coordination
of the | distal histidine residue. At present, the second low-spin species cannot yet be
specifically assigned, although from the intense signals observed in the EPR spectrum of
His61Lys, it is more than likely to arise from the possible ligation of one of two lysine
residues close to the active site. Examination of the distal pocket of rLb indicates lysine 64 or
lysine 57 are the most likely residues able to coordinate to the haem under these conditions.
Clearly, unambiguous confirmation of the structural changes and haem coordination
alterations associated with formation of the low-spin species at cryogenic temperature

requires crystallographic information, which is not available and quite difficult to obtain.
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Attempts to probe these changes by an alternative route, by site-specific replacement of the

lysine 64 and lysine 57, are currently underway.
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3.5 Summary

To summarise, the work carried out in this Chapter has shown that the low-spin
species observed in the low temperature spectrum of rLb originates from the ligation of the
distal histidine 61 residue. This has been confirmed by spectroscopic analysis of the His61Ala
variant of leghaemoglobin, in which the distal histidine has been replaced by a non-
coordinating alanine residue. The resulting His61Ala variant was observed to be
predominantly high-spin with a loss of the low-spin features that were observed in rLb. Room
temperature and low temperature resonance Raman, MCD and EPR spectroscopy of His61Ala
exhibited loss of the low-spin features that were assigned to bis-histidine ligation in rLb. In
addition, minority low-spin components observed in His61Ala at room temperature were
assigned as arising from hydroxide bound haem and at cryogenic temperature arising from
possible ligation of a different nitrogenous ligand (also apparent in rLb), possibly a lysine

residue.
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4  Incorporation of New Haem Axial Ligation into
Leghaemoglobin: Spectroscopic, Electrochemical and
Ligand Binding Analysis of the His61Tyr Variant

4.1 Introduction

One of most challenging questions in bio-inorganic chemistry has been to identify and
understand the relationships that exist between different classes of haem proteins: that is, to
rationalise the mechanisms by which the protein structure controls the specific chemical
reactivity of the haem group.[l: 2 Included amongst a range of structural variables that are
likely to affect the functional properties of the haem, perhaps the most influential are the axial
ligands. For this reason, the ways in which changes in axial ligation affect haem chemistry
have been extensively examined for various haem proteinsl!-191 in an attempt to rationalise the
very diverse functional properties exhibited by different haem proteins and enzymes.
Although clearly useful, this experimental approach is sometimes limited by the tolerance of
the protein to mutagenic substitutions at the axial amino acid positions and can often be
invalidated altogether if the variant protein is not able to bind haem under normal conditions.

Whilst it is recognised that the exact function of the haem group amongst different
haem proteins can be regulated by the different axial ligation in each, it is also becoming
increasingly clear that certain haem proteins are capable of self-regulation: that is, they are
able to vary their own haem coordination geometry - and, by implication, the haem chemistry
- through an intramolecular ligand switching mechanism in which conformational
rearrangements lead to the replacement of one of the axial ligands by another protein-based
residue. Examples of ligand switching mechanisms of this kind include: (a) the pH-dependent
alkaline transition of ferricytochrome ¢ in which the methionine axial ligand present at neutral
pH is replaced by two lysine resides at alkaline pH;[20. 211 (b) reduction of the c-haem in
cytochrome cd; in which the axial ligation changes on reduction from His/His to His/Met;[22;
23] (c) the pH-dependent conversion of ferric Chlamydomonas haemoglobin from His/H,0
ligation at acidic pH to His/Tyr ligation at alkaline pH;[24] (d) the oxidation-state dependent
replacement of a cysteine ligand by a histidine ligand in the haem b-containing transcriptional
activator CooA.[25-28] Whilst the functional role — if, indeed, there is one — of these
conformational rearrangements is not clear in all cases, these systems do provide a convenient
and experimentally advantageous framework for the investigation of haem structure/function

relationships.
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In this context, a new approach to investigate the haem structure/function relationships
that bypasses the inherent difficulties associated with direct ligand replacement has been used
in this Chapter using rLb. Crystallographic[2- 30] studies of soybean leghaemoglobin have
revealed a larger, more accessible and more flexible distal haem pocket than is encountered in
the mammalian globins. This conformational flexibility gives rise to a mobile switching
histidine ligand (His61) which, from spectroscopic studiesl31-34] has been implicated in
binding to the ferric haem species at low temperature to generate a low-spin, bis-histidine
derivative. The unique mobility of the leghaemoglobin molecule in the study of haem
structure/function relationships has been exploited by using it as an experimental framework
for the examination of the effect of axial ligand substitutions.[35] Work carried out in Chapter
3 examined a variant of rLb in which the switching ligand had been replaced (His61Ala
variant) and it was established that the incorporation of a non-ligating amino acid essentially
eliminated the low-spin haem species (Chapter 3),[35] thereby, confirming the origin of the
low-spin species. In an extension to this, work conducted in this Chapter and the following
Chapter show that it is possible to incorporate new ligands into this flexible haem
architecture, by replacement of the switching histidine 61 ligand. In this work, a tyrosine
residue has been incorporated generating the His61Tyr variant. In effect, the mobile switching
ligand has been used as a platform for the incorporation of new axial ligation in the haem

protein.

4.2 Mutagenesis, Protein Expression and Isolation

Site-directed mutagenesis, to generate the His61Tyr variant of rLb, was carried out
according to the Quikchange protocol (Stratagene), using the rLb DNA and the His61Tyr
mutagenic oligonucleotide (Chapter 7, Table 7.1). Successful mutation was confirmed by
sequencing of the entire rLb gene. The His61Tyr variant was expressed, isolated and purified
according to published procedures(36] (Chapter 7). Isolation of His61Tyr resulted in the
formation of apo-protein and required reconstitution by addition of appropriate volumes of
exogenous haem. Excess haem was removed using a G50 Sephadex (Pharmacia) column,
equilibrated with 20mM Tris/HCI buffer, pH 8.0. Purified protein (~ 8 mg/l) was obtained
with Agere/A2go (R2) > 4 (pH 7.0, 25.0 °C, p = 0.10 M) and migrated as a single band on a
SDS PAGE gel, Figure 7.2 (Chapter 7).
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4.3 Characterisation of His61Tyr

4.3.1 Electronic Absorption Spectroscopy

The most noticeable feature of the His61Tyr variant, observed during handling and

purification, was its green colour, Figure 4.1; samples ofrLb are red/brown in colour.

Figure 4.1. His61Tyr (left) and rLb (right)

The electronic absorption spectrum of the ferric derivative of His61Tyr, Figure 4.2,
revealed a six-coordinate, high-spin species (" nax(£/mM'km'l) = 404.5 (181), 488, 534, 602
nm). The prominent band at ~ 600 nm is a fingerprint band for iron-tyrosinate ligation and
gives rise to the unique green colour. This high-spin species was spectroscopically distinct
from the mixture of high- and low-spin species observed for rLb (Anax= 403, 495, 530, 560
and 626 nm)J36l The maxima observed for His61Tyr were similar to those for the phenol
derivative of rLb (Anax= 404.5, 489, 534, 5684l 603 nm), Figure 4.3, prepared in this work
and are consistent both with previously reported values for the phenol derivative of Lb (knax=
402, 604 nm)134l and with the coordination of the tyrosine ligand to the haem iron. In the
reduced form, Figure 4.2, wavelength maxima for His61Tyr (“nax(e/mM'lcm'l) = 429.5 (195)
and 557 nm) were similar to those of rLb (Chapter 2, Table 2.1)1361 indicating loss of the

tyrosine ligand and formation ofa five-coordinate haem structure.
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Figure 4.2. Electronic absorption spectra of ferric and ferrous His61Tyr. The absorbance in

the visible region (450-700 nm) has been multiplied by a factor of five. Conditions: sodium

phosphate, pH 7.0, p = 0.10 M, 25.0 °C.

4.3.2 Ligand Binding

Addition of excess cyanide to His61Tyr, Figure 4.4, resulted in a spectrum (Anax
(e/mM 'cm'l) =420 (159) and 546 nm) that was similar to the cyanide-bound form ofrLb and
which was consistent with replacement of the axial tyrosine ligand with cyanide. The
His61Tyr variant was observed to readily bind other strong field exogenous ligands at the
haem, in the ferric and ferrous oxidation states: absorption maxima and corresponding
absorption coefficients are shown in Table 4.1. In contrast, the addition of weak field ligands
(e.g. fluoride, acetate) to His61Tyr did not perturb the electronic spectrum substantially,
Figure 4.4, indicating that these ligands did not displace the haem-bound tyrosinate group.
Attempts to form the oxy-derivative of His61Tyr were made difficult due to the rapid auto-

oxidation ofthe oxy-His61Tyr, hence no Fe(Il)-C2was observed for the variant.
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Figure 4.3. Electronic absorption spectra of His61Tyr and phenol derivative of rLb. The
visible region (450-700 nm) has been multiplied by a factor of five. Conditions: sodium

phosphate, pH 7.0, p = 0.10 M, 25.0 °C.

Examination ofthe binding behaviour ofthe His61Tyr variant with exogenous ligands
provided additional evidence in support of tyrosinate ligation. Hence, equilibrium binding
constants, Kd for binding of cyanide to His61Tyr (“cyanide = 3300 = 100 pM) at neutral pH,
Figure 4.5(A), indicated that the affinity of the cyanide ligand for the haem was over 1000-
fold lower than for rLb (“cyanide = 1.1 £0.1 pM).t371 Correspondingly, binding of azide to
His61Tyr (Alazide = 19000 + 1000 pM), Figure 4.5(B), at neutral pH was also significantly
lower than for rLb (Kdazide = 4.8 £ 0.2 pM).1371 These data indicated that binding of the
tyrosine ligand at the haem iron affects the affinity of the variant for exogenous ligands. At
acidic pH (pH 4.0), binding of exogenous ligand to His61Tyr was -10-fold more favourable
(Adgyanice = 200 £ 40 pM, A*azide= 700 + 70 pM) than at basic pH. Furthermore, although the
binding affinities of His61Tyr for both ligands was still weaker than rLb, the relative affinities
were more similar (~ 20-60-fold difference) than at neutral pH (~ 1000-fold difference) (rLb

(pH 4.0) A'cyanice = 9 + 0.2 pM, Ablazide= 12 + 0.3 pM).
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Figure 4.4. Electronic absorption spectra of the anionic ligand bound derivatives of ferric

His61Tyr. Conditions: sodium phosphate, pH 7.0, p = 0.10 M, 25.0 °C.

4.3.3 Determination of the haem pK* of His61Tyr

The change in the electronic spectrum of His61Tyr as a function of pH (pH 3.8 - 8.5)
is indicated in Figure 4.6. The variant was observed to change from green, at neutral pH, to
red/brown, at acidic pH. At pH values less than 4, there was a decrease in intensity of the
Soret band at 404.5 nm and a shift of this band to 401 nm; a new band at 373 nm was also
observed at acidic pH (pH 3.7). Below pH 3.5, denaturation and precipitation of the protein
occurred. In the visible region, the intensity ofthe 602 nm band decreased with decreasing pH
and shifted to a longer wavelength (Xmax = 645 nm). There were no changes in the electronic
absorption spectrum at alkaline pH for His61Tyr, corresponding to titration of a distal water
molecule (as observed for rLb, vide infra), consistent with the absence of the distal water
molecule. A fit of the absorbance values, with change in pH, to the Henderson Hasselbach

equation, for a single proton process, Figure 4.6 (inset), yielded a pXa 0of4.6 + 0.2.
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Table 4.1.

Wavelength maxima (nm) and, in parentheses, absorption coefficients (mM'cm™) for the

ferric and ferrous derivatives of rLb and His61Tyr. Conditions: sodium phosphate, pH 7.0, u = 0.10 M, 25.0 °C. Nic = nicotinate. sh = shoulder.

rLb His61Tyr
Derivative (y) Soret CT, B o CT, (v) Soret CT, B a CT,
Fe(1II) 403 (157)  495(10.7) 530(9.91) 560 (7.13) 626(4.92) || 404.5(181) 489 (22.1)  534(20.3) - 602 (23.1)
Fe(1II)-CN 415 (117) - 539 (11.9) - 420 (159) - 546 (20.0) - -
Fe(II)-Nic 407 (123) - 529 (13.4)  557(11.2) - 407 (195) - 529 (16.4) 562 (11.0) -
Fe(IIT)-Ny° 413.5 (126) - 549 (12.4) 572 (9.36) - 415 (200) - 542(20.3) 578(16.2) -
Fe(III)-F- 401 (149) 484 (11.1) 540 (8.88) - 601 (10.0) || 405(124) 488 (46.4)  535(42.5) - 602 (44.6)
Fe(Il)-OAc™ || 403(236) 497(13.9) 533(10.8) 571 (8.71) 622(9.02) || 404 (174)  489(20.5) 531 (18.1) 5743 (sh)  602(20.5)
Fe(II) 427 (111) - - 555 (13.3) - 430 (195) - - 557 (23.4) -
Fe(11)-CO 415 (199) - 537.(13.6) 561 (12.7) - 419 (182) - 539 (14.7) 566 (5.33) -
Fe(II)-Nic 418 (230) - 524 (24.7) 554 (44.6)  685(2.56) || 417.5(297) - 525(54.1) 554 (81.2) -
Fe(11)-0, 412(108) - - 541(10.8) 574 (10.5) - - - - -
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Figure 4.5. Spectrophotometric titration of His61Tyr with (A) cyanide and (B) azide. The
visible region has been multiplied by a factor of five for clarity and arrows indicate the direction
of change in absorbance upon successive addition of ligand. Inset show fit of data to Equation
[7.3] for strong ligand binding and Equation [7.6] for weak binding at pH 4 (O) and pH 7 (),

respectively. Conditions: sodium phosphate, pH 7.0, p = 0.10 M, 25.0 °C.
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Parallel titrations of rLb in the acidic region (pH 3.6 — 7.0), Figure 4.7, revealed a similar
decrease in the Soret intensity at 403 nm, with a subsequent shift to 401 nm. The appearance of
a new band at 371 nm, at pH 3.6, was also observed. Hence, the spectra of rLb and His61Tyr at
acidic pH were essentially identical. Above pH ~ 8, a second change in absorbance was observed
that corresponded to the titration of the distal water molecule. A fit of these data, to a two-proton
process, yielded pK, values of 4.4 + 0.1 and 8.3 + 0.5. The acidic pK, corresponded well with
that observed for His61Tyr (vide supra); in the alkaline region, the observed pK,, for rLb, was
consistent with previously published data (pK, = 8.3), Chapter 2.[36]

4.3.4 Spectroelectrochemistry

The mid-point potential of His61Tyr was measured using procedures described in
Chapter 7, Section 7.2.7. Application of an applied potential across a range of —600 mV to +100
mV vs SHE was conducted and data fitted to the Nernst equation, Equation [7.9], Chapter 7.

Figure 4.8 shows a family of spectra for His61Tyr at various potentials, with the
corresponding Nernst plot (inset). The ferric-ferrous mid-point potential determined from these
data was —127 + 5 mV (pH 7.0, 25.0 °C, u = 0.10 M), a decrease of 148 mV from the value
obtained for rLb under identical conditions (21 mV vs SHE). The average Nernst slope for the
mid-point potential determination was 65 mV, consistent with a single electron process
(theoretical 59 mV).

4.3.5 Extended X-ray Absorption Fine Structure (EXAFS)

The EXAFS experiments were conducted in collaboration with Dr. S. Gurman and Dr. A.
Svensson (Department of Physics, University of Leicester). Data fitting were carried out by Dr.
S. Gurman. The observed and calculated &’ weighted EXAFS spectra and the corresponding
Fourier transforms for rLb and His61Tyr are shown in Figure 4.9. Data fits and structural results
for ferric rLb and His61Tyr are presented in Table 4.2. In both cases, a distorted octahedral
coordination of the haem iron gave a significantly better fit than a symmetric octahedral
arrangement. In addition, the six bonding neighbours were clearly all best fit by light atoms (i.e.
C, N or O) and were distinguishable from heavy atoms (i.e. S). Inclusion of the three distant

carbon shells, which arises from the porphyrin ring structure, required the use of multiple
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Figure 4.6. Spectrophotometric pH titration of His61Tyr in the acidic and alkaline regions.
Spectrum of His61Tyr at (a) pH 3.8, (b) 8.5 and intermediate pHs 4.1, 4.6, 4.9, 5.1, 5.3, 5.7, 5.9,
6.2, 6.5, 6.9, and 7.7. Arrows denote the direction of change in absorbance with decreasing pH in
each case. Inset: plot ofvariation in absorbance 400 nm with pH. The solid line represents non-
linear least squares fit to Henderson Hasselbach equation for a single proton process. For

His61Tyr, no further change in absorbance is observed above pH 8.5

scattering contributions: in this case, it was necessary to split the five N atoms at -200 pm into
two shells, four in the ring plane and one out ofplane (4 + 1+ 1). These two contributions were
always found to lie at similar distances. Comparison spectra for rLb, at 298 K and 77 K, are
depicted in Figure 4.9(A). All significant structure had been fitted for the protein. The results for
myoglobin, Table 4.2, which were collected to establish the reliability of the rLb and His61Tyr
data, were in good agreement with published data.!38! The Brookhaven nomenclature for haem
atoms, Scheme 1, has been used throughout. The data for rLb were very similar to those for Mb
and were in agreement with the close similarity in Fe environments between ferric Mb and ferric
Lb found by Rich et al. B8 For rLb at 300K, the short bond (190 + 5 pm) was assigned as a Fe-

o n» bond arising from coordination ofa water molecule by comparison with spectroscopic data
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Figure 4.7. Spectrophotometric pH titration of rLb in the acidic region. Spectrum ofrLb at (a)
pH 3.7, (b) pH 7.0 and intermediate pHs 4.0, 4.2, 4.6, 4.9, 5.4, 5.7, 6 and 6.1 Arrows denote the
direction of change in absorbance with decreasing pH in each case. Inset: plot of variation in
absorbance 403 nm with pH in the acidic and alkaline regions (pHs 3.7, 4.0, 4.2, 4.6, 4.9, 5.4,
5.7, 6, 6.1, 7.0, 7.6, 8.0, 8.4, 8.8, 9.2, and 10.1); the solid line represents non-linear least squares

fit to Henderson Hasselbach equation for a two proton (two pKg process.

that have independently confirmed this assignment.!34’ 351 At low temperature, the Fe-0 bond
distance did not significantly alter in length. The inability of EXAF'S to distinguish between O
and N has made assignment of this bond difficult. However, significant changes in the Debye-
Waller factor were observed. An increase by a factor of 3 suggested a structural change was
associated with this bond (Fe-O) with change in temperature. A heavier unit than the water
molecule was likely to be ligated to the haem, likely histidine, in agreement with other
spectroscopic data. In addition the EXAES spectra for rLb at both room and cryogenic
temperature were different at k = 7 A'land 9 A'l, suggesting a significant change in structure,
Figure 4.9(A). At low temperature, rLb is known to exist as a fos-histidine coordinated

species”31’ 34’ 371the bond length of 190 pm at 77 K was assigned as a Fe-Nnis distance.
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Figure 4.8. Thin-layer spectroelectrochemical spectra for His61Tyr at various applied potentials,
fapp (mV). Fully oxidized (O) and fully reduced (R) spectra for each derivative are indicated.
The inset shows a fit ofthe absorbance data at 405 nm.to the Nemst equation. Absorbance values
in the visible region (450-700 nm) have been multiplied by a factor of five. Conditions: sodium

phosphate, pH 7.0, 25.0 °C, p=0.10 M.

Comparison EXAFS spectra for His61Tyr, at 298 K and 77 K, are depicted in Figure
4.9(C). The EXAFS data for His61Tyr, Table 4.2, were very similar to those for rLb and were
presumably due to the dominating (invariant) four-fold symmetric porphyrin ring structure. In
both cases the distances ofthe iron atom to the main porphyrin ring atoms (Np) indicated that the
iron lies in, or very close to, the plane of the porphyrin ring. The most significant difference
between rLb and His61Tyr, at 300K, was observed in the parameters of the short bond: this was
found to be 5pm shorter for His61Tyr but with a significantly lower Debye-Waller factor, Table
2 The lower Debye-Waller factor suggested that this atom was part of a heavier unit than a
water molecule - although the vibration frequency was only 250 cm'l- and was consistent with

tyrosinate ligation. The EXAFS spectra for His61Tyr at both room and cryogenic temperature,
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Figure 4.8(C), were similar at k =7 A and 9 A, in contrast to rLb, suggesting no significant
change in structure resulted from the change in temperature. At low temperature, no change in

bond length (185 pm) was indicated, suggesting that the Fe-tyrosinate bond did not alter.

4.3.6 Magnetic Circular Dichroism (MCD) Spectroscopy

Figure 4.10 shows the room temperature UV-visible MCD spectrum of His61Tyr at
neutral pH. The MCD spectrum showed considerable differences to the MCD spectrum of
rLb.B6] Predominantly high-spin ferric features were observed for His61Tyr, which
corresponded well to the MCD spectrum reported for the phenol derivative of Lb.[34] The Soret
band intensity, which arise largely from the more intense ferric low-spin contribution (peak-to-
trough intensity of 150 M'em™T™' expected for ‘normal’ low-spin ferric haem (His/His, His/Met
etc)), was observed to be an order of magnitude less intense in the variant, suggesting that
His61Tyr exists in the high-spin state. In comparison to the MCD spectrum of rLb, the Soret
band of His61Tyr had almost halved in intensity: (A(nm) (Ae/H (M 'cm'T™") for His61Tyr 397
(+21) and 420 (-20); for rLb 397 (+40) and 415 (-37).[36] In the region 580-980 nm, two charge-
transfer bands were observed at 621 and 830 nm, which were characteristic of high-spin ferric
haem. A CT; band (usually observed ~ 600-660 nm) was detected with a cross over at 606 nm
and a trough at 621 nm. A second charge-transfer transition (CT; (750-1400 nm)) was observed
with a cross over at 797 nm and a trough centring at 830 nm. The charge-transfer transition, at ~
830 nm, is indicative of histidine-tyrosinate-bound, high—spin haem and is analogous to that
reported for the phenol derivative of Lb34] indicating tyrosinate-haem ligation in the His61Tyr

variant.

4.3.7 Electron Paramagentic Resonance (EPR) Spectroscopy

Figure 4.11, shows the EPR spectrum of His61Tyr recorded at neutral pH. The His61Tyr
variant exhibited rhombic high-spin signals (g« 6.43, 5.83, 4.99 and g, 2.0), which were similar
to those reported for the His64Tyr variants of sperm whale and horse heart myoglobin (sperm
whale: 6.63, 5.31 and 1.98;[17] horse heart: 6.64, 5.34 and 1.98)[391 and Hb M Saskatoon (6.65,
5.35 and 2.0)[3% 401 in which histidine-tyrosine haem ligation has been established. However,

low-spin signals were also apparent for His61Tyr (g, 2.67, 2.17 and 1.79), which closely

108




Chapter 4: Spectroscopic Analysis of His61Tyr
(A) 10

s 0

(B) 45

sf=}
o

Distance/A

(C) 10

-5

(D)

Res

Distance/A

Figure 4.9. The EXAFS spectra (A) and Fourier transform amplitude of EXAFS (B) of rLb, the
EXAFS spectra (C) and Fourier transform amplitude of EXAFS (D) ofHis61Tyr: observed (0) at
298K and (0) at 77K. The solid lines represent the calculated data from refined models at 298K
(—) and at 77K (—).
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TABLE 4.2.
Structural results obtained by fitting the EXAFS spectra from met-Mb, rLb and the His61Tyr
variant of rLb. Data were fitted to kmex = 10 A 1  Uncertainties quoted are +2g (95%
confidence). Parameter values listed without uncertainties were held fixed during the fit. The
mean square deviation in bond length (c2) is usually referred to as the Debye-Waller factor. For

nomenclature, Scheme 4.1.

N (77K) N (RT) Type R(77K) R(RT)  a2(77K) o2 (RT)

pm pm (pm)2 (pm)2
Mb
4 4 NR 201 +£2 20312 3015  45+10
1 1 NE 196+5 19715 20140 45120
1 1 0 17245 17515 70115 80120
8 8 cb 301 +5 30815 8015 1101K
4 4 cC 340+5 34615 8015 HOIK
8 8 cd 436+5 43415 8015 H O IK
rLb
4 4 NR 200+2 20512 1015 20110
1 1 Ne 21015 21015 1015 20110
1 1 N.0 19015 19015 20115 60120
8 8 Cb 29915 30315 4515 60110
4 4 Ce 33715 33415 4515 60110
8 8 cd 42315 42815 4515 60110
His61Tyr
4 4 NR: 20012 20612 1015 3515
1 i Ne 21015 20515 1015 3515
| . 0 18515 18515 201 10 40120
8 8 Cb 30215 30615 50110 80110
4 4 cC 33915 34115 50110 80110
8 8 cd 42615 43415 50110 80110

IN = Na, Nb,N°, Nd o
St B G cmon eBed)

d 024 034 02B ~3B 0 2C 03C 07D £.3D
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Scheme 4.1. The Brookhaven haem nomenclature used in this work.
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Figure 4.10. UV-visible MCD spectrum of His61Tyr (pH 7.0) recorded at room temperature
using a magnetic field of 6 T and sample concentration of 67 (in the Soret region) and 734

UM (in the visible region)
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resembled the g-values of the phenol derivative of Lb.34l The phenol derivative has been
previously established to be high-spin at room temperature and predominantly low-spin at low-
temperature, with tyrosinate-haem ligation in both states. This suggests that tyrosine is also

ligated to the haem in the His61Tyr variant, in a predominantly low-spin population.

_6.43 2.0

2.67 /

4.99

1000 2000 3000 4000 5000 6000
Magnetic Field (mT)

Figure 4.11. X-band EPR spectrum of His61Tyr (pH 7.0) recorded at 10 K using 1 mT

modulation amplitude and 2.0 mW microwave power. The g-values are indicated.
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4.4 Discussion

It has been known, for more than 30 years,32] that the haem structure of leghaemoglobin
is conformationally mobile and that at low temperature, the ferric haem rearranges to a low-spin
derivative. The recent mutagenesis experiments, carried out in Chapter 3, have confirmed that
this low-spin derivative is a bis-histidine species generated by ligation of histidine 61 to the
haem at low temperature. In this work, it has been demonstrated that this conformational
mobility of rLb is also able to support axial ligation by other amino acids, within the haem
architecture. A His61Tyr variant was generated in which the mobile distal histidine 61 residue
was replaced to incorporate tyrosine. Spectroscopic characterisation of His61Tyr was carried out
to establish the effect of the mutation on the spectroscopic and ligand binding properties of the
protein.

The electronic absorption spectrum of ferric His61Tyr displayed fingerprint bands for
iron-tyrosinate proteins (intense band at 602 nm), which gives rise to the unique green colour of
His61Tyr. The charge-transfer bands seen at ~480 and ~600 nm for the variant, which are
characteristic for high-spin ferric haem, are also seen for bovine liver catalase,ll. 61 Hb M
Saskatoonl4!. 42] and the distal His64Tyr variant of sperm whale myoglobin (Amax = 410, 486, 542
and 600 nm), in which coordination of Tyr64 to the haem has been established.l 17, 39, 43]
Similar absorption bands, in the range of 470 and 490 nm, have been observed in non haem iron-
phenolate proteins and model compounds!44] and have been previously assigned to phenolate-
Fe(IIl) pr-d.+ charge-transfer bands.[45] Accordingly, the assignment of phenolate (tyrosinate)
ligation to the haem iron, in the His61Tyr variant was made. Comparison of the His61Tyr
spectrum with the ferric-phenol derivative of rLb revealed very similar features (Amax = 404.5,
489, 534, 568", 603 nm), providing further evidence in support of tyrosinate ligation. The
appéarance of charge-transfer bands of the phenol-derivative at 489 and 603nm, characteristic of
six-coordinate, high-spin ferric haem, was similarly observed as for His61Tyr. Absorption
maxima for these variants and other tyrosine coordinated haem proteins are shown in Tables 4.3
and 4.4. In the reduced form, wavelength maxima for His61Tyr (Amax (a/mM'lcm'l) = 429.5
(195) and 557 nm) were similar to those of rLb (Chapter 2, Table 2.1),136] indicating loss of the
tyrosine ligand and formation of a five-coordinate haem structure.

EXAFS analysis of rLb and His61Tyr allowed further insight into the structural changes
associated with the His61Tyr mutation. Determination of the Fe-H,O bond length for rLb, at
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neutral pH, revealed a bond length value of 190 pm. This value is believed to be the first
reported Fe-H,O distance for rLb (previous crystals structure determinations have only revealed
Fe-nicotinate (209 pm), Fe-porphyrin (Na = 198 pm, Ng= 209 pm, N¢ = 215 pm, Np = 185 pm)
and Fe-histidine 92 (226 pm) bond for Lb).[6]1 The Fe-H,O distance for rLb compares to the
analogous bond length in met-Mb (1.75 A), determined in this work, Table 4.2. In general,
longer bond lengths were observed for rLb than Mb. At cryogenic temperatures, the distance of
the short bond length (Fe-sixth ligand) was the same as observed at neutral pH. However,
differences observed in the Debye-Waller factor at the two temperatures, indicated that a heavier
unit than water was bound to the haem iron. Previous spectroscopic studies (Chapter 3)[35] have
clearly established that the sixth ligand in rLb, at low temperature, is nitrogen from histidine 61.
Together with EXAFS data determined in this work, a full confirmation of the nature of ligation
and the temperature dependent ligand conversion, from Fe-H,O to Fe-Ny;s, has been established
for rLb. In addition, a value for the Fe-Ng;s bond length (at cryogenic temperature) has been
reported for the first time.

The Fe(III)-O bond length observed for the distal tyrosyl residue, in the His61Tyr variant,
was 1.85 A. This bond length was shorter than observed in rLb and suggested a stronger and
different ligation to the haem than H,O. This was similarly reflected by the Debye-Waller factor,
which indicated a heavier unit bound to the haem iron. The variant did not display a temperature-
dependent ligand switch, as observed for rLb, the O(tyrosine) remained ligated to the haem at
both 77K and 298K. Interestingly, the Fe-O(tyrosine) distance, determined in this work,
compares with a value of 1.89 A, determined by x-ray crystallography, for the bond length
formed between the proximal tyrosine ligand and the haem iron in bovine liver catalase,[47]
Table 4.4, and is also similar to that observed for the Fe(III)-O(tyrosine) bond length of the
His64Tyr variant of myoglobin,[48] Table 4.3. Notably this behaviour, is in contrast to the
situation of the corresponding haemoglobin a-chain variant, HbM Boston. In this case,
replacement of the HisE7 with tyrosine produces a five-coordinate haem iron centre in which the
distal tyrosine binds to the iron and coordination by the proximal histidine residue is
disrupted,[49] Table 4.4.

The strength of the Fe-O(tyrosine) bond, as indicated by EXAFS, was reflected in the
ability of the variant to bind exogenous ligands. The haem-bound phenolate was readily
displaced by strong field ligands, such as cyanide and azide, however, weak field ligands, such
as fluoride and acetate, were incapable of displacing the bound phenolate (little change in

electronic absorption spectrum was observed, Figure 4.4).
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Table 4.3.

Summary of spectroscopic data for haem proteins and variants in which the distal ligand to the haem is provided by a tyrosine.

Source Variant Axial Ligation Spectroscopic Electronic Midpoint potential Fe-Ory, bond Reference
information absorption spectra (mV) length (A)
Ay (NM)
MetMb His64Tyr Tyr64 X-Ray 2.18 [9]
Horse heart EPR
EXAFS [48]
Electronic 412, 430, 530, 600 [48]
Electrochem. 20 [48]
MetMb His64Tyr Tyr64 XANES 1.88 [17)
Sperm Whale Electronic 350, 410, 486, 542, [17, 39, 50]
600
ESR [17]
EPR [17, 39, 50]
RR [39,43, 51]
Hb M Saskatoon His(B63)Tyr Tyr(p63) Electronic 485, 600 [17, 39,41, 42]
RR [41,42]
EPR [39]
Hb M Boston His(a58)Tyr Tyr(c 58) RR 490, 600 [41,42]
Electronic [42]
EPR [39]
Chloroplast Tyr63 at high pH 410, 535, 572 (sh) [24])
Hemoglobin
Chlamydomonas
Cytochrome cd,; Tyr25(C-terminus) [23]

d; haem NIR MCD [52]
Cytochrome [53, 54]
P450, Difference [55]

spectroscopy
Cytochrome f Tyr32 (N-terminus) Electronic (56]
Chlamydomonas [57]
reinhardtii.
human Tyr148 Electronic [58]

hemalbumin,




Table 4.4.

Summary of spectroscopic data for haem proteins and variants in which the proximal ligand to the haem is provided by a tyrosine.

Source Variant Axial ligation Spectroscopic Electronic Midpoint potential Fe-Orpy, bond Reference
information absorption spectra length (A)
Ay (nM)
MetMb His93Tyr Tyr93 NMR 403, 487, 524, 599 [61
Horse heart EPR
Electronic
Electrochem.
X-Ray
MetMb His93Tyr Tyr93 Electronic 402, 480, 598 1.92A [59-61]
Human Electrochem.
X-Ray
MetMb His93Tyr Tyr93 Electronic 350,402, 480, 524, [17,39]
Sperm Whale 598
Hb M Iwate His(a87)Tyr Tyr(o. 87) RR [41,42,62]
Electronic 480, 590 nm [39, 42, 62]
EPR [39]
Hb M Hyde Park His(B 92)Tyr Tyr(B92) RR [42]
Electronic 490, 580 nm [39, 42]
EPR [39]
Catalase
Bovine liver Tyr357 Electrochem. [63-66]
MCD [63, 66-68]
CD [63]
RR (69, 70]
X-Ray [71]
Ascomycete fungus: EXAFS 1.84 A
Aspergillus niger MCD 1.88A (72]
Penecillin vitale Tyr345 RR [67)
Bacterium: X-Ray [69]
Micrococcus luteus MCD (73]
RR [63] [69]
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Formation of the hexa-coordinate tyrosine-haem species also had a significant impact on
the affinity of the variant for exogenous ligands. Specifically, at neutral pH, His61Tyr bound
azide (K4azige = 19000 = 1000 pM) with ~4000-fold lower affinity than rLb (Kgazige = 4.8 + 0.2
uM),137) while cyanide binding affinity (Kgcyanice = 3300 + 100 uM) was decreased by ~ 3000-
fold in the variant (rLb: Kjcyanide = 1.1 £ 0.1 pM).371 These results were consistent with
coordination of tyrosine to the haem. At acidic pH (pH 4), binding of exogenous ligands to
His61Tyr was seen to be more favourable. The variant exhibited azide (Kqazige = 700 = 70 pM)
and cyanide (K4 cyanise = 200 = 40 uM) binding affinities that were ~ 50-fold weaker than that of
rLb (Kgazide = 12 £ 0.3 pM and Ky cyanise = 9 £ 0.2 pM) and were ~ 20-30-fold stronger than
His61Tyr at neutral pH. Under these conditions the His61Tyr variant is believed to exist in a
form in which the distal tyrosine 61 ligation is either lost or in a form in which it is weakly
ligated to the haem iron. In the former case, the increase in relative binding affinity observed at
pH 4 (compared to binding data at pH 7) could be rationalised in terms of the steric bulk of the
distal tyrosine residue, which still inhibits the binding of anions to the haem iron, even when it
was not bound to the haem iron. In the latter case, where tyrosine may be weakly bound to the
haem, the increase in relative binding affinity could be explained in terms of ease with which the
exogenous anionic ligands can displace the weakly bound tyrosine relative in comparison to that
at neutral pH. However, the ligation in the haem in the acid form of the variant could not be
assigned with certainty (see below).

The change in the electronic absorption spectrum of oxidised His61Tyr, observed on
decreasing pH, suggested a change in haem coordination with change in pH (pK, = 4.6).
Analysis of the pH titration spectrum of His61Tyr suggested that the haem iron coordination
change was according to a single proton process. The pK, determined via this process could arise
from one of two possibilities, Scheme 4.2. The first possibility is that the pK, could correspond
to the protonation of the tyrosine 61 residue, which would involve release of the tyrosine from
the haem iron and protonation of the phenolic oxygen atom. This assignment could be supported
by the loss of the CT) transition at ~ 600 nm, which is characteristic of histidine-tyrosine-haem
ligation, on decreasing pH. However, the phenol group of the free tyrosine has a pK, value of
10.5.1741 Hence, the assertion that the sixth haem ligand of the His61Tyr is a tyrosinate ion
requires the haem pocket to have drastically altered the intrinsic tyrosine phenol group pK, of
10.5. Often basic residues are required to cause such shifts in the pK,.[7#] Since the tyrosine side
chain is not significantly larger than a histidine side chain and is bound to the haem, it is

assumed that the tyrosine ring is in close proximity to the original position of the histidine 61
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ring in rLb. There are two main basic residues near residue 61, they are lysine 57 and lysine 64.
Typically, in the environment such polar residues, shifts are not by more than 3 pH units away
from their values. The polarity of the haem pocket may make the tyrosine residue deprotonate
more easily and hence lower its pK,. In support of this rationalisation, similar decrease in pK,
have been observed for the His61Lys and His61Arg variants of rLb (Chapter 5) for which the
pKa have been assigned to the titration of the lysine and arginine residues, respectively. The
drastic drop in pK, of these residues were rationalised in terms of the hydrophobic nature of the
active site pocket of rLb and the presence of basic residues (lysine 57 and lysine 64), factors
which have been known to cause decreases in pK,s of amino acid residues.[74]

The second possibility is that the pK, determined for the pH titration of His61Tyr
corresponds to the titration of the proximal histidine 92 residue, which results in the residue no
longer binding to the haem iron under these conditions. This assignment was indicated and
supported by the appearance of a band at 370 nm, at pH 4 and below, a form usually
corresponding to a molecule, in which the proximal iron-histidine bond has been cleaved or
severely weakened.[75-771 The appearance of the band at ~ 370 nm was similarly observed in the
pH titration of rLb with a similar pK, (4.4) to that of His61Tyr, further supporting the
assignment, and was again close to the transition for the dissociation of the haem iron-proximal
histidine bond.[75-771 These similarities suggested that at least one of the axial bonds of the haem
in rLb was cleaved or severely weakened, at low pH, and the observations indicate that the axial
ligand coordination to the haem, in His61Tyr and rLb, was essentially the same. In both cases,
the fifth coordination appeared to be occupied by a weak axial ligand, likely water for rLb and
either water or tyrosine for His61Tyr. This could explain the similarities in the electronic
absorption spectra observed for the two proteins at acidic pH (the five-coordinate, tyrosine-
bound haem (weak ligation of tyrosine), in this case, could possibly give rise to a similar
spectrum to that of five-coordinate, water-bound haem). This observation would also explain the
disappearance of the transition at ~ 600 nm observed for acidic His61Tyr, the loss of the
proximal histidine ligation could affect the characteristic histidine-tyrosine transition. However,
to confirm either possibility of haem ligation, in ‘acidic’ His61Tyr, additional spectroscopic
characterisation under acidic conditions would have to be carried out, which were beyond the
scope of this work.

After the transition evident from the optical titration spectra at pH 4.6, no additional
transitions were seen up to pH 9.2, there were no obvious transitions associated with the

deprotonation of the phenol oxygen when it is bound to the haem iron. These observations
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indicate no alteration of haem axial ligation (tyrosinate ligation) in the variant only at pH 4.6 and
above.

A two pK, process was determined for rLb. The first pK, (4.4) was assigned to the
titration of the proximal histidine residue as described above. The second titration process for
rLb occurs with a pK, of 8.3 and corresponds to the titration of the distal water molecule to form
the hydroxide-bound haem consistent with previously published data, Chapter 2.136]

The change in ligation observed for His61Tyr with pH are in agreement with the ligand
binding data for the variant and rationalise the lower affinities for anions at high pH in
comparison to the higher affinities for anions observed at low pH. If the haem-ligation of the
distal tyrosine 61 residue is lost at acidic pH, then the increase in relative binding affinity
observed at pH 4 (compared to binding data at pH 7) could arise from the steric constraints of the
bulky tyrosine residue in the active site, which still inhibits the binding of anions to the haem
iron, even when it was not bound. If the tyrosine is weakly bound to the haem iron at acidic pH,
then the increase in relative binding affinity can be explained in terms of ease of displacement of
the weakly bound tyrosine with exogenous anionic ligands at acidic pH. This compares to the
displacement of the strongly bound tyrosine at neutral pH.

Further evidence for tyrosinate-haem ligation at neutral pH in the His61Tyr variant was
indicated by the large destabilisation (148 mV destabilisation) of the reduced form in comparison
to rLb. Such low mid-point potentials have also been observed for other haem enzymes with
anionic axial ligands such as P450c, (high-spin —170 mV, low-spin —270 mV), horse radish
peroxidase (-250 mV) and catalase (< -500 mV) and have been previously interpreted as arising
from a more electron rich metal centre, due to the push effect of the anionic axial ligand.[78; 7]
Hence, the decrease in mid-point potential observed for His61Tyr strongly suggested anionic
tyrosinate ligation to the haem in His61Tyr. In accordance with this, the rapid auto-oxidation of
oxy-His61Tyr observed can now be understood in terms of greater stabilisation of the Fe(III)
oxidation state relative to Fe(Il) (the Fe(Il) is essential for O, binding) resulting from the
substitution of histidine 61with tyrosine.

The diagnostic pairing of MCD and EPR provided complementary evidence supporting
the identity of the haem axial ligation of the His61Tyr variant. The order of magnitude drop in
the Soret intensity in the MCD spectrum of the variant indicated high-spin ferric haem,
consistent with electronic absorption data. The most important information however, was
provided by analysis of the region 580-980nm. Two derivative high-spin ferric haem signals

were observed: a CT, with a cross over at 606 nm and trough at 621 nm; a CT, with a cross over
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at 797 nm and trough centring at 830 nm. In comparison to rLb which has histidine-water-haem
ligation (water as the sixth ligand) and charge-transfer bands at 635 and 1100 nm,[36] a blue-shift
of the charge-transfer transitions was observed in the MCD spectrum of His61Tyr. Such blue-
shifts are usually diagnostic of the haem systems containing one histidine ligand and usually a
second ligand that is anionic in nature — hydroxide or tyrosinate. To distinguish between the two,
the hydroxy-derivative of Mb was considered, for which a thermal equilibrium of high- and low-
spin exists.[80) In reference to Table 4.5, the charge-transfer wavelengths for hydroxy-myoglobin
fall within the ranges for several histidine-tyrosine haem proteins. Therefore, the difference
between the hydroxide and tyrosine for the His61Tyr variant cannot be distinguished on this
basis alone. However, the shape of the spectra of His61Tyr and hydroxy-Mb are different.[80]
The two charge-transfer MCD bands for hydroxy-Mb have asymmetric intensity between the
positive and negative lobes. For the tyrosinate haem proteins, these bands are considerably
symmetric. The close resemblance of the MCD spectrum of His61Tyr and the symmetric nature
of the charge-transfer bands, to those for tyrosinate-haem bound proteins supported the ligation
of tyrosine to the haem in the His61Tyr variant.

Additional confirmation of tyrosine-haem ligation was established by EPR. The rhombic
nature of the high-spin signals in the EPR exhibited closely resembled the rhombicity in the EPR
of His64Tyr Mbl®: 17, 39, 50] and Hb Saskatoon, 391 for which tyrosine-haem ligation has been well
established. The low-spin signals also apparent in the EPR of His61Tyr (g = 2.67, 2.17, 1.79)
closely matched the g-values of the phenolate derivative of Lb,[34] for which phenolate ligation
gives rise to low-spin signals at low-temperature. In accordance, the low-spin signals observed

in the EPR spectrum of His61Tyr were also assigned to histidine-tyrosine-haem ligation.
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Table 4.5.
The charge-transfer transitions (from the MCD) and low-spin g-values (from the EPR) of haem

hydroxy- , water- and phenolate- and tyrosinate-ligated proteins.

High-spin MCD at RT Low-spin
CT, trough | CT; cross- | CT peak Low-spin
(cross-over) over A (nm) component References
A (nm) A (nm) EPR g-values

rLb H61Y 621 (606) 797 ? 2.67,2.17,1.79 | This work
Lb + phenol(ate) 618 815 1160 2.65,2.24, 1.86 (34]
rLb-OH ~ 630 (615) 1015 2.52,2.18,1.85 [36]
Mb- OH" 619 804 1035 2.57,2.16, 1.85 [80]
SW Mb H64Y 618 (603) 797 - - [81]
HH Mb F43Y 627 ~ 855 1070 3.06, 2.02, 1.50 [81]
Misc. his/H,O 625-646 1066-1107 - - (34, 80, 82-86]

HH = horse heart and SW = sperm whale
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— - m— e of  mmmfommm or s -
b

+ + +

) ¢ Y
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His61Tyr
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Scheme 4.2. Predicted ligation of rLb (top) and His61Tyr (bottom) at neutral and acidic pH as
observed through electronic absorption spectroscopy. At pH 7, rLb and His61Tyr exist as six-
coordinate proteins with the sixth ligand as water for rLb and tyrosine for His61Tyr. At acidic
pH, the two proteins are believed to be essentially five-coordinate with the fifth (distal) ligand as
water for rLb and water or tyrosine for His61Tyr and the proximal ligand, either lost or severely
weakened. However, the possibility that His61Tyr under acidic conditions could also be five-
coordinate where tyrosine ligation (distal ligand) is lost and the proximal ligation is weakened

was also considered.
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4.5 Summary

In summary, exploitation of the mobile distal histidine 61 residue in rLb has allowed
incorporation of tyrosine-haem ligation and has resulted in altered axial ligation of the rLb
protein analogous to that of Hb M Saskatoon and His64Tyr variant of Mb. Tyrosine coordination
to the ferric haem iron (evident from the green colour of the protein) was confirmed by various
spectroscopic methods. A switch in axial ligation to the haem was observed with a change in pH.
At low pH, the variant existed in a ‘five-coordinate’ state, with the distal ligand predicted to be
weakly bound water or tyrosine and loss or severely weakening of the proximal ligand. The
possibility that the variant exist in a form where the tyrosine ligation is lost and proximal ligation
is weakened at acidic pH was also considered. At pH 4.6 and above the variant was six-
coordinate, high-spin, with tyrosine as the distal ligand and histidine as the proximal ligand.
Ligand binding affinities were significantly decreased due to the strength of the Fe-Ory, bond
and the mid-point potential of the ferric/ferrous couple for the His61Tyr variant was substantially
lowered in comparison to rLb due to the ligation of the anionic ligand to the haem as a result of
the His-Tyr mutation. In addition, EXAFS analysis carried out in this Chapter, reports the first
determination of the Fe-Oyater and Fe-Npis bond lengths for rLb and the Fe-Ory, bond length for
His61Tyr.
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S  Alteration of the Haem Axial Ligation in Leghaemoglobin:
Spectroscopic, Electrochemical and Ligand Binding Analysis
of the His61Lys and His61Arg Variants

5.1 Introduction

The role of haem iron axial ligation in modulating the spectroscopic and functional
properties of the protein has been of considerable interest for some time.l-19) A number of
studies have been reported in which alteration of axial ligands to the haem using site-directed
mutagenesis has been conducted within a variety of six-coordinate haem proteins in an
attempt to mimic properties of other haem proteins.[I-19] In the previous Chapter, the mobile
distal histidine of rLb was replaced with tyrosine to successfully generate a tyrosine-ligated
haem protein that mimicked spectroscopic properties of other tyrosine-ligated haem proteins.
The success of this experimental strategy provided a means to incorporate other amino acids
to the haem in an attempt to mimic axial ligation and spectroscopic properties of other haem
proteins. In Nature there are various biologically important haem proteins that contain
tetrahedral nitrogen as axial ligands to the haem iron. These include the lysine-coordinated
haem proteins, ‘alkaline’ cytochrome ¢[20: 211 and nitrite reductase.[22] Other examples include
cytochrome f where the polypeptide N-terminus binds the ironl231 and CooA, a transcription
factor of the CAP family in which the iron is coordinated by the main chain nitrogen of a
proline.[24]

In this study, the mobility of histidine 61 has been further exploited to incorporate
nitrogenous axial ligands, lysine and arginine to generate two new variants, His61Lys and
His61Arg, respectively. Spectroscopic, electrochemical and ligand binding analyses have
been undertaken with the aim of establishing the haem ligation of the new variants and assess
the effect of the mutations on the properties of proteins. The data are compared with rLLb and
spectroscopic similarities to naturally occurring nitrogenous-ligated haem proteins have been
highlighted.
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5.2 Mutagenesis, Expression, Isolation and Purification

Preparation of the His61Lys and His61Arg variants of rLb using site-directed
mutagenesis was conducted according to the Quikchange protocol (Stratagene), using the rLb
encoded gene and the His61Lys and His61Arg mutagenic oligonucleotides, respectively
(Chapter 7, Table 7.1). Sequencing of the whole rLb gene confirmed desired mutation. The
His61Lys and His61Arg variants were expressed, isolated and purified according to published
procedures(25] (Chapter 7, Section 7.1). Both variants were isolated as apo-protein and
required reconstitution by addition of appropriate volumes of hemin. Excess hemin was
removed as described in Chapter 7, Section 7.1.8. Purified proteins (~ 8 mg/l) were obtained
with R, > 4 (pH 7.0, 25.0 °C, p = 0.10 M) and migrated as a single band on a SDS PAGE gel
(Figure 7.2, Chapter 7).

5.3 Results

5.3.1 Electronic Absorption Spectra

The electronic absorption spectra of His61Lys and His61Arg are depicted in Figures
5.1(A) and (B), respectively. For the ferric His61Lys variant, an entirely low-spin species
(Amax (e/mMcm™) = 408 (158), 532 and 563 nm) was observed that is distinct from the
mixture of high- and low-spin species observed for rLb (Amax = 403, 495, 530, 560 and 626
nm).[25] The red-shift in the Soret absorption and the relative intensities of the o and B regions
(B > a) were characteristic of a nitrogenous-ligand-bound form of ferric rLb, Table 5.1.
Maxima for His61Lys were similar to those observed for the methylamine derivative of rLb
(Amax = 410, 537 and 570 nm), Figure 5.2, prepared in this work and strongly suggested lysine
as the sixth ligand in the variant. The reduced form of His61Lys, (Amax = 427, 527 and 557
nm), Figure 5.1(A), was also spectroscopically similar to the methylamine derivative of
ferrous rLb (Amax = 419, 527 and 555 nm), Figure 5.2, suggesting that lysine 61 remained
coordinated to the haem in the reduced form of His61Lys. These data were in contrast to
those for ferrous rLb (Amax = 427 and 555 nm) where formation of a five-coordinate haem
species is observed.

Similarly, the electronic absorption spectrum of ferric His61Arg revealed a
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A)

0.4 Ferric His61Lys

Ferrous His61Lys
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mfi
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Figure 5.1. Electronic absorption spectra of ferric and ferrous His61Lys (A) and His61Arg
(B). The absorbance in the visible region (450-700 nm) has been multiplied by a factor of

five. Conditions: sodium phosphate, pH 7.0, p = 0.10 M, 25.0 °C.
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0.8 Ferric methylamine-rLb
Ferrous methylamine-rLLb

350 400 450 500 700
Wavelength (nm)

Figure 5.2. Electronic absorption spectra of the ferric and ferrous methylamine derivative of
rLb. The absorbance in the visible region (450-700 nm) has been multiplied by a factor of
five. Conditions: sodium phosphate, pH 7.0, p =0.10 M, 25.0 °C.

predominantly low-spin species (7nax(e/mM‘km']) = 407 (133), 536 and 563) however, some
minor contribution from high-spin haem species (Anax= 633 nm) was also apparent, as for
rLb. The red-shifl ofthe Soret band (in comparison to rLb) and the relative intensities of low-
spin transitions (P > a) were characteristic of a nitrogenous-ligand-bound rLb suggesting
ligation of arginine 61 to the haem. The high-spin transitions observed were assigned to
water-bound haem, as for rLb. In the reduced form, Figure 5.1(B), wavelength maxima for
His61 Arg (Anax —423 and 526 and 556 nm) suggested a six-coordinate, ferrous haem with

possible ligation of arginine as the sixth ligand, again distinct to that for ferrous rLLbd25!

5.3.2 Ligand Binding

The ligand binding behaviour of both His61Lys and His61Arg were similar to that of

rLb. Addition of excess anionic ligand to the variants resulted in characteristic formation ofa
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Figure 5.3. Electronic absorption spectra of the anionic ligand-bound derivatives of ferric

His61Lys (A) and His61 Arg (B). Conditions: sodium phosphate, pH 7.0, p =0.10 M, 25.0 °C.
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low-spin haem species, on binding strong field ligands, and a high-spin haem species on
binding weak field ligands. Some anionic ligand-bound derivatives of His61Lys and
His61Arg are shown in Figures 5.3(A) and (B), respectively. Absorption maxima and
corresponding absorption coefficients for the two variants are depicted in Table 5.1.

Equilibrium binding data provided further evidence for lysine and arginine ligation in
His61Lys and His61Arg, respectively, Figures 5.4(A) and (B), since the ligand binding
properties of the protein had been altered as a result of the mutation. An equilibrium
dissociation constant, Ky, of 120 + 20 uM for the binding of cyanide to His61Lys (pH 7.0,
25.0 °C) indicated that the affinity of the variant for cyanide was ~ 100 fold lower than rLb
(Kg=1.1 £0.1 uM). A decrease in affinity for cyanide was also observed for His61Arg (K4 =
83 £ 10 uM). At acidic pH (pH 4.0), the His61Lys variant displayed a ~ 40 fold increase in
affinity for cyanide (K4 = 3.0 £ 0.1 uM) than at neutral pH. Surprisingly, the binding affinity
was ~ 3 fold greater than rLb (K4 = 9.0 £ 0.2 pM) indicating that the presence of the lysine
residue in the active site has a favourable effect on the ability of the protein to bind exogenous
ligands. For the His61Arg variant, a marginal difference in ligand affinity for cyanide (K4 =
75 £ 10 uM) was observed at acidic pH compared to that at neutral pH and was still
significantly weaker than binding data for rLb.

5.3.3 Determination of the haem pK, of His61Lys and His61Arg

The change in the electronic absorption spectrum of His61Lys as a function of pH (pH
5.1 — 9.0) is indicated in Figure 5.5(A). At pH 5, the variant exists as a high-spin form with
Soret band maxima at 403 nm and visible bands at 497 (sh), 510 and 630 nm. As the pH was
increased an increase in absorbance of the Soret (Amax = 408 nm) and formation of low-spin
transitions 532 and 560 nm were apparent. No significant changes in electronic absorption
spectrum were observed above pH 6 for the His61Lys variant, corresponding to titration of
the distal water molecule (as observed for rLb), and these data were consistent with the
absence of the distal water molecule. A fit of the absorbance values with change in pH to the
Henderson Hasselbach equation, Equation [7.7], Chapter 7, for a single proton process, Figure

5.5(A) (inset), yielded a pK, of 5.7 £ 0.2.
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Table S.1.
Wavelength maxima (nm) and, in parentheses, absorption coefficients (mM'em™) for the

ferric and ferrous derivatives of His61Lys and His61Arg. Conditions: pH 7.0, p = 0.10 M, 25.0 °C. Nic = nicotinate. sh = shoulder.

His61Lys His61Arg
Derivative () Soret CT, B o CT, (y) Soret CT, B o CT,
Fe(11D) 408 (158) - 532(14.9) 561 (12.3) - 407 (133) - 536 (13.1) 563(8.99) 633 (4.12)
Fe(lI-CN" || 417 (146) . 543 (16.2) - 417 (128) ; 542 (15.3) - -
Fe(IIl)-F 401 (219)  488(28.0) 529(26.1) 562(253) 610(24.8) 403.5 (136) 487 (11.4) 529(10.8) 560 (10.2) 610 (6.68)
Fe(II)-N5 415 (158) - 541 (15.8) 579(10.2) - 414 (128) - 543 (14.2) 582 (9.3) 644 (sh)
Fe(I1I)-Nic 408 (153) - 529 (11.8) 561 (9.1) - 408 (143) - 528 (19.3) 561 (15.7) -
Fe(III)-OAc” 402 (170) 494 (9.49) 533 (sh) 570 (4.63) 622 (5.91) 402.5 (162) 495 (8.56) 534 (sh) 571 (4.5) 622 (5.61)
Fe(1D) 427 (122) - 527 (10.4) 557 (20.3) - 423 (133) - 526 (sh) 556 (20.7) -
Fe(II)-CO 419 (289) - 538 (21.2) 566 (20.7) - 418 (201) - 537.5(17.1) 565 (16.3) -
Fe(1l)-Nic 419.5 (234) - 525 (23.6) 555 (45.3) - 419 (225) - 525(22.7) 555 (37.6)
Fe(I1)-0, 411 (109) 541 (13.7) 575 (12.6) - 411 (89.2) . 541 (11.2) 575 (10.3) .
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Figure 5.4. Spectrophotometric titration of His61Lys (A) and His61Arg (B) with cyanide.

The visible region has been multiplied by a factor of five and arrows indicate the direction of

change in absorbance upon successive addition of cyanide. Inset show fit of data to Equation

[7.7] at pH 4 (O) and pH 7 (*). Conditions: sodium phosphate, pH 7.0, p = 0.10 M, 25.0 °C.
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Figure 5.5. (A) Spectrophotometric pH titration of ferric His61Lys (A) in the pH range (a)
pH 5.1, (b) 9.0 and intermediate pHs 5.4, 5.7, 6.0, 6.5, 7.1 and 8.2. (B) Spectrophotometric
pH titration of ferric His61Arg showing spectra at (a) pH 4.8, (b) 8.8 and intermediate pHs
5.3, 5.8, 6.3, 7.0 and 7.6. Arrows denote the direction of change in absorbance with increase
of pH. Inset: plot of variation in absorbance 408 nm for His61Lys and 407 nm for His61 Arg
with pH. The solid line represents non-linear least squares fit to Henderson Hasselbach

equation for a single proton process.
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The spectrophotometric pH titration of His61Arg is shown in Figure 5.5(B) (pH 4.8 —
8.8). In this case, the variant existed as a mixture of high- and low-spin haem (predominantly
low-spin) (Amax = 407, 536, 563 and 630 nm) at acidic and neutral pH. As the pH was
increased above pH 7.5 formation of a fully low-spin haem species was observed with a
decrease of the Soret maxima and subsequent increase of the charge-transfer bands at 536 and
563 nm. At alkaline pH, no significant changes in the electronic absorption spectrum were
observed. A fit of these absorbance values with change in pH to the Henderson Hasselbach
equation, Figure 5.6 (inset), yielded a pK, of 7.4 £ 0.1. These observations suggest that the
His61Arg variant exists as a mixture of water-bound haem and arginine-bound haem at

neutral pH, which converts to a fully arginine-bound haem species at alkaline pH.

5.3.4 Spectroelectrochemistry

A representative family of spectra obtained for His61Lys and His61Arg at various
applied potentials is shown in Figures 5.6(A) and (B), respectively. Determination of the mid-
point potential for the two variants was achieved by fitting data to the Nernst equation,
Equation [7.9], Chapter 7. The mid-point potential of His61Lys and His61Arg were
determined as —31 + 2 mV and +29 + 2 mV, respectively (pH 7.0, 25.0 °C, n = 0.10 M). For
the His61Lys variant a decrease in potential was observed compared to that of rLb (21 mV vs
SHE),[26] in contrast, the His61Arg displayed a mid-point potential marginally higher than
that of rLb. Average Nernst slopes for the two determinations were 61 mV for His61Lys and

57 mV for His61Arg, consistent with a single electron process (theoretical = 59 mV).

5.3.5 Electronic X-ray Absorption Fine Structure (EXAFS)

The k* weighted EXAFS spectrum and the resulting Fourier transform obtained for
His61Lys and His61Arg at room temperature and cryogenic temperature are shown in Figure
5.7. Fit of data for the two variants from the EXAFS spectra were the same as those described
for rLb (Chapter 4) and are presented in Table 5.2. The Brookhaven nomenclature for haem
atoms, Scheme 5.1, has been used throughout.

The structural results for the His61Lys and His61Arg variants were similar to those of
rLb at both temperatures. The strong similarities were likely due to the dominating (invariant)

four-fold symmetric porphyrin ring structure. The Fe-N,, distances for both
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Figure 5.6. Thin-layer spectroelectrochemical spectra of His61Lys (A) and His61Arg (B) at
various applied potentials, Eqp (mV). Fully oxidized (O) and fully reduced (R) spectra for
each derivative are indicated. The inset shows a fit of the absorbance data at 408 nm for

His61Lys and 407 nm for His61Arg to the Nemst equation. Conditions: sodium phosphate,

pH 7.0, 25.0 °C, p = 0.10M.
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Figure 5.7. The EXAFS spectra (A) and Fourier transform amplitude of EXAFS (B) of
His61Lys; the EXAFS spectra (C) and Fourier transform amplitude of EXAFS (D) of
His61 Arg observed (0) at 298K and (0) at 77K. The solid lines represent the calculated data

from refined models at 298K (—) and at 77K (—).
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variants suggested that the Fe atom lies in the plane of the porphyrin ring. The only
significant differences to rLb were between k =7 A and 9 A" in the shape of the doublet in
the room temperature spectrum, Figure 5.7. At 77 K, the differences were less with very
similar values of k.

Similar bond lengths were determined for the Fe-N,, and Fe-N; distances between all
three proteins at both room and cryogenic temperature. However, a significant increase in the
short bond length was observed for the two variants in comparison to rLb and suggested
ligation of a different atomic unit to the haem iron, Table 5.2. The magnitude increase (~10
pm) of the short bond length suggests ligation of a nitrogenous ligand to the iron. Hence, the
short bond lengths for the two variants were assigned as Fe-Ny,,s and Fe-Na,, for the His61Lys
and His61Arg variants, respectively.

There were no significant changes in the short bond length (Fe-N) for the two variants
on lowering temperature strongly suggesting no change in haem axial ligation between the
two temperatures. The slight differences observed in the Debye-Waller factor for the Fe-N
bond lengths at the two temperatures supported this assignment- for rLb an increase in the
Debye-Waller factor by a factor of three suggested significant structural change between the
two temperatures; that of Ono coordination at room temperature and Ngis at cryogenic

temperature (Chapter 4).

5.3.6 Magnetic Circular Dichroism (MCD) Spectroscopy

5.3.6.1 His61Lys

Room Temperature MCD

The room temperature UV-visible MCD spectrum of His61Lys, Figure 5.8(A),
exhibited a considerable amount of intense low-spin transitions (A(nm) (Ae/H (mM fem™T)
at 397 ( +70) and 420 (-125) nm in the Soret region and 550 (-125) nm in the visible region,
which were consistent with the low-spin assignment from the electronic absorption data. The
only detectable high-spin transition was a small CT, trough at 638 nm (-5 mMem'T™),
suggestive of minor amounts (~ 5%) of histidine-water haem species. The dominant low-spin
nature of His61Lys was further supported in the near-IR region, Figure 5.9. One low-spin CT

band at 1600 nm was observed (the band at ~ 1300 nm is a vibrational band and not a second
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Table 5.2.
Structural results obtained by fitting the EXAFS spectra from rLb and the His61Arg and
His61Lys variants of rLb. Data were fitted to knax= 10 A'l. Uncertainties quoted are + 2a
(95% confidence) Parameter values listed without uncertainties were held fixed during the fit.

a2is the mean square deviation in bond length, usually referred to as the Debye-Waller factor.

N(77K) N(@RT)  Type R(77K) R@®RT)  a2(77K) a2(RT)

pm pm (pm)2 (pm)2
rLb
+ 4 NR  200+2 20512 1015 20110
1 1 NE 210£5 21015 1015 20110
1 1 N.0 190+5 19015 20115 60120
8 8 Cb 299 +£5 30315 4515 60110
4 4 cc 33745 33415 4515 60110
8 8 o} 23 +5 42815 4515 60110
His61 Arg
4 4 NR  202+2 20212 3015 50110
1 1 Ne 210+ 10 20515 40110 50110
1 1 N 200110 202110 40110 50120
8 8 @0) 30015 29915 60110 90110
4 4 ccC 34315 34715 60110 90110
8 8 cd 42815 43015 60110 90110
His61Lys
4 4 NR 20112 20412 2515 25110
1 1 NE 205110 205110 30110 40110
1 1 N 202110 203110 30110 40110
8 8 cb 301 15 30215 65110 80110
4 4 Cc 34115 34215 65110 80110
8 8 - 42815 42915 65110 80110

aND=NAN B N°, Np
b £>'A £1B £1C £.1D 4,44 £4B £4C £4D

¢"HA ~HB "HC qQHD
d~.2a’*.3a’"2B 3B ¢2C £3C ~2D qlD
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Scheme 5.1. The Brookhaven haem nomenclature used in this work.

real band) and has been similarly observed for alkaline cytochrome c¢.[271 The wavelength of
the CT band was characteristic of ligation of two nitrogenous ligands to the haem, likely

histidine and lysine.

Low Temperature MCD

The low temperature UV-visible MCD spectrum of His61Lys, Figure 5.8(B), also
exhibited considerable amount of intense low-spin transitions (A (nm) (Ae/H (mM'cm™T™))
at 397 (+21) and 425 (-42) nm in the Soret region and 520 (-5) and ~ 550 (-15) nm in the
visible region). However, in this case no high-spin transitions were seen in the region ~ 630 —
650 nm indicating the fully low-spin nature of the His61Lys variant. The intense derivative-
shaped MCD spectrum of His61Lys in the Soret region was very similar to the MCD spectra
observed previously for other low-spin haem proteins.[28: 291 The Soret region of His61Lys
(maximum at 397, a zero crossing at 412 nm and a minimum at ~ 425 nm) resembled that of
cytochrome f (maximum at 403nm, zero crossing at 410 nm and minimum at 417 nm(30]) and
alkaline cytochrome ¢ (maximum at 397 nm, zero crossing at 405 nm and minimum at 415
nml27l). The MCD spectrum of His61Lys in the visible region also showed marked
resemblance to the MCD of cytochrome f and alkaline cytochrome ¢, for which lysine-haem

ligation has been well established.[27- 301 In particular, troughs evident at ~ 425
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nm and ~ 325 nm in the Soret region of the MCD spectra of His61Lys, resembled that of
alkaline cytochrome ¢ (430 nm)[271 and the butylamine derivative of Lb (330 nm),[27]
respectively, further suggesting lysine (amine) ligation to the haem in the His61Lys variant

and hence confirming the histidine-lysine haem ligation assignment.
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Figure 5.8. UV-visible MCD spectrum of His61Lys (pH 7.0) recorded at (A) room
temperature using a magnetic field of 6 T and (B) 4.2 K using a magnetic field of 5 T.
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Figure 5.9. Near-IR MCD spectrum of His61Lys (pH 7.0) recorded at room temperature

using a magnetic field of 6 T.

5.3.6.2 His61Arg

MCD at Acidic pH (pH 4.4)

The room temperature spectrum UV-visible MCD spectrum of His61Arg recorded at
acidic pH is depicted in Figure 5.10. The low intensity peak (397 nm (+16 mM'cm'T™")) and
trough (420 nm (-28 mM™'cm™'T™)) were observed in the Soret region and suggested that
His61Arg existed in a predominantly high-spin state at acidic pH. However, in the visible
region of the MCD spectrum, a mixture of high- and low-spin transitions were evident. Low
intensity, low-spin transitions (A (nm) (Ae/H (mM"'cm™T™)) at ~ 530 (+8) and ~ 550 (+2) and
a more intense low-spin transition at ~ 570 (-58) were observed and corresponded well to the
low-spin transitions in the electronic absorption spectrum of His61Arg at pH 4.8, Figure
5.5(B). High-spin transitions (A (nm) (Ae/H (mM'ecm™'T™)) at 480 (+10) and ~ 630 (-18) were
also apparent and were again corresponding with the electronic absorption spectrum of
His61Arg at pH 4.8. The signal observed at ~ 630 nm is characteristic of histidine-water-
bound haem and accordingly the high-spin transitions were assigned to histidine-water haem
in the variant. The low-spin transitions were similar to those detected for His61Lys, indicating
bis-nitrogenous haem ligation (most likely histidine-arginine) in His61Arg. Accordingly the

low-spin transitions were assigned to arginine-bound haem.

146



Chapter 5: Spectroscopic Analysis of His61Lys and His61Arg
MCD at Alkaline pH (pH 8.8)

The room temperature UV-visible MCD spectrum of His61Arg recorded at alkaline
pH (pH 8.8) is depicted in Figure 5.10. At alkaline pH the low-spin transitions were more
pronounced. An increase in the Soret intensity was observed (A (nm) (Ae/H (mM'cm'T™)) at
397 (+50) and 420 (-58) indicating more low-spin haem. Analysis of the visible region also
indicated a considerable amount of low-spin haem (A (nm) (Ae/H (mM'em'T™)) at ~ 530 (+
26) and ~ 550 (+26) and 575 (-58) and was in agreement with the electronic absorption
spectrum of His61Arg at pH 8.8. In contrast, some high-spin haem was also apparent in the
MCD spectrum (A (nm) (Ae/H (mM'cm™'T™)) at ~ 480 (+26) and 638 (-18)), which was not
observed in the electronic absorption of alkaline His61Arg. The signal at 638 nm indicated
water-bound haem, however, at this pH the water would be expected to be deprotonated,

hence, assignment for the high-spin haem was difficult.
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Figure 5.10. UV-visible MCD spectrum of His61Arg recorded at room temperature, using a
magnetic field of 6 T.
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5.3.7 Electronic Paramagnetic Resonance (EPR) Spectroscopy

5.3.7.1 His61Lys

The EPR spectrum of His61Lys, Figure 5.11, exhibited the expected low-spin
transitions (low-spin transitions are usually centred in the regions g = 2.5 — 3.7 (g,), 2.0 — 2.5
(gy) and 1.2 — 1.9 (gy)) with g, = 3.3, 2.92, 2.76 g, = 2.24 and g« = 1.66, similar to those
observed for histidine-lysine ligated haem proteins (in which lysine acts as the sixth ligand to
the haem).[27, 30-32] In particular, the value of g, (3.3) for His61Lys falls towards the low-end
of the range of g-values expected for a histidine-lysine ligated haem protein (g, 3.3 — 3.5),133,
34] confirming haem ligation in the His61Lys variant. The low-spin g-values at 2.2 and 1.67
have also been tentatively assigned to histidine-lysine ligation. However, the EPR of
His61Lys also provided some evidence for the presence of hisﬁdine—hydroxide coordinated
haem (the g-value apparent at 2.92, falls in the region for hydroxide bound haem) suggesting

a mixture of haem species in His61Lys at low temperature.
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Figure 5.11. X-band EPR spectra of His61Lys (pH 7.0). The spectrum was recorded at 10 K
using 1 mT modulation amplitude and 2.01 mW microwave power. The g-values are

indicated.
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5.3.7.2 His61Arg

The low temperature EPR spectrum (pH 7.0) of His61Arg, Figure 5.12, revealed
predominantly low-spin signals (g, = 3.3, 2.92, 2.78 and 2.68, g, = 2.27) indicative of bis-
nitogenous-ligated haem. High-spin signals were also apparent with g-values of ~ 6 (g,) and
1.92 and 1.87 (gx) and were consistent with histidine-water-haem ligation. The EPR spectrum
correlated well with the electronic absorption of His61Arg at pH 7.0, which also observed a

mixture of high- and low-spin haem species.
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Figure 5.12. X-band EPR spectra of His61Arg (pH 7.0). The spectrum was recorded at 10 K

using 1 mT modulation amplitude and 2.01 mW microwave power. The g-values are

indicated.
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5.4 Discussion

Axial ligand haem ligation in haem proteins has been known for some time to be
vitally important in the functional and spectroscopic properties of the proteins.[!-191 A number
of studies have been reported in which alteration of axial ligands using site-directed
mutagenesis has been conducted within a variety of six-coordinate haem proteins(!-19] in an
attempt to mimic properties of other haem proteins. In this work, a new approach to engineer
haem axial ligation in haem proteins has been used. The unique conformational mobility
displayed by histidine 61 in rLb has been exploited and substituted with lysine or arginine to
generate two new six-coordinate, nitrogenous-ligated variants. Spectroscopic analyses of the
two variants were carried out and the spectroscopic properties of the two variants, His61Lys

and His61Arg, have been compared to rLb and other nitrogenous ligated haem proteins.

S5.4.1 Spectroscopic Characterisation of His6Lys and His61Arg

Introduction of lysine or arginine in the active site of rLb substantially altered the
spectroscopic characteristics of the protein in both the oxidised and reduced form. The
predominant low-spin features observed for the ferric variants (Amax (His61Lys) = 408, 532
and 563 nm and Anax (His61Arg) = 407, 536 and 563 nm) and ferrous variants (Amax
(His61Lys) = 423, 527 and 557 nm and (His61Arg) = 423, 526 and 556 nm) reflected this
change and strongly suggested (six-coordinate) ligation of the nitrogenous residues to the
haem iron in both oxidation states. This was in contrast to rLb which in the oxidised form
exists as a mixture of high- (water-bound haem) and low-spin (histidine-bound haem).[23] In
the reduced form rLb exists as a five-coordinate protein with a vacant sixth coordination site.
The spectroscopic properties of His61Lys in both the oxidised and reduced form closely
resembled those of the methylamine derivative of rLb (Amax(oxidisedy = 410, 537 and 570 nm and
Amax(reduced) = 419, 527 and 555 nm) providing evidence that the sixth coordination position to
the haem iron of His61Lys is likely to be occupied by the €-amino group of lysine 61.
Similarities between the low-spin transitions evident in His61Lys and those observed for
ferric and ferrous ‘alkaline’ cytochrome ¢ (Amax(oxidised) = 406, 529 and 536 nm and Amax(reduced)
=415, 520 and 550 nm) (this work), which has been established to have lysine-haem ligation,
further support the haem-lysine assignment for His61Lys. Table 5.3 lists the spectroscopic

data for some haem proteins in which the distal haem ligation is provided by a lysine residue.
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Table 5.3.

Summary of spectroscopic data for haem proteins and variants in which the distal ligand to the haem is provided by a lysine.

Protein Source Variant Axial ligation Spectroscopic Reference
information
Alkaline Horse heart Lys79 or Lys 72 EPR [27, 35}
cytochrome c MCD
Yeast Lys79 or Lys 73 Electrochem [36]
Alkaline Yeast Lys79 or Lys 73 NMR [21,37]
Iso-1-ferricytochrome ¢ EPR [37]
Electrochem (38]
RR
Alkaline Mitocondrial Lys79 or Lys 72 [39]
ferricytochrome ¢
Alkaline Lys 84 or 97 or 103? NMR [40]
cytochrome cssg
Pracoccus versutus Met100Lys Lys100 NMR [41]
Cytochrome c;sy (Thiobaulus versutus) Electronic [42]
EPR
Cyclic Voltammetry
Cytochrome f [43]
Turnip Lys145? RR [44]
Charlock Lys145? NMR [32]
Rape Lys145? EPR
Woad Lys145? MCD
Spinach Lys145? EPR [30}
Electronic
MCD
Alkaline Lys11 or 12? Electronic [45]
Cytochrome b562
P4501lc, Thr301Lys Lys301 Electronic [46]
Myoglobin His64Lys Lys64 EPR [47]
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Similar observations were observed for the His61Arg variant where the guanidium
group of arginine is thought to occupy the sixth position to the haem in both oxidised and
reduced states. Hence, the six-coordinate, low-spin transitions observed for His61Arg were
assigned to arginine coordinated haem. Some high-spin haem apparent in His61Arg (Amax=
633 nm) was assigned to water-bound haem as for rLb. The low-spin spectrum of His61Arg
has been similarly observed for the His64Arg variant of myoglobin,[48] however, ligation of
the arginine was not established with confidence. The low-spin features were assumed to arise
either from the ligation of the arginine residue to the haem or formation of a hydrogen bond
between arginine and a haem-bound water or hydroxide ion increasing the field strength
sufficiently to produce the low-spin state.[4%]

EXAFS analysis of the His61Lys and His61Arg haem coordination also suggested
ligation of a nitrogenous group to the haem iron at both room and cryogenic temperature. An
increase in the short bond length by ~10 pm was assigned to the Fe-N ligation and was
distinct from the Fe-On.o bond length in rLb, strongly supporting this assignment. The variants
did not display a temperature-dependent ligand switch as observed for rLb, reflected in the
slight change in the Debye-Waller factor at room and cryogenic temperature. This work
presents the first reported determination of the Fe-Nyys (202 pm) and ‘Fe-Na,” (200 pm) bond
lengths in rLb and haem-globin family of proteins. Similar Fe-N distances have been
observed for Lb (Fe-Nnicotinate = 209 pm)[30) and Wolinella Succinogenes nitrite reductase
(proximal Fe-Nj s ligation = 210 pm)[5!] strongly indicating nitrogenous ligation to the haem
iron as a result of the His61Lys and His61 Arg mutations in rLb.

Substitution of the distal histidine 61 with lysine resulted in a destabilisation (52 mV)
of the reduced form. The negative mid-point potential observed is characteristic of the
coordination of a basic residue to the haem iron and is a result of the better electron donating
ability of the amine nitrogen than water therefore lowering the mid-point potential and
stabilising the ferric oxidation state of the haem. In contrast, a slight increase of the mid-point
potential (8 mV) was observed by introducing arginine to the haem (His61Arg). This
determination was surprising and cannot be explained in terms of electron donating ability of
the guanidium nitrogen, since arginine is a more basic residue than lysine or water and should
serve as a better electron donor, leading to a greater decrease in mid-point potential of the
protein than observed for His61Lys. The similarity in the mid-point potentials of rLb and
His61Arg suggests that the haem ligation of the arginine has marginal effect on the stability

of the ferrous oxidation state of the protein.
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A possible rationalisation for this observation can be provided in terms of ligand field
similarities between rLb and His61Arg. As previously suggested for the His18Arg variant of
cytochrome cl52 53] and argued by Martin,[54] arginine has an sp’ nitrogen that could
coordinate to the haem iron by assuming a torsional geometry similar to that of histidine 61 in
rLb, Figure 5.13. Since the mid-point potential of rLb has been partially attributed to His61
haem ligation (Chapter 3), replacing His61 with arginine may give rise to only slight
conformational distortions of the active site structure and still provide ligand field similar to
that of rLb.

< 3 U
" |

H
Histidine Arginine

Figure 5.13. A comparison of torsional geometries of histidine and arginine

In addition, if the arginine ligates in the conformation as depicted in Figure 5.13, then
the exposure of the haem to surrounding solvent would be marginally less than rLb and would
be considerably less than His61Lys. As a consequence, an increase in mid-point potential
would be observed. The greater hydrophobicity of the arginine relative to lysine could also
rationalise the positive mid-point potential observed for His61Arg, as proposed by
Kassner.[55] Hence, the greater the hydrophobic nature of haem environment, the greater the
increase in the mid-point potential would be observed

- These arguments, on their own are not able to fully rationalise the observed potential.
Indeed, it is well known that there are a number other factors that effect mid-point potentials
of haem proteins involving a complex combination of factors, e.g. the sizel56] and polarity(53]
of the amino acid side chains, as reflected by their volumes and hydrophobicities and the
energetics of the protein structures should also be considered. At present, a fully quantitative
assessment of the individual contribution of each variable is not experimentally viable using

mutagenesis alone and the absence of suitably sophisticated theoretical and predictive models
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makes a fully quantitative rationalisation of these experimental observations very difficult.

Occupation of the sixth coordination haem site with lysine and arginine in the
His61Lys and His61Arg variants, respectively, was also observed to interfere with the
proteins ability to bind exogenous ligands effectively. A decrease in binding affinity for
cyanide by ~ 100-fold and ~ 70-fold was observed for His61Lys and His61Arg, respectively.
However, significant differences in cyanide affinity for the two variants were observed at
acidic pH. A ~ 40-fold increase in affinity for cyanide was observed for His61Lys in
comparison to that at neutral pH. Under these conditions the His61Lys variant is believed to
exist in a form in which the lysine no longer occupies the sixth coordination position, since
loss of the low-spin transitions (Amax 532 and 562 nm), characteristic of low-spin haem, are
observed and only high-spin transitions are apparent (Amax 497 (sh), 520 and 630 nm).
Therefore the ease with which cyanide binds to the haem is reflected in a decrease in the
equilibrium dissociation constant. In contrast to ligand afﬁnity displayed by His61Lys, the
His61Arg variant exhibited a similar affinity for cyanide at acidic pH (K4 = 75 uM) as at
neutral pH (K3 = 83 uM). This may suggest that there is ligation of arginine at the haem iron
at both pH values and therefore, under these conditions the arginine is believed to remain the
sixth ligand to the haem in the His61Arg variant and interferes with exogenous ligand
binding. These ligation changes were reflected in the pH dependent study.

Analysis of the electronic absorption spectra as a function of pH for His61Lys
revealed a titration process with a pK, of 5.7 which was attributed to the titration of the lysine
61. The g-amino group of free lysine has a pK, of 10.0.1571 Hence, for the lysine to serve as a
ligand to the haem iron it must be in the deprotonated state, even at pH 7. This would require
a considerable shift of the pK, of the lysine group serving as the sixth ligand. One factor,
which might produce such a shift, is the haem environment effect; placement of the lysine in a
hydrophobic environment would stabilise the deprotonated state. The active site of rLb
accommodates this hydrophobic environment and as a consequence is a possible factor in
lowering the pK, of the lysine residue. The presence of basic residues in the active site is also
known to shift the pK, of titrating residues. There are two main residues, lysine 57 and lysine
64, which are close to residue 61 and could additionally contribute to the lowering of pK, of
the titrating residue lysine. A similar drop in pK, was observed for the titration of tyrosine in
the His61Tyr variant, Chapter 4 (pK, of free tyrosine = 10.5, proposed pK, of His61Tyr =
4.6).

The change in the electronic absorption spectrum with decreasing pH indicated a
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change in the haem coordination of His61Lys. At acidic pH, loss of the low-spin transitions
were apparent and formation of a high-spin haem species was observed (Amax = 403, 497 (sh),
510 and 630 nm). Wavelength maxima were similar to those of six-coordinate water-bound
haem and accordingly it was thought that the sixth coordination site for the acidic form of
His61Lys was no longer occupied by lysine 61 but by a water molecule. This assignment was
supported by the loss of the low-spin transitions apparent for lysine-bound haem, (Ama= 408,
532 and 563 nm) suggesting release of the distal lysine coordination from the haem iron and
protonation of the e-amino group with a decrease in pH. After this transition, there were no
obvious transitions associated with the deprotonation of the e-amine group when it is bound to
the haem iron.

Analysis of the pH titration spectra of His61Arg revealed a change in ligand
coordination of the variant with an increase in pH. Formation of a fully low-spin haem species
was apparent with the transition occuring with a pK, of 7.4 and was assigned to the titration of
the arginine 61 residue. Similarly, as for the distal lysine in His61Lys, a drop in the pK, was
observed for the distal arginine (pK, of free arginine = 12)57] and can be explained in terms of
the hydrophobicity of the active site environment and the presence of the two basic lysine
residues near residue 61 which influence the shift in pK, of arginine.

At pH 7 and below the His61Arg variant existed in a form in which it was majority
low-spin, arginine-coordinated haem with some minor high-spin, water-bound haem. Above
pH 7.4 the variant converted to a fully low-spin form in which arginine is believed to solely
occupy the sixth position of the haem (Amax = 409, 536 and 563 nm). Above pH 7.5, no
significant changes were observed in the electronic absorption spectra indicating there was no
change in the haem electronic structure. The distal haem axial ligand of His61Arg is
presumed to be arginine 61 since a strong ligand field is needed to explain the low-spin
species observed. An alternative possibility, as proposed for the His64Arg variant of Mb, is
that the arginine residue hydrogen bonds to a haem-bound water or hydroxide ion increasing
the field strength sufficiently to produce the low-spin state.[9] The possibility of the titration
of the distal water molecule, as observed for rLb, was ruled out due to the difference in pK,
(pK, = 8.4) and wavelength maxima (Amax = 408.5, 539 and 570 nm) of the resultant
hydroxide-bound haem species.

Semi-quantitative assessment of the identity of the haem ligation in His61Lys and
His61Arg was determined through the diagnostic pairing of MCD and EPR. For His61Lys,

throughout the 450-600 nm region, only low-spin transitions were detected and dominated the
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MCD spectra. These transitions were attributed to arising from the lysine 61 ligation to the
haem, since considerable similarities to other lysine ligated haem proteins were observed.[27;
30-321 QOnly minority amounts (5%) of high-spin species were observed in the room
temperature MCD spectrum, with a trough at 638 nm, which was assigned to water-bound
haem. However, in the low temperature MCD spectrum no high-spin signals were observed,
indicating fully low-spin species at low-temperature. In the near-IR MCD spectrum of
His61Lys the transition observed at ~1600 nm (indicative of lysine/histidine haem ligation)
also confirmed the lysine-haem ligation. This band (which is more intense in His61Lys) has
been similarly observed for the minority low-spin species observed in the low temperature
rLbl25] and His61Ala and gives a clue to the likely identity of the haem ligation in that low-
spin species (Chapter 3).

In conjunction with the MCD, the EPR analysis also confirmed the presence of low-
spin haem, characteristic g-values for the His61Lys variant were detected in the regions
characteristic of low-spin transitions and in particular were very similar to other histidine-
lysine ligated haem proteins. The value of g, (3.3) for His61Lys falls towards the low-end of
the range of g-values expected for a histidine-lysine ligated haem proteins (g, 3.3-3.5), Table
5.4, confirming haem ligation in the His61Lys variant. The g-values at 2.2 and 1.67 have also
been assigned to histidine-lysine ligation of the haem iron (similarity to EPR of the M100K
(form III) variant of cytochrome cssp).[421 However, the EPR spectrum of His61Lys also
provided some evidence for the presence of histidine-hydroxide coordinated haem, well
known examples of which are provided by the alkaline forms of myoglobin and horseradish
peroxidase (g,-values of ~ 2.6 and ~ 2.9 respectivelyl38. 391). For His61Lys a g-value at 2.92
falls in the region for hydroxide bound haem, suggesting a mixture of haem species in the
variant at low temperature. The g-value observed at 2.92 in His61Lys has also been observed
for the M100K variant of cytochrome ¢sso (g, = 2.93), Table 5.4, and has been assigned and
established as arising from lysine-haem ligation.[421 Hence, the peak at 2.92 in the EPR
spectrum of His61Lys has also been assigned as arising from histidine-lysine haem ligation.

The high similarity between the MCD and, more particularly, the EPR data of
His61Lys to that of other well-established lysine ligated haem proteins, strongly suggested
that the axial ligands in the proteins are identical. The similarity of the MCD and EPR
spectrum of His61Lys to that of the butylamine derivative of Lb provided further

confirmation for the assignment.

156



Chaper 5: Spectroscopic Analysis of His61Lys and His61 Arg

Table 5.4.
EPR and Near-IR-MCD properties of Lys/His liganded low-spin ferric haems.

Hemoprotein EPR g,-values Wavelength (1) and intensity Reference
(Ag) of the NIR-CT MCD
band.”
Anirer/nm  Ae/Mlem’
Cytochrome c,
yeast iso-1pH 12.3 3.36,2.06, - 1464 - (31]
tuna yeast iso-2 3.38,2.05 1480 430 [27]
horse heart pH 11.0 3.33, 2.05,
[1.13]
3.5,-,1.81
Cytochrome ¢sso M100K
I 3.53,1.69, 0.82 - [42]
I 3.30,2.00, 1.18 - '
I 2.93,2.23, 1.67 -
cytochrome f 32]
rape 3.51,-, - 1520 675 E(H
3.55,-,1.7
spinach - -
3.48,2.07, -
spinach 1506 -
3.53,-,-
3.06. -, -
Soybean leghemoglobin 3.38,2.05, - 1550 330 [27]

+ n-butylamine

For His61Arg the identity of haem ligation using MCD and EPR was difficult since
there were no histidine-arginine haem proteins to correlate to and the changes in the MCD
spectra of His61Arg recorded at the different pH were more difficult to rationalise. At acidic
pH, the MCD spectrum of His61Arg revealed that the variant existed in a mixture of high-
and low-spin states and was in agreement with the electronic absorption spectrum of the
variant at pH 4.8. The high-spin species was assigned to water-bound haem as indicative from
the transition at ~ 630 nm. The low-spin signals were tentatively assigned to arising from

arginine-haem ligation. At alkaline pH (pH 8.8) the low-spin signals became more apparent

? Values refer to data recorded at 4.2 K using 5 T magnetic field except where brackets denote
room temperature measurements for which Ae is expressed in units of M'em™ T
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and dominated the MCD spectrum and were in agreement with the electronic absorption
spectrum of His61Arg at pH 8.8. In contrast, high-spin signals were also apparent in the
MCD spectrum (480 and 638 nm) which were not detected in the electronic absorption
spectrum of the variant. The transition at 638 nm corresponded to water-bound haem,
however at this pH the water would be expected to be in the hydroxide form. Hence the
assignment for this transition was ambiguous. In addition, the increase in pH resulted in an
increase of the Soret intensity and corresponded to a change of ~1/3 low-spin at acidic pH to
2/3 low-spin at alkaline pH in the His61Arg variant. However, the rest of the spectrum did not
change accordingly (a decrease of the high-spin signals would have been expected) which was
quite peculiar and made rationalisation of data very difficult. A preliminary near-IR MCD
spectrum of His61Arg at neutral pH (data not available) detected a band at ~1600 nm
indicative of bis-nitrogenous haem ligation, suggesting arginine haem ligation. However, a
similar band has been previously observed for His61Lys (intense band), rLb[25! and His61Ala
(Chapter 3) (minority low-spin species) and could therefore arise from the low-spin species
which is believed to result from lysine-haem coordination.

The EPR spectrum of His61Arg (pH 7.0) was seen to be in a mixture of high- and
low-spin states. The g-value at ~ 6 and 1.92 and 1.87 corresponded well with high-spin,
water-bound haem and was assigned accordingly. The low-spin g-values (g;) 3.22, 2.96, 2.78
and 2.68 and (g,) 2.27 indicated bis-nitrogenous haem ligation, likely histidine-arginine as
indicative from other spectrosocpic data. However, the g-values also correlated to His61Lys
and the minor low-spin species in rLbi?3] and His61Ala (Chapter 3), thereby making

definitive assignment difficult.
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5.5 Summary

In summary, mutagenic replacement of the mobile distal histidine 61 residue, in rLb,
with lysine and arginine has resulted in altered axial ligation of the rLb protein. Spectroscopic
characterisation of the His61Lys variant revealed considerable similarities to alkaline
cytochrome ¢ and cytochrome f, for which lysine haem coordination has been well
established, and also to the butylamine derivative of Lb, confirming lysine-haem coordination
in His61Lys. In addition, the MCD and EPR data had also confirmed histidine-lysine ligation
and spectra were similar to those of other histidine-lysine ligated haem proteins. As a result
of the ligation, the ligand binding affinities were decreased and a drop in the mid-point
potential was observed, consistent with the ligation of a basic residue to the haem iron.
EXAFS analysis carried out on the variant also indicated nitrogenous-haem ligation and
reports the first determination of the Fe-Nyys bond length.

Spectroscopic characterisation of His61Arg also suggested alteration in haem ligation
as a result of the mutation. A similar decrease in ligand binding affinities were observed for
His61Arg, as for His61Lys. In contrast, a marginal increase in the mid-point potential was
observed as a result of the mutation. EXAFS analysis carried out on the variant also suggested
nitrogenous-haem ligation and accordingly the bond length determined was assigned to Fe-
Narg. All data suggested bis-nitrogenous haem ligation, likely histidine and arginine, in the
variant. However, only a tentative assignment for arginine-haem ligation could be made in

light of uncertainties in assignments from the MCD and EPR data.
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6  Introducing New Haem Functionality into Leghaemoglobin:
A Functional Analysis of the Haem Oxygenase Reactivity of
the His61AlaVariant.

6.1 Introduction

Oxidative degradation of haem is an important catabolic step in biology. The reaction
is catalysed by the enzyme haem oxygenase (HO) in the presence of dioxygen and NADPH-
dependent cytochrome P450 reductasel!-4] to generate biliverdin, iron and carbon monoxide,
via the a-meso hydroxyhaem and verdohaem intermediates Scheme 6.1.121 The enzyme is
unique in the sense that it employs haem as both the prosthetic group and substrate and is
physiologically important because of the biologically active properties associated with the
reaction products. The haem degradation product, biliverdin, is a precursor of the potent
antioxidant bilirubin,[5] CO is thought to share some of the bioiogical properties of NO in
signal transduction and communication[6-8] and the free iron released by HO activity is known
to regulate genes, including that of NO synthase.[3]

Haem oxygenase activity has been observed in several other haem proteins, including
myoglobin (Mb)[®-12] and variants of cytochrome bs[13. 141 and cytochrome bse,[!51 upon their
exposure to dioxygen and a reductant, such as ascorbate. This process has been termed
coupled oxidation and has been used as a model for HO because it shares several features of
HO reaction, including product formation and, in some cases, regioselectivity.[3. 161 However,
important differences have been noted between HO and the proteins involved in the coupled
oxidation process, including reaction rates, reductant requirements, haem binding affinities
and regioselectivity.[16]

The work carried out in this Chapter demonstrates that on replacement of the distal
histidine 61 (with alanine), new haem oxygenase activity is introduced into rLb. The resulting
variant, His61Ala, is capable of performing the coupled oxidation of haem to Fe(lIll)-
biliverdin as is observed for HO. The work carried out in this Chapter describes the coupled
oxidation reaction of His61Ala, together with a kinetic and regiospecific analysis. A
mechanism for the reaction is proposed, based on the intermediates and products identified
during the haem degradation process. To our knowledge, this work reports the first variant of

rLb that is capable of exhibiting haem oxygenase activity.
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COOH COOH COOH COOH
Haem o.-meso-hydroxyhaem
+02 -CO

+0,
-
2.5 NADPH
-Fe(Il)
COOH COOH COOH COOH
Biliverdin Verdohaem

Scheme 6.1. The reaction sequence catalysed by haem oxygenase. The sequence is shown as
occurring in three steps separated by two well-defined intermediates, o-meso-hydroxyhaem

and verdohaem. The final products of the reaction are CO, biliverdin and free iron.[2]
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6.2 Results

6.2.1 Aerobic Coupled Oxidation of His61Ala.

The time-dependent oxidation of haem, following aerobic addition of ascorbate to the
His61Ala variant, was monitored spectrophotometrically (270-800 nm), Figure 6.1. On the
basis of these spectroscopic changes, the reaction appeared to be biphasic. A rapid decrease
of the absorbance at the Soret maxima and a shift of this band, from 402.5 nm to 411 nm, with
concomitant increase of the o and P bands (Amax = 574 and 537 nm), was observed in the
initial phase, generating a transient intermediate that was spectroscopically similar to Fe(II)-
O, His61Ala (Amax = 411, 540 and 575 nm), Figure 6.2. In the second phase, the Fe(II)-O,
intermediate was transformed into a reaction product (end product) (Amax = 414, 526, 566, ~
640 (broad) and ~ 700 (broad) nm) that had spectroscopic features similar to those of Fe(III)-
biliverdin, notable by the broad band at ~ 700 nm.[12. 17. 18] This was observed through
bleaching of the Soret band and a decrease of the a and B bands, indicating the disappearance
of the Fe(I)-O, species (411 nm). A broad feature at ~ 640 nm was also apparent, and
persisted throughout the reaction, which may be attributable to one of the intermediates,
verdohaem, a well-established intermediate of the haem oxygenase and coupled oxidation
reaction.[19]

On the basis of time-dependent absorbance changes at 402.5nm, the kinetics of the
coupled oxidation reaction of His61Ala can be described as a double exponential process. A
rate constant, k;, of 1.8 + 0.3 x 102 min"' was determined for the formation of the first
intermediate (Fe(III) — Fe(II)-O,). For the second phase, a rate constant, k;, of 4.4 + 0.1 x
102 min"' was determined, corresponding to the conversion of the Fe(II)-O, intermediate to

the final product, Fe(Ill)-biliverdin (Fe(I)-O, — Fe(IlI)-biliverdin), Figure 6.1 inset.

6.2.2 Aerobic Coupled Oxidation of rLb

The parallel coupled oxidation reaction of rLb (carried out as a control), Figure 6.3,
proceeded through a single phase, with slow conversion of rLb (Am.x = 403, 495, 530, 560 and
626 nm) to a haem complex (Amax = 412, 541 and 574 nm) with wavelength maxima identical
to that of Fe(I)-O; rLb (Amax = 412, 541 and 574 nm), Figure 6.2. Further incubation of the

rLb with ascorbate revealed no further change in the electronic absorption spectrum and no
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Figure 6.1. Changes in the electronic absorption spectrum during the coupled oxidation of
His61Ala. Conditions: sodium phosphate buffer, p = 0.1 M, pH 7.0, 32.0 °C, ascorbate (1.0
mM) and His61Ala (5 pM). Black lines represent changes at 10 minute intervals and blue
lines at 1 hour intervals. Inset: kinetic time traces for the coupled oxidation reaction of
His61Ala following absorbance changes at (A) 402.5 nm, (B) 411 nm (decay of Fe(Il)-C2
species) and (C) 537 () and 574 nm (o) illustrating the formation and decay of the Fe(II)-C2

species, (a) spectrum at the beginning ofthe reaction, (b) spectrum at the end ofthe reaction.

new reaction products were observed. The rate constant of conversion (%)), of the ferric haem
to Fe(I[)-C2 haem was determined as 2.3 +0.1 x 103 min'l, Figure 6.3 inset. Hence,
formation of the Fe(I1)-02 species of rLb was ~ 10-fold slower than the formation of the
Fe(I)-C2species of His61 Ala.

6.2.3 Analysis of Haem Degradation Products

The nature and identity of the final reaction product from the coupled oxidation

reaction of His61 Ala and rLLb were examined by extraction ofthe product into chloroform,
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Figure 6.2. Electronic absorption spectra of Fe(Il)-02 rLb and Fe(I1)-02 His61Ala.
Conditions: sodium phosphate buffer, ji = 0.1 M, pH 7.0, 25.0 °C.

after removal of the unreacted haem with ether, under acidic conditions (Chapter 7, Section
7.2.12.3). This process converts any Fe(Il)-biliverdin to biliverdin. The electronic absorption
spectrum of the chloroform extract of Fe(Ill)-biliverdin from the coupled oxidation of
His61Ala, was identical to that obtained for authentic biliverdin, Figure 6.4, thereby
demonstrating that His61 Ala catalyses the coupled oxidation ofhaem to Fe(III)-biliverdin.
However, no biliverdin reaction product was observed for rLb, an indication that rLb
was not able to perform the coupled oxidation reaction. High Performance Liquid
Chromatography (HPLC) analysis of the chloroform extract of the His61Ala Fe(Ill)-
biliverdin, Figure 6.5(A), exhibited a product with a retention time of 19 min, identical to that
of authentic biliverdin obtained under identical conditions (19 min), Figure 6.5(B). Analysis
of the rLb reaction product exhibited a retention time of 23 min, Figure 6.5(C), identical to
that ofunmodified haem, Figure 6.5(D), providing further evidence that rLb is unable to carry
out the coupled oxidation reaction. Electrospray Ionisation Mass Spectrometry (ESI-MS) was
employed to further confirm the identity of haem degradation products. Analysis of rLb and
His61 Ala, prior to addition ofascorbate, resulted in the observation of a peak at m/z = 616,
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Figure 6.3. Changes in the electronic absorption spectrum (at 1 hour intervals) during the
coupled oxidation ofrLb (sodium phosphate buffer, p = 0.1 M, pH. 7.0, 32.0 °C) containing
ascorbate (1.0 mM) and rLb (5 pM). Inset: kinetic time traces for the coupled oxidation
reaction ofrLb following absorbance changes at 403 nm. (a) spectrum at the beginning of the

reaction, (b) spectrum at the end ofthe reaction.

for both proteins, corresponding to the unmodified haem, Figure 6.6(A). An identical
spectrum was observed for rLb after the addition of ascorbate and allowing the coupled
oxidation reaction to proceed for 14 hours, Figure 6.6(B), supporting the HPLC and electronic
absorption analyses. However, the coupled oxidation reaction product of His61Ala {i.e.
Fe(IlI)-biliverdin) displayed a spectrum with m/z = 635, Figure 6.6(C), corresponding to the
molecular mass of Fe(Ill)-biliverdin, indicating that Fe(IIl)-biliverdin is formed, (some
unmodified haem was also detected) The chloroform extract ofthe Fe(IlI)-biliverdin from the
His61 Ala coupled oxidation reaction {i.e. biliverdin) yielded a peak at m/z 583, Figure 6.6(D),
identical to that for authentic biliverdin and further supporting Fe(IIl)-biliverdin as the end
product for His61Ala (since any Fe(Il)-biliverdin formed is converted to biliverdin during
acidification and chloroform extraction). Surprisingly, the verdohaem intermediate (broad
peak at ~ 640 nm) was not detected, an indication that the intermediate may have been short

lived (very reactive).
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Figure 6.4. Electronic absorption spectrum of authentic biliverdin and the chloroform

extracted biliverdin from coupled oxidation of His61Ala. Conditions: Chloroform, 25.0 °C.
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Figure 6.5. HPLC analysis of the product isolated from the coupled oxidation reaction of rLb
and His61Ala. (A) biliverdin extracted from His61Ala; (B) authentic biliverdin; (C) reaction
product from rLb and (D) unmodified haem. Conditions: ammonium phosphate/methanol
buffer, 37 °C.
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Figure 6.6. ESI-MS analysis of product isolated from the coupled oxidation reaction of rLb
and His61Ala. (A) unmodified haem; (B) reaction product from the coupled oxidation
reaction of rLb; (C) Fe(Ill)-biliverdin from the coupled oxidation of His61 Ala (m/z 648 =
MeOH adduct of haem) and (D) chloroform extracted biliverdin from the coupled oxidation

ofHis61Ala.
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6.2.4 Dependence of Oxygen in the Coupled Oxidation Reaction

The importance of oxygen for the coupled oxidation, and hence, the haem degradation
process, was investigated by carrying out a series of reactions under anaerobic and limited
oxygen conditions. Accordingly, the reaction intermediates and a possible reaction

mechanism or profile for the coupled oxidation of His61Ala could therefore be identified.

6.2.4.1 Anaerobic Coupled Oxidation of His61Ala and rLb

The coupled oxidation reaction of His61Ala carried out under anaerobic conditions
showed a decrease and shift of the Soret maxima, at 402.5 nm to 414 nm, with a subsequent
increase of the o and B bands (Amax = 573 and 541 nm), Figure, 6.7(A). The resulting
spectrum closely resembled that reported of ‘Lb(IV)’ (Amax = 574 and 543 nm), which is
formed in vivo, in high ascorbate concentrations.[20. 211 No further spectroscopic changes or
reactions were observed with prolonged incubation of the reaction mixture under anaerobic
conditions. The typical coupled oxidation products and/or intermediates were not observed
under anaerobic conditions, an indication that oxygen is essential for the coupled oxidation
reaction. The analogous coupled oxidation of rLb under anaerobic conditions also showed a
typical ‘Lb(IV)-like’ spectrum, Figure 6.7(B).

The time-dependent spectroscopic changes during the anaerobic reaction of ascorbate
with His61Ala and rLb were complete within 4 hours. Rate constants of 2.4 + 0.1 x 10~ min’
and 2.3 + 0.1 x 10” min"' were determined for His61Ala and rLb, respectively.

When the anaerobically generated His61Ala and rLb product (‘Lb(IV)-like’ product)
was exposed to oxygen, the Soret peak underwent a further decrease in intensity and similar
coupled oxidation changes were observed as for the aerobic reaction. For rLb, the reaction
arrested at the Fe(I)-O, product, however, with His61Ala, the reaction proceeded with
subsequent formation of Fe(Ill)-biliverdin, via the Fe(II)-O, intermediate as observed
previously under aerobic conditions. Rate constants of k; =2.1 £0.3 x 102 min” and k, = 4.7
+ 0.3 x 10° min™, were determined for the coupled oxidation reaction after exposure to
oxygen and were similar to the rate constants determined for the aerobic reaction (k; = 1.8 £
0.3 x 102 min" and k, = 4.4 + 0.1 x 10 min™). Electronic absorption, HPLC and ESI-MS
analysis of the coupled oxidation product of His61Ala, identified Fe(IlI)-biliverdin as the end
product which was converted to biliverdin after chloroform extraction, identical to that for the

aerobic reaction .
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Figure 6.7. Changes in the electronic absorption spectrum during anaerobic coupled oxidation
of (A) His61 Ala and (B) rLb. Conditions: sodium phosphate buffer, p = 0.1 M, pH. 7.0, 32.0
°C), ascorbate (1.0 mM) and protein (5pM). Black lines represent changes at 10 minute
intervals and blue lines at 1 hour intervals. Inset: kinetic time traces for the anaerobic coupled
oxidation reaction following absorbance changes at 402.5 nm for His61Ala and 403 nm for

rLb.
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6.2.4.2 One Equivalent of Oxygen

Incubation of His61Ala with ascorbate, with one equivalent of oxygen, resulted in the
formation of the Fe(I)-O, species (Amax = 411, 575 and 537 nm), Figure 6.8(A), after which
stage the reaction arrested. The rate constant (k;) of formation of the Fe(II)-O, haem species,
was determined as 1.1 + 0.05 x 102 M'min’’, similar to the rate constant for the formation of
the Fe(IT)-O, haem species in the aerobic coupled oxidation reaction, Scheme 6.2. Exposure
of the Fe(I)-O, complex to oxygen resulted in the conversion to Fe(IIl)-biliverdin, with a rate
constant (k) of 3.6 + 0.3 x 10” min™', similar to that for the aerobic reaction (k, = 4.1 £ 0.1 x
102 min" ). Additional intermediates were not observed on prolonged exposure of the

reaction to oxygen.

6.2.4.3 Two Equivalents of Oxygen

A triphasic process was observed on incubation of the coupled oxidation reaction
under two equivalents of oxygen, with the formation of a new haem degradation
product/intermediate. The first phase involved formation of the Fe(II)-O, His61Ala haem
complex, Figure 6.8(B). The second phase was observed through the disappearance of the
Fe(II)-O; species and a shift of the Soret maxima, at 411 nm to 416 nm. An increase of the f3
band intensity, at 537 nm, and shift of the o band to 563 nm was also observed, suggesting
formation of a Fe(I1)-CO haem complex (Amax (Fe(II)-CO) = 537 and 563 nm). The third
phase was identified by the appearance of a new distinct band at 664 nm (Amax = 416, 565,
537 and 664 nm). The electronic absorption spectrum, Figure 6.8(B), obtained after 6 hours
of reaction, closely resembled that reported for the verdohaem-HO complex,[?2: 231 a well-
established intermediate of the coupled oxidation reaction and the haem oxygenase reaction.

Evidence corroborating the identity of verdohaem was obtained from the electronic
absorption spectrum after extraction with chloroform and pyridine (Chapter 7, Section
7.2.12.4), Figure 6.9(A). The electronic absorption spectrum was identical to the verdohaem-
pyridine complex, Figure 6.9(A).[24-26] The identity of verdohaem was conclusively
demonstrated by ESI-MS analysis. The verdohaem product was dialysed with NHsHCO; (40
mM) at 4 °C and mixed with ammonium acetate (10 mM) prior to mass spectral analysis,
Chapter 7, Section 7.2.12.4. The mass spectrum displayed a peak at m/z = 619, Figure 6.9(B),
consistent with the mass of verdohaem (m/z = 619) (a minor signal with m/z = 616 was also

apparent and assigned to unmodified haem).
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Figure 6.8. Changes in the electronic absorption spectrum during the coupled oxidation of
His61Ala in the presence of (A) one equivalent and (B) two equivalents of oxygen.
Conditions: sodium phosphate buffer, p = 0.1 M, pH. 7.0, 32.0 °C, containing ascorbate (1.0
mM) and protein (5 pM). Black lines represent changes at 10 minute intervals and blue lines
at 1 hour intervals. Inset: kinetic time traces for the coupled oxidation reaction following
absorbance changes at 402.5 nm. (a) spectrum at the beginning ofthe reaction, (b) spectrum at
the end of'the reaction.
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Figure 6.9. (A) Electronic absorption spectra of the pyridine complex of authentic verdohaem
and the pyridine/chloroform extract of the verdohaem product after the coupled oxidation of
His61Ala under two equivalents of oxygen. (B) ESI-MS analysis of the verdohaem product

after addition oftwo equivalents of oxygen to the coupled oxidation reaction of His61 Ala.

Exposure of the reaction mixture to oxygen resulted in a rapid conversion of the
verdohaem intermediate to Fe(Ill)-biliverdin, identified by a peak at m/z 635 in ESI-MS
spectrum. The conversion of the intermediate (verdohaem complex) to Fe(Ill)-biliverdin

suggested that the new identified intermediate is a precursor of Fe(III)-biliverdin.
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6.2.4.4 Three Equivalents of Oxygen

The coupled oxidation of His61Ala exposed to three equivalents of oxygen resulted in
an identical conversion of ferric haem to Fe(Ill)-biliverdin, as observed for the aerobic
reaction. This suggested that three equivalents of oxygen were sufficient for His61Ala to

carry out the coupled oxidation of haem to Fe(III)-biliverdin.

6.2.5 Ascorbate as a Reducing Agent

A requirement of the coupled oxidation reaction process is the presence of a reducing
equivalent which initiates the haem degradation process. The first step occurs with reduction
of ferric haem to the Fe(Il) state, using a reducing equivalent, such as ascorbate. The rate
constant of reduction of ferric His61Ala, with ascorbate was measured as described in
Chapter 7, Section 7.2.12.6. Reduction of ferric His61Ala to ferrous protein was followed at
403 nm (where the largest absorbance changes occurs) using the single mixing mode.

Plots of the experimentally measured kobs against ascorbate concentration, [Asc],
clearly revealed saturation kinetics, indicative of substrate binding equilibrium. Kinetics of

this kind are consistent with the following mechanism, Equations [6.1] and [6.2]:

K

His61Alag, ;. + ASCrqg — [His61Alag, . - ASCreq] [6.1]
k-

[His61 Alagyrie . ASCroq] —= His61Alagmys + ASCox [6.2]

from which an expression for ks can be derived, Equation [6.3],

klim
1+ K3/ [AsCredl

[6.3]

where [Ascreq] is the concentration of ascorbate and Ky is the equilibrium dissociation

constant, for the substrate bound complex (K4 = 1/K,).
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Therefore, according to Equation [6.3], a non-linear least-squares fit of the plot of Kops
against [Ascrq] allowed a K4 of 65 £ 5 uM to be calculated for His61Ala. The limiting rate
constant, kim, for the reduction of the His61Ala-bound ascorbate was 0.82 + 0.03 s, F igure

6.10. This rate was comparable to that measured for the reduction of haem by NADPH-

cytochrome P450 reductase in the haem oxygenase reaction (0.49 s™).[27]

kobs 6-1)

I | 1 | ! | I l
0 200 400 600 800
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Figure 6.10. Reduction of His61Ala by ascorbate. The pseudo-first order rate constant, kops,
plotted against ascorbate concentration, [Asc], is shown. Measurements were obtained at 403
nm, close to the Soret maxima of His61Ala. Conditions: His61Ala (5 uM), sodium phosphate,
pH 7.0, pn=0.10 M, 32.0 °C.

6.2.6 Regiospecificity of the Coupled Oxidation Reaction

The regiospecificity of the coupled oxidation of His61Ala was examined by
incubation of His61Ala with ascorbate, under aerobic conditions at 37 °C for 7 hours, Chapter
7, Section 7.2.12.7. The Fe(IlI)-biliverdin product was converted to biliverdin (Chapter 7,
Section 7.2.12.3) and the biliverdin isomers isolated and methylated as described by O’Caara
and Cameron.[28] The resulting dimethyl esters of the biliverdin isomers were separated using

reverse-phase HPLC, Figure 6.10(A). Peaks at retention times of 6.9, 7.15, 7.25 and 7.5
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minutes were observed. The isomer with a retention time of 6.9 minutes was identified as the
a-isomer, by comparison to authentic biliverdin IX,, Figure 6.10(B). The other isomers were
tentatively assigned according to the dimethyl ester biliverdin isomers previously observed
for protoporphyrin IX.[281 The HPLC analysis of the dimethyl ester biliverdin isomers
revealed that the coupled oxidation of His61Ala was non-regiospecific, producing all four
isomers of biliverdin. In contrast, the coupled oxidation of haem oxygenasel!®l and

myoglobinl®] are regiospecific and products obtained as a-isomers only.

(A)

(B)
| | ] | | ! |
55 60 65 70 75 80 85

Retention Time (min)

Figure 6.11. HPLC analysis of the dimethyl ester derivatives isolated from (A) biliverdin
obtained from the coupled oxidation reaction of His61Ala showing the four isomers: a, B, y, 0

dimethyl ester biliverdin and (B) the o isomer obtained from authentic biliverdin IX,.

6.2.7 '80,-Labelled Coupled Oxidation

The origin of the oxygen found in the haem degradation products, of the haem
oxygenase reaction has been shown to derive from molecular oxygen.[2%: 301 To determine
whether this is also true for the coupled oxidation carried out by His61Ala, the reaction was
carried out using labelled molecular oxygen containing 8080 (Chapter 7, Section 7.2.12.9).
Some of the Fe(III)-biliverdin product was analysed by ESI-MS and some Fe(III)-biliverdin
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converted to biliverdin prior to mass spectrometric analysis. Figure 6.12 illustrates the mass
spectra for the haem degradation products. The mass spectrum of Fe(III)-biliverdin displayed
three peaks at m/z of 635, 637 and 639. Similarly, three peaks at m/z of 583, 585 and 587
were observed for the biliverdin extract. The three peaks corresponded to the incorporation of
%090, 080 and '*0'®0, respectively, in the haem degradation product, suggesting that the
oxygen atoms incorporated into the coupled oxidation product was derived from two separate
oxygen molecules. These data supported earlier work, for both the biological and chemical
reactions, reinforcing the validity of coupled oxidation as a model for biological haem

cleavage.[29; 30]
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Figure 6.12. ESI-MS of '®0-labelled Fe(III)-biliverdin (A) and '*O-labelled biliverdin (B)
obtained from the coupled oxidation of His61Ala carried out under 080 The mass spectra

clearly show incorporation of labelled oxygen at m/z of 637 and 639 in the Fe(IlI)-biliverdin
product and m/z of 585 and 587 in biliverdin.
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6.2.8 Extended X-ray Absorption Fine Structure (EXAFS) Spectroscopy

The k* weighted EXAFS spectrum and the resulting Fourier transform obtained for
His61Ala, at room temperature and cryogenic temperature, are shown in Figure 6.13. A fit of
the data for His61Ala, from the EXAFS spectrum, was analogous to those described for rLb.
The distances of the iron atom to the main porphyrin ring atoms (N;), Table 6.1, suggest that
the Fe atom lies in plane of the porphyrin structure. The structural results for His61Ala
appeared to be similar to that of rLb, at both temperatures. The strong similarities were
presumably due to the dominating (invariant) four-fold symmetry of porphyrin ring structure.
The only significant differences between the two proteins were observed between k = 7 A™
and 9 A™!, in the shape of the doublet, in the room temperature spectrum, Figure 6.13(A) and
Figure 4.8, Chapter 4. At 77 K, the differences between the two proteins were less, all being
very similar at all values of k. A decrease in the short bond length (Fe-Oyatr), by 5 ppm, was
observed for the variant as the temperature was lowered, with a corresponding increase in the
N, bond length, Table 6.1. However, a change in the Debye-Waller factor, by a factor of < 3,
suggested no significant structural changes were associated with this ligand, with the change
in temperature, in contrast to that observed for the rLb. Shortening of the Fe-O bond for the
His61Ala variant, was thought to arise from a change of a water-bound haem at room
temperature, to a hydroxide-bound haem at lower temperature, as indicated using the other
spectroscopic methods, Chapter 3. The difficulty in distinguishing between O and N atoms
by EXAFS only permitted tentative assignment of the ligating groups to the distal side of the
haem, with the change in temperature.

The EXAFS data for ferric His61Ala, revealed Fe-N, distances at 2.05 A, the proximal
histidine distance (Fe-N;) at 2.05 A and the sixth ligand distance, Fe-Owaeer at 1.95 A. These
results are similar to the analogous Fe-ligand distances of ferric myoglobin[3!l and haem-
haem oxygenase complex,32] Table 6.2. The similarities in the Fe-ligand distances indicate
that there may be similarities in haem structure between His61Ala and haem oxygenase, and
may be one of the factors contributing to the ability of the His61Ala variant to carry out the
coupled oxidation. However, these observations do not explain the inability of rLb to carry
out the reaction successfully, which also has similar Fe-N, (2.05 A), Fe-N; (2.10 A) and Fe-
Owater (1.90 A) distances.
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Figure 6.13. (A) the EXAFS spectrum and (B) Fourier transform amplitude of EXAFS, of
His61 Ala, observed at 298K (0) and 77K(0). The solid lines indicate the calculated data from
the refined model at 298K (—) and 77K (—).
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Table 6.1
Structural results obtained by fitting data from the EXAFS spectra, from rLb and His61 Ala.
Data were fitted to knax= 10 A'l. Uncertainties quoted are +2a (95% confidence). Parameter
values listed without uncertainties were held fixed during the fit. The mean square deviation
in bond length (a2) is usually referred to as the Debye-Waller factor. The Brookhaven

nomenclature has been used, Scheme 4.1, Chapter 4.

N(77K) N (@®RT) Type R(77K) R([RT)  42(77K) a2(RT)

pm pm (pm)2 (pm)2

rLb

4 4 NR 200+2  205+2 1015 20110
1 1 Ne 210+£5 210£5 1015 20110
1 1 N,0 19045  190+5 20115 60120
8 8 Cb 29945 303+£5 4515 60110
4 4 Ce 33745 33445 4515 60110
8 8 cd 423 £5 42845 4515 601 10
His61Ala

4 4 NR 20242 205+£2  20+10 35110
1 1 Ne 21045 205+5 20110 20120
1 1 0 190+5 19545 30110 70130
8 8 cb 302+£5  303+£5 65110 70110
4 4 cC M2+5 33645 65110 70110
8 8 cd 2845 43015 65110 70110

3Np=Na, Nb N°, Nd
bC CIB Cle CID C*A C4B ¢4 ¢ 40
HD

¢ HA "~HB "HC *
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Table 6.2.

Comparison of the EXAFS determined haem bond distances of His61Ala, horse heart Mbl31]

and haem oxygenase.[32]

Bond distances (A)
His61Ala Horse heart Mb Haem oxygenase
Fe-N, 2.05+0.02 2.06 1.99 +0.03
Fe-N, 2.05+0.05 2.18 2.08 £+ 0.03
Fe-Owater 1.95+0.05 2.08 1.93 +0.03
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6.3 Discussion

It has been known for many years that some haem proteins, such as myoglobin
(Mb)[10, 12, 16,28, 33-37] and variants of cytochrome bsl!13; 141 and cytochrome b;ss2,[15]1 undergo a
series of reactions in the presence of ascorbate and oxygen (coupled oxidation) that resemble
the catalytic cycle of haem oxygenase. An addition to this list can now be made, on the basis
of work carried out in this Chapter. In this work, it has been demonstrated that upon removal
of the distal histidine 61 residue in rLb, the His61Ala variant is capable of performing
coupled oxidation of haem to Fe(IlI)-biliverdin with non-regiospecificity.

Spectroscopic characterisation of His61Ala presented, in this work and in Chapter 3,
strongly supports the conclusion that the haem coordination structure of His61Ala closely
resembles that of haem oxygenase[32] (a) The haem iron of ferric His61Ala is in a hexa-
coordinate, high-spin state (Amax = 402.5, 500, 630 nm) and is consistent with histidine-aqua
axial coordination as is observed in mammalian and bacterial haem oxygenase (Amax = 404,
500 and 630 nm).33-41] (b) The pK, of the two proteins are also similar (a pK, of 8.4 for
His61Ala and a pK, of 8.5 for HO32]) and are consistent with the titration of the distal water
ligand to form a low-spin, hydroxide-bound haem at alkaline pH. (c) EXAFS data for the
ferric His61Ala revealed that the average distances, Fe-N, (2.05 A), the proximal histidine
distance (Fe-N¢ = 2.05 A) and the sixth ligand distance, Fe-Oyater (1.95 A) were considerably
similar to those for the haem-haem oxygenase complex (Fe-N, = 1.99 A, Fe-N; = 2.08 A and
Fe-Ouater = 1.93 A).321 The only difference is observed in the Fe-N, distances, which have
been previously rationalised as possibly arising from the temperature-dependent, spin-state
changes in haem oxygenase at low temperature in order to prevent radiation damage.[32]

Although there are some spectroscopic similarities between His61Ala and haem
oxygenase, the mechanism of haem degradation for the two proteins differs. The first
difference is the nature of the reducing agent used in the reaction. Catalytic turnover of haem
oxygenase requires an NADPH-dependent P450 reductase as a source of reducing equivalent,
whereas the coupled oxidation requires a reductant, such as ascorbate. The ability of ascorbate
to act as a reductant is demonstrated by the fast reduction of the His61Ala ferric haem (0.82 +
0.03 s) to ferrous haem. The rate constant of reduction was ~ two-fold slower than that
reported for the reduction of ferric haem oxygenase haem by NADPH-reductase (0.49 sH.e7
The reduction of ferric haem to ferrous haem is believed to be the first step of the coupled

oxidation reaction mechanism (Scheme 6.2).
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The second difference between the reaction mechanism of haem oxygenase and
coupled oxidation are the intermediates observed and the final reaction product. The haem
oxygenase catalysed oxidation of haem generates biliverdin as the final product with a-meso-
hydroxyhaem and verdohaem as intermediates (Scheme 6.1). The His61Ala variant of rLb
underwent coupled oxidation through biphasic kinetics, in the presence of excess ascorbate
and oxygen. This process involved the formation of an Fe(II)-O;, intermediate (Amax = 411,
574 and 537 nm), with a rate constant (k;) of 1.8.1 + 0.3 x 10? min™ and its subsequent decay
to Fe(II)-biliverdin (Amax = 414, 526, 566, ~ 640 (broad) and ~ 700 (broad) nm) (k; = 4.4 £
0.1 x 10° min"), via a possible verdohaem intermediate (broad band at ~ 640 nm,
characteristic band for verdohaem). A similar reaction product has been reported for the
coupled oxidation of haem oxygenase,[42] when ascorbate is used as a reductant. However,
although the reaction products are similar, different intermediates' were observed between the
proteins. With haem oxygenase, the coupled oxidation proceeds via the a-meso hydroxyhaem
and verdohaem intermediates without the observation of the Fe(II)-O, intermediate.[!9] In
addition, the rate of haem degradation proceeded with greater efficiency than that carried out
by His61Ala, determined in this work.[19]

The reaction products and intermediates of the His61Ala coupled oxidation reaction,
were identified as follows: (a) the Fe(II)-O, intermediate was identified by comparison of the
electronic absorption spectra to that of oxy-His61Ala generated by reduction of ferric protein
with sodium dithionite and passage through a G25 (Sephadex) column; (b) the identity of the
Fe(III)-biliverdin reaction product and the chloroform extract of the Fe(IlI)-biliverdin product
(i.e. biliverdin) were confirmed by the electronic absorption spectra, HPLC and ESI-MS
analyses. All the analysis techniques identified and confirmed Fe(III)-biliverdin as the final
reaction product of the coupled oxidation of His61Ala. Surprisingly, the verdohaem
intermediate, which was possibly formed through the aerobic reaction (broad band at ~ 640
nm) was not detected by ESI-MS and could be rationalised in terms of its high reactivity with
oxygen (short-lived intermediate), and rapid formation of the Fe(III)-biliverdin product.

In contrast to His61Ala, the coupled oxidation reaction of rLb resulted in the
formation of the Fe(II)-O, rLb (Amax = 412, 541 and 574 nm) with a rate constant (k;) of 2.3
0.1 x 10° min™"), at which point the reaction ceased and no further haem degradation products
were observed. It has been reported that the oxygen-bound haem is stabilised by a hydrogen
bond from histidine 61, in the active site.43] According to the haem oxygenase

mechanism,[19] an ‘activated oxygen’ is required to react with the methine bridge, after

186



 Chapter 6: Haem Oxygenase Activity of His61Ala

reduction, to form the hydroxy-haem intermediate and initiate the haem degradation process.
The stability of the hydrogen bond from histidine 61 to the oxygen-bound haem could inhibit
the reduction of the oxy species or could possibly reduce the activity of the oxygen and hence,
be a possible explanation to why no further reaction is observed.

The dependence of the coupled oxidation reaction mechanism on oxygen was
determined through anaerobic reaction of His61Ala in the presence of excess ascorbate.
Under these conditions, the typical haem degradation products were not observed, indicating
that the coupled oxidation mechanism not only requires a reducing agent but also oxygen.
Instead, under anaerobic conditions, an electronic absorption spectra resembling that of a
“Fe(IV)-like” species (Amax = 414, 541 and 573 nm) was observed. This species, has been
previously reported to be formed, on exposure of ferric Lb to excess ascorbate. 120, 21
Exposure of the ‘Fe(IV)-like’ species to oxygen, resulted in the reaction proceeding to the
Fe(III)-biliverdin product, via the Fe(II)-O, His61Ala intermediate. Similar reaction kinetics
were observed to that for the aerobic coupled oxidation reaction, suggesting that the ‘Fe(IV)-
like’ species is a very unstable intermediate. In the presence of ascorbate and oxygen, the
‘Fe(IV)-like’ species was rapidly reduced back to the ferric haem and then reduced further to
ferrous haem, followed by subsequent formation of the Fe(I)-O, ‘activated” species, initiating
the coupled oxidation reaction.

Stoichiometric addition of oxygen to the coupled oxidation reaction provided further
insight into the reaction mechanism of the haem degradation process carried out by His61Ala
and provided a means of identifying (new) intermediates. The coupled oxidation reaction in
the presence of one equivalent of oxygen resulted in the formation of the Fe(II)-O, His61Ala
species, with a rate constant (k) of 1.1 + 0.05 x 10” min™', similar to that, for the first step, of
the aerobic oxidation (Section 6.1.1). No new reaction products were evident on prolonged
incubation of the reaction. These observations indicated that one equivalent of oxygen is
required for the conversion of ferric haem to Fe(II)-O, species (Scheme 6.2), as expected.
Conversion of the Fe(II)-O, species to Fe(Ill)-biliverdin was observed spectrophometrically
upon exposure of the reaction mixture to oxygen, without any new intermediates being
observed during the process. Addition of two equivalents of oxygen to the His61Ala-
ascorbate mixture, resulted in a triphasic reaction. Formation of the transient intermediate,
the Fe(I1)-O, species, was observed in the initial phase, as indicated by the typical wavelength
maxima of Fe(II)-O, His61Ala and the rate constant for formation of the intermediate, k; = 1.8

+0.3 x 10 min'(Section 6.2.1). The second phase involved conversion of the Fe(II)-O,
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species to a new intermediate with wavelength maxima (Anax) of 416, 563 and 537 nm
resembling that of Fe(II)-CO complex of His61Ala. The appearance of a prominent peak at
664 nm, in the third phase, indicated formation of verdohaem. The accumulation of the CO-
complex appears to be due to product inhibition, as a result of limited oxygen. Carbon
monoxide (CO), which is known to be a by-product of the haem degradation (but released at a
later stage in the mechanism than here), binds to the ferrous haem iron. The verdohaem
product observed at the end of the reaction suggested that there was some slow release of the
bound CO, followed by re-binding of any oxygen present in the system leading to further
haem degradation to the verdohaem complex (Scheme 6.2). These observations also highlight
the ability of the His61Ala variant to discriminate between oxygen and carbon dioxide during
the haem degradation process. An oxygen association rate constant of 290 uM's” and a
dissociation rate constant of 3.1 s have been reported for His61Ala.3] In comparison to the
rate constants reported for rLb (oxygen association rate constant of 130 puM's? and
dissociation rate constant 5.6 s™),[43] it is clear that the His61Ala variant has higher affinity
for oxygen than rLb (easier access of the ligand into the active site on removal of the distal
histidine).[#31 The carbon monoxide association constant for rLb has been reported as
15 uM's™! and the dissociation constant as 0.0084 s ,[431 although has not been reported for
His61Ala. However on comparison to data for the rLb, it is clear that the rLb protein favours
CO binding over oxygen, as a result of the remarkable slow CO dissociation rates. A similar
trend would probably be expected for His61Ala, since an increase in oxygen association and
decrease in dissociation is observed on removal of the distal histidine. In light of the
discussion above and the haem degradation pathway with which the coupled oxidation
reaction of His61Ala proceeds, as shown in this work, it is clear that during haem
degradation, the His61Ala variant of rLb exhibits a remarkable discrimination for oxygen
over carbon monoxide. The means by which haem oxygenase discriminates between O, and
CO is unclear at present, although it has been reported that the verdohaem-HO complex has a
much lower affinity for CO than either haem-HO or the o-meso hydroxyhaem-HO
complex,#4l thereby preventing product inhibition by discriminating against CO after
verdohaem formation. Like the reaction intermediates of HO, the coupled oxidation reaction
intermediates of His61Ala may exhibit different affinities for CO which help prevent product
inhibition. O, and CO binding measurements for His61Ala and the haem degradation

intermediates would have to be carried out in order to investigate this discrimination.
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0.82+0.035!

Ascorbate

Y \
1.8+03 x 102 min™!

Fe(1II)-biliverdin Verdohaem

Scheme 6.2. The haem degradation pathway of His61Ala as determined from the coupled
oxidation of His61Ala under aerobic and stoichiometric addition of oxygen. For simplicity

only one regioisomer has been shown.
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The formation of the verdohaem product (formed after addition of two equivalents of
oxygen to the coupled oxidation reaction mixture) was confirmed by electronic absorption
spectroscopy. Addition of 20 % pyridine to the protein solution, and extraction in chloroform,
after addition of two equivalents of oxygen to the reaction, produced a typical spectrum of
verdohaem-pyridine complex.[24. 451 Additional confirmation was acquired through ESI-MS,
which displayed a peak at m/z 619, that of authentic verdohaem, with some minor signal from
unmodified haem (m/z 616). These results indicate that a second equivalent of oxygen is
required to transform Fe(II)-O, species to the verdohaem intermediate (Scheme 6.2).
Exposure of this intermediate to oxygen resulted in the rapid conversion to Fe(III)-biliverdin,
as shown through ESI-MS (m/z 635).

Exposure of the reaction to three equivalents of oxygen resorted to the same reaction
profile as observed for the aerobic addition of ascorbate to His61Ala, suggesting that three
equivalents of oxygen are required for the coupled oxidation, of haem to Fe(IlI)-biliverdin.
During its catalytic cycle, HO consumes 3 mol of O, for the degradation of one mol of haem
by haem oxygenase to the biliverdin product.[!®] Thereby indicating that although the reaction
products and some intermediates may differ, the haem degradation carried out by His61Ala
essentially follows a similar pathway to HO.

Under aerobic conditions, as well as under stoichiometric addition of oxygen, the
formation of hydroxyhaem intermediate, Scheme 6.1, a distinct intermediate in haem
oxygenase reaction mechanism, was not observed in the enzymatic reaction, and could be
rationalised in terms of the high reactivity of the hydroxyhaem intermediate with oxygen.

The results from the coupled oxidation experiment carried out under labelled oxygen
(**0,) indicated oxygen incorporation occurs via a two-molecule mechanism,3%l in which
each of the two oxygen atoms, found in the final reaction product, derive from separate
oxygen molecules, as is evident from the mixture of labelled products observed in the mass
spectrum of Fe(IIl)-biliverdin and biliverdin (essentially 160190, '%0'%0 and '*0'*0). The
mechanism of the coupled oxidation reaction carried out by His61Ala is in agreement with the
haem oxygenase mechanism, with respect to the incorporation of oxygen into the haem
degradation products and reinforces the efficacy of coupled oxidation as a model for
biological haem cleavage.

A distinct difference between the coupled oxidation of His61Ala and HO and Mb was
observed in the regiospecificity of the haem degradation reaction. Whereas the coupled

oxidation reaction of HO and Mb is a-regiospecific,[?] determination of the regiospecificity of
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the coupled oxidation reaction of His61Ala revealed that the reaction was non-regiospecific.
This was illustrated by the formation of the four dimethyl ester biliverdin isomers, observed
in the HPLC chromatogram. Although rLb did not display coupled oxidation reactivity in this
work, it has been previously reported that native Lb undergoes haem catabolism with
formation of a biliverdin-like product obtained after acid treatment.[46] Lehtovaara and Perttila
later established that the soybean Lba underwent haem degradation with a-, B- and &-
specificity.[47] The site specificity of haem degradation was explained with respect to the
amino acids that are in the vicinity of the appropriate methine bridges and also the larger,
open haem pocket architecture of Lb, and therefore less hindrance to attack at the methine
bridges of the haem by the surrounding residues in Lb. The absence of the y-isomer, which
was never observed for Lb and for mammalian globins, 48] was explained in terms of the
steric hindrance of the histidine-E7 residue, which inhibits attack at the methine bridge at the
y-position, of the haem. Following the observations from earlier studies,[46: 471 the four
biliverdin isomers obtained for the His61Ala variant in this work, supports the early proposal
that the histidine 61 residue prevents the formation of the y-isomer. Hence, on removal of
histidine 61, the y-isomer is also observed. The differences that are observed in the
regiospecificity of HO, Mb and His61Ala could be rationalised in terms of the active site
pocket and the surrounding active site residues. For HO, the distal helix is believed to
exercise a significant level of steric control and the polar interactions, between Fe-O-O and
the surrounding environment may assist in steering the peroxide toward the a-meso carbon.[3]
For Mb, the a-isomer is believed to be observed due to haem contact near the a-methine
bridge on the ligand binding side provided by the isoleucine 107 residue. The &-site is
hindered by the valine 68 residue, the B-site is hindered by CD1, phenylalanine 43 residue and
the y-site is hindered by the E7, histidine 64 residue.[47: 48]
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6.4 Summary

In summary, the present studies show that it is possible to introduce new reactivity
into the rLb protein, by replacement of the distal histidine 61 residue (with alanine). The
His61Ala variant exhibited coupled oxidation reaction, and a reaction following the pathway,
Scheme 6.2, had been proposed. The initial step involved reduction of the ferric haem to
ferrous haem. The second step was observed with formation of a Fe(I1)-O; species. This was
followed by conversion of the Fe(II)-O, species to verdohaem and then to Fe(IIl)-biliverdin,
the reaction product. The origin of the oxygen found in the haem degradation products, has
been shown, by ESI-MS analysis, to derive from molecular oxygen and the two oxygen atoms
incorporated in the reaction product as arising from two separate oxygen molecules, similar to
that reported for the haem oxygenase mechanism. The conversion of haem to Fe(IIl)-
biliverdin for the coupled oxidation of His61Ala required 3 mol equivalents of oxygen,
similar to that for the haem oxygenase reaction. The formation of the reaction product and
intermediates, albeit formed with less efficiency, were different to those observed for the
haem oxygenase reaction, but were similar to those observed for the coupled oxidation
reaction of Mb. However, unlike Mb and HO, for which haem degradation occurs with -
meso regiospecificity, the haem degradation of His61Ala was observed to be non-

regiospecific.
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7  Experimental

This chapter describes the experimental methods and techniques used throughout this

thesis.

7.1 Leghaemoglobin

Recombinant wild-type leghaemoglobin DNA was obtained from Dr. D. K. Jones
(University of Leicester) and was the starting point for mutagenesis and protein isolation of

the leghaemoglobin variants.

7.1.1 Oligonucleotides

Complementary oligonucleotides (29-35 bases in length) containing the desired
mutation were synthesised and purified by the Protein and Nucleic Acid Chemistry
Laboratory, University of Leicester. The complementary pairs of oligonucleotides containing
the appropriate mismatch bases (indicated in red), depicted in Table 7.1, were used to prepare
the variants of rLb studied in this thesis. Generation of the His61Ala/Tyr30Ala mutant DNA
was achieved by mutation of His61Ala with a further complementary pair of oligonucleotides

containing the Tyr30Ala mismatch bases.

7.1.2 Mutagenesis

Site-directed mutagenesis, using the appropriate pair of oligonucleotides, was carried
out using the Quikchange™ mutagenesis kit (Stratagene). Reactions were prepared in thin-
walled PCR tubes by mixing 10 x reaction buffer (5 pl, Appendix A), the recombinant
leghaemoglobin DNA template (2 ul, 50 ng/6 Kb), the forward and reverse
oligonucleotide mutagenesis primers (125 ng of each) and dNTP mix (1 pl). The reaction
mixture was made up to a final volume of 50 pl using filter-sterilised doubly deionised water.
Pfu polymerase was added to the reaction mixture and the reaction cycled by PCR. PCR
reactions were initiated by a denaturation step of 30 seconds at 95 °C followed by 16 cycles of
denaturation (30 seconds, 95 °C), annealing (1 minute, 55 °C) and extension (12 minutes (2

mins per kb of plasmid length), 68 °C). At the end of the reaction, samples were placed on ice
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Table 7.1.
The forward and reverse oligonucleotides used to generate the variants ofrLb.
The mismatch codons are highlighted in red.

Variant

His61Ala/Tyr30Ala
Forward: 5' TCC GTT GTT TTC GCT ACC TCC ATC CTG 3'
Reverse: 3' AGG CAA CAA AAG CGA TGG AGG TAG GAC 5
Glu63Leu

Forward: 5' ACC GGT CAC GCT CTG AAA CTG TTC GCT 3'
Reverse: 3' TGG CCA GTG CGA GAC TTT GAC AAG CGA 5'
His61Ala
Forward: 5' CCC GAA ACT GAC CGG TGA CGC TGA AAA ACT GIT CG 3!
Reverse: 3' GGG CTT TGA CTG GCC ACT GCG ACT TTT TGA CAA GC 5!
His61Tyr
Forward: 5' CCC GAA ACT GAC CGG TTA CGC TGA AAA ACT GIT CG 3'
Reverse: 3' GGG CTT TGA CTG GCC AAT GCG ACT TTT TGA CAA GC 5'

His61Lys
Forward: 5' CCC GAA ACT GAC CGG TAA AGC TGA AAA ACT GIT CG 3'
Reverse: 3' GGG CTIT TGA CTG GCC ATT TCG ACT TTT TGA CAA GC §'
His61Arg
Forward: 5' CCC GAA ACT GAC CGG TCG TGC TGA AAA ACT GIT CG 3'

Reverse: 3' GGG CTT TGA CTG GCC AGC ACG ACT TTT TGA CAA GC §'

for 2 minutes to cool. Digestion of the methylated and hemimethylated parental DNA was
carried out by the addition of Dpnl (1 pi). Mixtures were then centrifuged (I minute) and
immediately incubated at 37 °C for 1 hour to digest the parental DNA. The reaction product
was transformed into 50 pi of super-competent Epicurian Coli XL 1-Blue cells (Stratagene) in
prechilled Falcon® 2059 Propylene Tubes (15 ml), and stored on ice for 30 minutes. The cells
were heat-pulsed at 42 °C for 45 seconds, returned to ice for 2 minutes and incubated with
shaking for one hour at 37 °C, 250 rpm with 0.5 ml pre-heated LB media (42 °C) (Appendix
A). The transformants were plated onto LB agar plates (Appendix A) containing ampicillin
(50 pg/ml) and incubated at 37 °C overnight. To confirm the identity of the transformants, a

single colony from the overnight plates was selected and incubated into 10 ml LB media
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containing 100 pg/ml ampicillin overnight at 37 °C with vigorous shaking (250 rpm). Mutant
DNA was isolated from the overnight cultures using the Qiagen mini-plasmid system

following the manufacturer’s instructions and using the buffers, resins and tubes provided.

7.1.3 Isolation of DNA

The mutant DNA was prepared using stationary phase culture. The culture (2 ml) was
placed in a microcentrifuge tube and microcentrifuged for 1 minute. The supernatant was
decanted and the tubes were inverted and placed on a paper towel to drain excess solution.
The cell pellet was resuspended in pre-lysis buffer (50 ul). The tube was inverted to ensure
mixing and alkaline lysis solution (100 pl) was added directly into the cell suspension. The
cell suspension was mixed once again by inverting the tube and left standing at room
temperature until the solution was clear and viscous. Neutralisation solution (75 pl) was
added, mixed by brief vortexing and then microcentrifuged for 5 minutes. The top (aqueous)
layer was removed and placed into a spin filter. Binding buffer (250 pl, containing silica gel
matrix) was added and pipetted up and down to ensure mixing and microcentrifuged for one
minute to allow collection of liquid in the bottom of the vial, which was then discarded. Wash
solution (350 pul) was added to the spin filter and microcentrifuged for two minutes. The filter
was then transferred to a new microcentrifuge tube. Sterile doubly deionised water (50 pl)
was added to the spin filter, the solution vortexed briefly to resuspend the binding
matrix/DNA, and then microcentrifuged for one minute. DNA was collected at the bottom of
the microcentrifuge tube and stored at —20 °C. The DNA was analysed by 1% agarose gel

electrophoresis.

7.1.4 Agarose Gel Electrophoresis

Agarose gels (1.0 % w/v) (5.5 cm x 8.5 cm) containing 0.6 pg/ml ethidium bromide
were cast, and electrophoresis was performed in TBE buffer (Appendix A) at 100 V. Samples
of isolated DNA (8 pl) were mixed with sample loading buffer (2 ul) (Appendix A) prior to
being loading onto the gel. DNA markers (1 kb HindIIl ladder, Pharmacia) were used to
provide band sizes at 23130, 9416, 6557, 4361, 2322, 2027, 564, and 125 bp. Nucleic acids

were visualised by exposing the gel to long wavelength UV radiation on a transilluminator.
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7.1.5 DNA Sequencing

Sequencing of the entire recombinant mutant or rLb-coding gene was performed to
ensure that no spurious mutations had arisen during the mutagenic reactions. Automated
fluorescent sequencing was performed by the Protein and Nucleic Acid Chemistry
Laboratory, University of Leicester, on an Applied Biosystems 373-Stretch machine and
sequence data were analysed using the program SeqED (Applied Biosystems). The plasmid
DNA sequencing was achieved using New England Biolabs PETFF and PETRR sequencing

primers.

7.1.6 Transformation of the Recombinant DNA into Competent E.Coli Cells

The sequenced DNA (1 pl) was added to filter-sterile deionised water (9 pl), in
prechilled Falcon® 2059 Propylene Tubes (15 ml). Competent cells (BL21(DE3),50 pl) were
added, the reactions swirled to mix solutions and placed on ice for 40 minutes. A heat shock,
of the solution at 42 °C, for 45 seconds, was followed by incubation with 450 pl of LB media
at 37 °C, shaking for 1 hour at 150 r.p.m. The cultures were then plated on LB ampicillin agar
plates. A single colony from the overnight plate was selected and incubated into LB media
(10 ml) containing 100 pg/ml ampicillin overnight at 37 °C with vigorous shaking (250 rpm).
DNA was isolated from the overnight cultures using the Qiagen mini-plasmid system and
analysed as above using agarose electrophoresis and the DNA was re-sequenced to confirm
mutation. Overnight cultures were also used to make glycerol stocks (700 pl of overnight
culture to 300 pl of 50 % sterile glycerol, stored at —80 °C) as an inoculum for expression and

isolation of variant proteins.

7.1.7 Expression of rLb and Variants in E.Coli

Large scale expression (8 litres) of rLb or variants was carried out using frozen
glycerol stocks as starting inoculum for a LB plate containing 100 pg/ml ampicillin. Single
colonies were used to inoculate LB media (100 ml) containing 100 pg/ml ampicillin, and the
flask was incubated overnight at 37 °C with shaking (250 rpm). This culture (50 ml) was used
to seed LB/ampicillin (1 I) in a 2 1 flask, and was further incubated at 37 °C, 250 rpm, to an

absorbance at 600 nm of 0.7-0.9, at which time the protein expression was induced with

199



Chapter 7: Experimental

isopropyl-p-D-thiogalactopyranoside (final concentration 1 mM, (750 pl of 0.1 M IPTG)) and
incubated for a further 24 hours (225 rpm, 37 °C). Cells were harvested at 4 °C by
centrifugation at 10,000 rpm and resuspended in cold lysis buffer (Appendix A). Lysozyme
(100 mg) was added, and the cells gently shaken on ice for 60 minutes before freezing at
-20 °C until required.

7.1.8 Isolation and Purification of rLb and Variants

All reaction steps were performed at 4 °C. The cells were thawed overnight and 5 mg
deoxyribonuclease (DNAse, Sigma) and 1 M MgCl, (5 ml) were added. The cells were then
shaken gently on ice until the solution was no longer viscous. The mass of cells was
centrifuged (10,000 rpm, 45 minutes) and the supernatant (pink/red for rLb and Glu63Leu and
yellow (apo) for His61Ala/Tyr30Ala, His61Tyr, His61Lys and His61Arg) was collected and
stored on ice. The pellet was resuspended in fresh lysis buffer (50-100 ml) the resulting
solution re-centrifuged (10,000 rpm, 45 minutes) and the supernatant collected. This
procedure was repeated until the pellet had no obvious colour. The first purification step was
achieved by ammonium sulphate precipitation. The supernatant was brought to 50%
saturation by gradual addition of solid (NH4),SO4 (28.3 /100 ml) and left stirring at 4 °C for
1 hour. After centrifugation at 10,000 rpm (30 minutes), the colourless pellet was discarded
and the supernatant (pink/red for rLb, Glu63Leu or yellow supernatant for
His61Ala/Tyr30Ala, His61Tyr, His61Lys and His61Arg) was brought to 100% ammonium
sulphate saturation by addition of a further 38.8 g/ 100 ml of (NH4),SO4 (stirring at 4 °C for 1
hour). The solution was centrifuged as before and the supernatant discarded. The pellet
(pink/red for rLb and Glu63Leu and colourless for His61Ala/Tyr30Ala, His61Tyr, His61Lys
and His61Arg) was resuspended in cold lysis buffer, loaded into dialysis membranes and
dialysed against purified water (Elgastat) for 36 hours, changing the water every 12 hours.
The protein was centrifuged for 1 hour (10,000 g) and applied to a 2.5 x 20 cm DES52 column
(Whatman), previously equilibrated in 5 mM Tris/HCI, pH 9.2. The protein was eluted using a
5 mM Tris/HCI buffer containing 0.5 M NaCl, and concentrated to a volume of < 10 ml and
then stored at —20 °C until the next step of purification.

The next step involved reconstitution of rLb and variant proteins with hemin chloride.
A solution of haem was prepared from hemin chloride (10 mg, Sigma), dissolved in 0.1 M

NaOH (1 ml). Haem was added in 20 pl aliquots (and checked on and electronic absorption
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spectrophotometer to check for incorporation of haem) to the solution of protein until a small
excess had been added. An approximate 10-fold stoichiometric excess of potassium
ferricyanide was added to ensure complete oxidation of the protein solution. Excess
potassium ferricyanide was removed by exhaustive exchange with purified water (Elgastat)
using an Amicon 10, 000 MW cut off membrane and the protein solution stored at -20°C until
use.

A Sephadex G50 column equilibrated with 20 mM Tris/HCI buffer pH 8.0, was used
to remove excess haem and any other impurities. Protein solution was applied to the G50
column and was allowed to run down the column gravitationally. Appearance of 2 bands was
observed on the G50 column. The lower band was collected as one fraction and discarded and
the upper band (containing the required protein) collected as 5 ml fractions and analysed over
the range 270-700 nm on the electronic absorption spectrophotometer to ascertain an R, value
(where R; is an expression of the purity of the protein). An SDS-PAGE gel was also carried
out on the protein to verify purity (pure protein migrates as a single band, Figure 7.1 (see
Section 7.1.9). Fractions having R, values > 3 were considered pure, and were combined and

concentrated by ultrafiltration, before storage at -80 °C.

7.1.9 SDS/Polyacrylamide Gel Electrophoresis of Proteins

All proteins were analysed on 15% discontinuous polyacrylamide gels containing SDS
(0.1%) and polyacrylamide stacking gel (4%). Gels were prepared and run using Mini-Protean
II gel systems (Bio-Rad), at a thickness of 0.75 mm. Protein samples were prepared for
electrophoresis by the addition of an equal volume of reducing sample application buffer
(Appendix A), followed by boiling for 5 minutes. Gels were run in SDS runnning buffer
(Appendix A) at 50 V to load, and then 150 V until the dye-front reached the bottom of the
gel. Gels were soaked in stain (Appendix A) for 30 minutes. The gel was destained by
soaking in destain buffer (Appendix A). Figure 7.1 shows a SDS-PAGE gel of purification
stages of rLb and variants and Figure 7.2 depicts the purified rLb and variants.

7.1.10 Preparation of Protein Samples for Analysis

Samples of the protein solutions used for analysis were oxidised using ferricyanide

and were exhaustively exchanged in deionised water using a 10 ml centricon (Amicon) to
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94 kDa
67 kDa

43 kDa

30 kDa

14 kDa

Figure 7.1. SDS-PAGE gel showing purification stages of rLb. Lane 1: molecular weight
markers; Lane 2: supernatant after 50 % ammonium sulphate precipitation; Lane 3: pellet
after 100 % ammonium sulphate precipitation; Lane 4: supernatant after 100 % ammonium
sulphate precipitation; Lane 5: protein after reconstitution with haem and before application to

a G50 column; Lane 6: purified rLb.

94 kDa
67 kDa

43 kDa

30 kDa

14 kDa

Figure 7.2. SDS-PAGE gel showing purified rLb and variants. Lane 1: Molecular weight
marker; Lane 2: rLb; Lane 3: His61 Ala/Tyr30Ala; Lane 4: Glu63Leu; Lane 5: His61Ala;
Lane 6: His61Tyr; Lane 7: His61Lys; Lane 8: His61 Arg.
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remove excess ferricyanide. The samples were exchanged into the desired buffer needed for
the experiment analysis.

Spectra of ligand-bound derivatives were obtained by the addition of a small excess of
ligand to the oxidised rLb or variant. Samples of cyanide, azide, acetate, hydroxide and
fluoride were prepared at 1 M concentrations. Sodium phosphate buffer (980 pl, p =0.10 M,
pH 7.0, Appendix A) and protein solution (20 pl) were weighed into a cuvette. After
equilibration to 25 °C, a spectrum was recorded. The ligand solution (0.5 pul) was added to
ensure full ligation of ligand and another spectrum recorded. A spectrum of reduced (Fe*)
solution was also obtained by addition of a small excess of sodium dithionite to the oxidised
(Fe’") solution. Carbonmonoxy-derivatives were prepared by saturating a ferrous sample of
protein with carbon monoxide and recording the spectrum immediately. Oxy-derivatives
were obtained by addition of dithionite to the protein solution and immediate transfer of the

reduced protein through a short column containing G25 resin (Sephadex) in Tris/HC1 buffer,
pH 8.0. The spectrum of the oxy-protein was recorded immediately.

7.2  Spectroscopic and Analytical Techniques

7.2.1 Electronic Absorption Spectroscopy

Routine absorbance measurements were conducted using a variable slit Perkin Elmer
Lambda 14 UV-visible spectrometer, linked to an Exacta 466D computer, and an Epsom-LQ-
1060 printer. Temperature control (25 + 0.1 °C) was achieved using a thermally-jacketed cell
holder that was connected to a circulating water bath (Julabo U3) and a water cooler (MK
Refrigeration Limited) which were operated in tandem. A typical 270-700 nm scan was
obtained using a scan speed of 120 nm/minute, acquiring at 0.5 nm intervals and with a I nm
slit width using a 1ml or 3ml quartz cuvette. Unless otherwise indicated, sample
concentrations were determined gravimetrically. Baseline corrections were made against the

buffers or solvents used.
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7.2.2 Determination of the Absorption Coefficient

The total haem content of a haem protein solution and therefore the absorption
coefficient of the haem protein can be determined using the pyridine haemochromagen
method according to the procedure of Antonini and Brunori.[!l An alkaline pyridine solution
was prepared from the addition of pyridine (2 ml), 1 M NaOH (600 pul) and distilled water to a
final volume of 6 ml. A protein sample with an absorbance of 0.3 — 0.9 in the visible region
was required to provide the most reliable data; thus, a spectrum was recorded on a
gravimetrically determined sample drawn from the protein stock solution. Pyridine solution
(1.5 ml) was added to the protein solution (500 pl of known concentration) to form the
pyridine-haem complex. The resulting solution (2 ml) of oxidised haemochromagen (yellow
in colour) was divided into two 1 ml aliquots. After five minutes (to enable complete
conversion to the haemochromagen), the electronic absorption spectrum was recorded using
one of the oxidised aliquots. A single crystal of dithionite was added to the oxidised pyridine
haemochromagen solution and the spectrum of the unstable reduced haemochromagen was
recorded immediately over the wavelength range 450 — 650 nm. The complete transfer of
haem from the protein to pyridine was checked by determining the absorbance at maximum
(A =557 nm) and minimum (A = 540 nm) wavelengths; a ratio of Ass7/Ass = 3.5 is found for
protohaem. Absorption coefficients were then calculated knowing the absorption coefficient
for the pyridine-protohaem complex (€ss7 = 32 mM 'cm™) using Equation [7.1]: where A =
absorbance of the stock solution, ¢ = concentration of the protein, € = molar absorption

coefficient and 1 is the pathlength of the cuvette.

A =gcl [7.1]

The experiment was repeated on the other aliquot 24 hours later to check reproducibility.

Figure 7.3 shows the pyridine haemochrome spectrum of rLb.
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Figure 7.3. Electronic spectrum of the reduced pyridine haemochromagen of rLb. The visible
region has been multiplied by a factor of five for clarity. The ratio of Ass7/Ass = 3.5, and
therefore indicates a protohaem structure for the protein. Conditions: sodium phosphate

buffer, 25.0 °C.

7.2.3 Ligand Binding Equilibria

Determination of equilibrium dissociation constants, K4, for the equilibrium [7.2]

K4

Lb. Ligand Lb + Ligand [7.2]

was according to previously published procedures.[?]

The affinity of rLLb and variants for ligand was measured by spectrophotometric
titration. A known amount of ligand (10 ul/1 ml) was added to the protein solution (the
concentration of the proteins was determined using their calculated molar absorptivities) in a

1 ml cuvette and the decrease in intensity of the Soret band was measured. The volume of
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added ligand was small (0.5 — 2.0 ul) so that sample dilution was minimal. Each titration
curve comprised 10 — 20 points.
The equilibrium dissociation constants for the rLb and variants with greater ligand

binding affinity (smaller Ky values) were calculated according to Equation [7.3].

[Ligand].,
(Ky+ [Ligand] )

[7.3]

Y =

Where [Ligand] refers to the concentration of the anionic ligand added, and Y , the fractional
saturation, which is calculated from the change in absorbance divided by the total change in
absorbance, Equation [7.4],

(Ai-A) _ _[Lb. Ligand]
(A;- Ay [Lb],

Y= [7.4]

where A; is the initial absorbance of the protein solution in the absence of ligand, A is the
final absorbance at ligand saturation and A is the absorbance value at each intermediate point

in the titration. The free ligand concentration, [Ligand]see, is then defined by Equation [7.5].

[Ligand],, = [Ligand], , - [Lb . Ligand] [7.5]

The variants with significantly lower ligand binding affinity (higher K4 values) were
not titrated to saturation as concentration of ligand were required that would have resulted in
significant increases in ionic strength. Assuming [Ligand]g.. = [Ligand}.t, an alternative

equation, Equation [7.6], can be derived.

B (KA, +[Ligand], A

: [7.6]
(K, + [Ligand], )

Abs

Use of this relationship avoids the necessity of achieving complete saturation of the protein
with ligand.
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Nicotinate titrations were carried out in succinic acid buffer (n = 0.1 M, 25.0 °C) for
the acidic region (3.8 — 5.5) and sodium phosphate buffer (u = 0.1 M, 25.0 °C) for the neutral
to alkaline region (5.5 — 8.5) and CHES buffer for the alkaline region (8.0 — 10). Stock
solutions of nicotinate were prepared in buffer of appropriate pH in 1, 10 and 100 mM
concentrations (exact concentrations were determined gravimetrically), and used as
appropriate during spectrophotometric titrations.

Buffered solutions of potassium cyanide (sodium phosphate buffer, pH 7.0, or succinic
acid buffer, pH 4.0, p = 0.10 M) were freshly prepared and stored in well-sealed vessels to
prevent loss of HCN. Cyanide solutions were approximately 1, 10, 100, 1000, 2500, 5000
mM (exact concentrations were determined by mass), and were equilibrated prior to use. All
binding experiments were carried out at 25.0 + 0.1 °C. Cuvettes were filled with solution and
tightly sealed with a stopper to prevent the escape of HCN. Protein solutions were prepared in
sodium phosphate buffer (pH 7.0, p = 0.10 M) and succinic acid buffer (pH 4.0, p = 0.10 M)
and allowed to equilibrate for 10 minutes after each addition of cyanide before the spectrum
was recorded.

Buffered solutions of sodium azide (sodium phosphate buffer, pH 7.0, p = 0.10 M or
succinic acid buffer (pH 4.0, p = 0.10 M)) were freshly prepared. Azide solutions were
approximately 1, 10, 100, 1000 and 2500 mM (exact concentrations were determined by
mass), and were equilibrated prior to use. All binding experiments were carried out as for
cyanide binding

Data were entered into an Excel spreadsheet and fitted to Equations [7.3] and [7.6]
(Scientist v.4.03, Micromath) to determine the equilibrium dissociation constants for the
strong and weak ligand binding, respectively. Reported values of K4 were an average of at
least two independent measurements. For the pH-dependent nicotinate binding studies, a non-
linear least squares fitting program (Scientist v.4.03, MicroMath) was used to fit the data
(equilibrium dissociation constants) to the Henderson Hasselbach equation to a single proton

process, Equation [7.7] (see Section 7.2.5).

7.2.4 Haem Extraction from rLb, Glu63Leu and His61Ala and Reconstitution of the
Apo-Proteins with Protoporphyrin IX Dimethyl Ester.

Apo-1Lb, Glu63Leu and His61Ala were prepared using the method of Teale at 4 °C.5]
Aqueous solutions of rLb, Glu63Leu and His61Ala were titrated with 1 M HCl to a pH of 1.5.
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An equivalent volume of ice-cold 2-butanone was added with gentle, but continuous stirring.
After a period of cooling on ice, two distinct layers were observed for each protein. The 2-
butanone layer that contained the extracted haem was removed, and a further amount of 2-
butanone was added to the aqueous layer to extract more haem. Several additions of 2-
butanone were made to remove all of the haem. The resulting straw-coloured apo- rLLb and
Glu63Leu solutions were then dialysed against water (5 1) containing 0.6 mM sodium
bicarbonate and (0.1 mM) EDTA, and then against water with 0.6 mM sodium bicarbonate.
Reconstitution of the protein was carried out using freshly prepared solutions of
protoprophyrin IX dimethy! ester (Sigma) in 0.1 M NaOH (10 mg/ml) in a 1:1 ratio.

Nicotinate binding experiments, using the protoporphyrin IX dimethyl ester-
containing rL.b, Glu63Leu and His61Ala proteins, in the acidic region, were carried out as
described in Section 7.2.3.

7.2.5 pH Titrations of rLb and Variants

Titrations were conducted in mixed sulphonic acid buffer (u = 0.10 M) and were
carried out by cautious addition of 0.10 M NaOH (~2 pl) to acquire intermediate pH values.
Care was taken to avoid any excessive pH jump and protein precipitation. The pH was
recorded before and after measurement of each spectrum and was monitored using a Russell
pH-electrode attached to a digital pH-meter (Radiometer Copenhagen, model PHM93). A
non-linear least squares fitting program (Scientist v.4.03, MicroMath) was used to fit the pH-
dependent data to a single proton process, Equation [7.7]

A+ B x 10 (PH-pky) [7.7]
"1+ 10 (pH-pKa)

Z

where Z is the absorbance and A and B are the absorbancies of the acidic and basic forms

respectively. For a two-proton process, data were fitted to Equation [7.8]

_A+Bx10®H-pKa) B - Cx 10 (¢PH-pKa) [7.8]
- 1 + 10 ®H-pKa) 1+ 10 (PH- pKa)

Z

where A is the absorbance of the acidic form, B is the intermediate form and C is the basic

form.
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7.2.6 Paramagnetic 'H NMR Spectroscopy

Data for rLb and Glu63Leu were collected on a Bruker AM300 NMR machine at an
operating frequency of 300 MHz. Protein samples (~10 mg) were exhaustively exchanged
into a solution of 50 mM deuterated phosphate buffer, pH 4.0. No account was made for the
deuterium pH shift; measured pH is indicated as pH*. The sample was concentrated to a

volume of ~ 400 pl, and loaded into a Youngs NMR tube.

7.2.6.1 'H-NMR of Nicotinate Derivatives

Samples of the nicotinate derivatives of rLb and Glu63Leu were prepared by adding a
4-fold excess of 100mM nicotinate (20-30 ul) prepared in deuterated buffer). The pH* (initial
pH of 4.0) was adjusted by careful addition of NaOD and measured using an Ingold micro-
combination electrode and a Radiometer pH Meter; the readings in D,O are uncorrected for
isotope effects and designated pH*. Proton NMR spectra were recorded on a Bruker AM300
NMR machine at an operating frequency of 300 MHz.

7.2.7 Spectroelectrochemistry

Potentiometric titrations were performed using an optically transparent, thin-layer
electrode (OTTLE) cell as previously described.[4: 51 The OTTLE cell (prepared by Dr E.
Raven) consisted of two quartz plates (Wilmad) separated by two teflon spacers (Dilectrix
Corp.), with a gold mesh (500 lines/inch, Buckbee Mears Co., Minneapolis, Minnesota)
working electrode mounted onto a lucite frame. A 5 cm length of copper wire was attached by
solder onto the bottom of the gold mesh and all the components were sealed using epoxy
cement (Epoxi-Patch, The Dexter Corp.). Two ports were engineered into the top of the cell
body, and a buffer-filled glass adaptor with a porous frit bottom was loaded into each. To
complete the experimental set up, a saturated calomel electrode (SCE) was loaded into one of
the frits, whilst a platinum wire counter electrode was loaded into the other. A representative
cell is depicted in Figure 7.4. Control of the solution potential across the working electrode,
was achieved by an EG&G Princeton Applied Resecarch Model 362 potentiostat and
monitored through a Thurlby 1503 digital multimeter (accurate to 0.1 mV) in conjunction

with the reference electrode. All potentiometric titrations were performed at 25 + 0.5 °C.
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The OTTLE cell solution (protein solution) was monitored using a Digital thermocouple,
which was inserted into the OTTLE cell aperture.

Electronic absorption spectra in the range 700-340 nm were recorded using a Perkin-
Elmer Lambda 14 spectrophotometer, linked to an Exacta 466D computer. The OTTLE cell
was mounted onto a specially prepared jacketed cell holder (Chemistry Workshop, University
of Leicester) connected to an Ecoline RE104 thermostatted water bath (Lauda, Germany),
which was accurate to + 0.5 °C. The temperature of the OTTLE cell itself was monitored
using a Digitron 2751-K thermocouple which was inserted into a specially engineered
aperture of the OTTLE cell.

The SCE was prepared at the University of Leicester using a mercury-platinum
junction. A drop of mercury was placed at the platinum junction, a “paste” prepared from
mercuric chloride and mercury was then added to pack the capillary and maintain a good
contact between the platinum and mercury. Glass wool was used to plug the tube and the tube
was jacketed in a saturated solution of KCl. The potential of the new electrode was
determined by comparison against a commercially available SCE and was determined as +
242 mV vs. SHE.

7.2.7.1 Preparation of Protein Samples

Samples of the protein solutions used for analysis were oxidised using ferricyanide, to
ensure complete conversion to the ferric oxidation state, and were then exchanged using a 10
ml centricon (Amicon) to remove any excess ferricyanide. Ferric rLb or variant (120 pM)
proteins were prepared in sodium phosphate buffer, pH 7.0. Addition of [Ru(NHz)s* Cl] (E°
= 51 mV vs SHE) mediator, at a tenth of the protein concentration, afforded mediated
electrode transfer of the protein with the electrode surface. The mediator facilitates the
electron transfer by efficiently equilibrating and exchanging electrons effectively with the
electrode surface. This process then mediates the oxidation-reduction equilibrium of the
protein to that of the electrode. Choice of mediator was selected by considering a number of
factors. a) The mediator should not contribute to the electronic spectrum of the protein
solution in the wavelength of interest. b) The mediator should not interact with or bind the
protein in either oxidation state such that it influences the apparent mid-point potential. ¢) The
mid-point potential of the mediator should be similar to that of the protein to ensure efficient

equilibration at all potentials required during the potentiometric titration. Protein solutions
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were made anaerobic by the use of Rhus vernicifera laccase (Sigma), which in the reduced
form converts oxygen to water. Trace amounts of catalase were also present (Sigma type C-
100): a 10:1 dilution of the semi-crystalline solution in the appropriate buffer was added to
prevent the formation of a third species of the rLb (ferryl rLb) which could interfere with the

ferric/ferrous equilibrium.

7.2.7.2 Data Collection and Analysis

The experimental procedure for determining reduction potentials was identical in all
cases. The experiment proceeded with the application of a potential of -500 mV vs. SCE
across the cell, to ensure that the protein was reduced completely to the deoxy state, and to
activate the laccase. The protein was re-oxidised in stages, by applying potentials at ~ 50 mV
intervals, with equilibration for one hour at each potential. Equilibration of the protein at
each applied potential was determined by recording the absorbance at the Soret maxima; a
constant absorbance value is observed when the protein is equilibrated. Re-oxidation of the
protein was monitored by observing changes in the Soret maxima of the protein, complete
oxidation of the protein was achieved by applying a potential of +200 mV vs SCE to the cell.
A typical experiment consisted of a fully oxidised and reduced spectrum as well as six
intermediate spectra illustrating varying ratios of oxidised and reduced protein.

Data were fitted to the Nernst equation, Equation [7.9].

Ared

-A.
E,—E, +(2303x 109 N1 log et "1 [7.9]

The terms A,eq, Aox and A, represent the absorbance values of the fully reduced, fully oxidised
and mixed oxidation state, respectively, for rLb or variant protein at a given wavelength.
Calculations are based on the change in absorbance at the Soret maxima of the protein, as the
greatest éhange in absorbance is seen at this wavelength upon change in oxidation state. The
terms E, and E; represent the applied potential (mV vs. SCE) and mid-point potential,
respectively. The number 2.303 x 107 is a conversion factor used to adjust for the mV scale,
and base 10 logarithm used in Equation [7.9]. The values of log [(Area - Ai) / (Ai - Aox)] were
calculated and plotted versus the corresponding applied potentials to obtain a Nernst plot of

the data. A linear regression analysis was used to fit the data and calculate the y-intercept and
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slope. The calculated y-intercept represents the mid-point reduction potential (mV vs. SCE).
Calculated potentials were adjusted to the standard hydrogen electrode (SHE) scale by the
conversion mV vs. SHE =mV vs. SCE + 242 mV at 25 °C.

Quartz Teflon Spacer
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Figure 7.4. Top: OTTLE cell used for the spectroelectrochemistry experiments. Bottom:

Experimental set up of OTTLE cell, showing electrode positions.
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7.2.8 Extended X-ray Absorption Fine Structure (EXAFS)

X-ray absorption data were recorded in collaboration with Dr. S. Gurman and Dr. A.
Svensson at the European Synchrotron Radiation Facility (Grenoble) using the ultra-dilute X-
ray Absorption Spectroscopy (XAS) beamline ID26. The beamline has a spectral range of
3.2-30 keV and is designed to measure spectra from samples with concentrations below 10
mM. The X-ray beam is derived from three undulators whose gap may be continuously
scanned for rapid data acquisition so as to minimise radiation damage to samples. It uses a
Si(111) double-crystal monochromator with a resolution better than 1 eV at the iron edge. The
focussing gives a spot size at the sample of 200x80 micron. Signal detection was by means of
photodiodes.

Protein samples were concentrated to ~ 2 mM (sodium phosphate buffer) for the room
temperature scans. Glycerol was added to the protein samples for the 77 K scans. The
resulting final concentrations of the glycerol-protein samples were ~ 2 mM to produce a 30 %
v/v glycerol/water mixture. The glycerol concentration was the minimum required to form a
homogenous glass upon freezing (77 K). The protein solutions were syringed into perspex
sample holders fitted with thin mylar windows (sample area ~ 10x5 mm; sample thickness ~ 1
mm). Approximately 30 scans were averaged per sample at room temperature and 77 K; the
large window area enabled movement of the sample in the beam (~ every 4 scans) to
minimise radiation damage. Scans were run from 200 eV below the Fe K-edge at 7112 eV to
about 800 eV above the edge, corresponding to a maximum photoelectron wavevector of 13
A, After summation, data were transferred to CLRC Daresbury laboratory and analysed
using the standard EXBACK98 and EXCURV98 packages.[6-8!

Data were fitted using the EXCURV98 program, with scattering parameters calculated
within the program. EXBACK performs a background subtraction by fitting low order
polynomials to the data at both above and below the edge. The result is the standard EXAFS
function. EXCURV fits a calculated EXAFS function to the data by non-linear least squares
refinement. The calculated spectrum was obtained using rapid curved wave theory and
multiple scattering contributions were included. Electron scattering phase shifts are calculated
within the program using Hedin-Lundqvist potential, which includes inelastic processes. The
structure of the sample is described within the program in terms of shells of atoms, a set of
atoms of the same type at the same distance from the Fe atom, which absorbed the X-ray

photon. The structural parameters varied in the fitted procedure were the interatomic
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distances, the mean square deviations in these and the coordination numbers. The user could
only vary the type of atom. Since the scattering parameters of atoms with similar atomic
numbers are very similar, EXAFS can only distinguish between atoms whose atomic numbers
differs by about 5 or more. Thus C, N and O are difficult to distinguish with certainty.
Multiple scattering contributions were included for the porphyrin ring structure. The program
used gave uncertainties in the fitting parameters as the 2o (95% confidence) level and also
includes a check on statistical significance of added shells. The criterion of Joyner ef al.l%]
were used to establish whether the addition of an extra shell significantly improved the fit of
the data. Only shells that significantly improved the fit were included in the results.

Data fitting was primarily carried out over the data range k = 2 — 10 A" with the
spectrum weighted by &°. Further fits over the full data range, 2 — 13.5 A™, with both #* and #*
weighting, were also made: the three results generally agreed in the structural data, to within
their often considerable uncertainties. Most weight was placed on the short data range fit,
since this included the least noise.

Fitting was carried out in several stages. The main porphyrin ring structure was fitted
alone (including multiple scattering) to obtain a baseline fit index. The nearest neighbour
structure was also fitted alone, to assess whether the six nearest-neighbour atoms were at the
same or different distances. The MAP facility was used in this case, as suggested by Fonda et
al.ll01 A 4 + 2 split of the ligand distances usually showed the four porphyrin atoms to be
close to 2.05 A with the remaining two atoms occupying a broad minimum between 1.7 and
2.4 A. Generally, a 4 + 1 + 1 split was found to lower the fit index by a (marginally)
significant amount. Finally, a full fit, including the porphyrin ring atoms and the two axial
ligands, was used to give the final structural data. The uncertainties quoted were fitting
uncertainties given by the program, and did not include systematic uncertainties due to, for

example, poor background substraction or poor scattering parameters.

7.2.9 Resonance Raman Spectroscopy

Resonance Raman spectra were recorded by Dr. Pierre Moénne-Loccoz at the Oregon
Graduate Institute on a McPherson 2061/207 spectrograph (0.67m focal length, 1800-groove
grating) using a Kaiser Optical notch or supernotch filters were used to attenuate Rayleigh
scattering and equipped with a Princeton Instruments liquid N>-cooled (LN-1100PB) CCD

detector. Excitation sources consisted of an Innova 302 krypton laser (413 nm) and a Liconix
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4240NB He/Cd laser (442 nm). Spectra were collected in a 90°-scattering geometry on
samples at room temperature with a collection time of a few minutes. Longer acquisition and
a backscattering geometry were used for experiments performed on frozen samples.
Frequencies were calibrated relative to indene and CCly standards and are accurate to
+ 1 em™', CCly was also used to check the polarisation conditions. The integrity of the
samples before and after laser illumination was confirmed by optical absorption spectra of the
Raman samples obtained on a Perkin-Elmer Lambda 9 spectrophotometer. Samples were
prepared at neutral pH (pH 7.0, 100 mM sodium phosphate buffer).

7.2.10 Magnetic Circular Dichroism (MCD) Spectroscopy

MCD experiments for rLb and variants were conducted by Dr. M. R. Cheeseman, in
the laboratory supervised by Prof. A. J. Thomson (University of East Anglia). Samples were
prepared in deuterium oxidel!ll to prevent interference in the 1400-2000 nm region from
absorptions caused by vibrational overtones. Glycerol (50 % v/v) was added to protein
samples!!] to obtain optical quality glasses on freezing for low temperature MCD
measurements. MCD spectra were recorded using circular dichrographs (JASCO models J-
500D and J-730 for the UV-visible and near-infrared regions, respectively). An Oxford
Instruments superconducting solenoid with a 25 mm ambient temperature bore was used to
generate a magnetic field of 6 Tesla for the room temperature MCD measurements. Low
temperature MCD measurements were made using an Oxford Instruments SM4 split-coil
superconducting solenoid generating a magnetic field of 5 Tesla. Low Temperature MCD
intensities (Ag) are plotted in units of M cm™ at a quoted magnetic field of 5 Tesla. At room
temperature, MCD intensities are linearly dependent on magnetic field and are plotted

normalised to magnetic field as Ae/H (M 'em'T).

7.2.11 Electronic Paramagnetic Resonance (EPR) Spectroscopy

The EPR studies were conducted in collaboration with Dr. M. R. Cheesman, in the
laboratory supervised by Prof. A. J. Thomson (University of East Anglia). EPR spectra were
recorded at 10 K using an ER-200D electromagnet and microwave bridge interfaced to an
EMX control system (Bruker Spectrospin) and fitted with a liquid helium flow cryostat (ESR-
9, Oxford Instruments) and dual-mode X-band cavity (Briiker, type ER4116CM). Unless

otherwise stated, samples used were those prepared for the MCD spectra.
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7.2.12 Haem Oxygenase Activity of rLb and His61Ala
7.2.12.1 Coupled Oxidation Assay

Aerobic Coupled Oxidation

Aerobic coupled oxidation assays of rLb (5uM) and His61Ala (SuM) with ascorbate
(1mM, Sigma) were carried out in sodium phosphate buffer (un = 0.10 M, pH 7.0) at 32 °C for
16 h and monitored spectrophotometrically (270 — 800 nm).

Anaerobic Coupled Oxidation

Preparation of protein solution for the anaerobic assays was performed in an oxygen
free box, in the laboratory of Professor N. Scrutton, under the supervision of Dr. J. Basran
(Department of Biochemistry, University of Leicester). All buffers and proteins were
degassed with nitrogen and placed into the oxygen free box at least 12 hours prior to use to
ensure that oxygen free solutions. The concentrated protein (His61Ala, 2.5 mM) was passed
through a G25 column equilibrated with anaerobic sodium phosphate buffer. The protein
solution was made up to the desired concentration (SuM) and volume (1ml) using anaerobic
sodium phosphate buffer and the protein concentration determined spectrophotometrically
using Equation [7.1]. The ascorbate was weighed gravimetrically to give the desired
concentration (1 pM) in 1ml of buffer and then added to the protein solution. The cuvette
containing the protein and ascorbate was stoppered with a superseal and further sealed with
Nesco film to ensure no exposure to air during the coupled oxidation process. The coupled

oxidation process was monitored as for the aerobic process.

Stoichiometric Addition of O; to the Coupled Oxidation Reaction

The stoichiometric addition of oxygen to determine the coupled oxidation reaction
mechanism and identify any intermediates was carried out as follows. The protein, ascorbate
and some sodium phosphate buffer were made anaerobic as described above. The protein was

made up to the required concentration (5 uM) by addition aerobic buffer to the anaerobic
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protein solution so that the concentration of oxygen in the protein solution was one equivalent
to the haem concentration in the protein. Addition of two equivalents of oxygen to the protein
solution was carried out in the same manner, however, in this case, aerobic buffer was added
to the anaerobic protein solution so that the concentration of oxygen in the protein solution
was two equivalents to the haem concentration in the protein. The saturated oxygen

concentration in the buffer was taken to be 258 uM at 25 °C.[12]

7.2.12.2. Kinetics of the Coupled Oxidation Reaction

The rate constants for the formation of the coupled oxidation intermediates and
products were determined using equation [7.10] when fitting absorbance data to a single
exponential process and equation [7.11] when fitting absorbance data to a double exponential

process using the Grafit program.

Ay = A, exp ¢k, p [7.10]

A=A exp T+ A exp P + B [7.11]

Where A, is the absorbance change signal with time, A, is the amplitude of the absorbance
change, k; and k; are the first and second observed rate constants, t is the time in minutes, and

B is the equilibrium absorbance signal or offset.

7.2.12.3 Biliverdin Extraction

- For the analysis of coupled oxidation reaction products, His61Ala (10 mg His61Ala in
10 ml of sodium phosphate buffer (pH 7.0)) was reacted (37 °C) with ascorbate (2 mg) for 7
hours. Cooling the reaction mixture on ice for 15 minutes stopped the reaction and the
biliverdin products were extracted as follows. Glacial acetic acid (3 ml, Fischer Scientific)
and 5 M hydrochloric acid (8 ml, Fischer Scientific) were added to the cooled mixture and the
solution placed into a 100 ml separating funnel. The solution was extracted with diethyl ether
(2x15 ml, Fischer Scientific) and the ether layer, which contained unreacted haem discarded.

The aqueous layer, containing the coupled oxidation product, turquoise in colour, was
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extracted with chloroform (1x5 ml, Fischer Scientific) to remove the biliverdin product and
the chloroform removed subsequently by evaporation under a stream of argon. A fraction of
the product as well as the biliverdin standard (Porphyrin Products) was dissolved in a

minimum volume of Dimethylsulphoxide (DMSO) (Fischer Scientific) for HPLC analysis.

7.2.12.4 Verdohaem Extraction

Analysis of the anaerobic coupled oxidation products was carried out as follows. The
reaction product (800 pl) was extracted with pyridine (100 pl) and chloroform (1 ml). The
chloroform phase was transferred to a test tube and dried with anhydrous sodium sulphate
(Sigma). The resultant solution (the verdohaem-pyridine product) as well as the verdohaem
standard (Porphyrin Products), which was made up as the pyridine-verdohaem complex, in
chloroform were analysed by electronic absorption spectroscopy.

The identity of verdohaem was also conclusively demonstrated by Electrospray
Ionisation Mass Spectrometric (ESI-MS) analysis of the reaction product obtained from the
reaction mixtures containing the aforementioned concentrations of protein and ascorbate. The
reaction (10 ml) was stopped after 10 hours by cooling to 4 °C dialysed against NHsHCO; (40
mM ) at 4 °C, and concentrated to ~ 0.6 ml. An aliquot of the protein solution (100 ul) was
mixed with 10 mM ammonium acetate (100 pl) and analysed by ESI-MS.

7.2.12.5 HPLC Analysis of Haem Degradation Products

Haem degradation products were analysed chromatographically using a computer-
controlled HPLC apparatus (Varian) equipped with a Prostar 310 UV/Vis detector. Samples
were loaded onto a C-18 reverse phase column (4.6 mm x 25 cm, 10 uM). All solvents were
HPLC grade. Analysis of the biliverdin product was carried out in Solvent A, which consisted
of 56 parts 0.10 M ammonium phosphate buffer (Fischer) and 44 parts methanol (Fischer).
Prior to mixture, the ammonium sulphate buffer was adjusted to pH 3.5 by addition of
phosphoric acid (Sigma). Solvent B was 100 % methanol. Solvents were filtered and degassed
prior to use. The DMSO solutions of reaction products and standards were diluted into solvent
A such that 100 pl could be injected onto the column. Elution profiles were monitored at
400 nm.
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7.2.12.6 Reduction of Ferric His61Ala with Ascorbate

The rate constant for reduction of ferric His61Ala with ascorbate was determined
using a SX.18 MV microvolume stopped-flow spectrofluorimeter (applied Photophysics),
with an arc lamp source and pbp SpectraKinetic Monechromator (Applied Photophysics),
controlled by an Archimedes 410-1 microcomputer running SpectraKinetic software (Applied
Photophysics). A photomultiplier detector was used for the single wavelength studies. A
circulating water bath (Neslab, model RTE-200) ensured that the injection chamber and
syringes were maintained at the required temperature, 32.0 ° C.

Non-linear regression analysis of single wavelength kinetics was conducted using
Applied Photophysics software, fitting to the appropriate model. Further data manipulation
was performed using the Grafit software package (Version 3.0, Erithacus Software Ltd.).

Reduction of His61Ala was monitored and measured at 403 nm, close to the Soret
maxima of His61Ala and is the wavelength where the most changes in absorbance occur. The
final concentration of the protein sample in the mixing cell was 5 uM. The concentration of
His61Ala was confirmed spectrophotometrically and freshly prepared reducing substrate

(ascorbate) was prepared volumetrically from a concentrated stock of known molarity.

7.2.12.7 Analysis of Regiospecificity of Coupled Oxidation

Determination of the resiospecificity of the coupled oxidation reaction was determined
as follows: the biliverdin product isolated from the His61Ala coupled oxidation reaction
(Section 7.2.12.2) and authentic biliverdin (Porphyrin Products) were treated with 5% HCI-
methanol for 16 hours at 4°C. The resulting biliverdin dimethyl esters were extracted into
chloroform after addition of 4 volumes of water. The chloroform was removed with N, and
samples dissolved in acetonitrile:water (3:2, v/v) solvent to a volume of 200 pl prior to HPLC
analysis. Samples (100 pl) were loaded onto a C-18 reverse phase column and eluted in the

acetonitrile: water solvent and the elution profile monitored at 650 nm.

7.2.12.8 Mass Spectrometry

The coupled oxidation reaction products were exchanged with highly purified water

(Elgastat), using a centricon-10 concentrator (Amicon), to remove ascorbate and phosphate
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from the reaction products, since high ascorbate and salt concentrations interfere with mass
spectral analysis. The coupled oxidation products (10 pl) were diluted ten-fold with methanol
(Fischer Scientific) prior to injection into the mass spectrometer. Samples were provided to
Dr. G. Eaton (Department of Chemistry, University of Leicester) for mass spectral analysis,
which was carried out using a Micromass Quattro LC electrospray mass spectrometer. Horse
heart myoglobin (Sigma) was prepared, ~2 mg/ml (20 ul), and diluted ten-fold with methanol
and used to calibrate the spectrophotometer in the range 500 to 700 m/z. The samples were
introduced into the instrument via syringe infusion at a flow rate of 10ul/min and the mass

spectral analysis conducted with a current voltage of 100 mV.

7.2.12.9 80, Labelling

Coupled oxidation of His61Ala, under 130, , was carried out following the method of
King and Brown.[13] After degassing and admission of labelled oxygen to the protein solution
(5uM, 10 ml, sodium phosphate buffer, pH 7.0), a solution of ascorbate (1 mM, sodium
phosphate buffer, pH 7.0) was added. Incubation of the coupled oxidation reaction mixture
was allowed to proceed at 37 °C for 7 hours. At the end of the reaction, the flask was cooled
in ice and biliverdin was extracted as described in Section 7.2.12.2. The biliverdin extract
was evaporated to dryness under a stream of nitrogen and dissolved in 20 pl methanol prior to

ESI-MS analysis.
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Appendix A

10 x REACTION BUFFER
100 mM KC1, 100 mM (NH,);SO4, 200 mM Tris-HCI, 20 mM MgSO,, 1 % Triton® X-100

and 1 mg/ml nuclease-free bovine serum albunim

LB MEDIA
Per litre: tryptone (10 g), yeast extract (5 g), NaCl (5 g) and 0.2 % (w/v) glucose

LB-AMPICILLIN AGAR PLATES
Per litre: NaCl (10 g), tryptone (10 g), yeast extract (5 g), agar (20 g) and water to 1 litre.
Sterilised and supplemented with 100 pg/ml ampicillin

10 x TBE BUFFER
0.9 M Tristhydroxtmethyl)aminomethane (Tris) base, 0.9 M boric acid, 25 mM
diaminoethanetetra-acetic-acid (EDTA)

5 x SAMPLE LOADING BUFFER
Sucrose (4 g), 2 M Tris-HCI (0.5 ml, pH 8), 0.5 M EDTA and bromophenol blue (4 mg),
diluted to 10 ml with water

LYSIS BUFFER
50 mM Tris, 1 mM EDTA adjusted to pH 8.0 with 2 M HCl

SAMPLE BUFFER
Dithiothreitol (0.77 g), 10 % SDS (10 ml), 1 M Tris-HC1 (1.25 ml, pH 6.8), glycerol (5 ml)
and 0.5 % bromophenol blue in ethanol, diluted to 50 ml with water

RUNNING BUFFER
192 mM glycine (14.4 g), 25 mM Tris-HCl, (3 g) and 0.1 % w/v SDS (0.5 g) diluted to 500

ml with water
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STAINING BUFFER
30% (v/v) methanol, 12% (w/v) trichloroacetic acid, 0.01% (w/v) Coomassie Brilliant Blue
R250, 10% (w/v) sulphosalicyclic acid)

DESTAINING BUFFER

7.5% acetic acid and 5% methanol

DEUTERATED BUFFER
50 mM D3;PO4 (118.8 ml of D3PO; to a total of 20 ml D,0) adjust to required pH using NaOD
and DCI

MIXED SULPHONIC ACID BUFFER
5 mM MOPS, 5 mM MES, 5 mM TAPS and 95 mM NaCl

SODIUM PHOSPHATE BUFFER

Sodium phosphate buffer was made using measurements according to Table A. All quantities
were made to a final volume of 1 . Na,H is disodium hydrogen orthophosphate anhydrous
(Sigma) and NaH, is sodium dihydrogen orthophsophate anhydrous (Sigma).

SUCCINIC ACID BUFFER

Succinic acid buffer (Sigma) was made using measurements according to Table B. All

quantities were made to a final volume of 100 ml.
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Table A
Quantities of Na,H and NaH, required to make sodium phosphate buffer (1= 0.1 M) at the
required pH

pH NaH, (g/1) Na,H (g/)
5.5 12.23 0.53367
5.6 11.88 0.6581
5.7 11.46 0.8016
5.8 10.97 0.9681
5.9 10.42 1.159
6.0 9.798 1.372
6.1 9.114 1.606
6.2 8.376 1.860
6.3 7.602 2.125
6.4 6.808 2.397
6.5 6.014 2.670
6.6 5.247 2.932
6.7 4.521 3.182
6.8 3.849 3.412
6.9 3.243 3.620
7.0 2.714 3.801
7.1 2.246 3.962
72 1.846 4.099
73 1.507 4.215
7.4 1.224 4312
7.5 0.9912 4.392
7.6 0.7994 4.458
7.7 0.6420 4.512
7.8 0.5144 4.556
7.9 0.4118 4.591
8.0 0.3290 4.619
8.1 0.2626 4.642
8.2 0.2089 4.660
83 0.1656 4.675
84 0.1314 4.687
8.5 0.1044 4.696
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Table B
Quantities of Succinic acid and KOH required to make succinic acid buffer (u= 0.1 M) at the
required pH
pH 0.1 M Succinic acid buffer (ml) 0.05 M KOH (ml)
3.6 45.95 19.21
3.7 36.91 19.27
3.8 31.84 19.27
3.9 27.12 19.24
4.0 23.29 19.21
4.1 19.72 19.11
42 17.50 19.00
43 15.37 18.84
44 13.73 18.67
4.5 12.24 18.42
4.6 11.06 18.15
4.7 10.12 17.90
0.02 M Succinic acid buffer (ml) 0.05 M KOH (ml)
48 46.04 17.57
49 41.62 17.15
5.0 38.12 16.80
5.1 35.01 16.42
5.2 32.15 16.02
53 29.88 15.68
5.4 27.70 15.34
5.5 25.89 15.05




