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“Good heavens!”, cried the Goose. “It is going to rain sticks;”
and she rushed into the water. “I knew I should create a great

sensation,” gasped the Rocket, and he went out.

Oscar Wilde, The Remarkable Rocket

En este mundo traidor
nada es verdad ni es mentira
Todo es segun el color

del cristal con que se mira
“In this treacherous life, nothing is true or false
Everything depends on the colour

of the crystal you are looking through”

Ramoén de Campoamor, Fabulas
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General Introduction

Abstract

This chapter provides a general introduction to the work presented in this thesis. A short account is
given of the properties of the protein-bound heme cofactor, with emphasis on its diverse reactivity.
Several examples are given of how this reactivity is channelled by the protein matrix in heme
proteins. Three types of heme protein that are relevant for this thesis are discussed in detail, namely
cytochrome ¢, peroxidase and heme oxygenase. It is concluded with an overview of the work

presented in this thesis.



Hemeproteins

General

Heme proteins are essential in all living organisms. They form an extensive group of
proteins of which the members differ widely in function, structure and other physico-
chemical properties. Heme proteins are found to function in electron transport, as oxygen-
and nitric oxide carriers and sensors, as catalysts in the reduction of di-oxygen, nitrite and
peroxides and the oxidation and oxygenation of organic compounds.!® Recently they were
found to function in gene regulation and in cell-death (apoptosis).l*"*!

Heme proteins come in various topologies and folds. Heme proteins may contain just
one (heme) cofactor, or can contain (a combination of) multiple cofactors. Within a single
multi-heme protein, the hemes can have completely different functions. The ubiquitous
nature of heme proteins, their wide diversity in function and structure, and their intense

colour, which allows for easy identification and application of diverse spectroscopies, has

entertained scores of scientists for the last century.

Porphyrin cofactors
All heme proteins have in common that they contain an iron-containing porphyrin

macrocycle, albeit that this cofactor occurs in a variety of forms. The most basic heme

Figure 1.1. Heme b. The relevant carbons are
numbered  according to  the  Fischer
nomenclature. The meso-carbons are indicated
by oa-8. The asterisks on the vinyls indicate
where in c-type hemes the porphyrin is
covalently attached to two cysteine residues via

thioether linkages.




cofactor is heme b, also called protoheme IX (Figure 1.1). Variations on the theme include
substituents mainly at the vinyl- and meso-carbon positions, and those whereby the pyrrole
rings are more reduced. Important here is heme ¢ that is present in c-type cytochromes.
Characteristically, this cofactor is connected covalently to the protein matrix, through
thioether bridges by its vinyls to cysteine sidechains.

The four pyrrole nitrogens of the heme macrocycle bind iron strongly.” In addition,
the iron is coordinated by one or two (protein-derived) axial ligands. How exactly, and by
which ligands, has a profound influence on the reactivity of the iron (vide infra). Heme irons
are found in five- and six-coordinate states, whereby protein-derived ligands are histidine N°,
cysteine S', methionine S°, tyrosine O", and lysine sidechain or terminal amino groups.*) In
addition, non-protein ligands are found, but these are usually transiently bound, as a part of
the reaction cycle.

The porphyrin macrocycle is an extensively conjugated system that gives rise to
intense electronic absorption bands. This property makes that heme proteins are easily
identified, and that a great deal of information may be extracted using a relatively simple
technique such as UV-visible spectroscopy. Indeed, heme proteins were thankful subjects for
the earliest biochemists; for example the earliest reports on cytochrome ¢ date back to the
1880’s.””) Hemoglobin (‘the blood pigment’) received its current name in 1864 and was
isolated as early as 1867 by use of crystallisation.!""! A consequence of this early work is a
nowadays somewhat archaic nomenclature for heme proteins (especially for c-type
cytochromes) and some of their physical properties such as their optical transitions. A typical
UV-visible spectrum of a heme protein (cytochrome c¢), including nomenclature of the main
absorption bands, is shown in Figure 1.2. The most important transitions, labelled o through
g, all arise from the conjugated porphyrin system. The presence of a metal such as iron in the
porphyrin macrocycle, and its state of oxidation has the effect to modulate the transitions,
making UV-visible spectroscopy a powerful analytical tool in heme protein research.
Besides UV-visible spectroscopy, a multitude of other spectroscopies, including RR, NIR,
EPR, XAFS, NMR, magnetic susceptibility, CD, MCD and Maéssbauer spectroscopy are

routinely used to investigate heme protein active sites.!'*"*!
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Figure 1.2. The electronic spectra of ferrous (solid) and ferric (dashed) cytochrome c-550 from
Paracoccus versutus. The main heme absorption bands are the following. The a-band is the
absorption in the yellow (between 550 and 604 nm), the B-band is in the green (520-546 nm), the
y-band (also known as Soret) absorbs in the far violet (400-450 nm), and the 8- and e-bands
absorb in the UV-region.

Heme versatility and control of function by the protein matrix

Heme reactivity

The heme cofactor is a truly versatile molecule. The basis of its rich chemistry is that the
oxidation state of the heme iron can switch between Fe(Il), Fe(Ill), Fe(IV), and Fe(V), and
that the framework of the porphyrin macrocycle, which binds this metal so well, allows
manipulation of the iron properties through two axial coordination sites. That this
combination is so fruitful is exemplified by the fact that most of the biologically active iron
by far is bound to porphyrin macrocycles in one form or the other.>'*!

The heme cofactor thus allows protein-control over the reactivity of the iron, while
the iron itself provides a wide range of oxidation states, each of which can be (de)-stabilised
by the binding of a protein-derived ligand or exogenous ligand (substrate). The protein
matrix exerts its control over the heme iron by stabilising one of the heme iron oxidation
states, and by either blocking or allowing access of an exogenous ligand to the heme iron. In

turn, the exact nature of the protein matrix allows for exquisite selectivity of ligand/substrate

binding. In the case where the exogenous ligand is redox active, then redox chemistry may
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take place, the direction of which is also dictated by the protein matrix. Next, several
examples are included to illustrate this.

The protein matrix of ¢- and b-type cytochromes is such that it provides the heme-
iron with two axial ligands, generally His and Met or bis-His, in this way effectively
blocking access of exogenous ligands to the heme iron. Isolation of the heme from solvent,
in combination with the nature of the Met ligand itself (which has a large preference for
Fe(II) over Fe(Ill)), increases the reduction potential of the Fe(II)/Fe(IIT) couple such that the
cytochromes can work as electron transporters at the high potential end of respiratory
chains."*'52% Modulation of these properties yields cytochromes of lower reduction
potential (e.g. with bis-His cytochromes),!'***?* but with two axial ligands that coordinate
both the ferrous and ferric iron, the heme invariably functions in electron transport.

A second case is where the heme-iron is involved in dioxygen-binding. In O,-carrier
proteins such as hemo- and myoglobins the protein matrix assists in keeping the iron reduced
(ferrous) and penta-coordinated.”***! While the latter is of obvious importance for O,-
binding, the former is also relevant because O, does not bind to ferric iron. A remarkable
feature of these proteins is that they apparently minimize auto-oxidation by the bound O,
molecule. Dioxygen, although hardly reactive in solution (O, has a triplet ground state, its
reduction products H,O, and H,O have singlet ground states), is normally rendered highly
reactive when bound to transition metal ions such as iron. Auto-oxidation may result in the
production of reactive oxygen species, in addition to the formation of ferric heme protein —
useless for O, transport. Auto-oxidation is prevented by stabilisation of the Fe(IT)-O, species
and minimising entry of auto-oxidation enhancing nucleophiles by a combination of steric
hindrance and a hydrophobic active site.”>** On the other hand, in the cytochromes P450
for example, O, is utilised for mono-oxygenation of organic substrates. In these ferrous, O,-
binding heme proteins, the protein matrix assists the heme cofactor in its function by
positioning the organic substrate in a precise manner and allowing for controlled delivery of
reducing equivalents.”*! The organic substrate needs to bind before O, can bind. In this way
the escape of dangerous partially reduced oxygen species is minimised, while high efficiency
of mono-oxygenation is ensured.[*)

Thirdly, the versatility of the heme cofactor is exemplified by the mode of action of
peroxidases. In these proteins, one co-ordination position on the ferric iron is left available
for ligand binding. The protein matrix coats the active site such that H,O, is favoured to

enter and co-ordinate the heme iron.**! Once bound, a two-electron reduction of the peroxide
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follows, whereby the electrons come from iron as well as the heme macrocycle or a nearby
donor.”®" Apparently, the higher iron oxidation states are favoured in peroxidases, a
phenomenon perhaps reflected in the relatively low reduction potential of the ferrous/ferric
couple of these proteins.””? Peroxidases are then generally reduced back to their ferric

resting states in two consecutive one-electron transfer steps,*®!

which goes to show that the
heme-iron cofactor is comfortable both in two-electron as well as one-electron chemistry.
Note that heme catalases, that are also activated as just described, are reduced to their resting

state in a two-electron reaction.[*®!

Interconversion of heme function by modification of the protein matrix

The cases just mentioned help show that heme proteins provide excellent examples of how
proteins channel the intrinsic reactivity of their cofactors. The exact nature and positioning
of amino acid residues around an active centre — be it a non-protein organic cofactor or
metal, or an amino acid side-chain — obviously controls the reactivity of the active centre. In
heme proteins, the intrinsic versatility of the heme and the proteins’ superb control over this
emphasize this principle. Together with the facile heme spectroscopy, this makes heme
proteins excellent subjects for the study of protein structure-function relationships in general.
A way of doing this is by modifying the heme functionality by changing the protein matrix
surrounding it, as illustrated by the following examples.

In the case of myoglobin, site-directed mutagenesis studies were successful in
transforming this oxygen storage protein into an enzyme capable of utilising hydrogen
peroxide for oxidation and oxygenation reactions. Although the ferric wild type protein
already has significant peroxidase activity, this could be enhanced ~7-fold by relocating the
distal histidine residue by site-directed mutagenesis.*”’ Interestingly, the peroxygenase
activity expressed by myoglobin was increased even more by these mutations (~200 and
300-fold for sulfoxidation and epoxidation, respectively), which in addition was
accompanied by high enantioselectivity.””) Another example of heme function modification
is given by the single M80A mutation in cytochrome c. Replacement of the axial methionine
by alanine provided this protein with considerable propensity to function as an oxygen
transport protein.*!! Ferrous M80A cytochrome ¢ displayed a strikingly high affinity for
0, indicating that a radical change in heme reactivity does not necessarily require
extensive changes in protein structure. A third example of functional interconversion of a

heme protein, is the recent study where heme oxygenase was converted to a peroxidase.”* A
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single mutation (G139D) abolished the natural activity of heme oxygenase (the conversion
of heme into biliverdin, vide infra) and simultaneously caused a 70-fold increase in the
peroxidase activity of this protein. It was suggested”?! that an important feature of the active
site of heme oxygenase is to suppress the formation of high-valent oxo-ferryl, a species

normally formed in the peroxidase reaction cycle (vide infia).

Overview of selected heme proteins

There is an exhaustive body of literature available on many aspects of heme proteins and
accompanying cofactors. In this introduction, attention is focussed on three types of heme
proteins, whose functions and modes of action are relevant to this thesis. In addition to
selected properties of c-type cytochromes, the physico-chemical properties and reaction
mechanisms of peroxidases and heme oxygenases are reviewed. The cytochromes and
peroxidases are discussed, because the work in this thesis describes the peroxidase activity of
c-type cytochromes and how the protein matrix exerts its control over this. Some attention is
given to heme oxygenases, as these are the archetypal heme degrading enzymes. Heme
degradation is a frequently encountered problem in heme research, and is especially relevant

in relation to peroxidase chemistry.

Cytochrome c

Classification and function — Heme-based electron transfer proteins generally contain either
heme b or heme c¢ (see Figure 1.1). Most c-type cytochromes function in electron transport.
Many c-type cytochromes (cytochrome meaning ‘cellular pigment’) have been characterised
to date and a colossal amount of literature is available about their characteristics. As
mentioned, the study of c-type cytochromes dates back many years (starting from their

rediscovery by Keilin in 1925),1*%]

something surely attributable to their intense colour and
ease of extraction from mitochondria. Mitochondrial cytochromes ¢ are among the best
studied proteins to date, and cytochrome c is used as a ‘model protein’ in a wide range of
different experimental techniques.

Cytochromes ¢ function as electron carriers in the photosynthetic and respiratory
electron transport chains.!'! Consequently they interact with other redox proteins in order to

exchange electrons. For this, typically the surface of these proteins is such, that specificity in
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partner recognition is possible, while high rates of binding and of release are ensured.****!

The short contact time between the redox partners enables high turnover numbers provided
the electron transfer rate is high. When AG is small, as is usually the case in biological
electron transfer, the actual electron transfer rate within an encounter complex is increased
by minimal structural and dipolar reorganisation upon change of oxidation state.!'”**** This
is a reason why electron carriers are often rigid proteins (cf. blue copper proteins).!'’*®! In
the case of heme proteins, the extended m-system of the porphyrin ring delocalises the
electron over the wide area of a rigid cofactor, which reduces the necessity to avoid re-
ordering the local structure and surrounding solvent molecules.!'****3*"! Compared to other
electron carriers, c-type cytochromes are relatively flexible. Several differences in structure
are noticeable between both redox states, although these are limited to side chain
rearrangements and the movement of water molecules.!">***%

On basis of structure, amino-acid sequence and high reduction potential, cytochromes
¢ can be divided into separate classes. Most cytochromes ¢ fall into three easily
distinguishable classes, named I, IT and IIL["'**) Class I cytochromes are the best studied
and best understood. These include the mitochondrial cytochromes ¢, and the bacterial
cytochromes ¢, among which Paracoccus versutus (formerly Thiobacillus versutus)™*
cytochrome ¢-550."'%! The latter is the main subject of experimentation in this thesis. Class I
cytochromes ¢ are small and soluble mono-heme proteins (~100-140 residues). The
mitochondrial c-type cytochromes cannot be distinguished from their bacterial counterparts
by sequence comparison alone.!"'?! Also, both groups have a very similar three-dimensional
structure. The prokaryotic cytochromes ¢, generally have a higher redox potential than the
eukaryotic proteins (~370 mV vs. 270 mV).!" However, note that the cytochromes ¢, of the

non-photosynthetic bacteria have a relatively low redox potential,

comparable to the
mitochondrial proteins (~260 mV). In the reduced form, all Class I cytochromes ¢ have an a-
band in the UV-visible spectrum around 550 nm. They contain low spin iron with as axial
ligands His and Met.

However, the cytochromes c¢; of bacterial origin react very poorly with mitochondrial
cytochrome ¢ oxidase,' which is a natural redox partner for the mitochondrial cytochromes
c. The latter transfer an electron from cytochrome bc; to cytochrome ¢ oxidase (but other
redox partners are also known).!"! In photosynthetic bacteria, cytochromes ¢, are reduced by

cytochrome ¢; and oxidized by the reaction centre.!"! Homologous ¢,-type cytochromes are

present in several non-photosynthetic bacteria.l'! In P. versutus and P. denitrificans, the
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Figure 1.3. A schematic depiction of the role of cytochrome ¢-550 in various electron transport
chains in Paracoccus versutus. The direction of electron transport is indicated by arrows.
MADH, methylamine dehydrogenase; ami, amicyanin; Q, the ubiquinone pool; ¢-550,
cytochrome ¢-550, CcP, cytochrome ¢ peroxidase; NiR, nitrite reductase, NoR nitrous oxide
reductase.

cytochrome c; is called cytochrome ¢-550 and it functions as a general ‘respiratory electron
carrier’ (see Figure 1.3).1**") Paracoccus bacteria possess an extensive respiratory network
that enables them to grow using a variety of electron donors and terminal electron acceptors
(including molecular oxygen at various concentrations and several N-oxides). Herein,
cytochrome c¢-550 is thought to transfer electrons from its donors, amicyanin and
cytochrome bcy, to the chbs-type and aas-type cytochrome oxidases.**”) Cytochrome ¢-550
does not appear to be indispensable however, but rather works parallel to other electron
carriers such as cytochrome ¢-552 and cytochrome ¢;.>*% In the absence of oxygen and in
the presence of nitrite, it is believed to act as the electron donor to the nitrous oxide and
nitrite reductases, where it can substitute for the blue copper protein pseudoazurin under
copper-deficient conditions.*) In addition, cytochrome ¢-550 provides cytochrome ¢

peroxidase with reducing equivalents.



Figure 1.4. A model of the crystal
C-terminal / structure of horse heart cytochrome ¢

hel'x‘ :-:.ermlnal (PDB entry: 1HRC),"* showing its
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- secondary structure elements, the c-

type heme, covalently bound to two
cysteines and the axial iron ligands
C Met80 and His18. Picture created with
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} Raster3D.['"!

60's

heli)gr@
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Structure — The typical overall fold of Class I cytochromes ¢ is mainly a-helical (see Figure
1.4). Several regions with irregular, coiled structure are located between the helices.
Typically, there are three helices (the N-terminal, C-terminal and 60’s helix, respectively), of
which the orientation with respect to each other is conserved. These and the heme-contacting
regions contain conserved residues, whilst the surface residues are more variable.!'>!34%-%%
The buried hydrophobic residues making up the hydrophobic core, as well as most of the
polar residues in contact with the porphyrin moiety, are extremely well conserved within the
Class I cytochromes.!"*'*% The structure is anchored through an interaction between the N-
and C-terminal helices via conserved aromatic side chains present in each of the helices. The
heme binding Cys-X;-X,-Cys-His motif is always near the N-terminus. Proceeding down the
protein chain, depending on the cytochrome, a number of less well-conserved loops and
occasionally small a-helices follow, separated by coils. The chain folds downward (see
Figure 1.4) and then upward towards the conserved 60's helix. This helix is in contact with a
stretch of residues containing the iron-ligating Met. It is especially the bottom part of the
molecule which varies in size, and which is in part responsible for the size differences
between the cytochromes!'? (see Figure 1.5). Also the relative solvent accessibility of the
heme propionates is more or less regulated by this part of the protein. The general idea is that
the peptide chain folds around the heme, stabilized by hydrophobic and aromatic interactions

with the heme.
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The heme is located slightly off-centre, with one edge (at the B-meso side) exposed
to solvent. Normally only 4-10% of the heme surface is accessible to solvent. #1550 1t jg
striking that in most Class I cytochromes ¢ the exposed heme edge is surrounded by basic
residues. It is thought that this positively charged patch is involved in docking and electron
transfer with the cytochromes redox partners”**”! (that possess a negatively charged surface

patch). Mitochondrial cytochromes ¢ are very basic proteins — horse heart cytochrome ¢

Figure 1.5. The overall structures of selected Class I cytochromes c. Starting from the top left
in clockwise order, are shown Rhps. viridis cytochrome ¢, (PDB: 1103),/*! horse heart
cytochrome ¢ (PDB:1HRC),!™* Pseudomonas aeruginosa cytochrome css; (PDB: 351C),!*]
and P. denitrificans cytochrome ¢-550 (PDB: 1COT).!*" The well-conserved sections are shown
in grey, and in black the insertions are shown that cause the size differences between the Class [

cytochromes c. Pictures created with Molscript,”"* and rendered with Raster3D.["*"!
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contains 19 lysines out of a total of 104 residues. P. versutus cytochrome ¢-550, however, is
an acidic protein (pI=4.6) and yet the face of the protein exposing the heme edge is studded
with lysines, as is the case with the mitochondrial proteins.'">*"**) Conversely the back of
the cytochrome ¢-550 is acidic, giving this protein a considerable charge dipole (see Figure
1.6). The abundance of charged residues in Class I cytochromes ¢ makes them very soluble
proteins.

Class I cytochromes ¢ are relatively stable proteins, and this presumably has to do
with their highly charged exterior and compact hydrophobic core, interacting with the
porphyrin moiety. In addition, hydrogen-bonding networks contribute to stability. Ferrous
cytochrome c is more stable towards denaturation than ferric cytochrome ¢, which is related
to the large drop in redox potential of the heme upon unfolding.”** The Met ligand of

cytochrome c has a distinct preference for Fe(Il) over Fe(Ill), increasing the redox potential

Figure 1.6. A model of cytochrome ¢-550 from P. versutus, based on the structure of P.
denitrificans cytochrome ¢-550. The model was obtained from the homology-based modelling
1287 by submitting the amino acid sequence of P. versutus cytc550 to the
server (www.expasy.ch/swissmod/SWISS-MODEL). On the left, the protein backbone and

protein-bound heme is shown, around which the electrostatic field is contoured (positive and

server Swiss-Model,

negative potential as black and grey grids, respectively). On the right, in the same orientation,
the surface of cytochrome c-550 is shown, coloured according to its charge (positive: dark grey;
negative: light grey). Note the ring of positive charges around the heme edge and the large
negative electrostatic field at the back of the molecule. Created using Swiss-PdbViewer version
3.7. The electrostatic potentials were calculated at pH 7 by taking simple Coulomb interactions
into account and assuming default protonation states of the protein residues.
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by hundreds of millivolts. Substitution of the axial Met invariably leads to a substantially
lower reduction potential.['®!*2!*355] There are conserved water molecules confined in the
proteins’ interior, and also hydrogen-bonding interactions exist between protein residues and

the charged propionates of the heme. These factors, together with the hydrophobic interior of

the protein contribute to balancing the reduction potential of c-type cytochromes.!'*'*]

No structure is available yet for P. versutus cytochrome c¢-550. However, its high

361 with the cytochrome ¢-550 from the closely related P. denitrificans,

[57,58]

sequence homology
for which a crystal structure is known for a long time, permits us to estimate the
structure of P. versutus cytochrome c¢-550. The high structural similarity between both
proteins is substantiated by the NMR-derived secondary structure pattern of P. versutus
cytochrome ¢-550, which is almost identical to that as observed in the crystal structure of P.
denitrificans cytochrome ¢-550.°°) Moreover, very similar structures have been solved of
several highly homologous cytochromes ¢, i.e., from the non-sulfur purple photosynthetic
bacteria  Rhodospirillum  rubrum, Rhodobacter  capsulatus, Rb. sphaeroides,
Rhodopseudomonas viridis and Rhodopila globiformis (although the latter two are somewhat

12,60-64 . . .
1126064 Both  Paracoccus proteins are relatively large monomeric

smaller in size).
cytochromes, with 134 (P. versutus)®® and 135 (P. denitrificans)® residues, respectively.
Only 22 amino acids differ, of which 12 are conservative changes.[56] Most changes are at

the C-terminus; a region which is susceptible to degradation or proteolytic cleavage,[59] is

highly mobile in solution®”

and is badly defined or not observed in the crystal structure of
P. denitrificans cytochrome ¢-550.57°% The crystal structure of P. denitrificans cytochrome
¢-550 (see Figure 1.5) indicates that this relatively large cytochrome has five a-helices, three
of which were discussed before, and two small strands of antiparallel -sheet. These
secondary structure elements are interrupted by reverse turns to enable the protein to fold
around the heme. Furthermore, there is a large loop protruding into the solvent at the right-
hand side of the molecule, from residue 25 to 31. Striking is also the presence of a number of
buried waters, of which three close to the heme, that were observed at approximately the

same position in the comparable structure of Rb. capsulatus cytochrome c,.1°"!

Folding — The folding characteristics of cytochromes ¢ merit some attention in this
introduction, because cytochrome ¢ is an important ‘role model’ subject in the field of
protein folding and this thesis deals for a large part with the folding characteristics of Class I

cytochromes c¢. The study of cytochrome c folding has contributed greatly to the
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understanding of protein folding in general, as much information can be retrieved from the
spectroscopically rich heme chromophore (which remains bound to the protein whatever its
conformational state). This, together with the fact that cytochromes c generally display
reversible unfolding, and that they are small proteins and readily available, has facilitated a
multitude of folding studies, employing a wide variety of techniques.’"**7% Although this
has given significant insight into the folding mechanism of cytochromes ¢, much is still
unknown, illustrating the complexity of the protein folding process in general.

The most informative studies on cytochrome ¢ folding make use of kinetics and
isotope exchange NMR techniques. From these studies, it emerged that the folding of
ferricytochrome ¢ proceeds in four steps, i.e. three intermediate states exist between the
native and the fully unfolded state. By isotope exchange NMR, it was shown that
cytochrome ¢ is composed of four cooperative unfolding units, each of different
thermodynamic stability.***”""! The most stable unit consists of both C- and N-terminal
helices, including the Cys-X;-X,-Cys-His heme-binding motif,!***” which is stabilised by
the interaction of conserved aromatic residues on both helices."? The least stable unit

involves the region around the axial Met ligand,[*>%6777]

i.e., the loop connecting the C-
terminal and 60’s-helix (see Figure 1.4). Interestingly, this region controls the heme iron
reduction potential and is also involved in the interaction with the cytochromes’ natural
redox partners.'>>") The Met ligand is relatively easily displaced, illustrated by the so-called
alkaline transition which involves exchange of the axial Met for Lys at pH 9 and 11.2 for
ferric horse heart cytochrome ¢ and P. versutus cytochrome c-550, respectively.!'>757"]

The presence of folding intermediates could also be inferred from kinetic studies.
Herein, it was shown that refolding of guanidinium-denatured horse heart ferricytochrome ¢
proceeds through three intermediate states.!®®! The first step involves compression of the
unfolded structure due to non-specific hydrophobic interactions. The second intermediate
has close-packed C- and N-terminal helices, while the third intermediate is almost native-
like, with only slightly more solvent-accessible surface than the native state. The final step in
refolding involves religation of the axial Met and restructuring of its surroundings.'”® A
similar but slightly simplified mechanism (with one less intermediate) was observed for Rh.

[80]

capsulatus ferricytochrome c,,"” ' which is highly homologous to cytochrome ¢-550 from P.

versutus.
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Peroxidases
Classification and function — Heme peroxidases are found widely in nature, both in
eukaryotes and prokaryotes.*"*? Mammalian peroxidases are a separate family. These
peroxidases generally function in various tissues and in milk as antibiotics, by catalysing the
formation of powerful oxidising agents that kill pathogenic organisms.™®'! The bacterial di-
heme peroxidases are also special, as they contain two c-type hemes, one to store oxidising
equivalents during catalysis, the other to react with hydrogen peroxide.®**! Most other
peroxidases (to be discussed here) however, are fairly similar in structure and mechanism,
but based on rather disparate sequences are grouped into three classes.*” These classes
differ in substrate specificity, whether they contain disulfide bridges or structural Ca(Il)
sites, and their degree of glycosylation.**! They are of similar size (300-350 residues) and
they have similar overall folds.[®'#**3%! They share a number of essential residues involved
in peroxide reduction (vide infra). These peroxidases contain b-type heme, whereby the iron
is coordinated by the four pyrrole nitrogens and a fifth ligand, the proximal His. An
exception, not to be discussed further, is chloroperoxidase that has Cys ligation.!*”!
Peroxidases vary widely in function. Often they serve as anti-oxidants, converting a
range of oxidants like hydrogen peroxide, organic hydroperoxides, and peracids, and also
inorganic compounds such as periodate and perchlorate. The oxidising equivalents thus
liberated are then transferred to reducing agents like ascorbic acid, but in some bacteria and
in yeast also to electron-transfer proteins.!"*"**#%%] Fyngal peroxidases may utilise the
oxidising equivalents to oxidise difficult substrates like lignin.®"**! Plant peroxidases are
involved in plant metabolism, catalysing plant cell wall synthesis (including lignin

formation) and plant hormone catabolism (e.g. auxin, ethylene).[*"!

Mechanism and enzyme intermediates — The peroxidase mechanism proceeds in four

steps, %)

starting from the ferric resting state enzyme (Figure 1.7). Hydrogen peroxide
diffuses into the active site to form a transient hydroperoxo-iron adduct. The O-O bond of
the adduct is rapidly broken (vide infra) to generate H,O and a high-valent intermediate
called Compound I. This enzyme intermediate formally contains Fe(V), but one oxidising
equivalent is actually situated on the heme as a porphyrin cation radical. The consequent loss
of aromaticity is the origin of the much-reduced (Soret) electronic absorption intensity of

this otherwise green enzyme intermediate.””® In some peroxidases, the radical is transferred

to a nearby Trp or Tyr residue side-chain.®****) These proteins have a red-coloured
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Figure 1.7. Scheme of the catalytic cycle of peroxidases. See the text for a discussion.

Compound 1.°%%¥ In either case, the oxygen is bound to the iron as oxo-ferryl, [Fe(IV)=0],
as confirmed by many studies including EXAFS***®" ENDORF™ and X-ray
crystallography.”*'°! Compound I is two oxidising equivalents above the ferric resting state.
Next, Compound I is reduced by an electron-rich substrate to generate Compound II.
The radical cation is reduced in this step, while the iron remains [Fe(IV)=0]. A second
reduction yields the ferric resting state peroxidase and water. The protons needed for
generation of the latter are either donated directly by the substrate (as He or as electrons +
protons) in the reduction process going from Compound I to the ferric protein, or they are
donated indirectly via the solvent. Normally reduction of Compound I proceeds much faster
than reduction of Compound II, and the latter step usually is rate determining,2*#%!01-102]
Oxidation of electron-rich substrates is fast and typically not very speciﬁc.[gg‘loz] This
is easily understood knowing that the reduction potentials for the Compound I/Compound II
and Compound II/Fe(Ill) couples are in the region of 900 mV vs. NHE.'"*'% Considering
such high reduction potentials, it is not surprising that that amino acid radicals are often
encountered in non-peroxidase heme proteins for which analogous Compounds I and II
result from H,0, addition (e.g. myoglobin).'""'® In contrast to e.g., the case of yeast
cytochrome ¢ peroxidase — that has a well defined protein-based radical® — the radicals in
these proteins tend to be dispersed through the protein matrix and also they may

105-1
accumulate.['95108]

Structure — Members of the peroxidase superfamily have quite similar

structures.[*828386109-116] 1y Bigyre 1.8, the overall 3D-structure is shown for peroxidases

from Classes I-III. As can be seen, they differ mainly in the presence or absence of surface
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elements. The majority of a-helices as well as the position of the heme overlay well between
the peroxidases. The heme is placed eccentrically, with its 3-meso edge accessible to solvent.
It is thought that oxidation of substrates proceeds via this edge in most peroxidases.''”! The
access channel to the 5-meso edge and to the distal side of the heme is the most variable part

in known peroxidase structures (see Figure 1.8).

Figure 1.8. The overall structure of selected peroxidases from Class I-III. Starting from the top-
left, in clockwise order, yeast cytochrome ¢ peroxidase (Class I), pea ascorbate peroxidase
(Class I), Phanerochaete chrysosporium lignin peroxidase (Class IT) and horseradish peroxidase
(Class III) are shown. Note the very similar arrangement of structural elements, and that the
main differences are located at the heme access channel, at the lower right side of the structures.
The pictures were created using Molscript,!'*® and rendered with Raster3D.!"*") The PDB entries
for the The PDB codes for the crystal structures are the following: 2CYP for cytochrome ¢
peroxidase,"® 1APX for ascorbate peroxidase,''” 1LGA for lignin peroxidase,"'” and 1ATJ

for horseradish peroxidase.!'"”)
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The heme active site — In Figure 1.9, the heme active site is shown for horseradish
peroxidase. The residues depicted are highly conserved in the peroxidases and have been
shown to be important for activity, i.e., in generation and stabilisation of Compounds I and
I1.12685:192) Thege residues are also conserved in terms of their position with respect to the
heme. The proximal His170 coordinates the heme iron in the axial position, while the distal
site is vacant or occupied by an easily displaced ligand like H,O. The proximal His is
hydrogen bonded to one of the carboxylate oxygens of Asp247. This provides the proximal
His with significant electro-negativity, which is thought to be important for function.!''®
Loss of this strong H-bond results in abolition of activity.""®'"”) Moreover, when the
proximal His is replaced by Glu — i.e. a residue with a full negative charge — the mutant

peroxidase is hyperactive.['"*"

Figure 1.9. The active site of

. . horseradish peroxidase (PDB:
His42 distal side sl
1AT)),"* with the heme and relevant
Phed1

.\q - Arg38 residues shown. See the text for
oo details. Picture created with
Molscript,"* and rendered with
Raster3D.['*"!

His170

£5 { Phe221
proximal side

g Asp247

The necessity of extra negative charge on the proximal His has been explained in
terms of the push-pull concept of peroxide catalysis originally put forward by Poulos and
Kraut.'"? This concept invokes cooperative action of the proximal His and also of the distal
residues His42 and Arg38 to cleave the peroxide O—O bond. The peroxide diffuses into the
active site, where it is deprotonated by the distal His. HO, easily coordinates the heme iron,
in that way increasing electronegativity even more on the proximal His.'*"'**) Conversely,
on the distal side of the heme, two positively charged residues are hydrogen-bonded to the
bound peroxide anion. The negative charge excess from the proximal side (push) together

with the negative charge deficiency on the distal side (pull) ensures sufficient polarisation of
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the peroxide O—O bond for heterolytic cleavage of this bond. This yields an iron-oxo moiety
with concomitant generation of H,O, to which the distal His has returned a proton.

As mentioned above, heterolytic cleavage of the peroxide O-O bond yields
Compound I, and H,O leaves the site. Generation of H,O is accelerated by the distal His,
which donates a proton to the leaving hydroxide anion. The distal His42 thus acts as a
general acid/base catalyst. Site-directed mutagenesis of His42 has the effect to dramatically
lower the activity of the peroxidase, and to decrease its affinity for H,0,.'"*"*" Some
activity is retained in the H42E mutant of horseradish peroxidase,!' in keeping with the
function of this residue as a general acid/base catalyst. Mutagenesis of the conserved distal

[123.126] 41peit that the effect is not so severe as

Arg residue also leads to decreased activity,
with the distal His. Interesting is that mutagenesis of either residue results in enhanced
endogeneous decay of Compound L!'**'?”) meaning that these residues may play a role in

stabilising this species, as well.

Heme oxygenase
Heme oxygenases catalyse the breakdown of heme in several steps using reducing
equivalents and O, as co-substrates.!'”'?*) H,0, may also serve as the co-substrate.!*%132]
Comparison between intermediates in the heme breakdown mechanism of heme oxygenase
and those commonly seen in the inadvertent inactivation/degradation of other heme
proteins,*>'*¥) leads to suggest that understanding heme oxygenases helps to understand
heme protein degradation in general. Noticeable in this respect, is the so-called ‘coupled
oxidation’ process, which free hemes easily undergo in aerated solutions in presence of
reductants such as ascorbate. !+

Heme oxygenases are found in a wide range of organisms. They generally are
thought to free heme-bound iron for re-use in the organism by catalysing the first steps of
heme catabolism, but also they play a role in the synthesis of tetrapyrrole-containing
chromophores of photosynthetic organisms.[lzg’lzg] Possibly, heme oxygenase plays a role in
cell signalling.!'*”"**!*" The crystal structure of human heme oxygenase-1 is known!"*" (but
will not be discussed here). Heme oxygenases are unusual enzymes, because their substrate
functions as their only cofactor.

[128,129]

The catalytic cycle of heme oxygenase is shown in Figure 1.10. Initially, free

ferric heme cofactor/substrate binds to the active site, whereby a protein-derived histidine
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7 7 on Figure 1.10 A scheme of
the catalytic cycle of heme

X x )
NADPH/O, oxygenase, showing the
i main intermediates  that
H,O could be isolated. Adapted
from Ortiz de Montellano
and Wilks (2001).1"%
(o] OH O~ "OH fe) OH e} OH
heme a-meso-hydroxyheme

NADPH/O,
e

biliverdin verdoheme

serves as axial ligand on the proximal side of the heme. The penta-coordinate iron is then
reduced by NADPH-dependent cytochrome P450 reductase, and the ferrous iron can then
bind dioxygen. Upon uptake of a second electron, the heme is converted to o-meso-
hydroxyheme. In this, the enzyme is very stereospecific, while enzyme-free coupled
oxidation of heme leads to an equal distribution of meso-hydroxyheme isomers.!'*!
Importantly, the reaction sequence leading to o-meso-hydroxyheme can be bypassed by a

direct reaction of H,O, with the ferric heme,mo'm]

suggesting a route for direct H,O,-driven
heme degradation in other heme proteins. In subsequent steps, two O, molecules and five
reducing equivalents are utilised to ultimately lead to release of iron and the production of
biliverdin (Figure 1.10). Note that CO is released in this process.

It is interesting that recent proposals on the mechanisms of conversion from o-

[129] [128,129]

mesohydroxyheme to verdoheme and from verdoheme to Fe(IIl) biliverdin,
suggest that high-valent oxyferryl species (vide supra) are intermediates in these reactions.
Again, a direct relation is thus revealed between the heme oxygenase reaction mechanism

and H,0,-driven heme degradation.
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Aim and scope of the thesis

This thesis focuses on the role of the protein matrix in directing the reactivity of the heme
cofactor. The subject of experimentation was the electron-carrier cytochrome ¢-550 from P.
versutus. It may be expected that this protein is optimised to perform in electron transport,
and to have minimal alternative activities associated with the heme cofactor. With the aim to
understand how the protein matrix of cytochrome c¢-550 minimises these (unwanted)
activities, one of these, the peroxidase activity, was studied, and ways were sought to
enhance it. This is informative on how the protein matrix suppresses the peroxidase activity
in c-type cytochromes, as well as how in true peroxidase enzymes this particular heme
reactivity is promoted. In a broad sense, this provides insight in the way that the protein
matrix of heme proteins is able to tune the reactivity of its versatile cofactor. This
understanding is further aided by studying the heme inactivation and degradation mechanism
of cytochrome ¢-550 in the presence of hydrogen peroxide. Heme degradation can be
considered an undesirable heme reactivity in most heme proteins, and the protein matrix is
expected to contribute to its suppression.

In Chapter 2, the peroxidase activity of native cytochrome ¢-550 is described. It was
shown that the rate-limiting step was the reaction with hydrogen peroxide. The activity is
about a million-fold slower than that found in true peroxidases. This is attributed to the lack
of a well-placed distal acid-base catalyst and the poor accessibility of H,O; to the heme-iron.

In Chapter 3, the suppression of the intrinsic peroxidase activity of the heme cofactor
of cytochrome c-550 by the protein matrix was quantified. Unfolding the protein led to a
1200-fold increase in peroxidase activity at pH 5.0. This increase is caused by loss of the
sixth heme-iron ligand by unfolding, freeing the heme-iron to react with hydrogen peroxide.
Although there is a clear correlation between the increase in peroxidase activity and the state
of folding of the cytochrome ¢, comparing the global free energy of unfolding and the
residual peroxidase activity under native conditions revealed the presence of unfolding
intermediates of much lower free energy of unfolding. This was further investigated in
Chapter 4, where the peroxidase activity of several mitochondrial and bacterial cytochromes
c was assessed as a function of added denaturant. It was shown that the peroxidase activity is
a sensitive indicator of the thermodynamic properties of unfolding intermediates in c-type

cytochromes.
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In Chapter 5, the effect of detergents to enhance the peroxidase activity of
cytochrome ¢-550 was assessed. It was shown that the activity could be increased by ionic
detergents, albeit to lesser extent than with chaotropic agents. Nevertheless, this study
(together with the findings from Chapters 3 and 4) indicates that cytochromes ¢ may be
useful catalysts under denaturing conditions, i.e. where natural peroxidases are inactive. This
is relevant, as an important motive for this work was also the development of cytochrome ¢
as a suitable oxidation catalyst in peroxidase-type of reactions. The use of peroxidases is
manifold, ranging from biosensors and the synthesis of fine chemicals to pulp bleaching in
the production of paper.

In this context, the inactivation mechanism of the peroxidase activity of cytochrome
¢-550 by hydrogen peroxide was studied. The usefulness of natural peroxidases is limited
because they are rapidly inactivated in the presence of their substrate hydrogen peroxide. In
Chapter 6, an account is given of the peroxide-driven inactivation of cytochrome ¢-550. One
of the intermediates in the catalytic peroxidase cycle of cytochrome ¢-550 is intrinsically
unstable and partitions into a heme degradation pathway. The intermediates on this pathway
are shown to be similar to those found in the heme oxygenase-catalysed degradation of
heme. This may provide a basis for future studies, directed at suppressing this unwanted
side-reaction.

Parts of this thesis (Chapters 2-4) have been published,[2'1’224’259] or have been

submitted for publication (Chapters 5 and 6).
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The peroxidase activity of cytochrome c-550 from

Paracoccus versutus

RUTGER E. M. DIEDERIX, MARCELLUS UBBINK AND GERARD W. CANTERS

based on European Journal of Biochemistry 268, 4207-4216 (2001)

Abstract

Next to their natural electron transport capacities, c-type cytochromes possess low peroxidase and
cytochrome P-450 activities in the presence of H,O,. These catalytic properties, together with their
structural robustness and covalently bound cofactor make cytochromes c¢ potentially useful
peroxidase mimics. We report on the peroxidase activity of cytochrome c-550 (cytc550) from P.
versutus and the loss of this activity in presence of H,O,. The rate-determining step in its peroxidase
reaction is the formation of a reactive intermediate, following peroxide binding to the heme iron. The
reaction rate is very low compared to horseradish peroxidase (about a millionth), because of poor
accessibility of the heme iron for H,O, and the lack of a general acid/base catalyst like the distal His
of the peroxidases. This is corroborated by the linear dependence of the reaction rate on peroxide
concentration up to at least 1 M H,0,. Steady-state conversion of a reducing substrate, guaiacol, is
preceded by an activation phase, which is ascribed to the build-up of amino-acid radicals on the
protein. Inactivation kinetics in the absence of reductant are mono-exponential and concurrent with
heme degradation up to 25 mM H,0,. At higher [H,0O,], inactivation kinetics are biphasic, as a result

of a remarkable protective effect of H,O,, involving the formation of superoxide and ferrocytc550.
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Introduction

Peroxidases are heme-containing enzymes that efficiently catalyse substrate oxidations using
hydrogen peroxide.!"**!*) Peroxidases can function as catalysts in a variety of oxidation
reactions on a broad spectrum of substrates and their potential use is therefore considerable.
This is more so because they utilise the ‘clean’ oxidant H,0,."*”) Unfortunately, peroxidases
are prone to inactivation during normal turnover. This inherent instability is poorly
understood and it is important to investigate the mechanism of inactivation because it is
currently the main restriction to commercial application of peroxidases and peroxidase
mimics.!'*1°1

Peroxidase activity is inherent to many heme proteins besides peroxidases. It has been
detected in e.g. hemo- and myoglobins, cytochrome c¢ (cytc) and microperoxidases
(MPs).!"**157] The latter are small peptides derived from extensive proteolysis of cytc, which
have contained a covalently bound heme moiety.l">'**! In some cases protein modification
has resulted in enhanced activity.l"**'*!) Understanding the peroxidase properties of c-type
cytochromes is particularly interesting, because these are stable proteins that remain highly
soluble even under conditions of extreme heat, acidity and basicity. Importantly, the
covalent linkage, via thioether bonds, of their heme prosthetic group to the protein matrix
prevents dissociation of the catalytic moiety from the protein. These properties render
cytochromes ¢ excellent candidates for use as peroxidase mimics.

We therefore set out to understand the peroxidase activity and inactivation kinetics of
cytochrome ¢-550 (cytc550) from Paracoccus versutus. Such a study is prerequisite to
ultimately improve these properties in cytc550 by utilising protein engineering and other
means. Eventually, such studies might direct the way to how to suppress the H,O,-driven
inactivation that currently hampers the application of peroxidases or peroxidase mimics as
‘green chemistry catalysts’. Cytc550, which was selected for this study is a member of the
Class I cytochromes c, a class which contains also the archetypal mitochondrial cytochromes
¢ and many other, bacterial cytochromes."? P. versutus cytc550 has a strong homology to
the well-studied cytochrome ¢, from P. denitrificans."****®) P. versutus cytc550 has been

[48,55,56,59,79,162]

studied extensively, and we could take advantage of an excellent heterologous

expression system, allowing site-directed mutagenesis with high protein yields.*”!
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The present work shows that cytc550 has peroxidase activity. An activation phase
precedes maximal rate of turnover. This activation involves an oxidative process centred on
the protein. The catalytic characteristics of cytc550 are similar to those of the MPs, although
the reaction rate is more than 1000-fold slower. However, the inactivation rate of cytc550 by
H,0, is very low as well, and the protein stays active at very high peroxide concentrations.
In the absence of reductants, the inactivation of the protein obeys first-order kinetics, except

at high [H,0,], where the inactivation is biphasic.

Results

Peroxidase activity

When cytc550, guaiacol (gc) and H,O, were mixed together, the orange-coloured
tetraguaiacol (tetra-gc) was formed. When cytc550 or H,O, was left out, no formation of
tetra-gc was observed. The rate of production of tetra-gc depends linearly on the cytc550
concentration (0.1-10 uM cytc550). When mannitol (100 mM) or superoxide dismutase
(SOD) was added, no change in rate was observed. Therefore, hydroxyl or superoxide
radicals respectively, are not involved in the reaction, thus excluding Haber-Weiss or Fenton
chemistry. The activity was negligible after a vigorous cytc550 inactivation procedure,
involving a long (>60 min) pre-incubation with H,O,.

Although gc can reduce ferricytc550, and thus is oxidised in absence of H,O,, the
peroxidase activity of cytc550 is not due to a 'pseudo-peroxidase' cycle where cytc550 cycles
between its Fe(Il) and Fe(IIl) oxidation states. This is concluded from the observation that,
when the reaction is in steady state, ferrocytc550 is not observed, while the reaction between
cytc550 and H,0O; is the rate-limiting step in the oxidation of gc (as will be shown later).
This means that ferric cytc550 and not ferrous cytc550 is the relevant reaction partner with
H,0,. In addition, when ABTS was used as the reducing substrate, peroxidase activity is
observed as well (ABTS does not reduce ferricytc550). Finally, peroxidase activity was also
observed for M100K cytc550. The redox potential of M100K cytc550 is 329 mV lower (298
K, pH 7.0) than the wt cytc550 value,” and it is not reduced by gc.
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The peroxidase assay

A typical peroxidase assay with cytc550 and gc gives a product formation curve with four
phases, as depicted in Figure 2.1. An initial activation phase (I in Figure 2.1) is followed by
a steady-state phase, represented by the straight part of the curve (II). Then the curve levels
off (IIT) and ultimately a decrease in absorption is seen (IV). The last two features can be
ascribed to the inherent instability of the reaction product (tetra-gc), in combination with
catalyst inactivation.!'>*'%1%] The rate of the steady-state reaction was determined by taking
the maximum of the first derivative of the product formation curve. The length of the steady-
state phase (II), as judged from the width of the first derivative maximum, depends strongly
on conditions such as [H,O;] and pH. Ideally, the length of the steady-state phase is > 10 s,

but frequently it was shorter.

Figure 2.1. A typical tetra-gc formation
S 0.15-
L:‘i curve. The four phases (I-IV) are
E described in the text. Conditions were 0.2
E 0.10 uM cyte550, 50 mM H,0, and 20 mM
‘g gc.
g
8 0.054
(o)
&
©
0.00+-—, T T — T
0 30 60 90 120 150
time (s)
The lag-phase

The presence of a lag period (phase I) suggests that cytc550 is activated by H,O,. The length
of this activation phase was assessed in terms of an activation rate constant, k., which was
obtained by fitting the first derivative of the product formation curve to a single exponential
(Figure 2.2a,b). The length of the activation phase depends on [H»O,] (Figure 2.2a). The
activation phase is also shortened by increased [cytc550] (Figure 2.2b). When cytc550 is
pre-incubated 30 s with H,O, before addition of gc, the activation phase is absent (Figure
2.3a). When an aliquot is removed at the end of the activation phase and transferred to a
fresh mixture of substrates, no activation phase is seen. When the H,0O; is removed after a 30
s pre-incubation time by addition of agarose-immobilised catalase, the protein exhibits a

diminished activation phase (Figure 2.3b), and remains activated for at least 30 min. The
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Figure 2.2. Rate of the peroxidase activity increase of cytc550 as a function of H,O, (a) and
cytc550 (b). The value of the activation rate constant, k., was obtained by fitting the first
derivative of the product formation curve to a single exponential. Conditions: 25 mM gc and 1
UM cytc550 (a) and 5 mM H,0, (b).

UV-visible spectrum of the activated form is unchanged compared to native ferricytc550.

The activation appears to be partly reversible (diminished length of the activation phase) and

does not derive from changes in the heme-environment or iron co-ordination, because the

UV-visible spectrum is normally sensitive to such changes. The peroxidase activity of

M100K cytc550, in which the axial Met is replaced by Lys,>* exhibits an activation phase

just like wt cytc550, corroborating the conclusion that axial co-ordination plays no role in

the activation process.
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Figure 2.3. a) Tetra-gc formation without (—) and with (---) a 30 s pre-incubation with 10 mM
H,0,. Activity was assayed at 10 mM H,0,, 10 mM gc and < 4 uM cytc550. b) Tetra-gc
formation after a 30 s pre-incubation in absence (—) and in the presence of 10 mM H,0, (---)
after which agarose-immobilised catalase was added. Conditions of the assay after removal of
the catalase: 5 mM H,0,, 25 mM gc and < 1 uM cytc550.
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1.04 Figure 2.4. Dependence of the steady-
state peroxidase reaction rate as a function
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Dependence on guaiacol and hydrogen peroxide

When [gc] is between 15 and 30 mM, the rate of the steady-state peroxidase reaction (phase
IT in Figure 2.1) of cytc550 depends linearly on [H,O,]. This linear dependence holds even
up to 1 M H,O, (Figure 2.4). The rate depends linearly on [cytc550] as well, and therefore
the oxidation rate of gc due to the peroxidase activity of cytc550 follows the bimolecular

rate law (eq. 2.1):

rate = kobs [cytc550][H20,] 2.1

The value of the bimolecular rate constant kops is 43.4 + 0.8 M's! (25 mM gc, 100 mM
sodium phosphate, pH 8.0, 25 °C). The H,0O; dependence of the peroxidase activity of horse
heart cytc was probed as well. Similar to cytc550, no saturation is seen up to 1 M H,0,
(Figure 2.4). Its bimolecular rate constant kops is 4.1 = 0.1 M s (25 mM gc, 100 mM
sodium phosphate, pH 8.0). The complete absence of saturation by H,O, is contrary to

. H202
earlier reports where Ky o

values varying from 25-65 mM have been reported for horse
heart cyte.[""") However, in our hands it was not possible to reproduce these results, and a
linear dependence of the rate on [H,O,] was found with both gc (Figure 2.4) and ABTS as
reducing substrates (not shown).

The gc concentration has a limited effect on the rate, even down to 50 uM gc. The
steady-state reaction rate is reduced however by increasing [gc] when [H,0,] is low. This
can be attributed to substrate inhibition by gc, and in fact serves as evidence for a ping-pong

mechanism."'”"! When the dependence of the steady-state reaction rate on [H,O,] is plotted

in a double reciprocal plot (1/rate vs. 1/[H,O,]) at various [gc], parallel lines are seen above
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Figure 2.5. Inverse slope (Viax/Kin™") of
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15 mM gc (not shown). Such parallel lines again are evidence for a ping-pong mechanism, in
which the association with H,O; is rate limiting.!'”"! The inverse slope of these parallel lines
represents (Vmax/KMHZOZ) in Michaelis-Menten formalism (which reduces to kqps[cytc550]
(see eq. 2.1) for KMHZO2 >>[H,0;]). The thus calculated values of (Vmax/KMHzoz) are plotted
against [gc] in Figure 2.5. This shows that the value of Viu/Kn'2, or keps[cytc550], is
constant above 15 mM gc. The reduction of this value at lower [gc] can be attributed to
catalyst inactivation. When reducing substrate is lacking, inactivation can become more
prevalent for peroxidases and peroxidase models.!"**'®”'"2 This would pose no problem if
true initial rates were measured, but in our assay initial rates can not be measured because
cyte550 exhibits an activation phase in its peroxidase activity (vide supra). Thus the steady-
state rate is measured after a certain time, and when [gc] is low, relatively more cytc550 is

inactivated at the moment the rate is measured.

pH dependence of the peroxidase activity

As shown in Figure 2.6, the peroxidase activity of cytc550 depends strongly on pH. The
steady-state rate increases with increasing pH up to pH 10.0, after which a decrease is seen.
Horse heart cytc exhibits a stable value of the rate from pH 5.0-7.0, after which a decline in

activity is seen (Figure 2.6). This agrees well with earlier observations.!'®”!

Inactivation of cytc550 by hydrogen peroxide
The rate of inactivation of cytc550 in absence of gc was determined as described in
Materials and Methods. Two types of inactivation behaviour can be distinguished,

depending on [H>O,]. When pre-incubated with up to about 25 mM H,O,, the peroxidase
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activity of cytc550 decreases in time as a single exponential (Figure 2.7, open circles). In
addition, the UV-visible spectrum of cytc550 bleaches when exposed to up to 25 mM H,0,.
The loss of the Soret band intensity exactly matches the decrease in activity (Figure 2.7,
solid line), and both can be fitted to the same single exponential function (not shown). The
inactivation rate does not depend on [cytc550] between 0.5 and 5 uM. Up to 25 mM H,0,,
the value of the exponential rate constant of inactivation (k) depends linearly on [H»O,].
Note that with short pre-incubation times, the activity is somewhat increased. During this
short pre-incubation, inactivation has relatively little effect and nearly all protein is activated
at the start of the activity assay (no activation phase). In the absence of a pre-incubation, the

protein is being activated during the activation phase but simultaneously the activated form

normalised absorbance
change at 410 nm
normalised activity

T T T T 0.0

0 100 200 300 400 500
time (s)

Figure 2.7. The normalised absorption change at 410 nm (solid line) and steady-state
peroxidase reaction rate of 0.5 pM cytc550 (open circles) as a function of pre-incubation time
with 20 mM H,0,. The rates of the peroxidase reaction were normalised by taking the amplitude
of the first-order exponential fit into account. Activity was assayed with 10 mM H,0,, 10 mM
gc and < 0.25 uM cytc550.
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Figure 2.8. Rate of the steady-state peroxidase reaction as function of the pre-incubation time
with H,O,. In a), [cytc550] was 1 uM in the pre-incubation mix and [H,0,] was varied (O, 50
mM; @, 100 mM; [, 200 mM). In b), [H,O0,] was 50 mM in the pre-incubation mix and
[cyte550] was varied (O, 10 uM; @, 5 uM; [0, 2.5 uM; B, 1 uM; A, 0.6 uM). Activity was
assayed in 10 mM gc, 50 mM H,0,, and < 0.5 pM cytc550.

is reduced by the substrate. In the latter case, not all the protein will become activated, but
rather equilibrium is established. This is why the activity seems to increase slightly at short
incubation times.

Above 50 mM H,0,, the inactivation behaviour is markedly changed; the activity decreases
in a biphasic fashion. A fast exponential phase is followed by a slower exponential phase
(Figure 2.8a,b). At even higher [H,O;], the second phase is reached sooner, and the rate
constants of both phases are lower (Figure 2.8a). The same effect is seen when [cytc550] is
lowered in the pre-mix (Figure 2.8b). So, paradoxically, the more peroxide and the less
protein is present, the higher the residual activity is after a certain period of incubation.
Control measurements in the presence of mannitol show that hydroxyl radicals hardly affect
the inactivation. However, when SOD is added the overall inactivation is increased (Figure
2.9a). Thus, superoxide is formed when cytc550 is incubated with high [H,O,]. Superoxide

3] and could cause the formation of ferrocytc550. By using fast

is a potent reductant of cytc
mixing in combination with a diode array, this was shown to be the case. The fraction of
ferrocytc550 and its rate of formation both increase with higher [H>O,], and addition of SOD

reduces the fraction of ferrocytc550 formed (Figure 2.9b,c).
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Discussion

Cytc550 has peroxidase activity
In presence of H,0,, cytc550 displays peroxidase activity. This is not surprising, because

[154,167,169]

this type of activity has been detected before for cytochromes c, and other non-

peroxidase heme proteins (leghemo-, hemo- and myoglobin).!'>*!**"7*175] For peroxidase
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activity the H,0, needs to be activated by binding to the heme iron."*'*”) Whereas for the
heme iron in peroxidases and the above mentioned oxygen-binding proteins, the sixth ligand
is weak or absent, the iron in cytc550 is hexa-coordinated. Thus, to allow binding of H,O,,
one of the ligands needs to be displaced. Dissociation of the axial His is not very probable
because it is held in place by a hydrogen bond to Pro37, and because of its proximity to
Cys12 and Cysl15, which covalently link the heme to the protein. On the other hand, the ease
with which exogenous ligands are known to displace the axial Met, makes the latter a likely

candidate for displacement by an incoming H,0, molecule.!'’*!""]

The active species in the peroxidase reaction of cytc550

Once the peroxide is bound to the heme iron its O-O bond may be cleaved in a homo- or a
heterolytic fashion. Either pathway will produce the oxidising equivalents needed to convert
the reducing substrate (gc). The former route produces hydroxyl radicals and other reactive
oxygen species, which are capable of very fast and indiscriminate oxidation reactions. With
cyte550, radical scavengers do not influence the rate of the reaction, and thus the homolytic
pathway appears not to be relevant. Heterolytic cleavage leads to a high-valent oxyferryl
species, which is readily observed in peroxidases and myoglobins.!"**!*3] However, we were
unable to confirm its occurrence spectroscopically in cytc550 and its presence in this protein
is thus tentative.

The fact that no iron peroxo and/or oxyferryl species is observed with cytc550
indicates that these species are too low in concentration in the steady state to be observed.
This is corroborated for the expected iron peroxo species by the observed lack of saturation
of the rate by H,O, (Figure 2.4). In a variety of peroxidases and also in myoglobin and
leghemoglobin, the protein after heterolytic O-O bond cleavage contains one oxidising
equivalent on the oxyferryl moiety, while the other is present as an amino acid
radical P102106ISTTSI80.181) 1 the case of horse heart cyte, it has been shown that multiple
protein radicals can result from the reaction with peroxides.!'®!'*"'*¥2] The lack of an easily
observable oxyferryl species in cytc550 might be caused by a fast reduction of this species
by an aromatic amino acid in the vicinity of the heme, as already suggested by Barr et al. for
horse heart cytc.'”! A similar mechanism was proposed for the autoreduction of oxyferryl

myoglobin."®!¥ A second reaction with H,0, may even take place, when the protein is
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capable of carrying more than two oxidising equivalents. This was suggested for horse heart

[105,107] [108]

cytc and also for leghemoglobin.

Like in natural peroxidases, the reducing substrate might be expected to react with the
(high-valent) heme. However considering that protein radicals are so easily found in
peroxidase mimics such as myoglobin and cytc, it is very well possible that gc is oxidised
via one of these radicals. Unstabilised protein radicals can be transferred easily and rapidly

between different sites on a protein,!'*>"'5¥

and thus also to the two surface exposed tyrosines
of cytc550,°%°®! which might be involved in gc oxidation. Studies on the myoglobin/H,0,
catalysed oxygenation and oxidation reactions provide evidence that a protein radical is

indeed the true oxidising species in such types of reactions.!'*%1%]

The rate-determining step in the peroxidase reaction of cytc550

The rate-determining step in the peroxidase activity of cytc550 is the formation of a high-
potential intermediate. This rate-determining step is characterised by ping-pong kinetics with
a high apparent Michaelis constant for H,O,, allowing a description of the rate in terms of a

[164]

bimolecular rate-law (eq. 2.1). In this respect cytc550 is similar to MP-8§, even though

the bimolecular rate constant ks is circa 1000-fold larger for MP-8 than for cytcSSO.““’ this
work] The latter observation seems to reflect the better accessibility of the heme iron in MP-8
(which is fully exposed to the solvent),!'>>!"*178 compatible with the observed lower Ky'2°

for MP-8.[1%%]

The pH dependence of the peroxidase activity of cytc550 and horse heart cytc

Cytc550 and MP-8 also resemble each other in terms of the pH dependence of their
reactivity. The pH dependence of the activity of horse heart cytc and cytc550 is shown in
Figure 2.6. The curve of the latter compares well with that of MP-8: a steady increase of
activity with pH leading to a maximum, and a drop at even higher pH.['**'*Y Metal-
replacement studies showed that the pH dependence of MP-8 could be explained by
assuming that the pK, of H,0, is lowered by the metal..'"*) The drop in rate with MP-8 at
more alkaline pH has been attributed to product instability and ligation of hydroxide to the

[155.156.164] a1though the latter has been disputed.!"” A similar reasoning can be used to

iron,
explain the pH dependence of the rate of cytc550: its increase with pH is related to the pK,

of bound H,0,. The drop in activity above pH 10.0 coincides well with the so-called alkaline
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transition for cytc550 (pK, ~11.2)"") which involves exchange of the Met ligand for a
Lys.”*"8 1t is to be expected that the activity decreases by such a transition, because Lys is
a much stronger ligand for iron than Met and thus is replaced much less easily by the
incoming peroxide. The combined and counteracting effects when the pH is increased can
thus account for the pH profile of the activity of cytc550 (Figure 2.6). This could also be the
case with the pH dependence of the activity of horse heart cytc (also shown in Figure 2.6),
although the apparent pK, observed in the activity profile for this protein is slightly lower
than its alkaline transition determined by alternative methods (pK, 8.9-9.5)."% It is important
to note that, like MP-8,1">) the protein matrix of cytc550 does not participate in lowering the
pK, of H,O,. Such a function has been shown to be the basis for the high reaction rates for

the natural peroxidases.!'*"

The activation phase in the peroxidase reaction of cytc550

The steady-state oxidation of gc by cytc550/H,O, is preceded by an activation phase,
meaning that the protein is activated in the course of the activity assay. As discussed in the
Results section, this is due to a process that does not involve changes in the heme
environment or iron co-ordination. Increased [H,O;] accelerates this process, indicating an
oxidative mechanism. In principle, diffusion of H,O, into the protein and binding to the iron
could be the reason for the activation phase. However, activation occurs within seconds but
the protein remains activated for at least 30 min after removal of all H,O,, suggesting that
peroxide diffusion and binding cannot explain the activation phase.

It was pointed out above that protein radicals can accumulate on cytc when peroxides
are present. Moreover, it was suggested that protein radicals might be the true reaction
partners with gc. The activation process thus may represent a build up of protein radicals on
the cytc550 molecule. Cytc550 contains 3 tyrosines and 2 tryptophans, the most common
sites of protein radicals."**'®”) Under assay conditions, they thus compete with gc for
oxidising equivalents. A number of studies have shown that, for natural peroxidases, when
two substrates are present at the same time, one is preferably oxidised, and the second
substrate may remain unreacted until the first substrate is completely consumed.** Such a
competition might be the case here as well between gc and the aromatic residues: once the
aromatic residues are 'consumed', oxidation of gc proceeds via these radicals or via the

(high-valent) heme.
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Attempts to find support for the presence of protein radicals by EPR spectroscopy, as
applied to horse heart cyte,'”” failed. Addition of 5- to 10-fold molar excess of H,O, to
cytc550 leads to reduction of the protein, which is probably related to the high protein
concentration (100-500 uM) used in these experiments, necessary for EPR detection.

An alternative explanation for the observed activation phase may be that the oxidation
of one of the aromatic amino acids results in structural changes, which facilitate the
peroxidase reaction. In the case of F41W horseradish peroxidase, which exhibits an
activation phase as well, oxidation of Trp41 was suggested to be responsible for such a

mechanism.[?°"

Inactivation of the peroxidase activity of cytc550 by hydrogen peroxide
As mentioned in the Results section, up to 25 mM H,0, the inactivation of the peroxidase
activity follows mono-exponential kinetics and the inactivation rate depends linearly on
[H,0;]. The rate of inactivation does not depend on [cytc550]. The decrease in activity
occurs simultaneously with bleaching of the UV-visible spectrum (see Figure 2.7).
Bleaching is common when peroxides are added to heme (proteins), and it is ascribed to an
oxidative attack at the heme periphery, causing ring opening, loss of iron and further
degradation.***?%! The initial degradation step might be an intra-molecular attack on the
heme by an activated oxygen species such as oxyferryl®®® or iron-peroxo, as seen with heme
oxygenase.?"”) In any case, the bleaching is an intra-molecular process, consistent with the
observation that it is independent of [cytc550]. Formation of the activated oxygen species
depends linearly on [H,O,]. It is thus expected that inactivation rate also depends linearly on
[H,02]. As mentioned above, this agrees with observation: up to 25 mM H,O,, the
inactivation rate equals &i[H»0,], with &= 0.51 M st

At higher peroxide concentrations (>50 mM H,0,), the inactivation characteristics of
cyte550 are much different. The higher the [H,O,], and the lower the [cytc550], the slower
the inactivation is. Apparently, H,O, can protect the protein when in excess. It is interesting
to see that in excess H,O,, ferrous cytc550 is readily formed [c¢f. ref. 208], but that when
SOD is present this is much less (Figure 2.9b,c). The latter indicates that superoxide is

73] and the observation that

involved in this process. Superoxide is a potent reductant of cytc
SOD inhibits the formation of ferrocytc550 suggests that O,*" is formed at high [H,0,], and

that this leads to the formation of ferrous cytc550. The appearance of ferrocytc550 at excess
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[H,0,] is important, because Fe(Il) cytc is less susceptible to H,O,-driven inactivation,**”)

or protects against it. It can thus be expected that when more cytc550 is in the ferrous state,
the inactivation rate is less. Interesting in this respect is, that ferric cytc catalyses its own

[209]

formation from Fe(II) cytc in presence of H,O,, which explains why cytc550 remains

active longer when less protein is present (Figure 2.8b).

Conclusions

Despite being a classic electron transport protein, cytc550 clearly possesses peroxidase
activity. This activity is characterised by a poor association with H,O,. The protein matrix of
cytc550 does not assist the reaction by lowering the pK, of H,O, unlike the natural
peroxidases. Thus, the effective concentration of oxidant is much lower for cytc550 than for
natural peroxidases, which, in part, is responsible for the relatively low activity of cytc550
versus e.g. horseradish peroxidase. The activity is further lowered by limited accessibility of
the heme-iron, as evidenced by the 1000-fold higher peroxidase activity of the highly
accessible MPs. Therefore, in order to create an artificial peroxidase out of cytc550, it is be
necessary to address two points. These are first, the lack of a properly positioned general
base catalyst to deprotonate the incoming H,O, and second, the low accessibility of the
active site to the oxidising substrate.

Interestingly, the studies on the inactivation kinetics of cytc550 at high and low [H,05]
unveiled a complex accumulation of side-reactions in absence of reducing substrate.
Paradoxically, higher peroxide concentrations and lower protein concentrations increasingly
protect the heme from degradation. This relative stability of cytc550 under such harsh
conditions is remarkable, and this observation helps to identify the major determinants for

peroxide-driven inactivation of heme enzymes.

Materials and Methods

Expression and purification of cytc550
Cytc550 was heterologously expressed in P. denitrificans strain 2131 containing the

pEG400.Tv1 plasmid.”” Typically, 3 L of culture were prepared for expression of cytc550.
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The growth medium was BHI (GibcoBRL), supplemented with 50 pg/mL streptomycin. The
cells were cultured in 2 L conical flasks (500 mL culture per flask) and shaken at 300 rpm.
After 24 hrs of growth at 30 °C, the optical density at 660 nm was measured, and the cells
were harvested by centrifugation at 8000 rpm. The cell pellet was resuspended to a
calculated ODggo of 200 in an ice-cold solution of 1 M sucrose, ]| mM EDTA, 50 mM Tris,
pH 8.0 (TES). Solid lysozyme (50 mg, Sigma) was added and the cell suspension was stirred
for 20 min at room temperature and centrifuged. The cell pellet was resuspended and this
procedure was repeated once. The pellet was resuspended again in ice-cold Milli Q water,
using four times the volume used with TES. After stirring for 20 min, the resultant
protoplasts were spun down at 15,000 rpm. The supernatants containing cytc550 were
pooled. Further purification was performed as described.”® The average yield of pure
protein was 12 mg/L culture. The protein was judged to be more than 95% pure by its UV-
visible spectrum and by SDS-PAGE. The spectra of both ferrous and ferric cytc550 were

identical to those published before.[**)

Activity assays

The assays were typically performed in 1.5 mL plastic cuvettes. The reactions were started
by the addition of H,O, (Merck). The H,O, stock solution was freshly made and its
concentration was verified spectrophotometrically (ex40= 39.4 M'em™).'! The hydrogen
donor was gc (o-methoxyphenol, Sigma), diluted from a fresh aqueous stock solution (100
mM). It was assumed that the coloured product, tetra-gc, is the result of four one-electron
oxidations."'®". The formation of tetra-gc (€470= 26.6 mM'lcm'l)[165 1 was followed with a
Shimadzu UVPC-2101PC spectrophotometer fitted with a thermostat. The reactions were
performed at 298 K in 100 mM sodium phosphate buffer, pH 8.0 (unless stated otherwise).
In some cases, the reaction was monitored by using an Applied Photophysics SX.18MV
stopped-flow apparatus. Other reagents that were used were mannitol (Brocacef, the
Netherlands), SOD, horse heart cytc, ABTS (all from Sigma), and M100K cytc550 (kindly
provided by Mrs. Ing. Gertriid Warmerdam). In a number of experiments, directed at
investigating the activation process preceding the steady-state reaction, a mixture was
employed containing 10 mM H,0, and 5 uM cytc550. After a fixed amount of time the H,O,
was removed by addition of ~1200 units of buffer-equilibrated catalase attached to 4% cross-

linked beaded agarose (Sigma) to 1 mL of reaction mixture. The catalase was removed after
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about 2 min by filtration (0.2 um Acrodisc, Gelman Sciences). Activity was then measured
by addition of H,O,/gc and the UV-visible spectrum recorded. Controls were taken without

H,0,, cytc550 or both, respectively.

Inactivation assays

Cytc550 was pre-incubated with H,O, for a recorded time. The activity remaining after this
time was measured by adding H,O,/gc. The concentrations of reactants in the pre-incubation
mix were varied, but in the end-mix the conditions were 10 mM gc, and either 50 or 100 mM
H,0,. The spectral changes of cytc550 upon addition of H,O, in the absence of gc were
monitored by using the stopped-flow apparatus with a photodiode array (320-1000 nm).
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The effect of the protein matrix of cytochrome c in
suppressing the inherent peroxidase activity of its

heme prosthetic group

RUTGER E. M. DIEDERIX, MARCELLUS UBBINK, AND GERARD W. CANTERS

based on ChemBioChem 3, 110-112 (2002)

Abstract

Unfolding the electron transfer protein cytochrome c-550 leads to a spectacular increase in its
peroxidase activity. This finding is interpreted in terms of the suppression by the cytochrome protein

matrix of the potentially harmful peroxidase activity inherent to its heme cofactor.
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Introduction

Free heme is a potent peroxidase; it readily reacts with H,O, and is then capable of a wide
variety of oxidation reactions.”?'” The heme group of cytochrome ¢ can be expected to be an
equally competent producer of free radicals, but its intrinsic peroxidase activity is contained
by the protein.!"**?') The latter is of vital importance to the living cell, because free radicals
derived from oxygen play a key role in ageing and its pathophysiology.*'? In this study, we
quantify the suppression of the inherent peroxidase activity of heme by the protein matrix of
cytochrome ¢-550 from Paracoccus versutus (cytc550), a typical, bacterial, Class I
cytochrome ¢.!'>**%%) We show that the peroxidase activity of unfolded cytc is similar to that
of microperoxidase-8 (MP-8). MP-8 is the strongly peroxidasic heme-containing peptide

obtained from horse heart cytc by proteolytic digestion.!'>>!*%)

Results and Discussion

Addition of the common denaturing agent guanidinium hydrochloride (Gdn.HCI) to
ferricytc550 leads to unfolding of the protein as monitored by the following indicators
(Figure 3.1). In Figure 3.1a, the Trp fluorescence is plotted as a function of [Gdn.HCI].
Unfolding causes expansion of the structure of cytc550, leading to an increased average
distance between its Trp residues and the covalently bound heme. This results in a less
efficient energy transfer from the Trps to the heme, and consequently the Trp fluorescence
increases upon unfolding.”'” Secondly, unfolding also leads to changes in the optical
spectrum, which are dominated by a low to high spin transition of the heme iron due to loss
of the native Met ligand (Figure 3.1b).2'**'"! Finally, Figure 3.1c demonstrates that
increasing [Gdn.HCI] causes the peroxidase activity of cytc550 to rise dramatically, up to
~1200 fold. No such activity is seen when any of the components (Gdn.HCI, cytc550, H,O,,
or the reducing substrate, guaiacol (gc)) are left out of the reaction mixture. The activity
increase seen in Figure 3.1c correlates well with unfolding as monitored by fluorescence and

UV-visible spectroscopy (Figures 3.1a,b).
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a Figure 3.1. Equilibrium unfolding of

5 ferricytc550 by Gdn.HCI at pH 5.0. a)
200+ o Fluorescence (excitation: 295 nm,
emission: 360 nm). b) Intensity of the
electronic absorption band at 623 nm,

100+ typical of high spin hemes.”'"*'" ¢)

Fluorescence (a.u.)

Peroxidase activity, ie.,

spectrophotometrical measurement of

04 T T T the absorbance of oxidised gc
0 2 4 6 (tetraguaiacol) at 470 nm after addition
of H,0,. [Cytc550] was 2 pM in the

fluorescence and UV-visible

[Gdn.HCI] (M)

measurements, and 1 pM in the
peroxidase assay (using 10 mM H,0,
and 10 mM gc). Data were fitted

globally (solid lines) assuming a two-

AB23 (a.u.)

state model of unfolding with linear

baselines™ (eq. 3.2). This yielded

values of 6.6 + 0.8 kcalmol™ and 3.1 +
T T T IVt

S 3 1 5 0.3 kc?lmol M~ for AGy; and m,

[Gdn.HCI] (M) respectively.

Peroxidase activity (a.u./s)

[Gdn.HCI] (M)

The peroxidase activity of fully unfolded cytc550 depends strongly on pH (Figure
3.2a). The shape of the curve is ascribed to the involvement of two acid-base transitions.
One of these is the high to low spin transition of unfolded cytc550 as the pH value is
increased (Figure 3.2b).*"2'"] This transition presumably involves occupation of the sixth
coordination position of the heme-iron by a strong ligand,”*'>'” blocking it to the incoming

peroxide. The second acid-base transition is thought to involve deprotonation of H,O,. The
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Figure 3.2. pH dependence of unfolded cytc550 (in 6 M Gdn.HCI). a) Peroxidase activity.
Concentrations of cytc550, HO, and gc were 1 uM, 0.1 mM and 10 mM respectively. The data
(filled circles) were fitted assuming that only high spin cytc550 and HO, are active (solid line).
The fit yielded pK,’s of 6.4 £ 0.1 and 83 £ 0.1 for the spin-state transition and H,O,
deprotonation, respectively. b) Position of the main visible absorption band (Soret) of unfolded
cyte550. The data (open squares) were fitted to a single pK, value of 6.6 = 0.2 (solid line).

pKa of H,0, is 11.8, but is expected to be lowered by the Lewis acidity of the heme-iron.!*®!

Like other small inorganic ligands, the HO, anion is expected to bind much stronger to the
heme-iron than H,0, (¢f. CN~ vs. HCN).2'™ This is reflected in the mode of action of
natural peroxidases, in which the distal His plays a very important role as a base catalyst by
deprotonating the incoming H,0,.""!

To assess the kinetic mechanism of the peroxidase activity of unfolded cytc550, the

dependence of the reaction rate on gc and H,O, concentrations was determined (Figure 3.3).

Figure 3.3. Peroxidase activity
of unfolded cytc550 as a function
of H,O, and gc. Conditions were
1 uM cytc550, 6 M Gdn.HCI, pH
5.0 (298 K). H,O, dependence
was probed at 0.25 (%), 1.0 (#),
2.5 (+), 5.0 (O), 10.0 (1), 20.0,
(®) and 50.0 (M) mM gc. All
data points were fitted together to

Peroxidase activity (a.u./s)

eq. 3.1 (solid lines).

0.0 —

0 50 I 1(IJO I 150 I 2(I)O I 250
[H,0,] (mM)
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The data fit satisfactorily (solid lines) to a ping-pong mechanism, using eq. 3.1:'71

Vmax X[H202]x[gc]
(KH202 [ge]) + (K S x[ge])+([H20, ]x[ge])

rate =

3.1)

The values obtained from the fit were: keae = Vinax/[Cytc550] = 707 £+ 26 s'l, K202 =

236 + 14 mM, and Ky = 4.7 + 0.3 mM. The Ky"*°* value for unfolded cytc550 is much

lower than for native cytc550 (for which Ky'*%?

>>1 M, data not shown). These values
indicate that unfolding leads to an active site that is much more accessible to the peroxide
substrate.

It is interesting to compare the peroxidase activities of unfolded cytc550, MP-8!'*
and native cytc550") with each other. When [H,0,] <<Ky"?°? and [gc] is sufficiently high,
the ping-pong rate equation (eq. 3.1) reduces to rate = kos[heme][H,0,], with kops =
kcat/KMHzoz. Below 1 mM H,0,, where this rate equation is valid, it emerges that the
bimolecular rate constant kos of unfolded cytc550 (3000-M™'s™, pH 5.0, 10 mM gc, 6 M
Gdn.HCl) is similar to that of MP-8 (1300-M™'s™, pH 5.5, 3-4.5 mM gc, 0.5 M Gdn.HCI),!'*!
but much larger than that of native cytc550 (2.6 M's™, pH 5.0, 25 mM gc, data not shown).
Unfolding the protein surrounding of the heme of cytc550 thus has the same effect as
clipping the protein away (as in MP-8). In both cases, the peroxide substrate has improved
access to the heme-iron in the absence of both a rigid protein matrix and a strong sixth

ligand.

Conclusion

Native cytc550 can catalyse H,O,-driven oxidation reactions, but at a very low rate.*'"!

Clearly, the protein matrix provides excellent suppression (>1000-fold) of the inherent
peroxidase activity of the heme group. The key factor is probably that the correctly folded
protein provides a strong sixth ligand, which blocks the heme-iron to the incoming peroxide.
This conclusion is apparent from the pH dependence of the peroxidase activity under
denaturing conditions: low spin unfolded cytc550, the principal species at high pH, has a
negligible activity compared to high spin unfolded cytc550. Thus, even when it is unfolded,
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cyte550 has no peroxidase activity when a strong sixth ligand is present (as in the low spin
case).

The Gibbs free energy for unfolding (AGuy) is 6.6 kcalmol™ for cytc550 when the
two-state unfolding model is applied (Figure 3.1). Under native conditions, this corresponds
to one unfolded species for every 70,000 protein molecules. In 6 M Gdn.HCI, however, the
activity is ~1200-fold higher, and not 70,000-fold. Therefore, under native conditions
partially unfolded, high spin species are present which dominate the peroxidase activity. In
agreement with this conclusion, the region around the native Met ligand is known to have a
lower AGyys than the global AGyy¢ for Class I cytochromes ¢ such as cytcSSO.[66’80]

Any environmental stimulus which leads to the formation of (partially) unfolded
species is likely to induce peroxidase activity in cytc550 and hence may stimulate free
radical formation in the living cell. It is the robustness of the native protein structure that

prevents peroxidase activity in cytc550.

Materials and Methods

All chemicals were of the highest grade commercially available. A stock solution of
8 M Gdn.HCI (Biochemika grade, Fluka) was prepared and filtered (0.45 pym HV Durapore,
Millipore) before use. P. versutus cytc550 was expressed, purified, and its peroxidase
activity assayed as before.”!" The assay utilised as oxidising and reducing substrates H,O,
and o-methoxyphenol (guaiacol (gc), Sigma), giving a fourfold oxidised product (€470 = 26.6
mM'em ™). UV-visible measurements were performed on a Shimadzu UVPC-2101PC
spectrophotometer fitted with a thermostat. Fluorescence spectra were recorded on a Perkin-
Elmer Luminescence Spectrometer LS-50B, with 295 nm and 360 nm as excitation and
emission wavelengths respectively. All experiments were performed in 100 mM sodium
phosphate buffer and at 298 K.

The unfolding data from fluorescence, UV-visible and peroxidase activity
measurements were fit globally to a two-state model of unfolding assuming linear baselines

for native and unfolded protein according to Santoro and Bolen (eq. 3.2):*'*
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a+H[Gdn.HCI]+ (¢ + d[Gdn. HCI]) exp(—AGunt *+m[Gdn.HCI],

observable= RT (3.2)
1+ exp(— AGypf + m[Gdn.HCl])

RT

In eq. 3.2, a and ¢ correspond to the values of native and fully unfolded protein,
respectively at zero denaturant concentration, respectively, and b and d to their respective
dependence on [Gdn.HCI] (pre- and post-transitional baselines). AGyy is the Gibbs free
energy of unfolding in absence of denaturant and m represents the dependence of the

unfolding free energy on [Gdn.HCI].
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Peroxidase activity as a tool to study the folding of

c-type cytochromes

RUTGER E. M. DIEDERIX, MARCELLUS UBBINK AND GERARD W. CANTERS

based on Biochemistry 41, 13067-13077 (2002)

Abstract

The peroxidase activity of c-type cytochromes increases substantially by unfolding. This
phenomenon was used to study the equilibrium unfolding of ferricytochrome c. The peroxidase
activity is already enhanced at low denaturant concentrations. The lowest free energy folding
intermediate is easily detected by this method, while it is invisible using fluorescence or optical
spectroscopy. The free energy difference between this folding intermediate and the native state
depends on the strength of the sixth ligand of the heme-iron and the increase in peroxidase activity
upon unfolding is shown to be a sensitive indicator of the strength of this ligand. Under fully
denaturing conditions, the peroxidase activity is inhibited by protein-based ligands. It is shown that at
least three different ligand groups can be responsible for this inhibition, and that at neutral or alkaline
pH, the predominant ligand is not histidine. The use of peroxidase activity assays as a method to

study the unfolding of cytochrome c is evaluated.
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Introduction

Cytochrome ¢ (cytc) has been used over the past years as a paradigm for understanding
protein folding. Many c-type cytochromes are small and highly soluble proteins both in their
folded and unfolded states, and the prosthetic group, heme, provides a multitude of
spectroscopic parameters. This allows for a detailed study of folding, because the various
(spectroscopic) methods sense different features of the protein structure and hence of its state
of folding. Equilibrium-unfolding curves monitored by different methods tend to give

(2201 in terms of the unfolding free energy AG,s, and the m-value, which is

different outcomes
a measure of the cooperativity of the unfolding. This indicates that although each curve may
be fitted to a two-state model of unfolding, there actually are one or more intermediate states
between the native and fully unfolded states.!**!) The presence of some of these intermediates
may escape detection when techniques such as fluorescence, UV-visible or CD spectroscopy
are used, causing confusion in the analysis of the unfolding data.******! Moreover, because
unfolding intermediates are often so poorly populated, it is difficult to study their properties.
Recently it was discovered that unfolding the Class I cytc (cytc550) from Paracoccus
versutus has a spectacular effect on the intrinsic peroxidase activity of this protein.”**! This
prompted us to explore the use of peroxidase activity measurements to study cytc unfolding.
In general, c-type cytochromes catalyse the oxidation of reducing substrates in the presence
of H,0,. Although details are unclear, after binding to the heme centre, hydrogen peroxide is
probably cleaved heterolytically, yielding high-valent protein intermediates capable of
substrate oxidation.”'"! In contrast to true peroxidase enzymes, cytc550 requires the
deprotonated form of H,O; to react. This is because cytc550 lacks the His residue near the
heme-iron that acts as a general acid-base catalyst in peroxidase enzymes.*'") Moreover,
peroxidase activity requires a free coordination position on the heme-iron. Hence, cytc550

displays extremely low peroxidase activity, compared not only to true heme peroxidases!**”!

but also to non-peroxidase penta-coordinated heme proteins like hemo- and myoglobin.!'*”’
The native, six-coordinate state has no peroxidase activity and only the small
population of (partially) unfolded, five coordinate cytc550 acts as a peroxidase.”*” The
activity increase upon unfolding can be attributed to loss of the native Met ligand, and
increased access to the heme-iron. Interestingly, intermediates in cytc unfolding are

generally perturbed in heme-iron coordination and therefore may possess peroxidase
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activity. This makes the approach to study cytc unfolding using a peroxidase activity assay
especially sensitive under conditions favouring the folded state and allows for the study of
the lowest free energy unfolding intermediates.

In this paper, the peroxidase activity of four different c-type cytochromes as a
function of their conformation is reported. It is shown that the peroxidase activity increase
that is brought about by the addition of denaturant is related to partial unfolding. Analysis of
the unfolding curves indicates a transition to an unfolding intermediate of similar free energy
as established earlier using NMR techniques.*®”! The stability of the lowest free energy
intermediate is assessed as a function of pH and heme-iron ligation. The total increase in
peroxidase activity upon unfolding, as related to the activity in absence of denaturant, is
shown to be a sensitive indicator of the strength of the sixth heme-iron ligand. Thus, the
magnitude of the activity increase provides information on the state of cytc in the absence of
denaturant. Characterisation of the fully unfolded cytochromes demonstrates that the
unfolded protein matrix is of no influence on this activity, except under neutral and alkaline
conditions, where protein-based ligands inhibit the reaction. Inhibition by His residues can
be distinguished from inhibition by other, protein-based ligands. Finally, the usefulness of
applying peroxidase activity studies on equilibrium unfolding of c-type cytochromes is

discussed.

Results and Discussion

Choice of cytochromes ¢
The following c-type cytochromes were studied: horse heart cytc, Saccharomyces cerevisiae
iso-1-cytc C102T, Pseudomonas aeruginosa cytc551 and P. versutus cytc550. All four are
Class I cytochromes, which have relatively low sequence homology, but are very similar in
structure.!""'>3% Main differences involve size and the presence or absence of certain loops in
the variable regions of this structural family (see Figure 4. 1).012

These proteins were selected because, except for cytc550, their folding has been well
studied, which facilitates the interpretation of the unfolding data.[**%#! P versutus
cyte550 was included in this study because its peroxidase activity under native and

denaturing conditions has been characterised.”!'***! In addition, M100K cytc550 was

studied, permitting a direct comparison of the effect of the axial ligation on the unfolding
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Figure 4.1. Schematic representation of the crystal structures of the c-type cytochromes used in

this study. a-d respectively depict horse heart cytc,"* yeast iso-1-cytc C102T,*¢ Ps.

145]

aeruginosa cytc551" and P. denitrificans cytc550.°% Although no structure has yet been

solved for P. versutus cytc550, it is thought to be very similar to the highly homologous cytc550

from P. denitrificans.”>”

properties. M100K cytc550 is a site-directed mutant of P. versutus cytc550 in which Lys
replaces the wild-type axial iron ligand Met.5") Finally, microperoxidase-8 (MP-8) was
studied. MP-8 is the product of extensive proteolytic digestion of horse heart cytc.!">® It
consists of heme-c to which a short stretch of amino acids is covalently bound, including the
native His ligand. Its coordination chemistry and peroxidase activity are well

characterised.[!>164232.233]

Unfolding induces peroxidase activity in horse heart cytochrome ¢

Unfolding of horse heart cytc by guanidinium hydrochloride (Gdn.HCI) can be observed by
methods such as fluorescence (Figure 4.2a), Soret band shift (Figure 4.2b) and decrease in
absorption at 695 nm (Figure 4.2¢). Addition of Gdn.HCI also affects the peroxidase activity
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Figure 4.2. Equilibrium unfolding of horse heart cytc by Gdn.HCI at pH 4.5 (298 K) followed
by a) tryptophan fluorescence increase (Hl), b) Soret band shift, ¢) 695-nm absorbance decrease
and d) peroxidase activity increase (O). In a) the peroxidase activity increase is also shown (<),
and included in d) is the peroxidase activity of MP-8 as a function of [Gdn.HCI] (x). The protein
unfolding data were fit to the two-state model of unfolding.””"*! See Materials and Methods for
details. [Cytc] was 3.2 uM in the fluorescence and Soret measurements, and 60 uM in the 695

nm absorbance measurements.

of horse heart cytc (Figure 4.2d, open circles). The sigmoidal dependence of the peroxidase
activity on [Gdn.HCI] corresponds to an unfolding transition leading to a heme iron that is
more accessible to peroxide. The experimental data in Figure 4.2 were fitted (solid lines) to
the two-state model of unfolding.*"*! The apparent free energy change and m-value (Table
4.1) obtained from fitting the transition measured by peroxidase activity are much lower than
measured by fluorescence or either of the optical techniques. This indicates that the
peroxidase activity assays detect a low free energy unfolding intermediate that remains

obscure in the optical and fluorescence measurements. '
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Table 4.1 Parameters obtained from fitting horse heart cytc unfolding curves measured by

different methods”

Method AG s (kealmol ™) m (kcalmol ™M)
Fluorescence 7.6+0.9 29+03
Soret position 8.6+09 3604
695-band 6.6+£0.6 2.7+03
Peroxidase activity 24+£0.1 1.0+£0.1
“298 K, pH 4.5.

If the unfolding were strictly two-state, then at zero [Gdn.HCI] the fraction of fully
unfolded horse heart cytc is ~2.7-10'6, based on AGy,r = 7.6 kcalmol™ (the average of the
spectroscopic measurements, Table 4.1). However, going from 0 to 6.0 M Gdn.HCI, the
activity only increases ~375 times. Thus at zero [Gdn.HCI], a substantial fraction of horse
heart cytc is in a form that is peroxidase-active (i.e. non-native), but that is not the fully
unfolded species either. The contribution of this unfolding intermediate to the peroxidase
activity at lower Gdn.HCI concentrations is obvious when the unfolding curves measured by
fluorescence and peroxidase activity are overlaid (Figure 4.2a). The clear observation of the
intermediate is probably due to the large difference in peroxidase activity between the
intermediate and the native state (which has zero peroxidase activity).

The 695 nm band is indicative of Met-ligation''”

and its loss is known to precede
slightly the global unfolding in c-type cytochromes.'**>**% Kinetic studies indicate that Met-
iron coordination is the final step in cytc folding.!®® Yet, unfolding measured by peroxidase
activity indicates an unfolding transition of even lower free energy. This is surprising
because it is expected that the peroxidase activity increase is related directly to increased
accessibility of the heme-iron, following release of the Met ligand. It may be argued that the
transition measured by peroxidase activity is shifted with respect to the transition monitored
at 695 nm, as peroxide binding affects the Met-Fe binding equilibrium. This is unlikely
however, because the peroxide concentrations used in these experiments are far below the
Ky of this substrate, both at zero and high [Gdn.HCI]. A more likely reason is that the 695
nm experiments have low sensitivity to small amounts of (partially) unfolded species.
Consequently, in the 695 nm measurements, the presence of unfolding intermediates at low

[denaturant] eludes detection, and the two-state fit is biased towards the calculation of the

global unfolding transition. On the other hand, the peroxidase activity is very sensitive to
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non-native species at low denaturant concentrations, as the native state has zero peroxidase
activity. The unfolding curve measured by peroxidase activity (Figure 4.2d, Table 4.1) is
thus much more representative of the transition to the lowest-lying free energy intermediate.
This is substantiated by peroxidase activity measurements at pH 7.0 and pH 8.0 (vide infra).
These indicate a lowest-lying unfolding intermediate of free energy comparable to that
observed using isotope exchange NMR,” and in a recent NMR study following heme
resonances as a function of denaturant.'®”’

Whereas the peroxidase activity of horse heart cytc and other c-type cytochromes
(vide infra) increases in a sigmoidal fashion with increasing [Gdn.HCI], the peroxidase
activity of MP-8 shows a linear increase (Figure 4.2d, crosses), in line with earlier
findings.!"*" As observed, the short peptide attached to the heme in MP-8 is not expected to
experience a cooperative transition by the addition of Gdn.HCI. The accelerating effect of
Gdn.HCI on the peroxidase activity of MP-8 may be related to a lowering of the pK, of
H,0,. This is relevant, as it is the peroxide anion that is the reactive species.[224] This effect
is small (~9 times) compared to the effect that Gdn.HCI has on the activity of horse heart
cyte (~375 times), supporting the notion that it is unfolding that causes the large increase in

activity with horse heart cytc.

Comparison of equilibrium unfolding of c-type cytochromes

The dependence of the peroxidase activity on [Gdn.HCI] was compared for several Class I
cytochromes c. In all cases, the cytochromes display an increase in peroxidase activity upon
unfolding (Figure 4.3). When fully unfolded, at pH 4.5 the peroxidase activity is similar for
all cytochromes and in the same order of magnitude as that displayed by MP-8, despite their
different size and composition. The unfolded protein matrix clearly neither inhibits nor
enhances the peroxidase activity of c-type hemes. The curves in Figure 4.3 were fitted
according to the two-state model of unfolding, and the resulting parameters are listed in
Table 4.2. All proteins behave similarly in that their stability as measured by peroxidase
activity increase is lower than that measured by alternative (spectroscopic) methods (Table
4.2). Interestingly, the thermodynamic parameters for the unfolding as determined by the
peroxidase activity assays are significantly lower for the mitochondrial cytochromes than for
the bacterial cytochromes (Table 4.2). This may be related to the well-known alkaline
transitions of these proteins, which for yeast and horse heart cytc take place at lower pH (pK,

~9)"8 than for P. versutus cytc550 (pK, ~11.2)"") and Ps. aeruginosa cytc551 (pK, ~11)."™
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Figure 4.3. Equilibrium unfolding at pH 4.5 (298 K), as monitored by peroxidase activity
increase, of a) horse heart cytc, b) yeast iso-1-cytc, ¢) P. versutus cytc550, and d) Ps.

213

aeruginosa cytc551. The data were fit to the two-state model of unfolding.*'*! See Materials and

Methods for details on experiments and curve fitting.

Caution is required in those cases where the post-transitional baseline is very steep.

This is illustrated by yeast iso-1-cytc, where the transitional midpoint measured by

peroxidase activity is 1.88 M Gdn.HCI (Table 4.2), compared to 0.95 M Gdn.HCI by CD

spectroscopy,[23 7

seemingly inconsistent with detection of an unfolding intermediate by

peroxidase activity. The relative steepness of the post-transitional baseline, which

approaches the maximal slope of the cooperative transition (Figure 4.3b), complicates the

fitting procedure and may artificially shift the transitional midpoint. The post-transitional

increase in peroxidase activity may be related to an increase in protein volume, which in turn

lowers the effective concentration of protein-based heme-ligands that inhibit the activity

(vide infra).
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Table 4.2 Thermodynamic parameters for the unfolding of various c-type cytochromes, as
measured by peroxidase activity increase at pH 4.5, 298 K and compared to literature values

of equilibrium studies using alternative methods.

Peroxidase activity increase Literature value
Protein AG m AG "
Horse heart cytc 24+0.1 1.0£0.1 10.1° 3.9
Yeast iso-1-cytc C102T 1.5+0.1 0.8+0.1 4.1¢ 43¢
P. versutus cytc550 4.7+0.6 1.8+£0.2 n.a.’ n.a.‘
Ps. aeruginosa cytc551 34+04 1.5+0.2 6.6° 3.1°

* AG o in kcalmol™ and m in kealmol'M™. ? From fluorescence (283 K, pH 5.0).”**1 ¢ From CD (298 K, pH
4.5).137 This value is for iso-1-cytc C102S, which is slightly more stable than the C102T variant. [242.2541 d Not
available. ¢ From fluorescence (283 K, pH 4.7).29

Effect of the axial ligand on the unfolding-induced peroxidase activity of P. versutus
cytochrome c-550
Current understanding is that the first step in cytochrome unfolding involves local unfolding
of the region containing the sixth ligand and its subsequent release from the heme-iron.**¢*]
Replacement of the fairly weak Met ligand!”'*>%** by a stronger ligand may influence the
unfolding transition responsible for the peroxidase activity. For this reason, the unfolding of
wt and M100K cytc550 was compared. In M100K cytc550, the heme-iron is coordinated by
a Lys g-amino nitrogen,™ which is a stronger ligand than the Met thioether sulfur.!'>

In Figure 4.4a, the peroxidase activity as a function of [Gdn.HCI] at pH 8.0 is shown
for wt and M100K cytc550. The unfolding curves are clearly similar and both can be fit to
the two-state model of unfolding, giving similar values of AGy,r and m (not shown).
However, the total activity increase upon unfolding, related to the activity at zero [Gdn.HCI],
differs significantly between both proteins: ~1800 times for wt cytc550 versus ~42,000 times
for M100K cytc550. It implies that the unfolding transitions are similar for both proteins, but
that the peroxidase activity of M100K cytc550 is much more inhibited by the axial ligand
than wt cytc550 at zero denaturant (27 and 1.5 nMs™ for wt and MI100K cytc550
respectively, at 0 M Gdn.HCI, and as in Figure 4.4a). This is in line with the fact that Lys is
a stronger ligand than Met for ferric heme-iron. The observation that both proteins display

similar unfolding curves may indicate that the unfolding transition is not under control of the

axial ligand alone, but involves a more extensive region under these conditions.
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Figure 4.4. Equilibrium unfolding (298 K) monitored by peroxidase activity increase, at pH 8.0
(a) and pH 4.5 (b) of wt () and M100K ([J) cytc550 from P. versutus. Wt cytc550 (solid line)
and M100K cytc550 (dashed line) were fit to the two-state model of unfolding.”*"™!

In a second experiment, both proteins were unfolded at pH 4.5 (Figure 4.4b). Wt
cyte550 displays increased stability and the total increase in activity is somewhat higher than
for M100K cytc550 (~1000 vs. ~625 times). This may be explained by invoking a slightly
weaker axial ligation at pH 4.5 for M100K than wt cytc550. This is in keeping with earlier
findings®®! demonstrating a slightly increased pK, of ligand exchange [the so-called state II-

11 transition]t'*7®]

indicative of a somewhat higher acid-sensitivity for the M100K mutant.
At pH 4.5 this apparently translates into an altered unfolding midpoint, unlike observed at
pH 8.0. Thus, with comparable inhibitory strength of the axial ligand (at pH 4.5) a difference
in stability is detected, while this is not the case under conditions where the Lys of M100K
cyte550 is a stronger ligand (pH 8.0). This suggests that the region around the axial ligand is
less stable in M100K than in wt cytc550. Moreover, it verifies that local unfolding of this

region is not exclusively under control of the axial ligand.

pH dependence of equilibrium unfolding of horse heart cytochrome c

Figure 4.5 shows the peroxidase activity of horse heart cytc as a function of Gdn.HCl
at several pH values. With increasing pH, the AG of the transition as well as the m-value
increases (Table 4.3). The total activity increase upon unfolding also becomes larger with
increased pH, as shown in Figure 4.6. Two protonation events seem to affect the total
increase in peroxidase activity, one above pH 8, and the other below pH 5. It is tempting to
reconcile these events with the well-known acid- and alkaline transitions of horse heart cytc.

The acid transition (pK, ~2.5) involves unfolding and loss of the axial ligand and the alkaline
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transition (pK, ~9) is the exchange of Met for Lys.!'”! The acid form is thus expected to have
relatively high peroxidase activity, and to show little activity increase when Gdn.HCI is
added (in fact no increase is observed at pH 3.0, vide infra). The alkaline transition on the
other hand, involves the introduction of a strong ligand, and thus unfolding will induce a

larger activity increase. Thus, these unfolding curves reflect the strength of the axial ligation.

Table 4.3 pH dependence of the thermodynamic parameters for the unfolding of horse heart

cyte, as measured by peroxidase activity increase (298 K).

pH AGunt (kcalmol'l) m value (kcalmol'lM") Total increase in

activity (times)

4.0 2.0+0.2 1.0+0.1 36

4.5 24+0.1 1.0+ 0.1 266
5.0 2.7+0.2 1.1+0.1 378
6.0 30+04 1.2+0.2 513
7.0 3.84+0.3 1.3+0.1 1062
8.0 6.3+0.9 2.0+0.3 3341

The effect of Gdn.HCI on the peroxidase activity at pH 3.0
Figure 4.7 shows the peroxidase activity at pH 3.0 as a function of [Gdn.HCI] for the
cytochromes from horse heart, yeast and P. versutus. An activating effect of denaturant is
absent except for cytc550. Apparently, the mitochondrial proteins are already (partially)
unfolded at this pH in the absence of Gdn.HCI. This agrees with earlier reports showing that
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at pH 3.0 (and ~0.1 M ionic strength) the cytochromes from horse heart and yeast are (at
least partly) acid-unfolded and high spin.*"#*%*) Apparently, at this pH, P. versutus
cyte550 is still mostly folded although only a small amount of denaturant suffices for
unfolding.

Above the unfolding transition, increasing [Gdn.HCI] has a slightly inhibitory effect
on the peroxidase activity. This is probably because the concomitant increase in ionic
strength has the effect to make the acid-unfolded state more compact.?****"' This may
decrease the accessibility of the heme-iron to hydrogen peroxide and thus reduce the activity.
Note the trend for MP-8 (Figure 4.2d), where a molten globule state is presumably not
possible. As obvious from Figure 4.7, the inhibitory effect is relatively small, which is in
agreement with our previous statement that the protein matrix has very little effect on the

peroxidase activity of unfolded c-type cytochromes.

0.10+ Figure 4.7. The peroxidase activity
at pH 3.0 (298 K) of horse heart cytc
(M), yeast iso-l-cytc (@) and P.
versutus cytc550 (OJ) as a function of
[Gdn.HCI]. The lines through the data
points are drawn for reasons of clarity
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PpH dependence of the peroxidase activity of unfolded cytochromes

Figure 4.8 shows the pH dependence of the peroxidase activity of the fully unfolded (in 6 M
Gdn.HCI) cytochromes from horse heart, yeast, Ps. aeruginosa and P. versutus, as well as
MP-8. The bell-shaped curves observed in all cases are related to:* 1) the heme-iron high
to low spin transition, and 2) the pK, of the peroxide substrate (which is lowered with respect
to its value free in solution, by binding to the heme-iron). Assuming that the only active
species are the high spin heme and the peroxide anion, the pH dependence of the fractions of
these is described by eq. 4.1 and 4.2, respectively. The activity is consequently described by
eq. 4.3, where £ is the maximal (hypothetical) activity when f{HS cytc) = AHO, ) = 1.

[H*]

Ko +[H']

JS(HScyte)= 4.1

KH202
fHOy )=— 0P 4.2)

Kalapy +[H']

activity = k- [cytcliotal -[H202Jtotal - f (HS cyte)- f(HO,™) 4.3)

The activity of each variant is identical within error at pH 4.5, i.e. well below the
high to low spin change, and thus pl(a,appHZOZ is equal for all cases. The data in Figure 4.8
were fitted to eq. 4.3, whereby pKa,am,H202 was fitted globally and k£ was fixed. The value of k&
leading to the best fits was obtained by manual iteration. This value corresponds to a
peroxidase reaction rate of ~2.5-10° M's™", which is close to values found for true heme-
containing peroxidase enzymes.**")

The fits (Figure 4.8, dashed lines) for the cytochromes from P. versutus and Ps.
aeruginosa and for MP-8 are satisfactory, while the fits for the horse heart and yeast proteins
are not. The model used to fit implies that the high to low spin transition can be described by
a single deprotonation event. However, it is known that there are at least three types of
ligand that induce such a transition in unfolded cytochromes. Extensive studies on yeast iso-
1-cytc have shown that His residues (not including the native state His ligand, His18, horse
heart numbering) are in part responsible for the spin state change. Removal of these extra
His residues by site-directed mutagenesis increased the pK, ., of the spin state change by

one unit.**! Elimination of the N-terminal amino group resulted in an extra 1.5 units
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increase (pKaapp = 7.4).2* The third ligand group is thought to be composed of g-amino
groups of Lys residues./®**** The position of extra His residues on the polypeptide chain
also influences the pK, .y, of the spin state transition in unfolded horse heart cytc and yeast

[245-247) N

iso-1-cytc. shift in pK,app is discernible between the unfolded yeast iso-1-cytc

mutant containing zero additional His residues (not counting His18) and the mutant with a

single additional His far away in sequence.”**
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With this in mind, it is clear why the fits in Figure 4.8 (dashed lines) are so poor for
the horse heart and yeast proteins. Of the five investigated molecules, only MP-8 and Ps.
aeruginosa cytc551 do not contain endogenous His residues other than the native-state His
ligand. P. versutus cytc550 contains just one, His118, which is located far away in sequence

from the heme-binding site!*®)

making it is reasonable to expect no contribution to the change
in spin state. Indeed, the activity profiles of Ps. aeruginosa cytc551 and P. versutus cytc550
are indistinguishable (Figure 4.8). Horse heart cytc contains two, His26 and His33, and yeast
iso-1-cytc contains three endogenous His residues close to the heme-binding site (His26, 33
and 39, horse heart numbering).!'?) In accordance, the peroxidase activity of yeast iso-1-cytc
is more repressed than horse heart cytc and both are lower than the activities of the proteins
from Pseudomonas and Paracoccus (Figure 4.8). The peroxidase activity of MP-8 at neutral
pH is even higher, which agrees with the absence of Lys residues in this molecule.!'*”

The nature of the strong-field axial ligand and its tendency to inhibit peroxidase
activity can thus be differentiated. To account for this, a second equation was devised (eq.
4.4). For simplicity, only two ligand groups are taken in account. One of these comprises His
residues, and the other includes the supposed ligands of the N-terminal and Lys sidechain
amino-groups. The propensity of either ligand group is assessed in eq. 4.4 by the ratio of
effective concentrations and Ky for heme-iron binding.

K" -
Kyl +[H*]

N [His];

T (4.4)

£(HS cytc)=[1+ L] [
KdL

KaHiS
K His +[H+]
a

The data in Figure 4.8 were fitted to eq. 4.3 into which eq. 4.4 was incorporated.
Parameter k (eq. 4.3) was fixed (~2.5-10° M's™, as above), and pKa,appH202 and the apparent
pK,’s of the two ligand groups were fitted globally. The best fits are the solid lines in Figure
4.8, and the resulting parameters are shown in Table 4.4. The use of eq. 4.4 instead of eq. 4.1
leads to substantially better fits for the horse heart and yeast cytochromes (Figure 4.8a,b),
while the other cases show no improvement. The value of pKa,appHzoz is not changed when
eq. 4.4 is used instead of eq. 4.1. The calculated value for pK,"™ is 7.1, identical to that
determined previously in 6 M Gdn.HCL'***! The pK, value for the alternative ligand is 9.3, in
the range expected for amino groups.**!

An interesting consequence of eq. 4.4 is that it distinguishes two types of ligands, and

that it provides an impression of the relative binding strength of each ligand type to the heme
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iron. The calculated values of [His]/Kq™ and [L]/Kd" (see Table 4.4), suggest that the
endogenous His are weaker ligands than the ‘amino group’ and are displaced by the latter at

alkaline pH.

Table 4.4 Parameters obtained from fitting the pH dependence of the peroxidase activity
of unfolded cytochromes (298 K).

Protein Parameters derived from eq. 4.3 (using eq. 4.1)
PKa,alolono2 pKa,appcth ‘
Horse heart cytc 8.04 +0.02 5.86 +0.04
Yeast iso-1-cytc C102T 8.04 £0.02 5.64 £0.05
P. versutus cytc550 8.04 £0.02 6.33+£0.02
Ps. aeruginosa cytc551 8.04 £0.02 6.36 = 0.02
Microperoxidase-8 8.04 £0.02 7.03£0.03

Parameters derived from eq. 4.3 (using eq. 4.4)
pKa,appH202 pKaﬂls pKaL [HIS] t/KdHls [L]t/KdL

Horse heart cytc 8.00£0.02 7.1+£02 93£0.2 20+ 8 1594 + 640

Yeast iso-1-cytc C102T  8.00+0.02 7.1+£0.2 9.3+0.2 41+ 17 2082 + 860

P. versutus cytc550 8.00 £0.02 na. 9.3+0.2 0 987 + 408

Ps. aeruginosa cytc551  8.00 + 0.02 na. 9.3+0.2 0 921 + 381

Microperoxidase-8 8.00 + 0.02 na. 93+0.2 0 196 + 80
@ K, ™ is the apparent pK, for the heme iron high to low spin transition. * Not applicable.

The relative values of [His]t/KdHis

of the four cytochromes qualitatively agree with
the expected values (Table 4.4). Only the eukaryotic cytochromes contain His residues
competent for heme binding, and horse heart cytc has one His residue less than yeast iso-1-
cytc. For the other ligand group, note that both horse heart cytc and P. versutus cytc550 do
not have N-termini that can coordinate the heme-iron, since they are N-acetylated''! or
pyroglutamated.””***”! This is relevant, because on average the pK,’s for N-termini are over 2

(28] and thus an N-terminus is expected to have

units lower compared to Lys g-amino groups
a much stronger apparent affinity for the heme iron than a Lys N°. Cytc550 about twice as
many Lys residues as cytc551 (15 and 7, respectively), while the values of [L]/K4 obtained

from the fits are identical within error for both proteins (Table 4.4). This signifies the
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relative importance of the N-terminus as a ligand in unfolded cytochromes, in agreement

with earlier findings.**"

Inhibition of the peroxidase activity of unfolded P. versutus cytochrome c-550 byimidazole
and glycine
To corroborate the conclusion that endogenous His residues as well as amino-groups inhibit
peroxidase activity by binding to the heme iron, the inhibitory effect of exogenous imidazole
and the N-terminus of glycine on the peroxidase activity of unfolded P. versutus cytc550
was measured. Cytc550 was used because the endogenous extra His does not seem to
participate in inhibiting the peroxidase activity (vide supra). Figure 4.9a and 4.9b show the
inhibition of cytc550 peroxidase activity at pH 5.83 by imidazole and glycine, respectively.
The inhibition by imidazole was fitted to an apparent Ky of 4.9 £ 0.1 mM. Using
pK."™ = 7.1 (from Table 4.4) this amounts to Kq = 250 + 5 pM for imidazolate. This value is
slightly higher than the apparent K4’s for exogenous imidazole reported for the heme-
peptides MP-6 (80 uM, pH 8.5)!'7* and MP-11 (120 puM, pH 9.0)," respectively. Using K4
=250 pM, and the values of [His],/KdHis from Table 4.4, the effective concentration of His
can be estimated in horse heart and yeast cytc. These are 5.0 £ 1.5 and 10.3 + 3.8 mM,
respectively. The latter value is in good agreement with an earlier estimate.*"

The inhibition of the peroxidase activity by glycine was fitted to an apparent K4 of
716 £ 30 mM. Assuming a value of 9.3 for its pK, (Table 4.4), it emerges that the

25.0 25.01
a b
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0 15.0 Q) 1
= 5. = 5.04
2 2
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= =
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Figure 4.9. Inhibition of the peroxidase activity of unfolded (6.0 M Gdn.HCI) P. versutus
cyte550 at pH 5.83 (298 K) by imidazole (a) and glycine (b), respectively. In each case, the data
were fitted (solid lines) to a single binding equilibrium, yielding dissociation constants of 4.9 +
0.1 mM for imidazole and 716 £+ 30 mM for glycine.
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deprotonated N-terminus of glycine binds the heme-iron with K4 = 243 + 10 uM. This value
is in reasonable agreement with that established earlier for MP-11 (930 uM, pH 9.0).*
Apparently, there is little difference in the binding affinity of imidazolate and the
deprotonated N-terminus of glycine to the heme iron of unfolded cytc550. These makes it
likely that with increasing pH, amino-groups replace the endogenous His ligands in
unfolded, low spin horse heart cytc and yeast iso-1-cytc, as these proteins contain an
abundance of Lys residues. This is in accordance with the preceding discussion of the pH
dependence of the peroxidase activity of unfolded horse heart cytc and yeast iso-1-cytc.
Coordination of amino ligands to the heme-iron of c-type cytochromes is not unprecedented.

In cytochrome f the sixth ligand is the N-terminal amino,**”!

and the relatively low pK, of
the alkaline transition in mitochondrial cytochromes c¢ indicates that the native-state Met S°

ligand can be easily replaced by a Lys N*.

Concluding remarks

This study describes a novel way to look at unfolding of c-type cytochromes. The peroxidase
activity method detects the presence of an unfolding intermediate invisible in optical and
fluorescence measurements but observable in NMR studies.'***" It corroborates that the free
energy difference between this intermediate and the native state depends on the strength of
the axial ligand (as described by Xu er al),”""! and that acid-unfolded cytc is sensitive to

increasing ionic strength.**”! Finally, it supports the finding™*"

that at least two types of
ligands may coordinate the heme-iron under denaturing conditions.

Peroxidase activity measurements prove a useful addition to the array of techniques
currently available for the study of cytc unfolding. A drawback of this technique is that only
equilibrium unfolding can be studied. In addition, only the ferric form of c-type cytochromes
is open to study, because that is the form reactive with H,O,. Obvious advantages are the
ease of experimentation and the need for only small quantities of protein.

An important conclusion is that the peroxidase activity of c-type cytochromes is an
extremely sensitive parameter to study intermediates in cytc unfolding. Most techniques
detect mixed signals of the unfolding states energetically available under particular
conditions. Generally, intermediate unfolding states are poorly populated, and they thus
easily escape detection. The peroxidase activity, however, specifically relates to non-native,

five-coordinate species. Peroxidase activity assays are thus most informative under

conditions that favour the native state of the protein.
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Materials and Methods

P. versutus cytc550 was produced in P. denitrificans strain 2131 and isolated as
described.*'") Mrs. Ing. Gertriild C. M. Warmerdam kindly supplied P. versutus M100K
cyte550, which was isolated as described.”*! Cytc551 was a kind gift of Drs. Ellen C. de
Waal and Dr Erik Vijgenboom. It was produced in Ps. aeruginosa strain PAOIL, as

described,[226]

and was isolated using a slightly modified protocol used previously to isolate
Ps. aeruginosa azurin heterologously expressed in E. coli.”*”! Dr Jonathan A. R. Worrall
generously provided S. cerevisiae iso-1-cytc C102T, produced in E. coli and isolated as
described.?®**! Horse heart cytc (Type VI, Sigma) was subjected to Sephadex Superose-
200 gel filtration before use. MP-8 was a kind gift of Ms. Mariel Boersma and Prof. Dr
Ivonne M. C. M. Rietjens (Wageningen University), and was prepared as described.!'*®)
Throughout, the cytochromes ¢ were used in their ferric form.

Chemicals were of the highest grade commercially available, and dissolved in de-
ionised water (Milli-Q). Gdn.HCI (Biochemika grade, Fluka) was dissolved to 8 M and this
stock solution was filtered over 0.45 uM HV Durapore filters (Millipore) before use. The
solutions were buffered with 100 mM sodium phosphate. The pH of each solution was
measured separately with a Corning pH pencil gel combo-electrode calibrated with [UPAC
standard buffers (Radiometer Analytical, France). The cytc/Gdn.HCl mixtures had been
equilibrated overnight before the measurements. All experiments were performed at 298 K.

Peroxidase activity was assayed using hydrogen peroxide and guaiacol (o-
methoxyphenol, Sigma). The reaction was initiated by mixing a volume of cytc/Gdn.HCI
with an equal volume of freshly prepared H,O,/guaiacol/Gdn.HCI. The formation of product,
tetra-guaiacol (470 = 26.6 mM'cm™) was followed with a Shimadzu UVPC-2101PC
spectrophotometer fitted with a thermostat. The obtained activity profiles were analysed as
before.*'!! [Guaiacol] was 10 mM, [cytc] was between 0.5 and 3 pM, and [H,0,] between
0.1 mM and 100 mM. In all assays, the reaction rate depended in a bimolecular fashion on
[cyte] and [H,03]. For coherent graphical representation, the activities were normalised to 1
UM cytc and 1 mM H,0,, and it was taken into account that tetra-guaiacol is the product of
four oxidation reactions.!'®) Optical spectra were recorded on the same instrument

mentioned above. Fluorescence spectra were recorded on a Perkin-Elmer Luminescence
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Spectrometer LS-50B, with 290 nm and 359 nm as excitation and emission wavelengths
respectively.
Unfolding curves were assessed by the two-state model of unfolding assuming linear

baselines, according to the method of Santoro and Bolen.*'*! Eq. 4.5 was used to fit the data:

a+b[Gdn.HCI]+ (¢ + d[Gdn.HCI]) exp(—2Cunt +mGdn HCI]

observable= RT 4.5)
I+exp (—A Gunf + m[Gdn.HCl])

RT

Herein, a and ¢ correspond to the values of native and fully unfolded protein at zero
denaturant concentration, respectively, and b and d to their respective dependence on
[Gdn.HCI] (pre- and post-transitional baselines). AGyyr is the Gibbs free energy of unfolding
in absence of denaturant and m represents the dependence of the unfolding free energy on
[Gdn.HCI]. In case of peroxidase activity measurements, the following modification was
applied. The native state is assumed fully inactive, because in the native-state the heme-iron
is six coordinate and thus cannot react with H,O,. Since the native state is fully inactive, its
activity cannot change linearly with increasing [Gdn.HCI], and thus the pre-transitional
baseline was set to zero in the fits. Thus the terms a and b in eq. 4.5 were set to zero in the
fitting procedure. All fits (non-linear least-squares fitting) were generated using the
algorithm of Levenberg and Marquardt, and done in Origin software, version 6.0 (Microcal

Software, Northampton, MA).
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Abstract

The effect was studied of detergents on the peroxidase activity of cytochrome c-550 from
Paracoccus versutus (cytc550). Cytc550 does not interact with non-ionic or zwitterionic detergents,
but its peroxidase activity is significantly enhanced in the presence of both anionic and cationic
detergents. The increase in peroxidase activity is caused by (partial) unfolding of cytc550, resulting
in weakening of the bond between the axial methionine ligand and the heme-iron. With sodium
dodecyl sulfate and dodecyltrimethylammonium bromide, the activity increases roughly tenfold and
hundred-fold, respectively. The detergent concentration required to enhance the peroxidase activity
of cytc550 consistently coincides with the critical micellisation concentration (CMC). When cytc550
carries substantial opposite charge to that of the detergent headgroup, the protein-detergent complex
is formed at lower detergent concentration than the CMC, i.e. at acid pH for anionic detergent and at
alkaline pH for cationic detergent. It is concluded that in the presence of ionic detergents, cytc550
can acquire considerable peroxidase activity. This may be exploited by applying cytc550 as an
oxidative catalyst in detergent-rich environments, where regular peroxidases rapidly lose their

catalytic potential.
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Introduction

In view of the contemporary need for more environmentally friendly production processes in
chemistry, so-called ‘green chemistry’, there is considerable interest in the application of
enzymes as catalysts.”>”) Of these, peroxidases are interesting candidates because they
function in a variety of oxidation reactions on a broad spectrum of substrates.!'****
Peroxidases are heme-containing enzymes that efficiently catalyse substrate oxidations using
the environmentally ‘clean’ oxidant hydrogen peroxide.

Cytochrome ¢-550 from Paracoccus versutus (cytc550) is a heme-protein that in vivo

47481 although in vitro it also possesses a low activity as

functions as an electron transporter,
a peroxidase.”"" In cytc550 the heme cofactor, which is essential for catalysis, is covalently
bound to the protein through thioether bonds to two cysteine residues. This gives rise to the
interesting phenomenon that when the structure of cytc550 is perturbed, e.g. by unfolding,
the peroxidase activity increases considerably and unfolding renders cytc550 a competent
peroxidase.”****°! Cytc550 can thus, in principle, function as a peroxidase under conditions
where the protein is unfolded, i.e. under conditions normally considered harsh for proteins.
Under such conditions, the use of natural peroxidase enzymes is limited, because these
enzymes lose their heme cofactor when the protein unfolds.[¢%2%%

Previously, we reported on the effect of a chaotropic agent (guanidinium
hydrochloride) on enhancing the peroxidase activity of cytc550.%2***) Here we study the
effect of detergents on the cytc550 peroxidase activity. In industry, the use of detergents is as

t,[263 I'and for this reason it is relevant to understand in more detail

ubiquitous as it is importan
the possible application of cytc550 as a peroxidase in the presence of detergents.

An additional motivation for the study of the effect of detergents on the peroxidase
activity of cytc550 is the following. In vivo, a significant proportion of mitochondrial
cytochromes ¢ are bound to or (partially) inserted into the membrane.****%" These forms of
cytochrome ¢ are known to be partially unfolded.?****) It is important to realise whether
they have any peroxidase activity of significance. If so, they, in principle, are a source of free
radicals, which are considered an important cause of ageing.*'**’") Even though cytc550 is
of bacterial origin, it has considerable homology to mitochrondrial cytochromes ¢.'**®! The
interaction between cytc550 and anionic detergents may provide information on whether

such membrane-associated mitochrondrial cytochromes are likely to possess meaningful

peroxidase activity.
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It is demonstrated that non-ionic or zwitterionic detergents have no effect on the
peroxidase activity, while the anionic detergent sodium dodecylsulfate (SDS) and cationic
detergents containing quaternary ammonium headgroups enhance the peroxidase activity of
cytc550. Efficient binding by both types of ionic detergents is related to the high surface
charge and dipolar nature of cytc550. The peroxidase activity increase is consistently
observed to occur close to the critical micellisation concentration (CMC) of the detergent.
The increase in peroxidase activity brought about by SDS is moderate, suggesting that in
vivo membrane bound cytochromes are not an important source of free radicals. Cationic
detergents cause a significantly higher increase in the peroxidase activity of cytc550 (up to
~100 times). This indicates that in the presence of detergents, cytc550 may be suitable as a

‘green’ oxidation catalyst.

Results

Effect of SDS on cytc550 fluorescence, absorption spectrum and peroxidase activity

When SDS is added to cytc550, the tryptophan fluorescence increases (Figure 5.1a). Trp
fluorescence quenching is usually ascribed to interactions with the heme, and an increase in
fluorescence can be ascribed to an increase in the Trp-heme distance and an overall
expansion of the protein structure.”'* The fluorescence increase takes place between 0.25
and 1.0 mM SDS, and exhibits a sigmoidal shape, which implies cooperativity. Figure 5.1b
depicts the [SDS] dependence of the position of the main optical absorption (Soret band) of
cytc550. A small blue shift occurs already at low (~0.1 mM) [SDS], but the major (blue)
shift occurs between 0.25 and 0.45 mM SDS. This transition is followed by a red shift up to
0.7 mM SDS. In Figure 5.1c, the peroxidase activity is shown against [SDS]. At low (0.1
mM) [SDS] the activity is somewhat repressed, but increasing [SDS] induces a significant
increase in the peroxidase activity of cytc550. The activity increase occurs between 0.25 mM
and 0.7 mM SDS, after which the activity is repressed up to 1| mM SDS. The CMC was
determined as 0.74 mM SDS (under the same conditions as the peroxidase activity
experiments, except for H,O,). This is roughly concurrent with the major changes observed
for the properties of cytc550. Above the CMC, preferential solubilisation of the reducing
substrate guaiacol (gc) in pure SDS micelles may, in principle, reduce its availability, and

thus decrease the reaction rate. This is not the reason however, of the activity decrease above
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Figure 5.1. Effect of SDS on selected properties of cytc550. a) Tryptophan fluorescence, b) the
position of the main heme absorption band (Soret) and ¢) the peroxidase activity of cytc550.
Experiments were performed in 100 mM sodium phosphate pH 8, with 0.61 uM cytc550, and for
the peroxidase activity measurements, 10 mM gc and between 3 and 15 mM H,0,. The CMC of
SDS was determined in the presence of 10 mM gc and 0.61 uM cytc550, and its value is
indicated in the plots by the arrows. Indicated on the x-axis is the total [SDS].

0.7 mM SDS (above the CMC), because both in the presence and in absence of SDS, the rate

is governed by the bimolecular reaction between peroxide and cytc550 (not shown).

Dependence of SDS-induced peroxidase activity increase on counterions and buffer
composition

The above-mentioned experiments were performed in the presence of 100 mM sodium
phosphate, pH 8. To assess the influence of sodium phosphate, the ionic strength and nature
of the SDS counter-ions, the peroxidase activity increase was determined in 10 mM
Tris.HCI, pH 8, and also in this buffer supplemented with 100 mM LiCl. The results are
shown in Figure 5.2, together with the CMC values determined under these conditions. The

ability of SDS to affect peroxidase activity increase follows the same trend as the tendency

82



0.3

0.2 1

0.1+

Peroxidase activity (uM/s)

cMC CMC (10 mM Tris)
(100 mM LiCl)
0.0 T T T T 1
0 2 4 6 8
[SDS] (mM)

Figure 5.2. Effect of the buffer composition on the SDS-dependence of the peroxidase activity
of cytc550. Experiments were performed in 100 mM Na-phosphate pH 8 (ll), 10 mM Tris.HCI
pH 8 (@) and 10 mM Tris.HCI pH 8 supplemented with 100 mM LiCl (OJ). Experimental details
were as in Figure 5.1c. CMC values as determined are indicated by the arrows in the plot, which
from low to high [SDS] corresponds to buffer containing phosphate, Tris.HCI plus LiCl, and
Tris. HCI, respectively.

to form micelles. The more solvophobic the detergent monomers (depending on the counter-
ion), the lower the CMC, but also the peroxidase activity increase takes place at
correspondingly lower [SDS]. Interestingly, under all conditions tested, the peroxidase
activity reaches its maximal value at the CMC, after which a decrease in activity is seen.
Note that the maximal activity as well as the amplitude of the decrease seems to depend on

the buffer composition.

The pH dependence of the SDS-induced peroxidase activity increase

To study the effect of cytc550 surface charge on the binding of SDS, the peroxidase activity
increase induced by SDS was assessed as a function of pH. At neutral pH, cytc550 is a
strongly charged protein, with a highly non-symmetrical distribution of its charged amino
acid side chains on the surface (Figure 5.3a). At the ‘front face’, around where the heme
edge is exposed to the solvent, cytc550 has a ring of basic lysine residues, while the ‘back
face’ is studded with glutamate and aspartate residues and carries substantial negative
charge. The iso-electric point of cytc550 is 4.6.1*! The calculated overall charge, on basis of
average pK, values of its protonatable groups, is indicated in Figure 5.3b as a function of pH.

At pH 4, the overall charge of the protein is positive, and the negatively charged back face of
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Figure 5.3. a) Surface charge of a homology-based structural model of cytc550 (pH 7). The
model was generated and the figure was produced as discussed in the Experimental Section. The
back and front faces are shown on the left and right, respectively. Both positive and negatively
charged regions are shown in grey, but positive charges are in dark grey and are indicated by ‘+’.
b) The calculated charge of cytc550 as a function of pH, based on amino acid composition and

respective average pK, values, as discussed in the Experimental Section.

cytc550 will be partly neutralised. Conversely, at pH 11 the positively charged patch around
the exposed heme-edge is partly neutralised. At pH 8, both patches are charged.

In Figure 5.4a-c, the peroxidase activity of cytc550 is plotted as a function of [SDS]
at pH 4, 8 and 11, respectively, with the CMC of SDS under the conditions of each
experiment also indicated. In Figure 5.4d, the curves are overlaid, for direct comparison. The
curves at pH 8 and 11 are comparable, albeit that the midpoint of the transition is 0.48 mM
and 0.6 mM at pH 8 and pH 11, respectively. The affinity of SDS to bind cytc550 is highest
at pH 4, where the transitional midpoint is at ~0.225 mM SDS. Interestingly the peroxidase
activity increase is complete well before the CMC of SDS under these conditions, and the
peroxidase activity does not exhibit a decrease after reaching its maximum.

The enhanced affinity of SDS for cytc550 at acid pH suggests that binding of SDS to
cyte550 is modulated by the attraction between the negatively charged SDS molecules and
positive charges on the protein. It is interesting that going from pH 8 to pH 4, cytc550 is
expected to have a smaller number of negative charges (23 and 11 at pH 8 and 4,
respectively), while the amount of positive charges remains essentially unaltered ~16).
Neutralisation of the negatively charged residues apparently enhances the binding affinity of
SDS for cytc550. Going from pH 8 to pH 11, cytc550 loses about 11 of its positive charges.
Although this does affect the binding affinity somewhat, it is not very much poorer at pH 11

than at pH 8.
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Figure 5.4. Peroxidase activity of cytc550 as a function of total added SDS at pH 4 (a), pH 8 (b)
and pH 11 (¢). In all cases [cytc550] was 0.61 uM, [gc] was 10 mM, [H,0,] between 2 and 40
mM, and [phosphate] was 100 mM. Arrows indicate the CMC of SDS determined for each pH
value. In d), the activity increase at pH 4 (solid line), pH 8 (dashed line) and pH 11 (dotted line)

is reproduced for direct comparison of the respective activities.

The effect of non-ionic and zwitterionic detergents on the peroxidase activity of cytc550

The effect was assessed of several non-ionic and zwitterionic detergents and amphiphiles on
the peroxidase activity of cytc550 (pH 8). No effect on the activity is observed with sodium
cholate, sodium desoxycholate, N-dodecyl-N, N-dimethylammonio-3-propane sulfonate, N,
N-dimethyl dodecylamine-N-oxide, sodium bis-(2-ethylhexyl) sulfosuccinate or Triton X-
100 (not shown). This is not surprising as non-ionic and zwitterionic detergents tend not to

27U Their obvious lack of interaction also with cytc550,

disturb protein structure.
corroborates that cytc550 unfolding is triggered by or depends on the attraction between

opposite charges on protein and detergent.
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Figure 5.5. Peroxidase activity of cytc550 as a function of total added HTAB at pH 4 (a), pH 8
(b) and pH 11 (¢). In all cases [cytc550] was 0.61 pM, [gc] was 10 mM, [H,O,] between 0.6 and
30 mM, and [phosphate] was 100 mM. Arrows indicate the CMC of HTAB determined for each
pH value. In d), the activity increase at pH 4 (solid line), pH 8 (dashed line) and pH 11 (dotted

line) is reproduced for direct comparison of the respective activities.

The effect of detergent chainlength and headgroup charge on the peroxidase activity of
cyte550

The effect of hexadecyltrimethylammonium bromide (HTAB), a detergent with a quaternary
ammonium headgroup and a tail length of sixteen carbon atoms, on the peroxidase activity
of cytc550 is shown in Figure 5.5a-c at pH 4, 8 and 11, respectively. Included in the graphs
are the CMC values of HTAB under the conditions of the experiments and in Figure 5.4d the
curves are overlaid for direct comparison. HTAB influences the peroxidase activity of
cytc550 in a similar fashion as seen with SDS (vide supra). A major increase in activity is
followed by a decrease. The peroxidase activity increase is roughly concurrent with the
CMC. The affinity of HTAB to bind cytc550 increases with increasing pH, which is

probably related to the increasing overall negative charge of cytc550. It cannot be ruled out
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that the decreasing hydrophilicity of HTAB with increasing pH (as seen in the decreasing
CMC) plays a role in the enhanced affinity. The latter is probably caused by an increased
population of doubly or triply charged phosphate ions in the solution, as these are effective
counter ions for HTAB.*"!

The peroxidase activity increase induced by dodecyltrimethylammonium bromide
(DTAB) (with a tail length of twelve carbon atoms) is shown in Figure 5.6a-c at three pH
values together with the experimentally determined CMC values. Figure 5.6d shows the
overlay of the three curves. At pH 4 and 11 a steep increase in activity is observed, that
subsequently decreases after passing the CMC. At pH 8, the curve appears quite different:
the peroxidase activity increase occurs over a much broader DTAB concentration than at
lower and at higher pH, and no decrease of peroxidase above the CMC of DTAB is seen.

The effect of tetradecyltrimethylammonium bromide (TTAB) (with a chain length of
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Figure 5.6. Peroxidase activity of cytc550 as a function of total added DTAB at pH 4 (a), pH 8
(b) and pH 11 (¢). In all cases [cytc550] was 0.61 pM, [gc] was 10 mM, [H,0,] between 0.3 and
30 mM, and [phosphate] was 100 mM. Arrows indicate the CMC of DTAB determined for each
pH value. In d), the activity increase at pH 4 (solid line), pH 8 (dashed line) and pH 11 (dotted
line) is reproduced for direct comparison of the respective activities.
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fourteen carbon atoms) on the peroxidase activity of cytc550 at pH 8 is shown in Figure 5.7.
The activity curve shows the same trend as observed before, i.e. a significant, sigmoidal
increase in the peroxidase activity with increasing [detergent] up to the CMC. In the case of
TTAB, no decrease in activity is seen above the CMC.

The affinity to bind cytc550 clearly depends strongly on the length of the aliphatic
tail of the three tested cationic detergents. The affinity is higher when the tail is longer. In all
cases, the activity increase is more or less concurrent with the CMC, placing a clear link
between the propensity of the detergent to form micelles and its propensity to form a

complex with cytc550.

Effect of protein concentration on the detergent-induced peroxidase activity increase

The importance of protein concentration was assessed for the effects of SDS and HTAB on
the peroxidase activity of cytc550 (Figure 5.8a-b). The SDS binding curve at 4.4 uM
cytc550 is distinct from that at 0.61 uM cytc550 (Figure 5.8a). The affinity appears lower,
and the typical sharp maximum around the CMC is absent at higher [cytc550]. The apparent
decrease in affinity is simply related to the fact that the amount of unbound detergent is
smaller when the protein concentration is higher (note that on the x-axis in Figure 5.8, the
total (= bound and unbound) [SDS] is plotted). Accordingly, the transition seems slightly
less steep at 4.4 uM cytc550. Moreover, the CMC was determined to be ~65 uM higher at
4.4 uM cytc550. The protein concentration dependence of the binding of HTAB to cytc550
(Figure 5.8b) is comparable to that just discussed for the case of SDS. The CMC of HTAB
was determined to be ~85 uM higher in the presence of 4.4 uM cytc550.
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Figure 5.8. Protein concentration dependence of the detergent-induced peroxidase activity of
cytc550. a) Peroxidase activity of 0.61 uM cytc550 (M) and 4.4 uM cytc550 (0J) as a function of
total added SDS. b) Peroxidase activity 0.61 uM cytc550 (H) and 4.4 uM cytc550 (OJ) as a
function of total added HTAB. Each experiment was performed in 100 mM Na-phosphate pH 8,
using 10 mM gc and 0.75 to 3 mM H,O,. Arrows indicate the CMC of SDS and HTAB,
respectively. For both detergents, the CMC was higher in the presence of 4.4 uM cytc550.

Assuming that the difference in CMC is caused by the decreased concentration of
free detergent due to the binding of detergent to the extra 3.79 uM protein, it is easily
calculated that cytc550 binds 85/3.79 = 23 monomers HTAB and 65/3.79 = 17 monomers
SDS, respectively. Despite the crudeness of this approach to determine the number of
detergent molecules bound by cytc550, the apparent number of detergent monomers in the
protein-detergent complex relates well to the amount previously observed to bind (~20) to
the closely related horse heart cytochrome ¢.2’**"* Interestingly, the estimated number of 23
HTAB molecules bound to cytc550 is the same as the number of negative charges at pH 8.
Likewise, the estimated number of SDS molecules bound, 17, corresponds remarkably well
to the 16 positive charges that are present on cytc550 at pH 8. Although this agreement in
numbers may be coincidental, it enforces the idea that detergent-protein-complex formation
is driven by electrostatic interactions between opposite charges on the protein and the

detergent headgroups.
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Discussion

It is well known that jonic detergents induce structural perturbations in proteins.?’"*">27!

The properties of the resultant complexes and the mode of complex formation have been
intensively studied.?””?7 Nevertheless, much remains unclear, which is related to the
heterogeneity of protein-detergent complexes and to the fact that details of the interaction
depend strongly on the type of detergent chosen and the properties of the protein studied. In
some instances, c-type cytochromes have been used to study protein-detergent
interactions.!?”>#7*282%] These proteins have intrinsic advantages for such studies as they
have a covalently bound heme cofactor, which provides useful spectroscopic handles to
monitor complex formation with.!'?) Moreover, the heme cofactor has an intrinsic peroxidase

(2591 a5 we have done here.

activity, which can be exploited to study cytochrome unfolding,

As it turns out, the properties of cytc550 that are related to the heme cofactor display
a more complex dependence on detergent concentration than the protein fluorescence, which
is more related to the overall properties of the protein (Figure 5.1). Whereas with increasing
[SDS] the fluorescence shows a simple S-shaped increase, the major heme absorption band
(Soret band) and the peroxidase activity exhibit a more complex dependence on [SDS]. The
fluorescence increase is compatible with an increase in the average size of cyt550 upon
binding of SDS (i.e. the protein unfolds).

The position of the Soret band as a function of [SDS] however, is already affected at
significantly lower concentrations (at 0.1 mM SDS at pH 8). This is concurrent with a small
decrease in peroxidase activity, at least with anionic detergent, which we ascribe to specific
binding of SDS on the positively charged front face of cytc550. The main cooperative
transition, which is simply sigmoidal when followed by fluorescence, displays a distinct
maximum in the shift of Soret band position as well as in the peroxidase activity. This
maximum occurs before SDS-binding reaches a plateau, as signified by the continuing
fluorescence increase with increasing [SDS] (c¢f. Figure 5.1a-c). Moreover, the maximum in
the Soret band shift occurs at a different position than the maximum observed in the
peroxidase activity. Despite this apparent disparity, both effects may relate to the same case
but reflect differences in the size of the observed effect in initial and later stages of SDS
binding. The initial blue shift of the Soret band and the initial increase in activity probably

reflect an increased accessibility of the heme cavity for water molecules and for the co-
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substrate, H,O,, respectively. In addition, the increased dissociation of the axial Met heme
ligand!?*#*#2%) (which blocks access of peroxide to the heme iron) may play a role.

The partial reversal of the Soret band shift and the activity increase at still higher
SDS concentrations is interpreted as signalling a decreased accessibility of the heme cavity
and a concomitant change again in the polarity of the medium around the heme. This may
also affect (increase) the pK, of H,O,, which would lower the effective concentration of the
peroxide anion (the reactive species).l!!#242%]

This partial reversal of the peroxidase activity increase is also observed with cationic
detergents (Figures 5.5-5.7). The extent of the decrease, if at all, depends very much on the
nature of the detergent and buffer composition. Thus, the microenvironment of the heme in
the protein-detergent complexes may or may not be significantly changed upon reaching full
saturation with detergent. This is best illustrated by the behaviour of DTAB (Figure 5.6). At
pH 4 and 11, a significant activity decrease occurs at the CMC, while at pH 8 the exact
opposite is observed. Apparently, there are important differences in the structures of the fully
saturated cytc550-DTAB complexes at pH 8 and pH 4 or 11, but these are currently
unresolved. Note that when a higher cytc550 concentration is used, the decrease is also less
pronounced (HTAB, Figure 5.8b) or absent (SDS, Figure 5.8a). The reason for this may be
that at higher protein concentrations, the free detergent monomer concentration required for
full saturation of the protein is not reached.

From Figure 5.2 and Figures 5.4-5.7, it emerges that the peroxidase activity as a
function of the detergent concentration always increases at detergent levels close to the
CMC. Detergents with longer aliphatic tails, having a stronger tendency to form micelles,
affect cytc550 at lower concentrations (the HTAB-TTAB-DTAB series). Buffer
compositions that promote micelle formation, i.e. having higher ionic strength or containing
strong counter ions cause the peroxidase activity to increase at lower detergent levels (e.g.
see Figure 5.2). Although there are some interesting exceptions to this general observation
(vide infra), there is a clear connection between micelle formation and the formation of a
protein-detergent complex. In most cases, detergent-protein complexes are formed or are still
in the transition phase just below the CMC.

There is also a correlation between detergent charge and protein charge, implying a
role for electrostatics in the association between detergent and cytc550. This is clearly
exemplified by the failure of non-ionic and zwitterionic detergents to increase the peroxidase

activity of cytc550. Also, there is the interesting observation that when the protein contains a
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significant amount of charges opposite to that of the detergent headgroups, complex
formation can occur at significantly lower detergent concentration than the CMC. This
includes two of the above-mentioned exceptions, namely the saturation of the cytc550-SDS
complex at low pH (Figure 5.4a) and, possibly, the saturation of the cytc550-HTAB complex
at high pH (Figure 5.5a). Under these conditions, complex formation is apparently so
favourable because of electrostatic forces, that protein-detergent complexes are formed at
significantly lower detergent concentration than pure detergent micelles.

There appears to be a significant difference in the ability of the anionic SDS and the
cationic detergents to enhance the peroxidase activity of cytc550. The peroxidase increase
caused by SDS is moderate except at alkaline pH. The total increase in activity for each
detergent with respect to the activity under native conditions is shown in Table 5.1, together
with the total increase observed when cytc550 is unfolded by guanidinium hydrochloride
(Gdn.HCl). The activity under native conditions is inhibited by the Met iron ligand and the
increase in activity by addition of denaturant reflects the propensity of the denaturant to
weaken the Met-iron bond.”****°! It emerges that Gdn.HCI is much more powerful than the
detergents studied here to induce peroxidase activity in cytc550. This is not surprising,
considering that Gdn.HCI tends to cause complete unfolding in proteins. The activity under
native conditions, against which the activity increase is measured, is much lower at pH 8

than at pH 4 (corrected for HO, as the reactive species). This is related to the strength of the

Table 5.1. Maximal increase in peroxidase activity relative to the native state, for the

different detergents used in this study, and including Gdn.HCL.

Peroxidase increase relative to native conditions (times)

Unfolding agent pH4 pH 8 pH 11
SDS 8 9 32
HTAB 26 60 64

TTAB n.d.” 69 n.d.”
DTAB 16 >95 45

Gdn.HCI 490° 1800 n.d.”

Peroxidase activity (M's™)

None® 1.8x10* 63.8 5.3

“ Not determined; ” Data from Diederix et al. (2002).”*" ¢ Peroxidase activity of cytc550 in the absence of
detergent, corrected for the concentration of HO, _ in solution, using pK ., = 8.04.1*"!
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Met-iron bond, which is weaker at pH 4.12°%) Consequently, the relative activity increase at
pH 8 upon denaturation is larger than at pH 4. At alkaline pH, the activity increase tends to

%) that inhibits the

be even higher because the Met ligand is replaced by lysine (pK, ~11.2)
peroxidase activity even more under non-denaturing conditions.”'"**! These considerations
also hold for the detergent-induced activity increase as summarised in Table 5.1.

It is interesting that the peroxidase activity inducing effect of SDS is relatively
modest. As discussed in the introduction, one of the incentives for this study was to evaluate
whether binding of c-type cytochromes to the generally negatively charged membranes in
vivo would result in significant peroxidase activity. If SDS binding is considered as a valid
model for this interaction, then the results of this study indicate that no such potentially
dangerous activity is induced in the cell by cytochrome ¢ binding to the membrane.

From a different perspective, this study was undertaken to explore the potential of
detergents to enhance the catalytic activity of cytc550 for use as a ‘green’ catalyst in
oxidative chemistry. It appears that cationic detergents have considerable capability to
enhance the peroxidase activity of cytc550. Nevertheless, the activity of detergent-
complexed cytc550 as compared to true peroxidase enzymes is still low (at least 10,000
times lower). Exceptional is that cytc550 becomes activated in the presence of detergents,
rather than inactivated like most proteins. This peculiar property of cytc550 makes it an
attractive candidate as an oxidative catalyst for use in the presence of detergents. Its
robustness at extremes of pH and heat provide additional advantages of cytc550 over

conventional oxidising enzymes.

Materials and Methods

P. versutus cytc550 was produced and isolated as before.*') The ferric form of cytc550 was
used throughout. The detergents used were all highest grade from Sigma, except for DTAB
(Fluka, Chemika grade) and SDS (Fluka, Biochemika grade). NPN (1-N-
phenylnaphtylamine) was from Sigma, as was the peroxidase substrate gc (o-
methoxyphenol). All experiments were performed in the presence of 100 mM sodium
phosphate, except when indicated otherwise. All experiments were performed at 293 K and
measurements were performed after equilibrating the cytc550 with detergent > 3 h, to ensure

equilibrium conditions.
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The peroxidase activity of cytc550 as a function of detergent concentration was
measured in a plastic 1.5 mL cuvette, by mixing 680 uL of cytc550-containing solution with
120 pL of solution containing both gc and H,O, (with identical [detergent] in each solution).
Given the limited solubility of gc in water, this was the optimal ratio to minimise the
difference in free detergent concentration in the protein-containing solution and the reaction
mixture. In the final reaction mixture, [cytc550] was 0.61 or 4.4 uM, [gc] was 10 mM, and
[H,O;] was varied between 0.3 mM and 40 mM. The four-fold oxidised product of the

peroxidase reaction of cytc550, tetra-guaiacol (e470 = 26.6 mM'cm™)!!®4!

was followed using
a Shimadzu UVPC-2101PC spectro-photometer fitted with a thermostat. The obtained
activity profiles were analysed as before.*'"! Throughout, the reaction rate depended linearly
on [H,0,]. For coherent graphical representation, the activities are normalised to 1 uM
cytc550 and 1 mM H;0,.

The electronic absorption spectra of cytc550 as a function of [detergent] were
measured on the spectrophotometer described above. The fluorescence spectra of cytc550
were recorded on a Perkin-Elmer Luminescence Spectrometer LS-50B, with 290 nm as the
excitation wavelength. Excitation and emission slit widths were 4 nm and 20 nm,
respectively. A quartz cuvette of dimensions 0.2 by 1 cm was used.

The CMC of the detergents was determined using the method whereby NPN
fluorescence was followed as a function of [detergent], as described by Brito and Vaz.!**) In
the solutions, 0.61 or 4.4 uM cytc550 and 10 mM gc was included. NPN was excited at 356
nm, and excitation and emission slit widths were 4 nm. A quartz cuvette of dimensions 0.2
by 1 cm was used. The presence of protein-detergent complexes did not influence NPN
fluorescence (not shown) meaning that NPN was taken up by pure detergent micelles only.

The net overall charge of the protein was calculated as a function of pH, by making
use of the amino acid composition®® and their average pK, values taken from Lehninger.!*!
It is assumed that one of the two heme propionates titrates, with pK, = 6.2, as with cytc550
from P. denitrificans'® The two cysteine residues do not titrate with pH, as they are
covalently linked through thioether bonds to the heme. The iron-coordinating His and the N-
terminus were assumed not to titrate either; the His is known to remain coordinated to the

121 and the N-terminus is pyroglutamated.”***' Eq. 5.1 was

heme-iron over a broad pH range
used to calculate the overall net charge, whereby b;, K2 a;, and K.Y are the number and acid

constants of the i™ base and /™ acid, respectively.
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n . + m a;xK,¥
net charge= Y bi x[H] —— . -
=1 [HY 1K, R H ]+ K, Y

(5.1)

A model of the structure of cytc550 was obtained from the homology-based
modelling server Swiss-Model,'**”! by submitting the amino acid sequence of P. versutus

) to the server

cyte550 (excluding the labile C-terminus
(www.expasy.ch/swissmod/SWISS-MODEL). The thus obtained structural model was
analysed using Swiss-PdbViewer version 3.7 (obtained from www.expasy.ch/spdv) and
subsequently used to generate Figure 5.3a. For this, the molecular surface was calculated and
coloured according to the electrostatic potential. The latter was calculated at pH 7 by taking
simple Coulomb interactions into account and assuming default protonation states of the

protein residues.
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Abstract

Unfolding converts Paracoccus versutus cytochrome c-550 into a potent peroxidase (Chapter 3). The
catalytic activity is accompanied by peroxide-driven inactivation that is prevented, in part, by
reducing substrate. Here, the kinetics of inactivation are described and evidence is presented for the
occurrence of a labile intermediate on the catalytic peroxidase pathway of unfolded cytochrome
¢550. This intermediate represents a branching point, whereby the protein proceeds along either the
productive pathway or self-inactivates. Reducing substrate suppresses inactivation by decreasing the
steady-state concentration of the labile intermediate. Inactivation is accompanied by heme
degradation. Its chemical reactivity, UV-visible and EPR properties identify the first intermediate as
hydroxyheme-cytochrome ¢-550, i.e. with heme hydroxylated at one of the heme meso positions. The
occurrence of this species argues for the peroxo-iron species in the peroxidase mechanism as the

labile intermediate leading to inactivated cytochrome c-550.
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Introduction

Peroxidases are heme containing enzymes, capable of catalysing a wide array of reactions,
including oxidative dehydrogenation, oxygen transfer, and peroxidative halogenations.!****!
The potential use of these enzymes is considerable, especially since they utilise the
environmentally benign oxidant H,O, to perform these oxidation reactions. Relevant
applications of peroxidases are in pulp bleaching, in the degradation of aromatics and
halogenated xenobiotics, and in the synthesis of fine chemicals. To date, heme peroxidases
are applied as components of biosensors and in immunoassays.””>® However, the usefulness
of peroxidases in these reactions is limited by their poor stability in the presence of H,O,,
that rapidly inactivates these enzymes.!'**?** Other heme-containing proteins, such as hemo-
and myoglobins, and cytochrome ¢ can also catalyse peroxidation reactions, but at much
lower reaction rates.!*>"**15+1392! These proteins are promising candidates for the
mentioned applications, but unfortunately, they are also prone to H,O,-driven inactivation
and heme degradation.!*>'>*?''#% Understanding the mechanism of inactivation may help to
improve the applicability of these proteins.

For this reason, we set out to study the inactivation mechanism and heme degradation
pathway in Gdn.HCl-unfolded cytochrome ¢-550 (u-cytc550) from Paracoccus versutus
(cytc550). The peroxidase activity of both native and u-cytc550 has been
characterised.?'"***#*) U-cytc550 was chosen for this study instead of native cytc550
because it is a much more potent peroxidase, and therefore a more useful catalyst. Moreover,
the faster reaction rates of u-cytc550 facilitate the study of the heme degradation pathway,
which in native cytc550 is obscured because of the very slow first step in the reaction of the
protein with H,0,.2'" This step is slow in native cytc550, because access of peroxide is
blocked by the native heme-iron ligand methionine.

Herein, the peroxide-driven inactivation mechanism and heme degradation pathway
of u-cytc550 is described. The kinetics of inactivation demonstrate the presence of a labile
intermediate in the peroxidase cycle of u-cytc550, with an inherent tendency for self-
inactivation. Transient kinetics studies indicate the occurrence of at least three species in the
heme degradation pathway. The first degradation intermediate could be isolated in a stable
form, and characterisation by UV-visible and EPR spectroscopy identified it as
hydroxyheme-containing cytc550. This makes it likely that the labile intermediate in the

peroxidase cycle of u-cytc550 is the peroxo-iron species.
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Results

Inactivation of the peroxidase activity of u-cytc550 under turnover conditions
A typical product formation curve due to the peroxidase activity of u-cytc550 is shown in
Figure 6.1. The curve consists of three phases: a lag phase (I), followed by a linear phase

(II), in turn followed by a decrease in activity ending in a plateau (III). The shape of the

[211]

curve is comparable to that observed with native cytc550," ' except that in presence of 6 M

Gdn.HCI, no product breakdown is observed. The absorption increase starts again upon
addition of fresh cytc550, and the total absorbance due to product formation after complete

inactivation is linearly related to the amount of u-cytc550 initially present (not shown).

Figure 6.1. Typical product formation curve
of u-cytc550 with H,O, and gc as oxidising
and reducing substrates, respectively.
Conditions: 0.4 pM cytc550, 10 mM H,0,, 1
mM gc, 6 M Gdn.HCI, 100 mM sodium
phosphate pH 5.0, 298K. The different
phases, labelled I-1II are discussed in the text.

A, (a.u.)

0 60 120 180 240
time (s)

The activity decrease in time (phase III in Figure 6.1) could be fit to a mono-
exponential function, indicating a first-order inactivation process. The rate constants are
plotted in Figure 6.2a and 6.2b as a function of H,0O, and the reducing substrate, guaiacol
(gce), respectively. The rate constant shows a hyperbolic dependence on [H,O,] (Figure 6.2a).
In the presence of 10 mM gc, the rate constant of inactivation at saturating [H,O,] is 1.16 +
0.06 s and the inactivation rate constant is half-maximal at 111 = 10 mM H,0,. With
increasing [gc], the rate constant of inactivation decreases hyperbolically (Figure 6.2b). The
inactivation rate constant plotted against the inverse concentration of gc (Figure 6.2b, inset)
gives a linear dependence with slope 0.25 + 0.01 mMs™' and intercept 0.067 = 0.004 s™
([H,02] = 10 mM). The latter value is the inactivation rate constant at saturating [gc]. These
observations suggest the presence of an intermediate in the inactivation, formed by the
reaction of u-cytc550 with H,O,. In turn, gc inhibits inactivation, possibly by a mechanism

whereby it causes a lowering of the steady-state concentration of this intermediate.
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Figure 6.2. a) Inactivation rate of u-cytc550 as a function of H,0,, in the presence of 10 mM
gc. b) Inactivation rate of u-cytc550 as a function of gc, in the presence of 10 mM H,0,. Inset:
the inactivation rate plotted against the inverse [gc]. Each data point is the average of 5 different
experiments, whereby [u-cytc550] was varied between 0.2 and 1.0 uM. The solid lines are best
fits to the data using eq. 6.2, as indicated in the text.

The absorption difference (g470 = 6650 M'em™ per oxidised gc)!'®* between the start
and end-points of the product formation curves yields the number of gc turnovers before
catalyst inactivation. Divided by the amount of u-cytc550 initially present, this gives the
catalytic efficiency (CE) of u-cytc550. Values of the CE thus obtained are plotted in Figure
6.3a and 6.3b as a function of H,O, and gc, respectively. The CE of u-cytc550 is roughly
constant with [H,O;], while it increases hyperbolically with [gc]. The maximal CE, i.e. the
CE at saturating [gc] is 534 + 10, and the CE is half-maximal at 3.7 = 0.3 mM gc (Figure
6.3b).
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Figure 6.3. The catalytic efficiency (CE) of u-cytc550 as a function of H,O, (a) and gc (b). In
a), [gc] was 10 mM and in b), [H,0,] was 10 mM. The CE was calculated by dividing the final
concentration of product formed by [u-cytc550] initially present. Each data point is the average
of 5 different experiments, whereby [u-cytc550] was varied between 0.2 and 1.0 mM.
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A potential cause for inactivation may be the adventitious generation of highly
reactive species such as the hydroxyl radical, which, in principle could be formed by
homolytic cleavage of the O-O bond of the iron-bound peroxide. This can be ruled out as a
possible cause, however, because the product formation curve remained unaltered when the

radical scavenger mannitol (50 mM) was included in the reaction mixture.

The reaction of u-cytc550 with H>O, in the absence of guaiacol

As mentioned, the inactivation of u-cytc550 may result from an intrinsic instability of a
reaction product of u-cytc550 with H,O,. To afford insight into this, the reaction of u-
cyte550 with H,O, was studied in more detail, using both transient and steady state methods.
When H,0, is added to u-cytc550 in the absence of gc, a number of changes take place in
the UV-visible spectrum of u-cytc550, ultimately resulting in a severely bleached spectrum.
The traces at 412.8 nm as a function of time (Figure 6.4a) could be fit by a sum of three
exponentials, the rate constants of which depend linearly on [H,O,] (Figure 6.4b). The fits to
the data pass through the origin and the values of the bimolecular rate constants (&, k> and
k3) are 1226 + 7 M™'s™, 309 £ 3 M's™ and 63 + 0.6 M"'s". The rate constants were identical

at 1 and 5 pM u-cytc550 (not shown). This corresponds to a reaction as in scheme 6.1:

k[HyO5] B ky[HyO9] C k3[HyO5 ]

A

D (6.1)

60
»
3 § 404
<<l‘ %) ”'__
£ 8
o 20
©
-
0_
0 30 60 90 120
time (s) [H,0O,] (mM)

Figure 6.4. a) Stopped-flow trace at 412.8 nm of the reaction between 1pM u-cytc550 and 0.5
mM H,0; in the absence of gc. Inset: enlargement of a), showing details of the first two phases.
Note that the natural logarithm of the absorbance is shown. b) Dependence on H,O, of each of
the three rate constants observed at 412.8 nm. The lines are linear fits to the data.
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The bimolecular rate constant of the reaction of u-cytc550 with H,O, was previously
measured under turnover conditions, giving a value of 1500 M™'s™, assuming each peroxide
oxidises two gc molecules.”” This value is similar to the rate constant for the first phase
(1226 M''s™") observed here, suggesting that k; corresponds to the rate-limiting step of gc
oxidation by H,O; (at low [H,03]).

The time-dependence of the reaction between H,O, and u-cytc550 was followed over
the entire visible range, using a diode array. With the help of the previously determined rate
constants, the time-dependent spectra were deconvoluted at various concentrations of H,O,
(using scheme 6.1). The resulting simulated spectra of u-cytc550 (A) and intermediates B-D
are shown in Figure 6.5a. The spectra of the final species (D) and the second intermediate
(C) have a much less intense Soret band and are relatively featureless, while the first
intermediate (B) has a slightly more intense, red-shifted Soret band and displays several
distinct bands. The absorption maxima of each species are summarised in Table 6.1.

The effect of reductant on the spectral changes was examined by using sodium
ascorbate. This was used instead of gc as a reductant because the oxidised product of the
latter absorbs strongly in the region of interest (Anax = 470 nm). In the presence of 20 mM
ascorbate, H,O; causes a slow bleaching of the spectrum, with no evidence for intermediates.

The final product, obtained after prolonged exposure to H,O, shows a similar spectrum as
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Figure 6.5. a) Deconvoluted UV-visible spectra of the intermediates (as discussed in the text)
observed in the reaction of u-cytc550 with H,O, in the absence of gc. The spectra were simulated
as discussed in the text. [H,O,] was 0.1 mM and [u-cytc550] was 1 uM. b) Spectral evolution of
u-cytc550 following the successive addition of aliquots of 0.5 molar equivalents H,O,. The
spectra were recorded each time after allowing the reaction to proceed to completion, and shown
in are respective spectra of u-cytc550 after addition of 0, 1, 2, etc., equivalents of H,O, peroxide
(in the direction of the arrows).
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the final spectrum obtained in the absence of ascorbate, except that the broad absorption is
now blue-shifted and has a distinct shoulder at 370 nm (not shown).

Next, it was assessed whether ascorbate would react with the intermediate species in
the reaction of H,O, with u-cytc550. For this, u-cytc550 was reacted with a 50-fold excess of
H,O0, for a set period, after which ascorbate was added and the spectral evolution observed
(final concentrations of reactants: 5 uM u-cytc550, 0.25 mM H;0, and 10 mM ascorbate).
The incubation period with H,O, was varied between 0 and 100 seconds, with the aim to
maximise the expected concentrations of intermediates at the moment of addition of
ascorbate. For each incubation period, ascorbate had the sole effect to arrest spectral
development (except for slow, continuous bleaching). Thus, no shift in the position of the
Soret band was observed once ascorbate was added (not shown). Therefore, none of the
observed reaction products of u-cytc550 with H,O, is reverted by ascorbate, and thus they

are not part of the catalytic peroxidase cycle of u-cytc550.

Table 6.1. UV-visible parameters of u-cytc550, of intermediates in the heme degradation

pathway, and of derivatives of the first observable degradationintermediate’

Fe (ITI) species

Fe (I1I) u-cytc550 397 497 527 (sh) 623

Intermediate B” 409 505 571 (sh) 635 (sh)

Intermediate C” 418

Intermediate D” 417

Species B 406 507 562 (sh) 633 (sh)

Species B + KCN 416 542

Fe (III) hydroxyhemed 407 535 (sh) 575 (sh) 630 (sh)
Fe (IT) species

Fe (IT) u-cytc550 422 550

Species B¢ + dithionite 427 552 607 (sh)

Species B + dithionite + EMS® 425 530 553

Fe (I1) hydroxyheme’ 432 ~540% 635¢%

“ Conditions: 6 M Gdn.HCI, 100 mM sodium phosphate pH 5.0. Peak maxima are in nm and shoulders are
indicated by ‘sh’. ® From simulated spectra of the intermediates observed transiently in the stopped-flow
experiments. © ‘Species B’ indicates the sample obtained by addition of 3 equivalents of H,0,, as discussed in
the text (and labelled B therein). ¢ Ferric o-hydroxyheme in heme oxygenase at pH 7.0.%°! ¢

[290

Ethylmethylsulfide. / Ferrous a-hydroxyheme in heme oxygenase at pH 7.0.1°”! € Estimated from Figure 1 in

Mansfield Matera et al.>>"
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The properties of the intermediates were also studied by controlled addition of H,O,.
For this, H,O, was added in aliquots of 0.5 molar equivalents (with respect to u-cytc550),
and the reaction was allowed to proceed to completion. Figure 6.5b shows the spectral
evolution of u-cytc550 following this treatment. The spectral changes are very similar to
those seen in the stopped-flow experiments. The spectrum obtained after the addition of ~3
equivalents of H,O; is comparable to the simulated spectrum of the first intermediate (B).
The peak maxima do not correspond exactly (Table 6.1), indicating the presence of a second
species such as unreacted u-cytc550 and further degraded heme. However, the general
shapes of the two spectra are so similar that it is safe to state that the major species in the
sample is intermediate B (B). The sample appeared stable and no further spectral changes

were observed in time.

Properties of the first observed intermediate in the peroxide-driven degradation of the heme
of u-cytc550
The sample obtained by the addition of 3 equivalents of H,O, to u-cytc550 was characterised
further, as will be discussed next. The sample did not appear sensitive to O,. When prepared
under an argon atmosphere, it has the same optical spectrum as when prepared aerobically.
The addition of 20 mM ascorbate or gc had no effect on the spectrum of the sample.

The addition of several equivalents of KCN caused significant shifts in the spectrum
(Figure 6.6a, Table 6.1). With increasing pH, the peaks shift in the same direction as when
KCN is added to the sample (Figure 6.6b), suggesting a transition from high spin to low spin

[259]

ferric iron, due to binding of a strong ligand to the iron, possibly lysine'” or hydroxide. The

PKaapp Of this transition is 6.9 £ 0.1 (Figure 6.6¢), approximately half a unit higher than for
unmodified heme-iron of u-cytc550 under these conditions.?*****!

When dithionite is introduced into the sample, its colour changes from bronze to
brilliant green. The resulting spectrum is shown in Figure 6.7a, and its peak maxima (Table
6.1) indicate high spin ferrous iron. The fact that dithionite can reduce species B, but
ascorbate cannot, indicates that the species has a low reduction potential. When
ethylmethylsulfide is added, the splitting of the a— and B-bands around 550 nm indicate
formation of low spin ferrous iron (Figure 6.7a, Table 6.1). Ethylmethylsulfide is a good

ligand for ferrous iron in c-type hemes.!**"!
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Figure 6.6. a) The UV-visible spectrum of u-cytc550 after addition of 3 equivalents H,O,
(dashed line), and after the subsequent addition of 2 equivalents KCN (solid line). b) The sample
obtained after addition of 3 equivalents H,O, at pH 5.0, adjusted to pH 1.04, 4.07, 7.02, 7.99 and
12.6, respectively. With increasing pH, the spectrum changes in the direction indicated by

arrows. ¢) pH dependence of the position of the Soret band of the sample obtained as in b). The

solid line is the fit of the data to a single protonation event, yielding pK,=6.9 + 0.1.

When subsequently the dithionite-reduced sample is exposed to oxygen, the brilliant
green colour is lost and the resultant spectrum is reminiscent of the original spectrum, except
for a significantly bleached Soret band, and several other changes at lower wavelengths
(Figure 6.7b). Additional cycles of dithionite addition followed by exposure to oxygen lead
to a species with a severely bleached and broad Soret band at ~387 nm and relatively intense
and sharp peaks at 533 and 652 nm. This is shown in Figure 6.7c, together with a sample of
verdoheme-cytc550 under the same conditions. The clear similarity between both spectra

indicates that verdoheme-cytc550 is formed when B is exposed to oxygen in the presence of

dithionite.
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Figure 6.7. a) The UV-visible spectrum of u-cytc550 after addition of 3 equivalents H,0,
(dashed line), and after subsequent addition of sodium dithionite (solid line), and after addition of
ethylmethylsulfide in the presence of sodium dithionite (dotted line). b) Spectral evolution of the
sample obtained after addition of 3 equivalents H,O, and subsequently exposed to several cycles
of addition of sodium dithionite followed by O,. The arrows indicate the direction of the spectral
changes following this treatment. Inset: the sample untreated and treated with a single cycle of
dithionite/O,, respectively. The left and right vertical scales are for untreated and treated sample,
respectively. ¢€) Spectrum (dashed line) of verdoheme-cytc550 in 6 M Gdn.HCI. This was

1289

prepared by a procedure similar to that describe i.e. by prolonged exposure of u-cytc550 to

20 mM sodium ascorbate and a stream of O,. The solid line is the spectrum of the sample
obtained after addition of 3 equivalents H,O, and > 10 cycles of successive exposure to sodium
dithionite and O,.

The EPR spectrum of the sample obtained by addition of 3 equivalents H,O, is
shown in Figure 6.8, together with a spectrum of unmodified u-cytc550. The major signal in
the spectrum of unmodified u-cytc550 is from high spin ferric heme with typical g-values at
g =6 and g = 2. A minor signal is present which belongs to low spin ferric heme, with g-
values at 2.97 and 2.29. U-cytc550 experiences a pH-dependent spin state change, with
PKaapp = 6.33") and thus at the pH of the sample (pH = 5.3), about 10% of u-cytc550 is
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Figure 6.8. X-band EPR spectra of u-

approximately 1 mM protein and were in k
30% glycerol, 4.2 M Gdn.HCl, 70 mM

sodium phosphate. The sample of u- x5
cytc550 and that after addition of 3 A/
equivalents H,O, were at pH 5.3 and 5.4,

respectively. The positive signal at g =
2.04 is an artefact of the resonator.

cytc550 (dashed line) and u-cytc550 after A X5

addition of 3 equivalents H,O, (solid //I \ I A
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expected to be low spin. The EPR spectrum of the peroxide-modified u-cytc550 also shows
multiple signals (Figure 6.8). The major signal belongs to high spin ferric heme, but the
signal at g = 6 is somewhat broadened with respect to the g = 6 signal of unmodified u-
cyte550. In addition, the low spin heme signal has also changed (g =2.75, 2.32 and 1.74). At
the pH of the experiment (pH = 5.4) about 3% of B is expected to be low spin (pKj app = 6.9,
vide supra), and thus the low spin and high spin signals are both ascribed to B. The
significant change in the low spin heme signal, along with the broadened high spin signal at
g = 6 corroborate that the peroxide-driven modifications are in the immediate vicinity of the
heme-iron, i.e. either on the heme macrocycle or on the axial His ligand. The spectrum of the
peroxide-modified u-cytc550 also exhibits signals at g = 4.3 and g = 1.94. Both signals are
also present in the sample containing unmodified u-cytc550, albeit much less intense, and
both have increased by an equal amount in the modified u-cytc550 sample. The signal at g =

4.3 is assigned to non-heme high spin iron, whilst the signal at g = 1.94 currently remains

unassigned.

Discussion

In the presence of H,O,, u-cytc550 is converted into a peroxidase-inactive form. This is
obvious from the product formation curve (Figure 6.1), and is observable by changes in the

optical properties of u-cytc550 (Figure 6.4). The dependence of the inactivation rate on
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[H,0;] is hyperbolic (Figure 6.2a), which suggests the presence of an intermediate species
(termed labile intermediate here) in the H,O;-mediated inactivation process. In the presence
of reducing substrate, gc, the inactivation is suppressed. The protective effect of gc also
displays a hyperbolic dependence, but at saturating gc the inactivation still takes place with
an appreciable rate (Figure 6.2b). When gc exerts its protective effect by lowering the steady
state concentration of the labile intermediate, models describing the hyperbolic H,O,-
dependence of inactivation and hyperbolic form of the substrate protection take the general

form of eq. 6.2 (see Appendix):

inactivation rate = - (ka +kp [g‘ﬂ)z[oi202] (6.2)
K o™ Kignact [H202]+ Kinact [ge]+[H, 02 ][gc]

The kinetics of inactivation were fitted to this function (solid lines in Figures 6.2a and 6.2b),
yielding values for the catalytic constants as summed in Table 6.2. Herein the catalytic
constants k, and kg respectively denote the gc-independent and gc-dependent inactivation
rate constants, and K. and Ki“aCtHZOZ are the apparent overall dissociation constants of u-
cyte550 with ge and H»O,, respectively. Ky was neglected in the fitting procedure as it was

assumed small at the concentrations of substrates used in the experiment (see Appendix).

Table 6.2. Kinetic parameters for the H>Ox-driven inactivation of u-cytc550 and for the

catalytic conversion of gc*

Kinetic parameters for inactivation” Kinetic parameters for catalysis®
ka 7.3 mMs™ Keat 707 £26s"

ks 1.645"

Kinao® 10.8 mM Ky 4.7+0.3 mM
Kinet 2 232 mM Ky 236 + 14 mM

“ Conditions: 298 K, 100 mM Na-phosphate pH 5.0, 6 M Gdn.HCL. ® Values of the inactivation parameters
obtained by fitting the data in Figure 6.2a and 6.2b to eq. 6.2, assuming that Ko — 0. ¢ From Chapter 3.

Previously®¥

we determined the kinetics of the HyO,-driven conversion of gc by u-
cytc550. It was concluded that this proceeded through a ping-pong-type mechanism. First,
HO, binds to the heme-iron, and this peroxo-iron complex presumably is then converted to
an oxidising intermediate capable of gc oxidation (Figure 6.9). The kinetics of substrate

conversion are described by eq. 6.3:
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keatlgc][H202]
K§[H,0,]+K 202 [ge]+[H, 05 ][ge]

rate =

(6.3)

Combining this information with the above mentioned inactivation characteristics, makes it

attractive to envisage that inactivation and catalytic turnover have at least one intermediate

in common. Not only is H,O, the essential reactant in both processes, but also gc is

competent to participate in either process. The similarity in the values of Kiu* and

Kinaet 29?2 with Ky and Ky120? respectively, supports this (Table 6.2). Two likely

candidates for the labile intermediate are the oxidising intermediate and the iron-peroxo

species, respectively, as is shown in Figure 6.9. Note that the latter case requires that the

conversion from iron-peroxo heme to the oxidising intermediate is a reversible reaction.

gc* gc gct
\_J/ .
HOz_ gc
X === vy =~ 7 =— 74
S S > |

Figure 6.9. The purported peroxidase mechanism of u-cytc550, including possible inactivation

211,224

pathways, based on this and previous work, 1 and by analogy to the mechanism of

[295

microperoxidase.™ U-cytc550 and microperoxidase share the same catalytic centre and have

1642242592951 Resting state ferric protein is indicated by X, and the first

comparable activities.|
intermediate, peroxo-iron is indicated by Y. Z represents the second intermediate, which in the
text is referred to as the oxidising intermediate. This is probably a ferryl species plus a radical
%] The labile intermediate that leads to inactivated u-cytc550 (indicated by I) is either

species Y or Z. In the former case, the conversion of Y to Z is reversible.

cation.|

The catalytic efficiency (CE), i.e. the number of turnovers before full inactivation of

u-cytc550, is nearly independent on [H,0O;], but it shows a clear hyperbolic dependence on
[gc] (Figure 6.3). The CE is the ratio between formation of oxidised gc (product) and the

inactivation rate, and can consequently be described by eq. 6.4:
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CE= (6.4)

kear[2e][H205 ] Ky +KE [Hy05]+K B0 ge]+[H 05 [ge]
KE[H,0, 1+ K H202[ge]+[H,05 ][ge] (ka +kp[ecD[H20:]

Considering the similarity of Ky and Kipaet for both ge and H,O, (Table 6.2), and assuming
that Ko — 0, eq. 6.4 predicts that the CE is independent of [H,O;], but should show a
hyperbolic dependence on [gc]. The gc concentration at which the CE is half-maximal
corresponds to ka/ks (4.5 mM, from Table 6.2), in fair agreement with the observed value
(3.7 £ 0.3 mM). From eq. 6.4, the CE at saturating gc equates to kc./ks. Its calculated value
is 431 (using a value of 707 s for kcat from previous WOI‘k[224]), which is also in reasonable
agreement with observation (534 + 10).

In the absence of gc, H,O; drives the formation of an optically distinct form of u-
cyte550 (Figures 6.4 and 6.5). The rate of this reaction is linearly dependent on [H,0;] at the
concentrations studied, with a bimolecular rate constant k; (eq. 6.1) of 1226 M™'s™. This is
close to the bimolecular rate constant of the reaction with H,O, for substrate conversion
during catalysis (1500 M's1).224 Thus at low [H,0,], the rate-limiting step is the same for
both catalysis and peroxide-driven heme modification. Again, this places a clear link
between the two processes. The properties of the peroxide-modified forms of u-cytc550 may
thus help understand the peroxide-driven inactivation of u-cytc550.

U-cytc550 is modified by H,O, in three separate, consecutive steps (Figures 6.4 and
6.5). The kinetics of the first step renders this the most relevant with respect to the
inactivation mechanism. The optical properties of the first intermediate in the peroxide-
driven heme modification pathway are very similar to that obtained after addition of 3
equivalents of H,O; to u-cytc550 (Figure 6.5). This indicates that the major species in the
sample obtained by addition of 3 equivalents of H>O,, is the first observable intermediate
(B), and allows for use of this sample to investigate its properties.

The optical spectrum of B indicates modification of the heme periphery or of the
axial His ligand. Compared to unmodified u-cytc550, the absorption bands have become less
well defined and are significantly red-shifted (Figure 6.5, Table 6.1). The iron is high spin,
i.e. with a weak or absent sixth ligand, and can go low spin by the addition of KCN, and by
an increase in the pH (Figure 6.8). B cannot be reduced by ascorbate, but in the presence of

dithionite, a typical high spin ferrous heme spectrum results. As with the ferric protein, the
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absorption bands are red-shifted in ferrous B with respect to unmodified ferrous u-cytc550

(2881 regults in

(Table 6.1). Addition of ethylmethylsulfide, a strong ligand for ferrous heme-c,
a typical low spin ferrous heme spectrum (Figure 6.7). The red shift of absorption bands in
both ferrous and ferric B with respect to u-cytc550 suggests that the peroxide-driven
modification involves an electron-withdrawing substituent on the porphyrin ring, or a less
electronegative iron centre.!'?! This is corroborated by the elevated PKaapp 0f the high- to low
spin transition of ferric B compared to unmodified u-cytc550 (pK,app = 6.9 and 6.33,
respectively).

When dithionite-reduced B is exposed to O,, immediate changes take place in the
optical spectrum that suggest re-oxidation of B, along with additional modifications (Figure
6.7). Several cycles of exposure to dithionite and O, yields a species with a spectrum closely
resembling that of verdoheme-cytc550 (Figure 6.7). Thus, it is assumed that B is a precursor
to verdoheme. There are two well-described pathways leading to verdoheme generation, i.e.

[128,129,136,

the heme oxygenase pathway and coupled oxidation. 21 In both of these pathways,

the first heme modification step is hydroxylation of the porphyrin at one of the meso

[128,129]

positions, usually the a-meso position. o-Hydroxyheme is easily generated by the

addition of H,0; to the ferric heme-containing heme oxygenase.'**'**!

indicating that B may
also contain this heme-derivative.

The likelihood that B is hydroxyheme-cytc550 is substantiated by the similarity in
the optical spectra of ferrous and especially ferric B to that of ferrous and ferric a-
hydroxyheme containing heme oxygenase (Table 6.1). In the EPR spectrum, the slightly
broadened (with respect to u-cytc550) high spin heme signal at g = 6 (Figure 6.8) is in
keeping with that reported for a-hydroxyheme-bound heme oxygenase.'*>*" It is
interesting however that, unlike for o-hydroxyheme-containing heme oxygenase and

[132,290,291]

myoglobin, no radical signal at g = 2 is observed in the EPR spectrum of B. The

radical signal originates from one of the resonance structures of a-hydroxyheme, due to
charge transfer resulting in a porphyrin-based radical and ferrous iron ['2%12%:132:137.290-292] e
strong reactivity of a-hydroxyheme with O, commonly is associated with this resonance
structure, which requires deprotonation of the meso-hydroxyl.!'?*!2%1332%02911 Op the other
hand, ferric B is not reactive with O,, which agrees with the absence of radical character in

this species. The apparent lack of a ferrous-radical resonance form in hydroxyheme-cytc550

may be related to the specific structure of the c-type heme of cytc550, i.e. the covalent link
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to the protein matrix through thioether bonds between two cysteines and the vinyl
substituents. Possibly associated to this is the observation that porphyrins with electron-
withdrawing groups in place of the vinyls are converted only slowly by heme oxygenase.**!

As discussed, the peroxidase inactivation kinetics of u-cytc550 indicate the presence
of a labile intermediate on the catalytic pathway. Two possible candidates emerge from the
inactivation kinetics, namely the peroxo-iron species or the oxidising intermediate (probably
a ferryl species like Compound I in peroxidases). The identification of hydroxyheme-
cytc550 as the first observable intermediate in the peroxide-driven heme modification
pathway provides support for the peroxo-iron species as the labile intermediate as this
species is the direct precursor of o-hydroxyheme in heme oxygenase.!'**'?****1 As proposed
by Ortiz de Montellano for heme proteins in general, the peroxo-iron species can either react
further to the ferryl species or it can hydroxylate the porphyrin ring through an
intramolecular oxygen-transfer reaction.**'?’!

If this were the case for u-cytc550 as well, it implies that the conversion from
peroxo-iron intermediate to the oxidising intermediate is reversible, with a substantial rate
for the back reaction. Although this by no means is the current consensus for peroxidases,
evidence in favour of reversibility is accumulating for microperoxidases (see Veeger
(2002)) and references therein), which are highly comparable to u-cytc550.12242%%]

The work described here demonstrates that the peroxide-driven inactivation of u-
cyte550 is caused by an intrinsic tendency for auto-destruction of one of the intermediates in
the catalytic peroxidase cycle. This intermediate is probably the peroxo-iron species, but a
role for an alternative species cannot be excluded. Minimisation of the steady-state
concentration of this labile intermediate is likely to enhance the catalytic efficiency of u-
cytc550, pointing out a possible way to improve its applicability as a catalyst.

Interestingly, for horseradish peroxidase (HRP), the catalytic efficiency is much
decreased upon replacement of the distal Arg and His residues.!""*'%¢*! These residues are
essential for formation of the oxidising intermediate (Compound I) in HRP, accelerating
both the binding of H,O, and the generation of Compound I from the (hydro)-peroxo-iron
complex.'"”>**7) The distal Arg is thought to play an important role in the latter reaction by
stabilising the transition state for the heterolytic cleavage of the peroxide O-O
bond.['*%1232972%] 1 3 HRP mutant whereby the Arg was replaced by Leu the rate of the
latter reaction was sufficiently decreased to allow direct observation of a peroxo-iron

species.”®® Moreover, the Compound I in this mutant was much less reactive towards
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reducing substrates. The fact that this mutant displays a much poorer CE supports our
conclusions, despite differences in the H,O,-driven inactivation mechanism of HRP and u-

cytcSSO.[loz’l(’G]

Materials and Methods

P. versutus cytc-550 was produced in P. denitrificans strain 2131 and isolated as
described.*'") Chemicals were of the highest grade commercially available, and dissolved in
de-ionised water (Milli-Q). Gdn.HCI (Biochemika grade, Fluka) was dissolved to 8 M and
this stock solution was filtered over 0.45 uM HV Durapore filters (Millipore) before use.
The solutions were buffered with 0.1 M sodium phosphate and all experiments were
performed in 6 M Gdn.HCI. Unless stated otherwise, the pH of each solution was 5.0,
measured separately with a Corning pH pencil gel combo-electrode calibrated with [IUPAC
standard buffers (Radiometer Analytical, France). All experiments were performed at 298 K.

The inactivation kinetics and catalytic efficiency of u-cytc550 were studied using the
peroxidase assay with o-methoxyphenol (guaiacol, (gc)) as the reducing substrate, as
described before.*'"! Formation of product was followed using a Shimadzu UVPC-2101PC
spectrophotometer fitted with a thermostat. It was assumed that the product of the reaction,
tetraguaiacol (e470 = 26.6 mM'lcm'l) was the result of four oxidation reactions.'*¥ The
inactivation rate was determined by fitting the product formation curves to a first-order
process for catalyst inactivation. The catalytic efficiency (i.e. the amount of gc turnovers
before catalyst inactivation), was determined by subtracting the initial absorption from the
final absorption at 470 nm (after full completion of the reactions) and dividing this by the
concentration of u-cytc550 employed. In the inactivation rate and catalytic efficiency
measurements, [u-cytc550] was varied between 0.2 and 1 mM, [H,O,] between 2.5 and 100
mM, and [gc] between 1 and 50 mM.

Transient kinetics studies were performed using an Applied Photophysics SX.18
stopped-flow instrument. In some cases, the diode array (320-1000 nm) accessory was used
to follow spectral evolution. Analysis of the latter and deconvolution of the spectra of

individual components was performed using the Global Analysis module of the Pro-K
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software package (Applied Photophysics, UK), which makes use of the singular value
decomposition algorithm.!*”’

Steady-state optical measurements on the heme-degradation pathway of u-cytc550
were performed with the spectrophotometer described above. Samples containing
predominantly the first heme degradation intermediate were prepared by the addition of 6
successive aliquots of 0.5 molar equivalents H,O, to u-cytc550 under continuous stirring, at
room temperature. After the addition of each aliquot the reaction was allowed to proceed to
completion by waiting for >10 min. EPR samples were prepared by concentrating the thus
obtained sample using a Centricon device with 10 kDa cut-off membrane (Amicon). A
sample of unmodified u-cytc550 was also prepared, and the approximate concentration of
protein in both samples was 1 mM. Included in the samples was 30% glycerol. X-band EPR
spectra were recorded with a Bruker ELEXSYS E 680 spectrometer in which a metallic
cavity was used. The measurements were performed at 40 K, using an Oxford ESR 900 H

cryostat. The instrumental conditions were: modulation frequency 100 kHz, field modulation

amplitude 0.5 mT, sweep width 0.4 T, microwave frequency 9.48 GHz and power 20 mW.
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Appendix

This appendix gives a derivation of eq. 6.2, based on a model of inactivation as in Figure A.
The reactions are considered at full equilibrium, i.e. the formation of I is slow with respect to
the various reactions and the concentrations of X, Y, Z, Z-gc and W are assumed constant.
Under these quasi steady-state conditions, the total concentration of active protein, A, is the

sum of the different species in the catalytic cycle (eq. Al). Species W is neglected, as it does
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Figure A. Model of the inactivation of u-cytc550 by H,O,. It is assumed that the inactivation step involves

the conversion of peroxide-reacted intermediate, Y, Z or Z-gc. No assumption is made which of these

intermediates is the labile species (see text). Species W is the one-electron reduced reaction product of

species Z. It is assumed not to be converted into inactivated protein, L.

not connect with any of the labile species. The quasi steady-state concentration of each of the

potentially labile species is the ratio of their production and their depletion (eq. A2-A4).

Ay = [X]+[Y]+[Z]+[Z - ge]

ki [Hy O 1[X]+k_»[Z]

[Y]: k—l +k5 +k2
Z]= ko[Y]+k_3[Z-gc]
k_2 + k3[gC] + k6
o KaleeliZ]
=

(A1)

(A2)

(A3)

(A4)

Combining eqs. A1 with A2 yields [Y] as a function of Ay, and species Z and Z-gc (eq. AS):

k1[H,0,]

k_y —kq[Hy0,]

_ _r7. )\
[Y]1=([A]-[Zge]) C0,) ko + e ik
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By combining egs. A1, A3 and A5, [Z] can be expressed in terms of A, and [Z-gc] (eq. A6):

_ kyka[Hy051[A 1+ ((ki[HpOp ]+ k_y +ks + ky Jk_3 — kyka[Hp05 1) Z - gc]

V4
7] (k1[H2O0 1+ k_y +ks +ky kalgel+k_y +kg)+ ko (k[Hy 01— k)

(A6)

This, together with eq. A4 gives [Z-gc] expressed as a function of A; (A7):

kikpk3[Hy04 1[ge][Af]
kl [H202] + k_] + k5 + k2 )(k3 [gC]+ k_2 + k6 Xk—3 + k4 + k7)
+hy (kg + kg +k7 Yy [HyO,1-k_5)
+ks[gelkiky[HyOp1- (ky[HaOn 1+ kg +ks + ko k_3)

[Z-gc]= ( (A7)

By substitution of eq. A7 into eq. A6, [Z] as a function of A, is given by eq. AS8:

kiky[HyOp (k3 + kg + k7 JA(]
kl [Hzoz] + k—l + ks + k2 )(k3 [gC]+ k_2 + k6 )(k_3 + k4 + k7 )
+ky (k3 + kg + k7 Iy [HyO,]-k_5)
+ks[gelkiky[HyOp1- (ky[Ha O T+ kg +ks +ky k_3)

[Z]= ( (A8)

Subsequently, the expressions for [Z-gc] and [Z] (eqs. A7 and A8) can be substituted into eq.

AS to give an expression for the quasi steady-state concentration of species Y (eq. A9):

_ k[Hy0,1((kslgel+ ko + ke k3 +ka +kg)-ksk 3lgellA]
(ki [HyOo 1+ k_y +ks +ky Nks[gel+ kg + ke Nk_3 + kg +k7)
+ky (k3 + kg + k7 ki [Hy0,]- k)
+k3[gelkika[HyOn ] - (kg [HyOo 1+ kg +ks +kp Jk_3)

[Y]

(A9)

From Figure A, it is apparent that there are three possible routes leading to inactivated

protein, I. The rate of formation of inactivated protein can therefore be described by eq. A10:

A ksl ¥)+ kel2)+ K26 (A10)
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Substitution of eqs. A7-A9 into eq. A.10 yields the full expression for the formation rate of
inactivated protein (eq. Al1), of which the inactivation constants are defined in egs. Al12-

Al6.

d _ (ko +kplecD[H205][A(] ALD
dt Ko+KE [Hy0,]+K| 2% [ge] +[H,0,][ge]
kA _ (k_3 +k4 +k7 )(ksk_2 +k5k7 +k2k7) (A12)
k2 +k4 +k7
kB _ k4k5 +k2k7 +k5k7 (A13)
kz +k4 +k7
(k3 + kg + ke Nhoke +k 1k _p +k_tkg +k_yks +kskg)
Ko = (Al14)
k1k3(k2 +k4 +k7)
g _ (k3 kg kg Nk +ky +ke) (AL5)
Inact k3 (k2 +k4 +k7)
202 _ (kg + kg kg +hy +s) (AL6)

inact ey (Fey + g + 7 )

It is not necessary to make assumptions on the nature of the labile species, as the
form of eq. A1l will remain the same. If Y is the only labile species (ks = k7 = 0),, then the
conversion from species Y to Z is reversible (k; > 0), otherwise ko will become zero,
causing a change in the form of eq. A11 Thus in this case formation of the oxidising species
from the peroxo-iron species must be reversible. This is not so if Y is not the labile species.
In that case, however, both Z and Z-gc are labile.

The value of Ky can be assumed to be very small at the substrate concentrations
applied in the inactivation assays. This can be seen as follows. Consider that Y is the only
labile species, i.e. ks = k7 = 0, then eq. A14 reduces to eq. A17. Furthermore, the value of &

can be assumed relatively small, like reported for HRP and microperoxidase-8.""**% As &,
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is probably much smaller than ks (which exceeds 60 s, figure 6.4b), Ko equates to ka/kiks.
Because k; is 1500 M!'s™! and k; is large as well (consider Ky, *, which has a value of 102

to 10~ M), K, can be considered very small and can be neglected.

Ko =kp-———1 (A17)

Alternatively, consider that only Z or Z-gc are the labile species, i.e. ks = 0. Ky is then
expressed as in eq. A18. Assuming that k¢ = k7, that k, = 0, and that k., is very small (as
above), Ko equates to ka/kiks. As above, also in this case, Ky can be considered
infinitesimally small, justifying our assumption that Ko — 0 in the fitting of the inactivation

and catalytic efficiency data.

ke (ky +k_1)+k_1k
kyks (kpkr )

Ko =ka (A18)
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General Discussion

Abstract

This chapter presents a general discussion of the results described in Chapters 2 to 6. The discussion
focuses on how the protein matrix exerts its control over heme reactivity, in particular on how the
intrinsic peroxidase activity of the heme cofactor is suppressed by the protein matrix of cytochrome
c. In addition, the findings presented in this thesis are related to the role of the protein matrix of true
peroxidase enzymes. Unfolding cytochrome c leads to a significant increase in its peroxidase activity.
The unusual phenomenon of enzymatic activity in an unfolded protein is discussed, together with the
potential consequences in vivo. It is also argued that the peroxidase activity of cytochrome c is

informative when studying the unfolding of this protein.
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Introduction

This thesis deals with exploring the relationship between heme and protein, or, how the
protein matrix surrounding the heme channels the reactivity of this cofactor. This general
question has been applied to a specific problem, namely how the protein matrix of
cytochrome c controls the inherent peroxidase activity of the heme. This protein utilises the
heme for an entirely different purpose than peroxidase chemistry, i.e., the fast and reversible

[12,34,35,37]

uptake of an electron, enabling c-type cytochromes to function as efficient and

versatile mobile electron carriers in the respiratory pathways of a vast amount of different
organisms.!"!

In Chapter 1, an idea is given of the versatility of heme as a biological cofactor. It is
essential in all living organisms, where it is utilised to tackle a wide range of different
biochemical problems. A central theme of biochemistry is that enzymes are highly specific
in their reactivity. This enables the living cell to control their ongoing biochemical pathways
and responses to environmental impulses in a very detailed manner.!"’"*"'“%) Thys, within
the context of the protein that carries a heme, the broad reactivity inherent to this cofactor is
ingeniously narrowed down for its particular use in specific situations.

In the case of peroxidases, the heme is supposedly optimised to be able to deal with
the fast removal of peroxides and handling the highly reactive intermediates that are
associated with peroxide chemistry. At the same time, the peroxidase protein matrix exhibits
specificity, if required, for its reducing substrate.*®'®? On the other hand, cytochromes ¢ use
the heme for a relatively simple purpose. The iron centre merely switches between its ferric
and ferrous oxidation states; yet the use of heme for this purpose is favourable, because the
large and rigid nature of the heme moiety lowers the reorganisation energy accompanying a
redox state change, which facilitates electron transfer.?*>7)

The study of the peroxidase activity of cytochrome ¢ contributes to the understanding
of how a protein matrix deals with heme reactivity. It helps identify the factors involved in
suppressing unwanted catalytic activities pertaining to the heme. In addition, knowledge of
those manipulations that enhance the peroxidase activity of cytochrome ¢ provides an
indication of how a protein is able to extract this particular type of chemistry from the heme
cofactor.

In addition it may be relevant to note that the environment in which cytochrome ¢
operates is abundant in potential reaction partners of the heme: molecular oxygen is present,

along with low but significant levels of partially reduced oxygen species, such as hydrogen
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peroxide and superoxide.®*>%! It would be very harmful for the cell if these would be
allowed to react freely with the heme group of cytochrome c. This would lead to the
generation of highly reactive species (e.g. free radicals), capable of indiscriminate oxidation
of cell components and a recognised cause of ageing and cell death.2'>?7%303%] 1t js thus
imperative that the protein matrix of cytochrome c is able to suppress such potential side-

reactions of its heme group.

Peroxidase activity of cytochrome c-550

In Chapter 2 it is described that in the presence of hydrogen peroxide, cytochrome ¢-550
from Paracoccus versutus (cytc550), like with c-type cytochromes from other sources, is
able to catalyse H,O, reduction with concomitant oxidation of a reducing substrate,!!34167-
170.21L258) 1y ¢yte550, this activity is preceded by a lag-phase, i.e. an activation process is
required before the protein is fully active. It is suggested that this process involves the
oxidation of endogenous (aromatic) protein residues. Although direct evidence for this is
lacking, this conclusion is supported by the consistent observation by others of protein
radicals when c-type cytochromes are reacted with HyQ,.!!0%107-18230931 1y fact in many
non-peroxidase heme proteins (hemoglobin, myoglobin, leghemoglobin, cytochrome c) that
react with HyO,, form protein radicals.[103-108.157.175,180.181,312] Although radicals are formed in
several peroxidases as well in the reaction cycle, their formation is reversible and their
occurrence is functional [*"?%2313314] This points towards a crucial property pertaining to the
protein matrix of peroxidase enzymes: they are able to deal in a safe manner with the high-
valent intermediates inherent to the reaction of peroxides with (heme)-iron. How exactly
these proteins achieve this is currently not well understood.

The peroxidase activity of cytc550 is characterised by its extremely low rate, which
is about a million times less than that observed in true peroxidases.*'"! This low value was
attributed to the following two factors. First, only the deprotonated form of hydrogen
peroxide reacts with the heme-iron. The pK, of H,O; free in solution is ~12,[3 51 and although

2241 this means

its apparent value is lowered by binding the heme-iron by about four units,
that only a small fraction of peroxide is available for the reaction at neutral or acidic pH
values. It has been known for a long time that true peroxidase enzymes have a strategically
placed histidine (or glutamic acid) residue close to the heme-iron which acts as a general
acid/base catalyst, to lower the pK, 4pp of H,0,.1'#125:297 Secondly, the accessibility of the

heme-iron of cytc550 for the peroxide substrate is very poor, and this contributes
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significantly to the low observed reaction rates. This is exemplified by the dependence of the
peroxidase reaction rate on [H,O;]. At pH 8.0, no deviation from linearity of the reaction rate
is measurable up to 1 M H,O,. This means that even at molar concentrations of peroxide, the
majority of cytc550 is not in complex with the peroxide.

The most obvious reason for the poor affinity for peroxide is that the heme-iron of
cyte550 is shielded off from the substrate, since it is co-ordinated by six ligands (four pyrrole
nitrogens and two axial ligands). The weakest of these six ligands (the axial Met)!'*7%176-17%]
can thus be regarded as an inhibitor for the reaction.

In accordance, if the axial ligand is removed (by unfolding, vide infra), the affinity of
peroxide for the heme-iron is greatly enhanced (Chapter 3).***! Whereas under native
conditions, cytc550 has a Michaelis constant (Ky) for HO, that exceeds 0.5 M, the
unfolded protein has a calculated Ky for HO,  of only 0.24 mM (assuming pKaapp = 8 for
H,0,). Concomitant with the increase in affinity for HO, , the reaction rate increases
considerably. The activity of cytc550 is ~1200 fold higher when it is unfolded by the
chaotropic agent guanidinium hydrochloride (Gdn.HCI) at pH 5.0.2¥ The increase in
peroxidase activity by unfolding seems to be related to the strength of the native-state ligand
(Chapter 4). The activity increase at pH 8.0 is ~1800 times for wt cytc550, but for M100K
cytc550, the activity increases an astonishing 42,000 times.'**”) In the latter protein, the axial
Met ligand is replaced by Lys, which is a much stronger ligand for ferric heme-iron.>>!*>*%]
The stronger the ligand, the more the activity is repressed under native conditions and hence
the larger the activity increase is upon unfolding.

In fully unfolded cytochromes ¢, the pH dependence of the peroxidase activity can be
fully understood by assuming that the intrinsic activity of the heme is under control of only
two events (Chapter 3-4).22*%% First, as with native cytc550, only the peroxide anion is
reactive. Secondly, the protein is inactive when the heme is co-ordinated by six strong-field
ligands. With increasing pH, protein-based ligands become deprotonated, allowing them to
bind the heme-iron and inhibit the peroxidase activity.*****! Interestingly, the protein matrix
does not seem to affect the peroxidase activity in any other way than the extent to which it
provides activity-inhibiting ligands.*>”!

Suppression of the peroxidase activity in cytochrome c is thus simply attributed to
the fact that under native conditions the protein matrix provides two strong axial ligands to
the heme-iron. At pH 5, where the concentration of peroxide anion is a thousand-fold lower

than H,0,, the activity of unfolded cytc550 is also a thousand times less than natural
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peroxidases. Thus, the fast reaction rate with hydrogen peroxide observed with natural
peroxidases can be ascribed entirely to an open heme cavity together with the presence of a

general acid/base catalyst, ['0%148297]

Peroxidase activity as a method to study cytochrome c unfolding
Any measurable peroxidase activity in cytc550 derives from a distinct fraction of the protein
that has lost one of the axial heme ligands, which only then is open for peroxide binding.
Thus, under native conditions, all peroxidase activity must derive from non-native forms of
the protein. As mentioned, the peroxidase activity of cytochrome ¢-550 increases about 1200
times upon unfolding at pH 5.0. However, this is much less than expected on basis of the
free energy of unfolding as estimated by spectroscopic techniques.”>****) Assuming a two-
state model of unfolding, it would be expected from the latter measurements that the activity
of cytochrome ¢-550 increases by a factor of 70,000 upon unfolding. Thus, the two-state
model is obviously not correct. Unfolding proceeds through intermediate states which, due to
their lower unfolding free energy, are much more populated under native conditions than the
fully unfolded state, and give cytochrome c-550 its peroxidase activity under those
conditions.[#*%*]

Thus, the peroxidase activity measurements detect non-native forms of cytochrome
c-550 and other Class I cytochromes c, and there is a direct relationship between the
proportion of high spin, non-native protein and the activity. Moreover, as discussed, the
protein matrix does not contribute to the peroxidase activity otherwise than inhibit it (above
neutrality, through strong-field ligands).1*”! This means that the peroxidase activity of c-type
cytochromes can be used to probe their conformational state and the thermodynamics of
their unfolding. The peroxidase activity does not discriminate between different high spin
forms or between low spin forms of the protein, but is highly sensitive to a change in spin
state, as the activity derives completely from high spin heme.**”!

The dependence of the peroxidase activity of Class I cytochromes c on the
conformational state of the protein demonstrates the presence of low-free energy unfolding
intermediates.[**” This agrees with the view that the unfolding of Class I ferricytochromes ¢

proceeds through a number of intermediate states, **%%-%77]

and that the unfolding transition
with the lowest free energy change (AG,s) involves structural changes in the region around
the Met ligand and loss of the native ligand.®’"! As discussed, the peroxidase activity is

very sensitive to a change in spin state from low to high spin, and to some extent the
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thermodynamic parameters of the lowest free energy intermediate can be extracted from the
unfolding curves determined by activity assays (to some extent, because there are multiple,
overlapping transitions affecting the peroxidase activity).****°! In fact, as the peroxidase
activity measured under native conditions is due to the fraction of cytochrome c in the

[224]

unfolded state with the lowest free energy, = the ratio of activities under native and fully

denaturing conditions is a direct measure of the unfolding transition with the lowest AGyys.

Potential in vivo relevance

The fact that it is non-native cytochrome c that is peroxidase-active places the potential role
of this heme protein in the generation of free radicals in the cell (vide supra) in an interesting
perspective. In vivo, a significant amount of cytochrome c¢ is associated with, or even
partially inserted into the [mitochondrial inner] membrane.”****) These are non-native
forms of cytochrome ¢ and hence, in principle, may express dangerous levels of peroxidase
activity. To afford a better insight into this, the effect of detergents (as membrane models) on
the peroxidase activity of cytc550 was studied. It appears that detergents indeed cause
enhanced peroxidase activity, but the activity increase in general is not as large as with
chaotropic agents (Chapter 5). Moreover, cytc550 is only affected by detergents with a
charged headgroup. If, for example, SDS is taken as a membrane model, the conclusion is
that the peroxidase activity of membrane-associated cytochrome c¢ is not particularly

harmful.

Heme breakdown
As discussed above, an important function of the protein matrix of the true peroxidases lies
in handling the highly reactive intermediates that are formed by the reaction of the heme
centre with H,O,. Presumably, such a function is absent in cytc550, particularly in the
unfolded state of the protein. When they occur, the highly reactive intermediates are likely to
be involved in inactivation and heme degradation that is always seen when heme proteins are
in contact with H,0,.12%14%:134211.202-200258] Thiq a150 happens with unfolded cytc550, and a
case is made for the direct involvement of either peroxo-iron [Fe(III)-OOH] or its reaction
product, the oxyferryl species [Fe(IV)=0], in heme breakdown (Chapter 6).

Ortiz de Montellano has argued that a general theme in heme-peroxidase chemistry
is, that the peroxo-iron intermediate is a self-destructive species.'"**""! He suggests that it

represents a branching point; it either reacts on to form the oxyferryl species and water, or it
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leads to hydroxylation of the heme (at one of the meso-carbon positions) or hydroxylation of
certain electrophilic substrates.!"***"" If so, one can argue that in true peroxidases the protein
matrix is involved in lowering the concentration of this particular species in its reaction
cycle. There does indeed seem to be such a function for the peroxidase distal His and Arg
residues. These not only play a role in enhancing the reaction rate by assisting in peroxide
binding, but also in accelerating heterolytic cleavage of the peroxo-iron O-O bond to form
Compound 1 (oxyferryl plus a radical).!'%%!?#1262972%8] 1 accordance with the relative
stabilisation of the peroxo-iron species in peroxidase mutants deficient in either of these
residues, these mutated protein variants are much more prone to inactivation than the wild-
type peroxidase.t' %1662

In view of this, it may be useful to mention one of the few cases where protein
engineering has resulted in improved catalytic stability of a peroxidase enzyme.!">") Using
directed evolution techniques, a hundred-fold gain in catalytic stability was obtained through
mutation of a number of residues that are not directly located at the heme centre, but are

involved in orienting the a-helix containing both the distal His and Arg residues.!"*”!

Outlook

In summary, the work described in this thesis aids in understanding the relationship between
the protein matrix and the heme prosthetic group. Although the focus was on a secondary
type of reactivity associated with the cofactor of cytochrome ¢, the findings may be applied
in a wider perspective and help comprehend the working of the true peroxidases. In addition,
it is interesting to realise that unfolding a protein can cause one type of reactivity (electron
transfer) to be exchanged for another (peroxidase activity). The case discussed here may
only be an isolated example; one should take into account that the peculiar behaviour of
cytochrome ¢ upon unfolding is a consequence of the fact that the heme is covalently bound
to the protein (and thus remains part of the unfolded protein), in combination with the very
rich chemistry of which the heme group is capable. Nevertheless, besides its (presumed)
dedicated function or reactivity, almost every protein also displays minor or side reactions,
or is capable of similar catalysis on more than one substrate. The extent to which the minor
reactivity is present in any protein will clearly depend on environmental conditions. Note
then, that in this respect it still remains to be assessed how well in vitro experiments mimic
the natural environment of proteins, e.g. in terms of macromolecular crowding,”'® of the

effect of certain co-solutes or of interfacial phenomena.*'”
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On a more practical note, it is interesting from an applied perspective that the
unfolding of c-type cytochromes transforms them into such potent peroxidases. This may
provide these proteins with potential use as catalysts in applications such as e.g. chemical
synthesis, laundry formulations or in diagnostics, particularly under denaturing conditions
where true peroxidases are inactive. An important advantage of cytochrome ¢ may be the
fact that their peroxidase activity can be regulated. As these proteins typically show fast and
reversible unfolding behaviour, and are highly soluble in both their folded and unfolded
states, the extent to which they display peroxidase activity can be controlled by manipulating
their conformational state. For example, by raising or lowering the temperature, one can

have them switched on or off.
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Summary

The work described in this thesis deals with the peroxidase activity of cytochrome ¢-550
from Paracoccus versutus, and how it is controlled by the protein matrix. As discussed in
Chapter 1, cytochrome ¢-550 shares many characteristics with mitochondrial cytochromes ¢
and the features defining its peroxidase activity may be extrapolated to its better-known
mitochondrial counterparts.

Cytochrome ¢-550 functions in electron transport, shuttling electrons between a
number of redox partners. Its role in electron transport locates it close to other redox proteins
which are an important source of reactive oxygen species, among which hydrogen peroxide.
One might thus expect that the protein matrix of cytochrome ¢-550 not only plays a role in
optimising the protein to function in electron transport, but also to prevent any harmful
activity associated with its heme cofactor reacting with, for example, hydrogen peroxide.

On the one hand, it is thus relevant to appreciate the peroxidase activity of
cytochrome ¢-550, and how it can be enhanced. On the other hand, it is interesting from a
fundamental viewpoint to understand how the protein matrix suppresses an undesired
secondary reaction associated with its cofactor. Relatively little research has been performed
on the role of protein structures in suppressing secondary reactions, as often attention is paid
exclusively to characterising the protein’s mechanism of action in its purported function.
Yet, what defines the specificity of a catalyst is not only its capacity to facilitate the reaction
it catalyses, but also the fact that it minimises or excludes related reactions.

In Chapter 2, the peroxidase activity of cytochrome ¢-550 is characterised under
conditions favouring the native state. The activity is extremely low (about one million times
less than natural peroxidases). The extremely high Ky for H,O,, together with the pH
dependence of the activity demonstrate that this is caused by a poor accessibility of peroxide
to the iron centre and the lack of a general acid/base catalyst to deprotonate the incoming
H,0, as seen for the natural peroxidases. Thus, the peroxide anion acts as the substrate, and
this is present in low concentrations under neutral or acidic conditions. It is thus concluded

that the activity can be enhanced by improving accessibility to the heme-iron, and by
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introducing a general acid/base catalyst in the appropriate position, as with the natural
peroxidases.

The simplest way to improve the accessibility is to unfold the protein, which causes
the axial Met ligand to dissociate from the heme-iron. This was explored in Chapters 3 and
4, and it is shown that unfolding by chaotropic agents causes a spectacular increase (~1200-
fold at pH 5.0) in the peroxidase activity of cytochrome ¢-550 and related proteins. This, to
our knowledge, is the first example of significant enzymatic activity in an unfolded protein.

The peroxidase activity of unfolded c-type cytochromes is under control of two acid-
base equilibria, one of which involves inhibition by protein-based heme ligands and the other
is deprotonation of H,O, (Chapters 3-4). The intrinsic peroxidase reactivity of the heme in
unfolded cytochrome c is of the same order of magnitude as in true peroxidases. However,
this activity is never attained in reality, because the two acid-base equilibria counteract each
other. In true peroxidases, this is not the case, as they contain an active site structure that
keeps the heme-iron accessible and a general acid/base catalyst that allows H,O, rather than
HO, to react.

By matter of principle, the native form of cytochrome c-550 has zero activity,
because the heme is completely blocked off for peroxide binding by the two axial ligands.
Thus, under native conditions, all peroxidase activity must derive from non-native forms.
Under native conditions, the population of fully unfolded cytochrome ¢-550 (as determined
by spectroscopic techniques) is too small to account for the peroxidase activity (Chapters 3
and 4). This points towards unfolding intermediates as the peroxidase-active species under
native conditions. This was elaborated in Chapter 4, and extended to other Class I
cytochromes c. In this study it is shown that peroxidase activity measurements are a cheap
and fast way to probe the properties of cytochrome ¢ folding intermediates.

An important motive for the work in this thesis is the development of cytochrome c-
550 as a catalyst in peroxidase-type reactions. As described above, unfolding transforms the
protein in to a potent peroxidase. It is interesting to remark on the fact that the
conformational state of the protein directs the rate of the peroxidase reaction. Because
unfolding for c-type cytochromes is usually fast and reversible, this makes these proteins
highly tuneable catalysts. For example, it can be envisaged that the peroxidase activity of
cytochrome c-550 can be switched on and off at will, by raising or lowering the temperature.

The conditions used for the unfolding studies in Chapter 3-4 are impractical for

commercial purposes (high concentrations of chaotropic agents). Therefore, the propensity
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of detergents to increase the peroxidase activity of cytochrome ¢-550 was studied (Chapter
5). Only ionic detergents have the potential to induce peroxidase activity in cytochrome c-
550 and in most cases, the detergent-unfolded protein is only slightly more active than under
native conditions. This was attributed to the specific nature of the fully saturated protein-
detergent complexes. This is thought to inhibit the peroxidase activity either by shielding the
heme cofactor from the solvent (which contains the peroxide), or by rigidifying the protein
matrix compared to protein unfolded by chaotropic agents (Chapter 3-4). Under particular
conditions, one of the tested detergents could increase the activity substantially, indicating
that it may be worthwhile to investigate the effect of detergents further.

A recognised problem in the application of peroxidases and peroxidase models is the
self-inactivation of these enzymes, associated with H,O,. Indeed, also with both native and
unfolded cytochrome c-550, rapid inactivation is seen in the presence of H,O,, accompanied
by degradation of the heme cofactor (Chapters 2 and 6). Remarkably, under native
conditions, high levels of H,O, have a protective effect on this inactivation, which was
attributed to the adventitious generation of superoxide that acts as a reductant (Chapter 2).
The peroxide-driven inactivation and heme degradation pathway of unfolded cytochrome c-
550 was studied in Chapter 6. Here, it is shown that inactivation is associated with one of
the intermediates in the purported peroxidase mechanism of cytochrome c-550. The first
observable heme degradation intermediate was suggested to be hydroxyheme-containing
cytochrome ¢-550, pointing towards a role of iron-bound peroxide as the self-destructing
intermediate. Identification of the peroxo-iron as the culprit may aid in a rational approach to

minimise self-inactivation in future studies.

Concluding remarks
This thesis shows how the protein matrix of cytochrome ¢ inhibits the adventitious
peroxidase activity inherent to its heme cofactor. By providing the heme-iron with two
protein-derived axial ligands, the iron centre is blocked off from hydrogen peroxide, and the
activity is inhibited. In addition, the absence of a nearby residue to deprotonate the incoming
hydrogen peroxide reduces the activity by an additional three orders of magnitude at neutral
pH.

A high level of peroxidase activity is thus inherent to the heme cofactor. This raises

the question why the natural peroxidases all have such a similar environment around their
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heme centre. Except for the presence of a well-placed general acid/base catalyst, there would
not seem to be a direct benefit of this environment for enhancing the reaction rate with H,O,.

For one, the reaction rate with HO, may be sufficiently high, and secondly the
protein matrix plays a role in facilitating an efficient reaction with the reducing substrate. A
third reason may be inherent to the mechanism of the peroxidase reaction. A recurring
disadvantage of utilising the heme cofactor for peroxidase chemistry is the necessity to
contain the aggressive nature of the peroxide-reacted active centre. It would seem that an
important role of the peroxidase protein matrix is to minimise degradation of the cofactor
and to prevent the generation of free radical species. The former is obvious, to enhance the
efficiency of the heme as a catalyst. However, the prevention of free radical formation would
appear even more relevant, especially considering that peroxidases often function to lower
the in vivo levels of H,O,. Clearly if the natural peroxidases do not efficiently stabilise their
highly reactive intermediates, it would be counterproductive for the cell to utilise these
enzymes for the removal of peroxides. It is interesting in this respect that non-peroxidase
heme proteins as a rule produce free radicals when they react with H,O,. Although only
briefly studied here (in Chapter 2), this is also the case with cytochrome ¢-550.

Many peroxidases are able to stabilise their high-valent intermediates by storing the
highly reactive oxidising equivalents on the on the heme moiety. It is not well known which
role the protein plays in this; yet another aspect to the puzzle of how the protein matrix

controls heme reactivity.
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Samenvatting

Dit proefschrift behandelt de peroxidase activiteit van cytochroom ¢-550 uit de bacterie
Paracoccus versutus en de rol die de eiwitmantel daarin speelt. In de cel heeft dit eiwit de
functie om elektronen te vervoeren tussen verschillende redoxeiwitten, en vervult daarmee
een belangrijke rol in de energieproduktie van de cel. Cytochroom ¢-550 bevat een ijzerion,
dat gebonden zit aan heem, een vrij groot organisch molecuul met een ringstructuur. De
ijzerbindende heem zit op zijn beurt weer vast aan het cytochroom. Het heem in cytochroom
¢-550 is zeer geschikt om snel elektronen op te nemen en weer af te geven. De eiwitschil die
om het heem heen gevouwen zit helpt daarbij, door te zorgen dat het elektron alleen met
sommige partners wordt uitgewisseld. De specifieke functie van cytochroom ¢-550 komt dus
door een uitgekiend samenspel van het eiwitgedeelte en het heem, waarbij het eiwit de
eigenschappen van het heem zodanig manipuleert, dat deze geschikt is voor bovengenoemde
functie.

Het ijzerion in cytochroom c¢-550 heeft een binding met in totaal zes atomen,
waarvan vier van de heem en twee andere van ligandgroepen van het eiwit zelf afkomstig
zijn. Met deze zes donoratomen zijn alle bindingsplaatsen op het ijzerion bezet. Dit is
belangrijk, omdat als het ijzer een vrije bindingsplaats heeft, het gemakkelijk allerlei soorten
reacties aan kan gaan, in het bijzonder met zuurstof en ook waterstofperoxide (wat in feite
ook zuurstof is, maar dan met twee elektronen en twee protonen meer). Er zijn dan ook zeer
veel andere soorten heembevattende eiwitten bekend, waarvan de bekendste misschien wel
hemoglobine is. Een andere klasse heemeiwitten zijn de peroxidases. Deze eiwitten spelen
op veel verschillende plaatsen een rol, maar in het kort komt hun functie er op neer dat zij
waterstofperoxide om zetten in water, waarbij tevens allerlei kleine organische moleculen
worden geoxideerd. Er is tegenwoordig veel belangstelling om dergelijke enzymen in te
zetten in de fijnchemische industrie, wasmiddelentechnologie en dergelijke.

Ondanks dat het ijzer in cytochroom ¢-550 door zes donoratomen wordt bezet, heeft
het toch (een klein beetje) activiteit als peroxidase. Dit wordt in Hoofdstuk 2 beschreven.
De activiteit is een miljoen keer lager dan wat gewoonlijk bij peroxidases wordt

waargenomen, en dat is toe te schrijven aan de volgende twee zaken: ten eerste, de
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bovengenoemde volledige bezetting van het heem-ijzer door zes donoratomen. Ten tweede
reageert alleen de basische vorm van waterstofperoxide, het peroxide-anion. Bij lage of
neutrale zuurgraad is dat in zulke lage concentraties (ten opzichte van het waterstofperoxide)
aanwezig, dat de peroxidase-activiteit nagenoeg nul is. In echte peroxidases zit een
aminozuur (histidine) precies gepositioneerd ten opzichte van het ijzerion, zodat het ervoor
kan zorgen dat niet het peroxide-anion, maar waterstofperoxide reageert met het ijzer, wat
bijdraagt aan de hoge activiteit ervan.

Zoals hiervoor al vermeld, zit de heem vast aan het eiwitgedeelte van cytochroom c-
550. Dus wanneer het eiwit ontvouwen wordt (het verliest zijn structuur), blijft de heem
gewoon gebonden aan het eiwit. Het is bekend dat een van de ijzer-ligandgroepen die van
het eiwit afkomstig is, in het ontvouwen eiwit loslaat van het ijzer, waardoor deze een vrije
bindingsplaats krijgt. In Hoofdstuk 3 en 4 wordt beschreven dat dit een spectaculaire
verhoging van de peroxidase-activiteit tot gevolg heeft: de peroxidase-activiteit neemt meer
dan twaalfhonderdvoudig toe. Dit is de ecerste keer dat een aanzienlijke enzymatische
activiteit wordt waargenomen in een ontvouwen eiwit.

Men kan stellen dat als het cytochroom ¢-550 niet ontvouwen is (natief), het geen
peroxidase activiteit kan hebben. In de natieve vorm van cytochroom c¢-550, is het ijzer
immers volledig bezet door ligandgroepen en kan het per definitic niet reageren met het
peroxide-anion. Dus de activiteit die je kan meten wanneer het eiwit niet aan ontvouwende
condities wordt blootgesteld, is toe te schrijven aan het beetje ontvouwen eiwit wat
voorkomt onder die condities (wat komt doordat de ontvouwing van cytochroom c¢-550 een
evenwichtsreactie is). Op basis van dat evenwicht (de vrije energie die nodig is om
cytochroom ¢-550 te kunnen ontvouwen) kan je eigenlijk verwachten dat de activiteit met
een factor 70 000 zou moeten toenemen. Het feit dat deze ‘slechts’ twaalfhonderd keer
toeneemt geeft aan dat er een of meer ontvouwen toestanden van cytochroom c-550 zijn, die
qua vrije energie tussen de volledig gevouwen en volledig ontvouwen toestanden in zitten.
Er zijn dus toestand(en) van het cytochroom ¢-550 die tussen volledig ontvouwen en natief
in zitten, met eigenschappen die daar tussenin zitten, en die onder ‘natieve’ condities
beduidend meer voorkomen dan de volledig ontvouwen toestand. Dit is uitgewerkt in
Hoofdstuk 4, en daar laat ik zien dat je dit concept goed kan gebruiken om de ontvouwing
van cytochroom ¢-550 en andere cytochromen te bestuderen.

Een van de redenen om te kijken naar de peroxidase-activiteit van cytochroom c-550

en hoe deze valt te verbeteren, is de eventuele toepassing ervan als katalysator in the
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fijnchemische industrie. Zoals beschreven, is het eiwit juist actief onder omstandigheden
waaronder eiwitten (inclusief de ‘echte’ peroxidases) ontvouwen en inactief worden.
Cytochroom ¢-550 zou dus onder die omstandigheden als alternatief voor de peroxidases
geschikt kunnen zijn. Een interessante bijkomstigheid van het verschijnsel dat de peroxidase
activiteit van cytochroom c athangt van zijn vouwingstoestand, is, dat dit het mogelijk maakt
de mate waarin het activiteit vertoont af te stellen. De peroxidase-activiteit van cytochroom
¢-550 kan als het ware naar believen aan- en uitgeschakeld worden, bijvoorbeeld door de
temperatuur te verhogen (ontvouwen) dan wel te verlagen (heropvouwen).

De wijze waarop cytochroom ¢-550 is ontvouwen voor de experimenten in
Hoofdstuk 3 en 4 (met zogenaamde chaotropen), is niet bruikbaar voor commerciéle
toepassingen. Daarom is in Hoofdstuk 5 gekeken naar het effect van detergentia (zeep) op
de peroxidase-activiteit van cytochroom c-550. Detergentia worden zeer vaak gebruikt voor
allerlei toepassingen, en gewoonlijk zijn eiwitten daar niet tegen bestand. Het blijkt
(Hoofdstuk 5) dat sommige detergentia de activiteit kunnen verhogen, maar alleen in
beperkte mate. Dat geeft aan dat als cytochroom ¢-550 ontvouwen wordt door detergentia,
het andere eigenschappen heeft dan als het ontvouwen wordt chaotropen, zoals in
Hoofdstuk 3 en 4. De activiteit is relatief laag in de volledig verzadigde (‘volgroeide’)
eiwit-detergentiacomplexen, doordat het heem van cytochroom c-550 door de detergentia
wordt afgeschermd van de oplossing (waarin het peroxide aanwezig is). Ook zou het kunnen
dat de structuur van cytochroom ¢-550 in de complexen veel minder flexibel is dan wanneer
chaotropen worden gebruikt.

Een belangrijk probleem voor de commerci€le toepassing van peroxidases en
vergelijkbare enzymen, is dat waterstofperoxide deze -eiwitten inactiveert. Dus,
waterstofperoxide is niet alleen nodig voor de reactie, maar het heeft ook de eigenschap de
katalysator te vernietigen! Hoe dat zit bij cytochroom c¢-550, voor zowel het natieve als het
ontvouwen eiwit, is beschreven in Hoofdstuk 2 en 6. Ook cytochroom c-550 wordt vrij vlot
geinactiveerd in de aanwezigheid van waterstofperoxide, waarbij tevens het heem
afgebroken wordt. In Hoofdstuk 6 wordt dit proces beschreven voor ontvouwen cytochroom
¢-550, en het is aannemelijk dat dit ook geldt voor het natieve eiwit. De eerste stap in de
heemafbraak is gekarakteriseerd (hydroxylering van de heemperiferie). Dit, samen met
enkele duidelijke overeenkomsten tussen de peroxidase-activiteit en inactivatie maakt het
aannemelijk dat inactivatie wordt veroorzaakt door een van de tussenprodukten van de

reactie van cytochroom ¢-550 en het peroxide anion. Het peroxide anion bindt eerst aan de
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ijzer van het heem (peroxy-ijzer, eerste tussenprodukt), waarna water wordt afgesplitst
(oxyferryl, tweede tussenprodukt). Het blijkt dat het peroxy-ijzer cytochroom c-550 een zeer
labiele vorm is, die zowel kan doorreageren tot ferryl cytochroom ¢-550 als kan leiden tot
gemodificeerd heem. Door te zorgen dat de peroxy-ijzer vorm snel wordt weggenomen, kan
de inactivatie worden vertraagd. Op basis van deze vindingen kan gericht onderzoek gedaan

worden om van cytochroom ¢-550 een efficiénte katalysator te maken.

Ter afsluiting

Dit proefschrift laat zien hoe de natuurlijke peroxidase-activiteit van de heem cofactor wordt
geremd door de eiwitmantel van cytochroom c. Het eiwit verschaft twee ligandgroepen aan
het heemijzer, wat zorgt dat waterstofperoxide niet meer binden kan, met als gevolg dat de
activiteit geblokkeerd is. Het feit dat er in cytochroom ¢ niet een aminozuur in de buurt is,
dat dienen kan als protonacceptor en —donor resulteert in een activiteitsvermindering van nog
eens duizend maal.

Het kan dus gesteld worden dat de heem van nature zeer actief is als peroxidase. Dit
leidt tot de vraag waarom in de ‘echte’ peroxidases de omgeving rond de heem zo goed
geconserveerd is. Men zou denken dat er, afgezien van bovengenoemde
protonacceptor/donor, hier geen directe reden voor is teneinde de reactiesnelheid met
waterstofperoxide te verhogen.

Het is een feit dat wanneer de heemgroep gebruikt wordt voor de reactie met
waterstofperoxide, het te maken heeft met zeer agressieve tussenprodukten. Het is dus
aannemelijk dat een belangrijke rol van de eiwitmantel van peroxidases het voorkomen van
de afbraak van de heemgroep is, tezamen met het verhinderen van het vrijkomen van vrije
radicalen welke dodelijk voor de cel zijn. Het is duidelijk dat vermindering van de
heemafbraak leidt tot een meer efficiénte katalysator. Het voorkomen van vrije radicalen is
echter nog veel belangrijker, vooral aangezien de rol van veel peroxidases juist is om
waterstofperoxide weg te vangen (zodat het niet reageert met andere celcomponenten en
zodoende vrije radicalen vormt). Het is duidelijk essentieel dat de ‘echte’ peroxidases hun
hoogreactieve tussenprodukten moeten kunnen stabiliseren. Het is inderdaad zo, dat wanneer
men andere heemeiwitten laat reageren met waterstofperoxide, ze altijd vrije radicalen
produceren. Dit is ook het geval met cytochroom ¢-550, hoewel dat hier slechts zijdelings is

bestudeerd (in Hoofdstuk 2)
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Veel van de peroxidases hebben het vermogen hun hoogreactieve tussenprodukten te
stabiliseren door ze op de heem op te sluiten. De precieze rol van de eiwitmantel hierin is
nog onduidelijk, maar het is een van de vele aspecten van de interessante wisselwerking
tussen eiwitmantel en heemgroep. En die wisselwerking is het feitelijke onderwerp van dit

proefschrift.
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