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1 INTRODUCTION

1.1 General motivations for this work

The small redox protein cytochrome c is an all-time-favorite in biochemical and biophysical
research since it is easy to handle and well characterized. But also from another point of view
this protein is still in the focus of researchers: Cytochrome c is a good negative example of the
paradigm one gene > one protein > one function. Beside its considered main function as
electron carrier between complex III and IV in the respiratory chain, cytochrome c has also other
physiological roles in different cell compartments. For example it accepts electrons from other
proteins in the mitochondria like sulfite oxidase, and during the last decade it could be shown
that cytochrome c can also act as apoptosis-triggering agent. Both the study of electron transfer
reactions in proteins with cytochrome c as model protein and the role of cytochrome c in the
apoptotic pathway are research topics of high interest today.

For electron transfer reactions to and from the heme group of cytochrome c the solvent-
exposed heme edge surrounded by lysine residues forming a positively charged patch, is
considered to be a relevant surface site for electron transfer, supported by electrostatic
interactions with redox partner proteins. Thus, the introduction of additional electrostatic
interaction points in the cytochrome ¢ molecule represents a possible way to influence the
reaction with other redox proteins. This provides not only further understanding of these
reactions, but also can be applied in biomimetic systems where the electrochemical functionality
is dependent on the protein-protein interaction. As an example, protein multilayer electrodes
with cytochrome c embedded with other proteins can be accentuated here.

However, biological electron transfer reactions differ from most redox processes involving
small molecules. For example, for the known reaction of the superoxide radical with cytochrome
c neither exist a clear evidence for an outer or inner sphere reaction mechanism nor it is proven
which part of the protein is relevant for this reaction. The reaction is of great relevance, because
the superoxide-induced reduction of cytochrome c is used since many years for measuring the
concentration of superoxide in tissues and other samples. For example, cytochrome c can be
used as recognition element in an electrochemical superoxide biosensor, being immobilized on a
SAM modified gold electrode. Here, the reaction rate of cytochrome c with superoxide is one
sensitivity-limiting factor. The potential chance of enhancing the reaction rate via altering the
electrostatics on the surface of cytochrome c and thereby improving the guidance of the
negatively charged superoxide radical is one of the main motivations of this thesis.

The detection of superoxide is of particular interest, since this reactive oxygen species (ROS)

has many physiological functions which are far from being fully understood. As already
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mentioned, in the last few years the role of cytochrome c during ROS-induced cell death became
also a highly discussed research field. Recent work suggests also a natural relevance of
superoxide conversion via cytochrome c, which brings even more interest to the mechanism of
this particular reaction and could provide another hint for an even further extended
physiological role of the cytochrome c molecule.

In the past the role of particular amino acids of the cytochrome ¢ molecule with respect to
electron transfer reactions with proteins and other smaller compounds was mainly investigated
using chemically-modified amino acids. Here, often a negative charge was added to positions
with positively charged amino acids, which limits however the field of investigations. Modern
molecular biology offers tools that provide the site specific exchange of an amino acid of a
protein by any other amino acid of interest. In this way mutated protein forms with tailor made
functions at specific positions within the protein can be produced. This possibility can be used to
introduce additional positively charged amino acids into cytochrome c and to study the impact
of these mutations on the properties of the engineered cytochrome c molecules.

Thereby protein engineering not only offers a great chance to investigate the reaction
between the radical or other proteins with cytochrome c, but also provides a method for
optimizing this reaction in order to build a superoxide sensor with an enhanced performance
and to investigate electron transfer reactions within multilayer assemblies based on direct
electron exchange between immobilized protein molecules.

Furthermore, the recombinant expression of cytochrome c allows the convenient
production of the human form of the redox protein and permits the study of the protein’s
reactions in a more medically relevant context, since in the major part of in vitro investigation in

literature only cytochrome c from yeast or horse was used.
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1.2 Aim of this work

The aim of this thesis is the design, expression and purification of human cytochrome c
mutants and their characterization with regard to electrochemical and structural properties as
well as with respect to the reaction with the superoxide radical and the two selected proteins
sulfite oxidase and bilirubin oxidase. Out of these investigation suitable cytochrome ¢ mutants
should be chosen for incorporation in two bioelectronic systems: an electrochemical superoxide
biosensor with an enhanced sensitivity and a protein multilayer assembly with and without
bilirubin oxidase on electrodes. All aspects of the investigations shall furthermore be compared

with the attributes of unmutated human and horse heart wild-type cytochrome c.
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2 LITERATURE SURVEY

2.1 Redox proteins and enzymes

Redox reactions are involved in many important biological reactions and are defined as
reactions where electrons are transferred from a donor to an acceptor molecule. Biological
electron transfer reactions differ from most redox processes involving small molecules. They
occur rapidly over long distances (>10 A) and are often accompanied by only small changes at
the active site. Enzymes catalyzing redox reactions are called oxidoreductases and are conflated
in the enzyme class EC 1 which can be further classified into 22 subclasses. Redox proteins are
carriers of electrons and have the role of mediators in redox reactions. Often these proteins and
enzymes have metal centers and are therefore known as metalloproteins.

In this thesis, reactions involving the redox protein cytochrome c (cyt c) from human, the
oxidoreductases sulfite oxidase (SOX) from human and bilirubin oxidase (BOD) from fungi are
investigated. The most important facts about these proteins are compiled below. Also the
oxidoreductase superoxide dismutase (SOD) will be introduced for the comparison with the cyt

¢ - superoxide reaction.

2.1.1 Cytochromec

Cytochrome c is small globular redox protein with a molecular weight of 12 kDa. It contains
a single polypeptide chain of about 100 residues (in mammals 104 amino acids) and a single c-
type heme as prosthetic group (protoporphyrin IX, see Figure 1) which is covalently bound to
two cysteine residues (Cys-14 and Cys-17). The actual electron carrier of cyt c is the heme iron
which is coordinately bound to the ligands His-18 and Met-80. It can exist in the oxidized (ferric,

Fe3+) or the reduced (ferrous, Fe2*) form. The heme group is also responsible for its red color.

CHs CH.CH,COO™

CH, CH,CH,COO~

Figure 1 Structure of heme c of c-type cytochromes (Lehninger et al. 2005)
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About 40% of the polypeptide is in a-helical segments the rest of the cyt c chain contains
turns and irregularly coiled and extended segments but no [ sheets (Figure 2). The
characteristic fold of cyt c contains four a-helices which go from the N to the C terminus in the
following order: Helix 1 (H1) with residues 5-14, Helix 2 (H2) with residues 50-54, Helix 3 (H3)
with residues 61-68 and Helix 4 (H4) with residues 88-102 (De Biase et al. 2009).

Figure 2 Cartoon representation of the structure of human cytochrome c. The iron ligands as well as the
cysteines bound to the heme group are represented as sticks. The heme group is represented by
red sticks and the heme iron as red sphere. Colors are going from blue over green and yellow to
orange representing the peptide chain going from the N to the C terminus. Picture made with
Pymol and the pdb-file 1J3S.

Cyt c is highly soluble in contrast to other cytochromes with a solubility of about 100 g/I.
The 18 positively charged lysine residues contribute largely to the basic isoelectric point in the
range of 10.0 - 10.5 (Van Gelder et al. 1962). The redox potential of cyt ¢ is 250 mV vs NHE at pH
7 and 25°C.

2.1.1.1 The role of cytochrome c in nature

Cyt c is present in many species ranging from eukaryotes to bacteria and Achaea (Bertini et
al. 2006). In eukaryotes cyt c is mainly located on the outer surface of the inner mitochondrial
membrane (Figure 3 A). From the total amount of cyt c in mitochondria 15% can be found free in
the intermembrane space and the rest is loosely (70%) and tightly (15%) bound to the
phospholipid cardiolipin of the outer leaflet of the inner mitochondrial membrane via
electrostatic interactions (Ow et al. 2008). But also interaction of an acyl chain of the anionic
lipid with a hydrophobic channel of cyt c was suggested (Sinibaldi et al. 2010).

The main role of cyt c in the mitochondria is the capability of shuttling electrons between

Complex III (cyt c reductase) and Complex IV (cyt c oxidase) during oxidative phosphorylation in
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the respiratory chain (Figure 3 B). In chloroplasts, cyt c transfers electrons from the cytochrome
bf complex to photosystem I. In prokaryotes, cyt c is involved in both aerobic and anaerobic

respiration.

Outer membrane

Inner membrane TEM

1pum
Ribosomes
aH° 4H 2H"
A 4
i
gl

A
Cytochrome ¢ |
:
L]

ADP +P,  ATP

Figure 3 A: Demonstration of the mitochondrion structure (Pearson Education). B: role of cyt ¢ electron
transfer carrier between complex Il and IV within the respiratory chain (Q — ubiquinone, IMM —
inner mitochondrial membrane) (Ow et al. 2008).

The dogma of the apparent simplicity of the cyt c function was shaken in 1996 when Wang
and co-workers (X. Liu et al. 1996) discovered that this protein is somehow involved in
apoptosis.

It is now widely accepted that cyt c is involved in the intrinsic pathway of apoptosis
(Caroppi et al. 2009; Ow et al. 2008; L. Wang et al. 2008), which is being initiated in
mitochondria. Its activation includes the release of cyt c and other pro-apoptotic factors from the
mitochondrial intermembrane space. In the cytosol, cytochrome c exerts its pro-apoptotic
action. It binds to the apoptosis protease activation factor (APAf-1) and forms a complex
indicated as 'apoptosome'. The complex-induced activation of pro-caspase 9 initiates an
enzymatic reaction cascade, leading to the execution of apoptosis in cells (Figure 4) (Bayir et al.

2008).
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A “pro-apoptotic” conformer of cyt c with increased peroxidase activity was identified
(Kagan et al. 2005). It is suggested that the mobilization of cyt c from the membrane is conserted
with cardiolipin peroxidation, resulting in MOMP (mitochondrial outer membrane
permeabilization), the release of pro-apoptotic factors and the above described apoptotic

cascade (Basova et al. 2007; Gonzalvez et al. 2007; Ying et al. 2010)

\.‘ | Apoptosome

\ Caspas;-z 9

PT Pore
_ ; * Mitochondrial Outer Membrane
: e e el

Complex!  Complex!ll Complexll ComplexIV  ATP Synthase

Figure 4 Schematic  representation of the cyt ¢ induced apoptotic intrinsic pathway
(www.sigmaaldrich.com/life-science/metabolomics/enzyme-explorer/learning-
center/cytochrome-c.html)

The complex role of cyt c¢ during apoptosis is further underlined with the recent
observations that tRNA can bind to cyt ¢ preventing the cyt c-induced apoptosis pathway (Mei et
al. 2010). Another function of cyt c is the ability to be bind to the growth factor adapter Shc
(p66%hc) in mitochondria, providing then electrons for the p66she catalyzed formation of ROS,
which trigger mitochondrial apoptosis (Giorgio et al. 2005; Pinton et al. 2007). Scavenging
superoxide and hydrogen peroxide in mitochondria (Min et al. 2007; Pereverzev et al. 2003)
may also be connected to the apoptosis, since ROS are shown to act as redox signal molecules
(see 2.1.1.2 and 2.3.1).

For the binding of cyt c to acidic partner proteins, prior studies have clearly established the
important role of cyt c’s lysine-rich front face, and a series of apparently very different proteins
and protein complexes recognize this surface domain on the cyt c molecule (Moore et al. 1990;

Scott et al. 1996; Brautigan et al. 1978). In Figure 5 the asymmetric spatial charge distribution
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and the positively charged front face of cyt c which surrounds the heme cleft can clearly be seen.
Even when not all lysines at the front face of cyt c are directly involved in the binding, they may
also contribute to its orientation. In many cases the positive charges on the five or six lysine
groups immediately surrounding the heme cleft are involved in complementary charge
interactions with negatively charged carboxyl groups on the other partner proteins (Webb et al.

1980).

Figure 5 Electrostatic potential around human cyt c. The potential surface is transparent showing the
underlying cartoon representation of the cyt c structure. The heme group is depicted in white
spheres and is partly exposed. The surface potential was calculated by Andrea Giachetti from the
University of Florence using the pdb file 1J3S. Regions where the electrostatic potential is <-1 kT
are red, while those >+2 kT are blue (k, Boltzmann constant; T, absolute temperature). Picture
made with Pymol.

These binding mechanism is established not only for its reaction partners in the respiratory
chain, such cyt bc; complex of cyt ¢ reductase(Rieder et al. 1980) and cyt c oxidase (Dopner et al.
1999), but can also be related to other proteins such as cyt c; (Rieder et al. 1980), cyt bs (Volkov
et al. 2005) and SOX (see 2.1.4). However, the distinct importance of the lysines involved in
binding differs for the different reaction partners (Pepelina et al. 2010).

For the proteins cyt ci of cyt ¢ reductase and cyt c peroxidase it was shown that also
hydrophobic interactions are of crucial importance for the binding (Bertini et al. 2006). Further
e.g. in Apaf-1 binding, it seems that cyt c uses not only this front face, but also an opposite
surface placed around positions 39 and 62-65 (Yu et al. 2001; Mufazalov et al. 2009; Ow et al.
2008).

The discoveries of cyt c functions beyond that of an electron carrier in respiration seem still

not to be finished and contribute to the still ongoing high interest for this protein.
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2.1.1.2 The reaction of cytochrome c with superoxide

In 1968 McCord and coworkers described for the first time the reduction of cytochrome c in
the presence of the superoxide-generating enzyme xanthine oxidase (McCord et al. 1968). Since
SOD competes for the reaction with superoxide and thereby inhibits the reduction of
cytochrome ¢, a spectrophotometric assay for the quantification of the enzyme superoxide
dismutase (SOD) in tissue was developed on this basis (McCord et al. 1969; 1970). Cyt c oxidizes
superoxide to molecular oxygen:

02" + cyt c3+ > O3 + cyt c2*

Although the cytochrome c reduction assay is widely used since decades, only very few
literature sources suggesting a natural role of superoxide conversion via cyt ¢ can be found.
Recently, parallel with the deep investigations of the role of ROS and cytochrome c in
mitochondria and during the apoptotic pathway, some hints for a relevance of this reaction in
nature were found. First in Skulachev’s laboratory, the antioxidant properties of cytochrome c
were confirmed in experiments with isolated mitochondria (Korshunov et al. 1999; V. P.
Skulachev 1998). It could be shown that only free cyt ¢ (not the membrane-bound one) is able to
reduce superoxide. The latter one exhibits a peroxidase activity (Korshunov et al. 1999).
Pereverzev declared cyt ¢ even as an “ideal antioxidant” due to its ability to generate useful
metabolic energy upon detoxifying potentially harmful superoxide (Pereverzev et al. 2003). In
contrast to the SOD system, no hydrogen peroxide is generated here. It was postulated that the
oxidation of superoxide-reduced cyt c by cytochrome c oxidase could generate a proton motive
force (Mailer 1990), that mitochondria can use to produce ATP. Recently, it could also be
demonstrated that cyt c, released in the yeast apoptotic pathway, can be reduced by superoxide
and reoxidized by cyt c oxidase showing a further indication of its antioxidant activity
(Giannattasio et al. 2008). Another recent paper suggests that superoxide is one of the cyt c
reducing species, responsible for the steady-state redox state of cyt ¢ which is supposed to
regulate apoptosis, since reduced cyt c cannot activate the apoptosome (see 2.1.1.1). Therefore,
it does not promote apoptosis, whereas the reoxidation of cyt c and the enhanced availability of
cyt c oxidase after apoptotic permeabilization of the mitochondrion membrane lead to activation
of the apoptotic pathway via oxidized cyt c (G. C. Brown et al. 2008). Another theory is linked to
the loss of cyt ¢ during apoptosis and the observed immediate burst of ROS: The absence of the
ROS-scavenging function of cyt ¢ could contribute to this burst of ROS. (Ow et al. 2008; Min et al.
2007).

Combining the above mentioned findings with the observations of an apoptosis inhibitory
effect for a higher ratio of superoxide/H;0; (see 2.3.1 and (Pervaiz et al. 2002)), one could

speculate that superoxide oxidation via cyt c is also relevant for the apoptosis pathway due to
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the competition with SOD in superoxide scavenging, together with the fact that cyt c, in contrast
to SOD, does not cause the formation of hydrogen peroxide. Furthermore, a higher ratio of
superoxide to hydrogen peroxide could also guarantee an efficient reduction of cyt c and thereby
could hinder the cyt c3+-induced apoptosis cascade.

Nevertheless the physiological role of superoxide as putative redox signal molecule in
combination with cyt c and the in vivo efficiency of this superoxide scavenging system remain to
be explored.

However, if this reaction is of relevance in nature, a conserved reaction pathway should
exist. Only three works were dedicated to investigate the reaction pathway for the reduction of
cyt ¢ by superoxide up to date (Butler et al. 1975; Butler, W. H. Koppenol, et al. 1982; Cudd et al.
1982).

‘15|'

-
N

3

Rate constartt (10 5 M~Ts1)
[43]
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n ng‘
2- n ;g‘aut
O ) R R , . Lte, .
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Figure 6 Effect of pH on the rate constant for the reaction of O, with ferricyt c at 20 °C., (o) horse heart
cytochrome c, (®) tuna heart cytochrome c. The point at pH 4.7 with the large error was estimated.
Taken from (Butler et al. 1975).

In the first work the reaction rates were investigated at different pH (see Figure 6 (Butler et
al. 1975)). Several conclusions were made: the most significant change of the rate constant
occurs at pH 7.45, and it was supposed that an inner sphere reaction at the exposed heme edge
is not likely due the cluster of positively charged amino acids around the heme edge. Further
they examined the sequence of cyt c and identified two blocks of invariant residues (47-53 and
63-83), which border a distinct channel into the cytochrome interior, with some of the side
chains (for example the aromatic residues tyrosine 67 and 74 and tryptophan 59) being along
the channel. The suggestion was done that superoxide may transfer its electron to the heme
group through this track. With respect to the pH change, it was proposed that protonation of
some amino acids at pH values below 7.45 enhances the electron transfer either because

superoxide reacts more rapidly with the protonated group or because protonation opens up the

10
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way through the track. Newly obtained results in the field of electron transfer in proteins in the
context of diverse tunneling mechanisms, lead to the arisen interest of a further investigation of
this hypothesis.

However, the latter two works focused on the role of lysine residues around the exposed
heme edge. Cudd and coworkers proposed a similar electrostatic facilitation effect like for the
SOD owing to measurements at different ionic strength (Cudd et al. 1982).

In the later work of Butler et al. chemically modified lysine residues were used to investigate
the influence of these amino acids on the reaction with superoxide. The modified lysines
introduced a negative charge in the cyt c molecule. The reaction rate of the unmodified cyt c
molecule was determined to be (2.6 + 0.1) x 105> M! s'&. The modified residue with most
decreasing effect on the reaction rate was K72 following by K86, K27, K87, K13 and K60. This
order differed from the order measured with other anionic reductants (where K13 was most
influencing) (Butler et al. 1981; G. Williams et al. 1982). However, considering superoxide as the
best representative of a small negative point charge, the authors concluded that the radical
might be able to by-pass the normal orientations required for reaction with the enzymes such as
cytochrome c oxidase and reductase, sulfite oxidase, and cytochrome c peroxidase, as well as
with the non physiological reactants. Moreover, it has been stated that the cytochromes,
modified at positions 87, 86, and 72, which are located to the left of the exposed heme edge, have
activities much less than expected from the electrostatic correlation. Hence, they concluded that
this might be the result of steric and short-range electrostatic effects, causing the superoxide
reactions at the left of the heme edge.

The negative influence of the exchange of positive charges with negative charges on the
reaction rate implies the possibility to enhance the reaction rate by introducing additional
positively charged lysines. On the other hand these kinds of investigations could elucidate the
reaction mechanism; since it remains unclear which reaction pathway is relevant upon
reduction of the heme iron by superoxide. Possibilities include diffusing to the heme, followed
by a direct reaction (inner sphere mechanism) or tunneling through outer amino acids (outer
sphere reaction). In the latter case several electron transfer mechanisms can be considered.

Protein engineering offers here the chance to investigate the chemically unmodified protein,
allowing the study of human cyt c¢ as superoxide oxidant. This has never been investigated

before with regard to the reaction with superoxide, but might be from greater medical relevance.

2.1.1.3 Comparison of human and horse cytochrome c structure

Although the tertiary structure of human and horse cyt c is very similar (Figure 7, right),

there are twelve amino acids differing between the horse and human form of cyt c at the
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following positions (horse>human): F46Y, T47S, D50A, K60G, V111, Q12M, A15S, T58I, E62D,
A83V, T89E, and E92A. The location of the sequence changes can be found in Figure 7 (left). As it
can be seen, many of the positions are located at the surface of the protein. Also in the loop
containing the residues 71 to 85 where some important lysine residues (Lys72, Lys73, Lys79)
are located, one amino acid is changed. In most cases the changes are accompanied by a change
in hydrophobicity and cause a more hydrophobic surface of human cyt c compared to the horse
form. The apparent pK value (pKa) of human cyt ¢ (pKa=9.9) is higher than those of horse cyt ¢
(pKa=9.4) (Ying, F. Zhong, et al. 2009). There are obvious differences found in alkaline
isomerization between these two proteins (Ying, F. Zhong, et al. 2009). The stability of human
cyt ¢ was found to be higher (Olteanu et al. 2003). The electrostatic surface potential of the two
protein forms are shown to be strikingly similar (Banci et al. 1999). However, Rodriguez-Roldan
et al. have recently reported that human cyt c exhibits remarkable differences compared to the

horse form when interacting with horse cytochrome c oxidase (Rodriguez-Roldan et al. 2006).

Figure 7 Left: Sphere representation of human cyt ¢ with amino acid positions differing in comparison to
horse cyt ¢ marked in green. Heme is depicted in black spheres. Right: Structure alignment of the
human (blue, pdb file 1J3S) and horse form (green, pdb file 2GIW) of cyt c. The heme group is
depicted as sticks and the heme iron as green sphere. Pictures are made with Pymol.

2.1.1.4 Examples of mutational studies with cytochrome ¢
Former investigations with the aim to identify amino acids of cyt c involved in binding to
reaction partners often include chemical modification of the protein (Rieder et al. 1980; Butler,

W. H. Koppenol, et al. 1982; Speck et al. 1981). However, this resulted in an artificial protein and

the modifications were limited to charged amino acids as targets for the modification. In
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contrast, the site directed mutagenesis of proteins offers the chance to probe the properties of
tailored proteins.

For example, the importance of distinct lysine for the binding to cyt ¢ oxidase could be
shown with mutated cyt ¢ (Dépner et al. 1999; Pepelina et al. 2010). Engineered cyt c was also
used to map the electron transfer interface between cyt ¢ and cyt bs (Ren et al. 2004).
Furthermore, cyt ¢ mutants could help to identify the binding domains for the binding to Apaf-1
(Yu et al. 2001). For the mutants K72A and K72W an inhibition effect on apoptosis was
demonstrated (Mufazalov et al. 2009). A similar effect was observed for the mutation of Y48
(Pecina et al. 2010).

A mutation at position F82 caused changes in global stability and of the local structure
(Greene et al. 1993; Inglis et al. 1991). The role of histidines in the structure and stability of cyt ¢
was also investigated (Sinibaldi et al. 2006).

Also the reaction with small compounds was shown to be changed upon mutation of cyt c.
Mutations at position 67 can increase the peroxidase activity (Ying, Z.-H. Wang, et al. 2009;
Casalini et al. 2010). The K73H mutant of yeast iso-1-cyt c exhibits a different electron transfer
rate for the reaction with the positively charged hexaammineruthenium(II) chloride (Baddam et
al. 2005).

Furthermore, the electron transfer (ET) from cyt c to modified electrodes was shown to be
changed with the rat and yeast cyt ¢ mutant K12A and K13R. Whereas the substitution of a
lysine residue with alanine at position 13 lowers the interfacial ET rate more than 5 orders of
magnitude; the charge conservative mutation K13R still causes a 100 fold decrease for the ET
rate which highlighted the role of this lysine residue for the heterogeneous ET (Katsumi Niki et
al. 2003; Katsumi Niki 2002).

For multiple Lys to Ala variants at the surface lysines 72, 73, and 79 an altered formal redox

potential when adsorbed to modified gold was observed (Battistuzzi et al. 2007).

2.1.2 Superoxide dismutase

The enzyme family of superoxide dismutases (SODs) converts superoxide to oxygen and
hydrogen peroxide, a relatively stable molecule. Although the dismutation of superoxide to
hydrogen peroxide can occur spontaneously (see 2.3), the role of SODs is to increase the rate of
the reaction to that of a diffusion-controlled process (Abreu et al. 2010). SODs are subdivided in
three subclasses according to their folding with four different metal cofactors: Copper-zinc SODs
(Cu,ZnSOD), manganese SODs/iron SODs (MnSOD/FeSOD) and nickel SODs (NiSOD). All SOD
types can be found in prokaryotic organisms. In Eukaryotes FeSOD can be found in chloroplasts.

In the mitochondria of animals the corresponding MnSOD can be found in the matrix and
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Cu,ZnSOD in the intermembrane space (Abreu et al. 2010). Cu,ZnSOD as the most abundant SOD
is also the most thoroughly studied SOD.

All SODs have in common the disproportionation reaction, occurring through alternate
oxidation and reduction of their catalytic metal ions (M). This mechanism is called a “ping-pong”

mechanism (Perry et al. 2010) and can be described in general as:

M@®+1) + Oy > Mr+ + 0,
Mn+ + 0z (+2H*) > MO+D + H;0,
Overall: 20;- + 2H* = 0, + H,0,

Although the protein architectures of the three SOD classes are distinct, all of them crucially
provide electrostatic guidance for the superoxide radical and alter the metal ion redox potential

to a range suitable for superoxide disproportionation (Perry et al. 2010).

Figure 8 One subunit of human Cu,ZnSOD with the channel towards the copper ion (green sphere) lined
with positively charged amino acids (positive surface potential marked in blue, negative surface
potential marked in red). Figures made with PyMol and the pdB file 1HL5.

The overall structure and the channel towards the copper ion in human Cu,ZnSOD is
presented in Figure 8. Under physiological conditions, the rate of the Cu,ZnSOD reaction with the
radical is ca. 104 times faster ( 2 x 10% M-1 s-1) than that of the spontaneous disproportionation of
superoxide in solution(Smirnov et al. 2006).

A lot of work was done including genetic engineering and Brownian dynamics simulations
to identify amino acids responsible for this fast reaction especially for Cu,ZnSOD: a couple of
positively charged lysines were found around the active site, providing an electrostatic potential

distribution which attracts the negatively charged superoxide radical to this region (Figure 8)
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while the rest of the protein is mainly negative charged (Stroppolo et al. 2001; Getzoff et al.
1983). Additionally, the evolutionary conserved arginine residue at position 143 was shown to
play an important role in catalysis by steering the superoxide towards the copper ion (Fisher et
al. 1994; Y.-H. Zhou et al. 2007). Mutational exchange at this position with a still positively
charged lysine residue reduced the activity to 10%, indicating the importance of the local charge
distribution.

Several attempts were made to further increase the reaction rate with superoxide with
enhanced electrostatic guidance by engineering of SOD (Getzoff et al. 1992; Folcarelli et al. 1999;
Polticelli et al. 1998): substitutions of negatively charged glutamates by uncharged glutamines
near the superoxide channel resulted in a two- to threefold arisen activity of the protein.
However, a further increase of local positive charges (by introducing a positively charged amino
acid) was not successful, indicating that preorientation factors may also be relevant for the
correct attraction of the substrate toward the active site.

The possibility to increase the rate by improved electrostatic guidance in SOD provides the
motivation to apply this approach for the enhancement of the rate of superoxide oxidation by cyt
c as it will be shown in this thesis. Besides, SOD is also a popular recognition element in
superoxide biosensors (see 2.3.2).

However, one has to take into account possible side effects of the mutation conducted:

unwanted reactivities may occur or the stability of the protein might be decreased.

2.1.3 Bilirubin oxidase

The monomeric enzyme bilirubin oxidase (BOD; EC 1.3.3.5) belongs to the family of
multicopper oxidases and is found in the fungi Myrothecium verrucaria. BOD has a molecular
weight of about 64 kDa. It catalyzes the oxidation of bilirubin to biliverdin with oxygen as

electron acceptor in the following way:

bilirubin + O, = 2 biliverdin + 2 H,0

In diagnostic analysis BOD is used to determine levels of bilirubin in serum (Kosaka et al.
1987). Due to its high reactivity at neutral pH in comparison to other multicopper oxygen
consuming enzymes like laccases, it has also attracted attention as an enzymatic catalyst for the
cathode of biofuel cells (Cracknell et al. 2008). Recently, the X-ray structure of BOD was resolved
(K. Mizutani et al. 2010). It was shown that the structure as well as the four copper binding sites
are very similar to other multicopper oxidases. The protein is folded into three domains, domain

one and three contain the copper binding sites (Figure 9). The enzyme contains one type I, one
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type Il and two (one pair of) type III coppers. The type Il and III coppers form a trinuclear centre
that reduces oxygen to water molecules and the type I copper functions as the electron mediator
from the substrate to the trinuclear centre (Shleev et al. 2005). In the crystal structure a
hydrophilic asparagine residue was identified close to type I copper (where in other
multicopper oxidases a hydrophobic residue can be found) and it was suggested that this amino
acid contributes to the characteristically high redox potential of BOD (490 mV vs. NHE) (K.
Mizutani et al. 2010; F. Xu et al. 1996)).

Figure 9 Crystal Structure of fungi BOD. Domains 1, 2 and 3 are shown in pink, green and blue, respectively.
Type | Cu, type Il Cu and type Ill Cu ions are depicted as purple, green and orange spheres,
respectively (K. Mizutani et al. 2010).

Recently it was demonstrated that also cyt ¢ can act as electron donor instead of bilirubin in
solution and in bioelectronic multilayer assemblies on electrodes (Dronov, Kurth, Frieder W.
Scheller, et al. 2007; Dronov, Kurth, Méhwald, Frieder W. Scheller, and Lisdat 2008). But also
modified electrodes can be used to contact BOD directly (Shleev et al. 2005).

2.1.4 Sulfite oxidase

The homodimeric enzyme sulfite oxidase (SOX, EC 1.8.3.1) has a molecular weight of 110
kDa and belongs to the family of molybdo-enzymes with a molybdopterin (MPT) cofactor. This
family also includes DMSO reductase, xanthine oxidase and nitrite reductase (Kisker et al. 1997).
It catalyzes the oxidation of sulfite to sulfate (Figure 10 left) as the final step in the oxidative
degradation of the sulfur-containing amino acids cysteine and methionine. SOX also plays an

important role in detoxifying exogenously supplied sulfite and sulfur dioxide (Jean L Johnson
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2003). Loss of SOX activity, due to either a defect in one of the proteins in the synthesis pathway
for the MPT cofactor or a mutation in the SOX gene itself (isolated SO deficiency), leads to severe
birth defects and neurological problems that usually result in death at an early age (Jean L
Johnson 2003).

Animal SOX is located in the intermembrane space of mitochondria with ferricyt c as
physiological electron acceptor (C. Feng et al. 2007). High activity is found in liver, kidney and
heart tissues. The only crystal structure of active animal SOX solved so far, is that of chicken liver
SOX (Kisker et al. 1997). Each 52 kDa subunit of the homodimeric chicken SOX contains a 10 kDa
N-terminal bs-type cytochrome ¢ domain, a MPT cofactor binding domain and a C-terminal
interface domain (Figure 11). The MPT domain and the heme bs domain are linked by a flexible
peptide loop. The structure of the human heme bs domain is also solved (Rudolph et al. 2003).

The overall SOX reaction cycle (Figure 10) can be divided into reductive and oxidative half-
reactions (Garrett et al. 1998). The reductive half reaction portion of the catalytic sequence
involves the reaction of sulfite with oxidized enzyme to yield the reduced enzyme (and sulfate),
and the oxidative half reaction involves the reaction of SOX with cyt c to yield oxidized enzyme
and reduced cyt c. The proposed catalytic mechanism of animal SOX involves two intramolecular
one-electron transfer steps from the MPT to the heme bs iron, and two intermolecular one-

electron steps from the heme bs domain to exogenous cyt c.

cytochromec Mo (VI) Fe (lll)

(reduced) S0;™ + H0
ochrome ¢ = +
C!‘,{1cn<idizecl} SO4”+2H
H,O + Sulfite 2 Cytc !l
> SO ( Mo (V1) Fe (II) Mo (IV) Fe (lll)
2 H* + Sulfate 2Cytcll
Mo (V) Fe (lII) Mo (V) Fe (i)
cwmhrthrome c
(reduced) (oxidized)

Figure 10  Overall reaction (left) and proposed reaction mechanism for animal SOX (right) (Garrett et al.
1998).

The distance between the Mo and Fe atoms in the two domains of SOX in the crystal
structure is 32 A, which did not suit to the rapid ET rate constants (ker > 1000 s1) observed for
this enzyme (Sullivan et al. 1993). It was suggested that during the reaction cycle two domains
adopt a conformation that brings the MPT and heme centers much closer to each other. Indeed,

the rate constant for intramolecular ET decreases with an increase in the viscosity of the
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solution, indicating that domain movement is essential for the efficient ET between the heme bs
and MPT domains of SOX (C. Feng et al. 2007). The flexible loop probably provides the mobility
of the heme bs domain to allow its negatively charged exposed edge to interact electrostatically
with the positively charged MPT domain (Moco domain in Figure 11) as well as with the
positively charged surface of cyt c. It was shown that in the reduction half cycle the intraprotein
ET is the limiting step, probably due to the conformational change which is necessary to bring
the heme bs domain close to the MPT cofactor to conduct reduction of heme bs (C. Feng et al.

2007).

— LIV
Moco domain |+

+VI
Moco domain

++++

Figure 11  Left: X-ray dimeric structure of chicken liver SOX (made with PyMol and pdb file 1SOX.pdb (Kisker
et al., 1997)). The two heme b5 domains are depicted in yellow in blue, the two Moco domains in
orange an cyan respectively. Right: Schematic presentation of the intraprotein ET from the Moco
domain to the heme b5 domain (Rudolph et al. 2003).

Many studies were done to determine the binding sites of cytochrome bs and cyt c (Ren et al.
2004; Volkov et al. 2005) but it was also found that this cannot be compared with the heme bs
domain of SOX since there is only 42% sequence identity (Ritzmann et al. 1988; Rudolph et al.
2003). However, similar to the cyt bs-cyt c interaction the analysis of the electrostatic surface
potential of cyt c and the SOX heme bs domain as well as chemical modifications of the lysine
residues of cyt c indicated that the lysines around the heme crevice are important for the
interaction with the negatively charged area of the heme bs domain of SOX (Rudolph et al. 2003;
Speck et al. 1981; Webb et al. 1980). These are the same lysines identified to be important also
for the binding to cyt c oxidase (see 2.1.1.1).

SOX was applied in several bioelectronic systems. It was shown that SOX accepts also
modified electrodes as electron acceptor instead of cyt c (Ferapontova et al. 2003; Spricigo et al.
2010; Sezer et al. 2010). Furthermore, it could be also embedded in a multilayer assembly
together with cyt ¢ (Spricigo et al. 2008; Dronov, Kurth, Mohwald, Roberto Spricigo, Leimkiihler,

et al. 2008b). A sulfite biosensor with SOX as recognition element could be constructed with
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(Spricigo et al. 2009; Hart et al. 2002) and without cyt ¢ as mediator (Ferapontova et al. 2003;
Spricigo et al. 2010).

2.2 Biosensors

Biosensor can be defined as a “compact analytical device or unit incorporating a biological
or biologically derived sensitive ‘recognition’ element integrated or associated with a physio-
chemical transducer” (Turner 2000). The first biosensor was developed in 1967 and consisted of
an enzyme electrode with glucose oxidase for the measurement of glucose (Updike et al. 1967).
Up to day the glucose biosensors have the highest commercial success in this field. The

schematic representation of the general biosensor configuration is depicted in Figure 12.
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Figure 12  Configuration of a biosensor showing biorecognition, interface, and transduction elements
(Chambers et al. 2008).

Biological recognition elements can be enzymes, proteins, antibodies, receptors, nucleic
acids, aptamers, lectins and molecular imprints. An overview of the different recognition
elements can be found in a review published by Chamber et al. (Chambers et al. 2008).

Biosensors can be also divided by the type of transducer used: signal transformation can be
achieved via a physicochemical way, as well as optical, piezoelectric, electrochemical, acoustic or

thermal ways.

2.2.1 Electrochemical biosensors based on direct protein electrochemistry

Electrochemical biosensors are bioelectronic devices normally based on reactions that
produce or consume electrons (Privett et al. 2010). Therefore, redox proteins and
oxidoreductases are often employed as recognition elements. Different potentiometric (e.g.
ISFETs), voltammetric and amperometric methods exist, where either the potential or the

current change depending on the concentration of the analyte can be measured.
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Electrochemical biosensors can be divided in three different generations: First generation
sensors measure directly the product of the reaction. To avoid interferences second generation
biosensors use mediators which mediate the electron transfer between the product of the
reaction and the electrode. Third generation electrochemical biosensors are based on direct
protein electrochemistry i.e. direct electron transfer (DET) between the electrode and the
protein (Figure 13 left). Basic principles of this kind of biosensor are reviewed by Wu et al. (Y.

Wu et al. 2007).

Active
Center Direct
) Electron Transfer
¢ (DET)
v
Electrode

Figure 13  Left: Principle of direct protein electrochemistry which is applied in third generation
electrochemical biosensors. Right: Schematic representation of the DET between cyt c and a
modified gold electrode (Yue et al. 2008).

The main advantage of a third generation biosensor is a superior selectivity since no
mediator is used which diminishes the influence of potential interferences. An additional
advantage of systems based on DET is the possibility of modulating the desired properties of an
analytical device using protein modification with genetic or chemical engineering techniques as
well as novel interfacial technologies.

The rate of the DET is an important feature of a third generation biosensors and depends
strongly on the potential difference and the distance between the two redox sites according to
the Marcus theory (Marcus et al. 1985). Hence special attention has to be made during
immobilization of the protein to guarantee a close approach of the active site to the electrode.
Often, immobilization on bare metal electrodes results in irreversible adsorption and
denaturation of the proteins and hence a hindered ET. Modifications of the electrode with
promoters may solve this problem. Thiol-based promoters have achieved a broad usage, because

they can easily bind to gold surfaces by simple adsorption and without any complex reaction
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step, since they rely on self-assembly (self assembling monolayers — SAMs). The end group of the
acyl chain may also be chosen depending on the protein immobilization strategy.

In the case of cyt c the positively charged lysines around the heme cleft can be used for an
oriented immobilization of the protein via electrostatic interaction with the negatively charged
carboxyl group of the SAM modified electrode (Figure 13, right). Adsorption and also covalent
immobilization are possible with this arrangement. The length and composition of the SAM
promoter crucially influences the electron transfer rate of cyt c to the electrode (L. Wang et al.
2008; Davis et al. 2008; Alvarez-Paggi et al. 2010; Ly et al. 2010; Z. Feng et al. 1997; Ge et al.
2002; Arnold et al. 1997; Yue et al. 2008; Battistuzzi et al. 2007). These features are also
important for the selectivity in the sensor application (see 2.3.2).

New surface modifications used by nanotechnology open a new field in the direct protein
electrochemistry research field. For example carbon nanotubes (Schubert et al. 2009), quantum
dots (Stoll et al. 2008) and mesoporous indium tin oxide (Frasca et al. 2010) can be used for
immobilization. These techniques increase the surface area of the electrode and thereby allow
the immobilization of a high protein amount which increases the sensitivity of the biosensor.
Also protein multilayers can increase the amount of the recognition element on the electrode

(see 2.2.3).

2.2.2 Examples of protein engineering for biosensor applications

Outside the field of biosensors protein engineering represents usually a popular tool to
understand reaction mechanisms in proteins and enzymes. For example it could be shown that
the lysine residues near the heme edge of cyt c are important for the ET to cyt c oxidase (D6pner
et al. 1999) and mutants of cellobiose dehydrogenase exhibited a drastically altered substrate
specificity which provided hints for the role of the active site during catalysis (S. Ferri et al.
2010).

The knowledge and control of the interaction site position on the surface of the enzyme is
crucial in the field of biosensors. Besides, tailored protein mutants can also be beneficial for the
application in biosensors and biofuel cells. The particular advantages offered by genetically
engineered recognition elements in bioelectronic devices were reviewed recently (Campas et al.
2009; Caruana et al. 2010). The main goals of site directed mutagenesis in this field are: creation
of more sensitive or specific enzymes, designing new enzyme immobilization techniques to
increase the stability of the sensor and the enhancement of ET to the electrode.

The approach for the enhancement of the enzyme sensitivity is based on the increase of the
affinity for the target analyte by favoring the accessibility of the active site. For example, the

active site in the drosophila acetylcholinesterase is buried and the entrance is therefore very
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narrow. Mutations in this precise region, i.e. the exchange of distinct tyrosines, not only
enhanced the sensitivity of an anatoxid-a(s) biosensor but also improved the selectivity since it
was shown to be resistant to most insecticides (Devic et al. 2002).

Another elegant approach is the usage of engineered PQQ-dependent glucose
dehydrogenase with altered K. values. Combination of two mutants with a decreased and
increased Ky value, respectively, together with the wild type protein extended the dynamic
range of the glucose sensor significantly. Additionally the sensor showed also a higher specificity
(Yamazaki et al. 2000).

Biosensors based on new immobilization techniques with protein mutants include
approaches for an easier electrical communication between the redox center of the protein and
the electrode; a covalent anchoring of the redox centers to the protein matrix to prevent the loss
in hostile environments; and an increased stability of the protein over a wide range of
temperatures and pH (Maly et al. 2002). For example, the insertion of cysteine residues in the
protein can be used for an oriented immobilization on gold surfaces as it was shown for SOD
(Moritz Karl Beissenhirtz et al. 2006)and plastocyanin (Andolfi et al. 2002). Similarly, the
introduction of histidines can also be used for an enhanced immobilization (Andreescu et al.
2002; Ferapontova et al. 2001).

An example of an electrochemical biosensor based on enhanced electron transfer is the
genetic addition of a poly-I-lysine chain to glucose oxidase and the linkage of the redox mediator
ferrocenecarboxylic acid to it. This resulted in higher electro-catalytic currents, a wider linear
range of the sensor and a higher stability (L.-Q. Chen et al. 2002).

Also cyt c was already subject to protein engineering in the context of tailored recognition
elements for biosensors: Site directed mutagenesis of yeast-1-iso cyt c at position M80 and Y67
resulted in an increased peroxidase activity of cyt ¢ which was applied in an electrochemical
hydrogen peroxide sensor (Casalini et al. 2010). The cyt ¢ mutant M80A showed also changed
catalytic properties: the mutation caused the ability to react with oxygen and nitrite. This
mutant was investigated in an oxygen biosensor (Casalini, Battistuzzi, Borsari, Bortolotti, et al.

2008; Casalini, Battistuzzi, Borsari, Ranieri, et al. 2008).

2.2.3 Layer-by-Layer technique for biosensor applications

The construction of protein multilayer films on electrodes by layer-by-layer technique is a
popular research area, especially in the field of biosensors, since the significant increase in the
surface concentration of the biological recognition element can be achieved in a controlled way
(Z. Tang et al. 2006; Lisdat et al. 2009; Ariga et al. 2006; Caruso et al. 1997; W. Zhao et al. 2006;
Rusling et al. 2008). Synthetic polyelectrolytes are often applied as building blocks (Decher et al.
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1998; S. Song et al. 2009; Lutkenhaus et al. 2007; Calvo et al. 2001; Calvo et al. 2010) but also
other materials such as DNA (Rusling et al. 2008; Sarauli et al. 2009; Lvov et al. 1998) or
nanoparticles (Katz et al. 2004; Bonk et al. 2009; H. Tang et al. 2007) can be used to successfully
incorporate biological compounds within the films.

The assembly of the multilayer is in most cases driven by electrostatic interactions: basically
a charged surface is immersed alternately in two solutions containing oppositely charged
building blocks until a desired film thickness is achieved (Figure 14). The incorporated

biomolecule can represent hereby also the charged building block itself.

Figure 14 Formation of a multilayer structure on a positively charged substrate using charged
polyelectrolytes (Decher et al. 1992).

Communication within such assemblies however is an issue since the ET distance drastically
increases with the number of deposited layers (Ma et al. 2000). Thus, shuttle molecules are often
used in order to transfer the information of a conversion at the protein molecule to the electrode
(Moraes et al. 2007; Rusling et al. 2008; L. Shi et al. 2003).

The small heme protein cyt c is the first redox protein which could be successfully
incorporated in a fully redox-active multilayer assembly using sulfonated polyaniline (PASA) as
a counter polyelectrolyte (Moritz Karl Beissenhirtz et al. 2004; Moritz Karl Beissenhirtz et al.
2005). A biosensor for superoxide radicals based on this architecture was reported with a much
higher sensitivity in comparison to a cyt ¢ monolayer system (M.K. Beissenhirtz, F.W. Scheller, et
al. 2004).

A more sophisticated approach is the embedment of other enzymes in these layers to form a
bi-protein artificial signal chain (Lisdat et al. 2009). Cyt c can act here as an electron transfer
protein, which can provide the electron transfer between the electrode and the enzyme without
any external mediator. First assemblies with cyt ¢ and xanthine oxidase still relied on the
generation of an internal shuttle molecule (Dronov, Kurth, Helmuth Méhwald, et al. 2007).
However, reaction partners of cyt ¢ such as SOX (Dronov, Kurth, M6hwald, Roberto Spricigo,
Leimkiihler, et al. 2008b; Spricigo et al. 2008; Spricigo et al. 2009) , laccase (Balkenhohl et al.
2008) or BOD (Dronov, Kurth, Méhwald, FriederW. Scheller, and Lisdat 2008) allow the
construction of electrode assemblies without the need of any diffusing shuttle molecules. Such

electrodes are capable of sensing of sulfite and oxygen. However, limited stability is still a
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drawback in terms of application of protein multilayer electrodes, and some attempts as a

thermal treatment were done to increase stability (M.K. Beissenhirtz, F.W. Scheller, et al. 2004).

2.3 Superoxide radicals

The superoxide anion radical belongs to the so called reactive oxygen species (ROS), and is
produced by the one-electron transfer to oxygen. It has a high reactivity acting both as a
reductant and an oxidant. Superoxide is the first ROS generated in vivo during the stepwise four
electron reduction of oxygen (Fridovich 1978):

O,+ e -0,
0,  + e~ +2H* - H,0,
H,0, + e"+ HY - HO + H,0
HO +e” + H* - H,0

Superoxide can undergo spontaneous dismutation being the conjugate base of the
hydroperoxyl radical HO, (Behar et al. 1970), and the dominating dismutation reactions are the
following:

HO, + HO, - H,0, + O,
HO, + 0, + H* -> H,0, + O,
At physiological pH value of 7.5 the rate of dismutation is determined to be 2.3 x 105 M1 s'1
(Behar et al. 1970). The dismutation reaction 20,” + 2H* > 0, + H,0, is to slow to
contribute to the overall rate (Behar et al. 1970). The short life-time of the radical is dependent

on its concentration and ranges from milliseconds to seconds (Fridovich 1972).

2.3.1 Role of superoxide radicals in nature

Several enzymes can produce superoxide under certain conditions. The respiratory chain in
mitochondria is an important source for superoxide within most mammalian cells (Murphy
2009). Also other biological reactions e.g. reactions involving xanthine oxidase (Hille 2006) and
the reactions of the bacterial and plant photosynthesis are sources of superoxide (Scarpeci et al.
2008). External addition of the herbicide paraquat can also induce superoxide formation. In
mitochondria superoxide can be produced by respiratory complexes. Complex I in the brain and
complex III in the heart and lung seem to be the primary sources of mitochondrial superoxide
production (Figure 15) (Bayir et al. 2008). In the presence of iron superoxide can be converted
via the Fenton reaction to the even more reactive hydroxyl radical. Together with nitric oxide
superoxide can form the highly reactive peroxynitrite. The concentration of superoxide is

estimated to be 10-200 pM in vivo. However, the concentration inside mitochondria in vivo is not
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known, since only measurements with isolated mitochondria were possible up to date (Murphy
2009).

CuZnSOD
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Figure 15 Places of superoxide generation in the mitochondrial respiratory chain (Cyt c, cytochrome c; O,,
superoxide; Q, ubiquinone) (Kowaltowski et al. 2009).

Superoxide is detoxified by superoxide dismutases (SODs) to hydrogen peroxide (H202) in
the mitochondria and glutathione peroxidases convert hydrogen peroxide to water (Figure 15).
In peroxisomes catalases convert superoxide to oxygen and water. The fact that virtually all
living organisms possess either one of these enzymes is, per se, remarkable evidence for the
importance of superoxide in biology. Lately also cyt ¢ was considered as an ideal antioxidant
oxidizing superoxide without formation of H,O, (Pereverzev et al. 2003). Also other non-
enzymatic compounds are able to act as antioxidants such as tocopherol and ascorbate (Imlay
2008).

For many years superoxide is considered only as by-product with dominating negative cell
compound damaging effects. But it is also deployed by the immune system as a mechanism to
destroy the invading microorganisms (Craig et al. 2009). Additionally more recently the role of
superoxide as cell signaling molecule has been discovered in a variety of physiological responses
such as transcriptional activation, bioenergy output, cell proliferation, and apoptosis (Bartosz
2009; Sarsour et al. 2009; Z. Wu et al. 2010; Jones 2006). For apoptotic signaling a function of a
tight balance between the levels of superoxide and hydrogen peroxide is supposed (Pervaiz et al.

2002). It is suggested that under normal physiological conditions redox-optimized ROS balance
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(with both ROS production and ROS scavenging) obeys the evolutionary drive toward maximal
energy output and the ROS-dependent signaling function of mitochondria (Aon et al. 2010). If
under stress situations this equilibrium is disturbed and the body can no longer compensate for
the production of superoxide, several pathological events can occur which includes damage of
DNA, proteins and lipids (Sarsour et al. 2009). One example is ROS damage during ischemia and
reperfusion involving XOD (Kevin et al. 2003; Becker et al. 1999). Furthermore, it could be
shown that superoxide is involved in several diseases like cancer (Pervaiz et al. 2007) and
Alzheimer (Z. Wu et al. 2010). Together with the role of superoxide during apoptosis it is
suggested that superoxide and other ROS are also involved in the aging process (G. Paradies et
al. 2010). However, although the correlation of oxidative damage with aging is generally
accepted, the proof of causality for ROS as aging accelerator is still lacking (Bokov et al. 2004).
Since the role of superoxide in diseases and cell signaling e.g. in apoptosis is far from fully
understood it is necessary to quantify superoxide under different conditions and at different
locations in vivo. Particularly in the medical field there is a large interest to follow the radical’s

concentration on-line in vivo.

2.3.2 Detection methods for superoxide

The short life span of superoxide makes it difficult to measure and only a few techniques can
be utilized. Indirect spectrophotometric assays rely on the reduction of dyes (Fink et al. 2004)
but are not specific for superoxide, which limits its use. The same is valid also for the direct
spectrophotometric measurement at 250 nm (Marklund 1976). Chemiluminescent methods
have been used frequently for vascular tissue samples because they are more sensitive than
other conventional methods (C. Lu et al. 2006). Fluorescence-based assays have also been
widely used in cultured cells and vascular tissues (X. Xu et al. 2010; Seitz et al. 2010). Electron
spin resonance (ESR) spectroscopy, also known as electron paramagnetic resonance (EPR),
quantitatively measures superoxide concentration but is less suitable for its in vivo detection (R.
Chen et al. 2004). Among the indirect methods the spectrophotometric measurement of cyt c
reduction by superoxide is the most widely employed technique due to its great sensitivity and
simple assay design (Quick 2000; Sanders et al. 1994).

Electrochemical sensors based on cytochrome c reduction or superoxide dismutase (SOD)
enzymatic reaction have been developed for the sensitive real-time monitoring of superoxide
(Tian et al. 2006; Borgmann 2009; Yuasa et al. 2005). First-generation SOD-based biosensors
detect superoxide indirectly by measuring hydrogen peroxide concentration (McNeil et al.
1989). H20; is enzymatically generated during superoxide reaction within immobilized SOD and

then further oxidized at the electrode surface. Several approaches have been developed to
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enhance the selectivity for these types of sensors: a H,02-impermeable Teflon membrane (M. 1.
Song et al. 1995), combination with horseradish peroxidase (Lvovich et al. 1997) the
entrapment of SOD between two membranes (Campanella et al. 2003) and the incorporation of
SOD in a polypyrrol film (Descroix et al. 2001; Mesaros et al. 1998).

Another approach (second-generation SOD-based biosensors) used different mediators,
such as ferrocene-carboxyaldehyde or methyl viologen, to enable electron transfer from SOD to
the electrode (Endo et al. 2002; Ohsaka et al. 2002). Since the direct electron transfer of SOD to
electrodes, without the need of mediators, results in a simple sensor design with high sensitivity
and selectivity, third-generation biosensors have gained considerable attraction. The electron
transfer to SOD was shown to be promoted using thiol self-assembled monolayers (SAMs)(Ge et
al. 2003; Tian et al. 2002; Tian et al. 2004; Tian et al. 2005) an electroactive sol-gel film (J. W. Di
et al. 2004), or a ZnO nanodisc film (Deng et al. 2008). SOD was also directly immobilized on
gold using SOD mutants with additional cysteine residues (Moritz Karl Beissenhirtz et al. 2006;
Kapp et al. 2006). Superoxide biosensors using SOD often lack reproducibility due to
immobilization problems. In contrast, third-generation cyt c based superoxide sensors are more
stable and have already been used for in vivo applications (Buttemeyer et al. 2002; Frieder W.
Scheller et al. 1999). Here the reduction of the heme protein by superoxide and subsequent

reoxidation by an electrode is used. The detection principle is depicted in Figure 16.
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Figure 16  Principle for the detection of superoxide with an amperometric cyt c based biosensor.

Short-chain thiol-modified gold electrodes used for the immobilization of cyt c show a highly
efficient communication between cyt c and the electrode and have been applied for cyt c based
superoxide sensors (Tammeveski et al. 1998) e.g. in isolated mitochondria (Henderson et al.
2009). However, they are not completely blocking the electrode surface. For this reason, sensor

electrodes using long-chain thiols have been developed to diminish effectively electroactive
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interferences. These cyt c electrodes have been applied for in vitro measurements of the radical
(Moritz Karl Beissenhirtz et al. 2003; Ignatov et al. 2002; Krylov et al. 2007; Lisdat, Ge,
Ehrentreich-Forster, et al. 1999; Lisdat, Ge, Reszka, et al. 1999; M.K. Beissenhirtz, R.C.H. Kwan, et
al. 2004) as for in vivo studies (Buttemeyer et al. 2002; Frieder W. Scheller et al. 1999).

The sensitivity of these cyt ¢ electrodes is dependent on the amount of electroactive protein
and the reaction rate of protein with the radical. Thus, different approaches have been used for
sensitivity enhancement: optimization of the promotor layer (Ge et al. 2002; Gobi et al. 2000),
increasing the surface roughness (Krylov et al. 2004) and the construction of protein multilayer
electrodes (M.K. Beissenhirtz, F.W. Scheller, et al. 2004). A possibility to enhance the reaction
rate of cyt c with superoxide may be directed protein engineering as it is an approach in this

thesis. This could also lead to a superoxide sensor with increased sensitivity.
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3 MATERIALS AND METHODS

3.1 Materials

3.1.1 Materials

Xanthine Oxidase (XOD) was purchased from Roche (Mannheim, Germany). Horse-heart
cytochrome c, bovine erythrocyte superoxide dismutase (SOD), Bilirubin oxidase from
Myrothecium verrucaria (EC 1.3.3.5), lysozyme, hypoxanthine, H,0, (30% solution in water),
isopropyl B-D-1-thiogalactopyranoside (IPTG), dithiothreitol (DTT), 1-ethyl-3(3-dimethyl
aminopropyl) carbodiimide (EDC), 11-mercapto-1-undecanoic acid (MUA), 11-mercapto-1-
undecanol (MU), 3-mercapto-1-propanol, deuterium oxide (D.0), potassium hydroxide and
ferriycyanide were provided by Sigma-Aldrich (Taufkirchen, Germany). Potassium dihydrogen
phosphate (KH;PO4), dipotassium hydrogen phosphate(K;HPO,), disodium sulfite, sodium
dihydrogen phosphate (NaH:PO4), disodium hydrogen phosphate (Na;HPO4), and potassium
chloride were purchased from Merck (Darmstadt, Germany). Purified sulfite oxidase was
received as a gift from the group of Prof. Silke Leimkiihler from the University of Potsdam,
Germany.

Gold wire electrodes with a diameter of 0.5 mm were provided by Goodfellow (Bad
Nauheim, Germany).

All solutions were prepared in 18 MQ Millipore water (Millipore, Eschborn, Germany).

3.1.2 Buffers

For the preparation of the sodium phosphate buffer (50 mM and 10 mM), Na;HPO, or
NaH;PO. was used with the pH adjustment using sodium hydroxide or phosphoric acid. The 10
mM sodium phosphate buffer containing 1 M KCl was adjusted for pH after KCI addition.

The potassium phosphate buffers (0.5 mM and 5 mM) were made with K;HPO4 or KH2PO4

salts and the pH was adjusted using hydrochloric acid or potassium hydroxide respectively.
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3.2 Methods

3.2.1 Preparation of cytochrome ¢ mutants

3.2.1.1 Mutation of human cytochrome c

The plasmid pET21a-CCHL-hCYC provided by Chuang and coworkers (Jeng et al. 2002)
carries the human cytochrome c gene, converted from yeast cyt ¢ with long primers, and the
CCHL genes of the yeast heme lyase (Pollock et al. 1998). The heme lyase attaches the heme
covalently to apocytochrome c (Allen et al. 2003).

This plasmid was used for introducing additional mutations and is further referred as wild-
type (WT). Primers for mutation were designed with the web-based software PrimerX
(http://bioinformatics.org/primerx/). Mutations were introduced using the QuickChange site-
directed mutagenesis kit from Stratagene (La Jolla, USA) following the provided protocol. Gene

sequencing was done to confirm the mutations.

3.2.1.2 Recombinant expression and purification of wild-type and mutated human

cytochrome c

Human cytochrome c was expressed and purified using adapted protocols from the
literature (Jeng et al. 2002; Rivera & Walker 1995; Bertini, Chevance, Turano submitted). It was
coexpressed with heme lyase and other cytochrome c maturation proteins: Competent
BL21(DE3)C41 E. coli cells were used for transformation of the plasmid DNA with the mutated
cyt c gene and the yeast heme lyase. These cells contained an additional pEC86 plasmid which
expressed the bacterial cytochrome ¢ maturation genes ccmABCDEFGH under the control of the
tet promoter (Arslan et al. 1998). The complex cyt c biogenesis system containing these eight
genes is arranged in one operon in E. coli (Meyer et al. 2005). CcmE acts e.g. as heme chaperon
during cyt ¢ maturation (Schulz et al. 1998).

The cells were cultivated in minimal media M9 supplemented with minerals, vitamins and
glycerol in a shaker at 37 °C and 180 rpm until ODsgo reached 1.0. The expression started after
addition of IPTG (1 mM final concentration) and FeSO,4 (100 mg/I final concentration) and the
culture was incubated for 72 h at 30 °C and 60 rpm (Figure 17a). After harvesting by
centrifugation (Figure 17b), the cells were lysated using lysozyme and sonication. Purification of
cyt ¢, involved two chromatography steps, first, the supernatant of the centrifuged lysate was

loaded onto a 5 ml SP Sepharose cationic exchange column (Figure 17c, GE Healthcare, Sweden)

30



Dissertation - Franziska Wegerich

and eluted with a linear NaCl gradient (0-500 mM) in 50 mM sodium phosphate buffer, pH 6.8.
Pertinent fractions (Figure 17d) were determined by SDS-PAGE, and those containing cyt c were
concentrated using an Amicon ultra centrifugal filter device with a molecular weight cutoff of
5000 kDa (Millipore, USA). The sample was then loaded onto a 120 ml dextran size exclusion
column and eluted with 50 mM sodium phosphate buffer, pH 6.8. Fractions were monitored by

UV/VIS spectroscopy and pooled together to obtain a final cyt c sample.

Figure 17  Pictures of some cyt c expression and purification steps from left (a) to right (d): a - culture after 72
h; b - cell paste after harvesting by centrifugation; ¢ - cyt ¢ running through a cationic exchange
column; d - final fractions of cyt c after size exclusion chromatography

3.2.2 NMR measurements

NMR measurements were conducted by Prof. Paola Turano from the University of Florence,
Italy (CERM, Magnetic Resonance Center) who was involved as cooperation partner in the
project of this thesis.

Unlabelled and 15N-labelled cytochrome c¢ samples, in both diamagnetic ferrous and
paramagnetic ferric forms, were used for the NMR characterization. The reduced and oxidized
states of the proteins were obtained by addition of dithiothreitol (DTT) and an excess of
ferricyanide, respectively. The oxidizing agent was then removed by ultra-filtration before NMR
data acquisition. Typical protein concentrations were in the 200 uM - 1 mM range (samples
were concentrated to reach this range with a Centricon centrifugal filter device, containing a
molecular weight cut off of 5000 kDa), in 20-50 mM phosphate buffer, pH 6.8 with 10 % D-O0.

NMR experiments were carried out at 300 K on a Bruker 800 MHz spectrometer equipped
with a TXI cryoprobe. Uni-dimensional *H NMR spectra were recorded over a spectral width of
20 ppm and a 1.2 s recycle delay. Water suppression was achieved using excitation sculpting
(Hwang 1995). The ferric form of the protein required detection of hyperfine shifted resonances,
achieved using a larger spectral width (100 ppm), faster repetition rates (600 ms), and
presaturation for efficient water suppression. Two-dimensional 1H-15N heteronuclear single

quantum correlation (HSQC) experiments (Sklenar 1993) were acquired with 1024 x 256 data
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points, over a spectral width of 14 ppm for 'H and 40 ppm for 15N. Spectra were processed and

analyzed with the Bruker Topspin software package.

3.2.3 Spectrophotometric measurements

Spectrophotometric measurements were performed with an UV-250 1PC UV-VIS
spectrophotometer (Shimadzu Sientific Instruments, Kyoto, Japan), a DU 7400
spectrophotometer (Beckman Coulter, USA), a Spectronic Helios Alpha spectrophotometer
(Thermo Fisher Scientific, USA) and a stopped-flow spectrometer (Stopped Flow SX.18MV
Reaction Analyzer, Applied Photophysics, United Kingdom). Spectra were obtained between 350
to 650 nm for a 5 pM cyt c solution. In order to fully oxidize or reduce the protein, DTT or

sodiumdithionite and excess ferricyanide were used respectively.

3.2.3.1 Reaction with superoxide

To guarantee ultrapure samples for the determination of the reaction rate of cyt ¢ with
superoxide, mutant and wild type cyt ¢ were dialyzed before the spectrophotometric kinetic
measurements with 50 mM sodium phosphate buffer pH 7.5 using the Slide-A-Lyzer dialyses
cassettes (Thermo Scientific, Rockford, USA) with a molecular weight cut off of 3500 kDa. The
amount of oxidized (ox) cyt c used for this measurement was calculated according to the
absorption spectra of the dialyzed protein before each measurement and the total amount of cyt
c in the sample which could be retrieved from the absorption spectra of reduced (red) cyt c

(treated with DTT or sodiumdithionite). In case of a totally oxidized sample the equation

eyt c] (As550—req = Asaz—rea ) X dilution factor + (Asyz—ox — Assp—ox) X dilution factor
CYL Clox =

(‘9550—red - ‘95500x)

was used, and in case of a partly oxidized cyt c sample the following equation was used

Asso_untreatea X dilution factor — Assp_req X dilution factor
[eyt clox =

(5550—095 - 5550red)

with €s550-0x= 7.4 mM-! cm-tand es50-rea = 32.02 mM-1 cm-! (determined with horse heart cyt cin 50
mM sodium phosphate buffer pH 7.5).

A steady state superoxide concentration was generated in vitro using the enzyme xanthine

oxidase (XOD) and its substrate hypoxanthine (Ge et al. 2002). The increase of absorbance at
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550 nm after addition of XOD, with a final concentration of 30 mU/ml, was recorded for 60
seconds in the presence of 100 pM hypoxanthine with a spectrophotometer or a stopped-flow
spectrometer (Stopped Flow SX.18MV Reaction Analyzer, Applied Photophysics, United
Kingdom). This corresponds to a steady-state superoxide concentration of about 520 nM

calculated using the following formula (Ge et al. 2002):

k
[0,7] = 2—;4[)(00]

The rate constant for the enzymatic superoxide generation with XOD, k3 was determined
photometrically to be 0.015 uM ml s-! mU-L. The rate constant of spontaneous dismutation k4 at
pH 7.5 is given as 2.3 x 105> M-1 s-1(Behar et al. 1970).

The initial rate of reduction of cyt c was measured for seven different cyt c concentrations
(0.2 to 5 pM cyt c) for each cyt c form. This was performed at least twice. The resulting slope
divided by the superoxide concentration determined the reaction rate constant ki for the

reaction of cyt c and superoxide in solution.

3.2.4 SPR measurements

A Biacore X (Biacore AB, Sweden) was used to monitor the multilayer formation by SPR
spectroscopy. A flat gold sensor chip was cleaned by a 10 min incubation with 96 % (w/w)
H2S04 / 30 % (w/w) H202 (3:1) solution. Then the chip was incubated in a MUA/MU (1:3)
ethanolic solution for 72 hours, and subsequently washed with Millipore water and installed
into the Biacore flow system. The following solutions (all in 0.5 mM potassium phosphate buffer,
pH 5) were injected subsequently with a flow rate of 1 ul/min: buffer, cyt ¢ (5 min), PASA (5

min), and cyt ¢ (5 min). The latter two steps were repeated four times.

3.2.5 Electrochemical measurements

Cyclic voltammetry was performed with an Autolab PGSTAT 20 and a pAutolab Type II
potentiostat (Metrohm, Germany). Amperometric measurements were conducted on a model
720 A potentiostat from CHI Instruments (Austin, TX, USA).

For the electrochemical studies, a custom-made 1-ml measurement cell (Figure 18), a
Ag/AgCl/1 M KCl reference electrode with a potential of +0.237 V vs. NHE (Biometra, Gottingen,
Germany), and a platinum counter electrode was used. Gold wire electrodes were cleaned
following an established protocol (Ge et al. 2002): First the wires were boiled in 2.5 M KOH for

four hours, then rinsed with water and finally put in concentrated (98 % (w/w)) H2SO, at least
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overnight. Just before modification the electrodes were incubated for 10 minutes in
concentrated HNO3 (65 % (w/w)). The immersion depth of the electrodes during the

measurements was 4 mm. The experiments were all carried out at room temperature.

Figure 18 Custom-made 1-ml measurement cell with a gold needle working electrode immersed in a cyt c
solution.

3.2.5.1 Measurements with cytochrome c in solution

Electrochemical studies of cyt ¢ in solution were carried out with mercaptopropanol-
modified electrodes (incubation 24 h in 20 mM mercaptopropanol). Cyclic voltammograms were
recorded with 20 uM cyt ¢ in 1 M KCI and 10 mM sodium phosphate buffer, pH 7.0. The redox
potential E¢ was calculated as mean of the midpoint potentials between the anodic and cathodic
peak potentials at different scan rates (50-400mV/s). This is appropriate since R, the ET
coefficient, is found to be approximately 0.5 and E; is almost independent of the scan rate in the
range of 0.50-400 mV/s. Diffusion coefficients were calculated from the peak currents at

different scan rates according the Randles-Sevcik equation (Bard et al. 1980).

3.2.5.2 Measurements with adsorbed cytochrome c

For the electrochemical investigations of adsorbed cyt c on gold electrodes, the needle
electrodes were modified with mercaptoundecanoic acid and mercaptoundecanol (MUA/MU,
incubation for 48 to 72 h in 5 mM solutions with a volume ratio of 1/3). Subsequently the
electrodes were incubated for two hours in 30 pM cyt c (in 5 mM potassium phosphate buffer pH
7).

Cyclic voltammograms were recorded between -300 and +300 mV vs. Ag/AgCl at a scan rate
of 100 mV/s (step potential 0.3 mV). The formal potential Er was calculated as mean of the
midpoint potentials between the anodic and cathodic peak potentials at low scan rates (where

no tendency of Er could be observed). The heterogeneous electron transfer rate constant ks was
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determined by the variation of the scan rate between 100 mV/s and 15 V/s followed by an
evaluation of the peak separation according to the Laviron method (Laviron 1979). The amount
of redox active cyt c (surface coverage I') was derived from the mean of the oxidation and
reduction peak area (charge) using Faraday’s law. The charge and the half peak width were

determined with the Autolab software (GPES version 4.8 and 4.9).

3.2.5.3 Construction and usage of the superoxide sensor electrodes

In order to construct sensor electrodes for the amperometric measurement of superoxide,
cyt ¢ was immobilized covalently by incubation of the electrodes in 2.5 mM EDC, 30 uM cyt c (in
5 mM potassium phosphate buffer, pH 7.0) for 30 minutes. After washing with 5 mM potassium
phosphate buffer, they were stored in the same buffer until they were measured. For long time
storage, electrodes were kept in buffer or dry in closed 1.5 ml reaction vials at 4 °C. The
amperometric measurements were performed at +150 mV vs. Ag/AgCl under constant stirring
in 1 ml 50 mM sodium phosphate buffer, pH 7.5. 10 pl of 50 mM hypoxanthine was added after
reaching a stable baseline.

Enzymatic superoxide generation was performed by adding 2.5, 5, 10, or 15 pl of a 1 U/ml
XOD solution. The sensor signal was derived from the steady state current after baseline
subtraction. The sensor was calibrated using the fact that the superoxide concentration
corresponds to the square root of the XOD concentration (Ge et al. 2002). At least three
electrodes were measured for each cyt c type.

The effect of pseudoperoxidase activity of cyt c¢ was investigated with covalently
immobilized cyt c on gold electrodes using cyclic voltammetry within the range of -150 mV up to
+250 mV at a scan rate of 20 mV/s (with step potential of 0.3 mV). The difference between the
cathodic current at 0 V in the absence and presence of 5 mM H;0; was evaluated. The
amperometric pseudoperoxidase control measurements were conducted at +0.15 V in the

presence of up to 300 mM H;0,.

3.2.5.4 Reaction of cytochrome c with sulfite oxidase and bilirubin oxidase in solution
MUA/MU modified gold electrodes (see 3.2.5.2) were used to investigate the reaction of cyt

¢ with BOD and SOX in solution. Cyclic voltammetry with SOX was carried out in 50 mM sodium

phosphate buffer pH 8.5 and in the presence of 10 pM cyt c and 2 mM sulfite. The concentration
of SOX was varied from 0.1 to 3 uM and the scan rate from 2 to 32 mV/s.
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For the BOD measurements 10 uM cyt c prepared in air saturated 50 mM phosphate buffer
pH 7.0 was used. The scan rate variation was conducted from 4 to 16 mV/s for BOD

concentratios of 50 to 350 nM.

3.2.5.5 Construction of the cyt c / BOD multilayer electrodes

The multilayer assembly was performed with a MUA/MU modified gold electrode with a cyt
c monolayer adsorbed (see 3.2.5.2). The electrodes were incubated up to 6 times alternating in a
2 mg/ml PASA solution and a 20 uM cyt c solution (or for the BOD multilayers a protein mixture
of 20 uM cyt c and 200 nM BOD) for each 10 minutes. Between the incubations steps the
electrodes were dipped 10 times in 0.5 mM potassium phosphate buffer pH 5. The solutions
were also prepared with this buffer. The electrochemical response of the electrodes was
controlled by cyclic voltammetry in air saturated 5 mM potassium phosphate buffer pH 7. The
oxidation peak currents and the reduction peak or catalytic currents were evaluated at fixed

potentials and as absolute current values (without baseline usage).
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4 RESULTS AND DISCUSSION

This chapter is divided into four sections. The first part of the thesis (4.1) is dedicated to the
design, expression and characterization of the mutants. The electrochemical characterization of
the mutants in solution and their behavior being immobilized on electrodes are here
accentuated. Moreover, the reaction of these mutants with superoxide is investigated and the
possible mechanism of the reaction is discussed.

In the second part (4.2) an amperometric superoxide biosensor with selected human
cytochrome ¢ mutants is constructed and the performance of the sensor electrodes is studied.

In the third part (4.3) of the thesis the reaction of human cyt ¢ mutants with two selected
proteins sulfite oxidase and bilirubin oxidase, is studied electrochemically, and the influence of
the mutations on the electron transfer reactions is discussed.

Finally, protein multilayer electrodes with cytochrome ¢ mutants are investigated (4.4).
Furthermore, bilirubin oxidase and the engineered cyt c are embedded in a multilayer assembly.
The relevant electron transfer steps and the kinetic behavior of the multilayer electrodes are

discussed.

4.1 Study of the reaction between cytochrome ¢ mutants and superoxide: structure-

function relationships

In this section the motivation for the selection of mutation sites for human cytochrome c is
described. Then the reaction rate of the expressed mutants with superoxide is determined, and

the mutants are characterized thoroughly by spectroscopic and electrochemical analysis.

4.1.1 Selection of mutation sites

Based on earlier studies on the mechanism of Oz  conversion by SOD (Getzoff et al. 1992)
and the reaction of cyt c with the radical (Butler et al. 1982, see also section 2.1.2 and 2.1.1.2), it
can be presumed that an increased positive charge could enhance the guidance of superoxide to
the heme iron by electrostatic interaction. This would potentially increase the reaction rate of
cyt ¢ with superoxide, which could impose a higher sensitivity of a cyt c based biosensor. In the
case of cyt c it could be also shown that chemical modification of lysines slows down the reaction
rate (Butler, W. H. Koppenol, et al. 1982). Furthermore it is well known that positively charged
amino acids like lysines play a key role during recognition and binding of other redox partner

proteins like cytochrome c oxidase (Dopner et al. 1999) or sulfite oxidase (Webb et al. 1980).
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For this purpose positively charged lysines are introduced into cytochrome c by site directed
mutagenesis.

In this work human cyt ¢ was chosen as template protein, although in former work with cyt
c electrodes or for studies with superoxide the commercially available horse heart cyt c was
used in most cases. The motivation for the human version of cyt ¢ as template protein is the
availability of a well established protein expression system in E. coli at the Center of Magnetic
Resonance (CERM) at the University of Florence (Bertini, Chevance, Turano submitted). It
involves the coexpression of a yeast heme lyase which plays a role in the covalent attachment of
heme to apocyt ¢ and the coexpression of other E. coli cyt ¢ maturation genes (see 3.2.1).
Furthermore, it was reported that human cyt c is more stable compared to cyt c of other
eukaryotic species like horse and yeast (Olteanu et al. 2003). Besides, human cyt has never been
investigated before on gold electrodes or with respect to the reaction with superoxide and other
proteins as BOD and human SOX. Thereby, it offers also the chance of comparing not only
different cyt c mutants but also the behavior of different cyt c species.

The following criteria were applied during the selection of mutation sites: Neutral or
negatively charged amino acids are chosen in order to alter the charge environment to a positive
direction. The positions need to be selected near the surface to take advantage of electrostatic
interaction, but also in a pertinent location near the heme group allowing proper guidance of the
superoxide to a site close to the iron center. One caveat is that the structural integrity and the
electrochemical properties, e.g. the redox potential of cyt c, need to be maintained. A further
criterion is the fact found in the literature, describing two regions which might play an
important role: the left side of the heme edge (Butler, W. H. Koppenol, et al. 1982) (left site in
right structure of Figure 19) and a hydrophobic channel framed by the amino acids 51-71
(Butler et al. 1975) (see also 2.1.1.2).

The selection of mutation sites has been conducted iteratively in three rounds. In the first
mutation round eight hydrophobic residues have been selected to be replaced with lysine:
Tyr46Lys, Ala50Lys, Ala51Lys, Tyr74Lys, 1le75, Gly77Lys, 1le81Lys, Phe82Lys. Furthermore,
four positions are chosen to introduce lysines instead of negatively charged glutamic acids and
aspartic acids: Glu61Lys, Asp62Lys, Glu66Lys and Glu69Lys. After evaluation of the mutation
sites (see 4.1.3 - 4.1.5) further five positions were chosen for a second mutation round: Ile57Lys,
Thr63Lys, Asn70Lys, Val83Lys and Ile85Lys. Here also a double mutant was expressed,
combining two single mutants with high reaction rate constants determined after the first round
(Glu66Lys-Phe82Lys).

Finally, in the last round a second lysine double mutant (Thr63Lys-Glu66Lys) and two single
arginine mutants were selected (T63Arg and Glu66Arg). Arginine was chosen to probe the

superoxide electron pathway. It is not clear whether superoxide reacts directly with the heme
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(so called inner sphere electron transfer) or via tunneling through outer amino acids (outer
sphere electron transfer, see 2.1.1.2). That is why the question arises if the enhanced reaction
rate with superoxide found for some mutants presents a more effective electron tunnel pathway
or is due to electrostatic guidance of the radical to the heme iron. Niki and coworkers could
show that the electron transfer of cytochrome c towards the SAM via arginine is 100 times
slower than through lysine at position 13 (Katsumi Niki et al. 2003). It can be assumed that if the
electrons of superoxide are transferred via the lysines, the reaction rate with superoxide would
be also smaller for the arginine mutants.

Fifteen of the selected seventeen single mutations sites are not conserved within the
different eukaryotic sequences, thus are supposed to be not crucial for the stable structure of the
protein. Just Phe82 and Gly77 are strictly invariant positions in eukaryotic cytochromes c
(Pielak et al. 1987).

Figure 19 shows all selected single mutation sites and their position within the human cyt c
molecule with different colors with respect to the mutation round. Considering the heme as a

disc dividing the molecule in two parts, the mutation sites are concentrated on the left side.

Figure 19 NMR structure of human cyt ¢ with single mutation sites shown as cartoon from two different
views. Selected positions of the first round are marked in green and sites of the second round in
blue. The heme cofactor is shown as grey spheres with the iron as red sphere. The image was built
with the software Pymol (http://pymol.sourceforge.net) using the pdb file 1J3S.

4.1.2 Expression and purification of the mutants

The mutates plasmids were transferred to E. coli cells for expression and the cyt c further
purified as described in 3.2.1.2. During the first purification step the cell lysate was purified with
a cationic exchange column taking advantage of the positive net charge of cyt c at neutral pH.
The cyt c protein was eluted using a sodium chloride gradient. In Figure 20 (left) a typical

chromatogram of a run with a cationic exchange column is depicted. There are two cyt ¢ peaks
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during elution. The first one corresponds to reduced cytochrome ¢ which has a lower net charge
(+6.6) compared to oxidized cyt ¢ (+7.1; Trewhella et al. 1988). The fact that the difference is not
one unit may be ascribed to the fact that there is an internal relaxation within the protein
buffering it. Then with increasing salt concentration oxidized cyt c elutes in a second fraction.
Both fractions were pooled and given to a size exclusion column for further purification. Two
typical chromatograms of this step are shown in Figure 20 (right), where the cyt c peak is
followed by a colorless second peak. This peak can be attributed to apocyt c, thus heme
incorporation did not succeed for all expressed cyt c peptide chains. Interestingly the ratio of
these two peaks differs for some mutants: whereas for the wild-type the ratio of holocyt c to
apocyt c is circa 3.7/1 for F82K for example the peak of apocyt c is much higher (ratio: 1.1/1)

indicating a lower efficiency in heme incorporation (red curve in the right diagram of Figure 20).
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Figure 20 Chromatograms of the two purification steps of wild-type cyt c: cationic exchange chromatography
(left) and size exclusion chromatography (right)

After the two chromatography steps pure fractions of cyt ¢ were pooled together and
quantity as well as purity were checked with UV-Vis spectroscopy. In addition SDS gel
electrophoresis was conducted (Figure 21). The total yield of pure cyt c was in average circa 5
mg/1 culture.

From the twenty-one chosen cyt c mutants 20 could be expressed and purified successfully:
- Single lysine mutants: Y46K, A50K, A51K, I57K, E61K, D62K, T63K, E66K, E69K,

N70K, Y74K, G77K, 181K, F82K, V83K, I85K
- Double lysine mutants: E66K-F82K, T63K-E66K
- Single arginine mutants: T63R, E66R
Only the single lysine mutant [le75Lys could not be expressed successfully. In this case folding
and/or heme incorporation did not work properly. One reason could be the importance of this

rather conservative amino acid to build hydrogen bonds to a catalytically important water

molecule (Qi et al. 1994).
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Figure 21  Stained SDS gel of some expressed and purified cyt c mutants

4.1.3 The reaction rate with superoxide in solution

For all mutants, wild type human cyt c and horse heart cyt c, the reaction rate constants with
superoxide are determined in solution by recording the cyt c reduction rate at 550 nm in the
presence of the superoxide radical. In the left diagram of Figure 22 two kinetic flow curves are
plotted, showing different reduction rates for the same cyt c concentration of wild-type and the
mutant T63K. These initial rates are then plotted versus the different cyt c concentrations as
shown in the right diagram of Figure 22. The slope of these lines divided by the superoxide
concentration gave the reaction rate constant ki for the reaction of cyt c and superoxide in
solution. The rate constants for the mutants differ according to the difference in slopes. The

results for all twenty-two proteins are collected in Table 1.
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Figure 22  Left: Stopped-flow measurement of 1 uM cyt c in 50 mM sodium phosphate buffer pH 7.5. The
absorbance was measured at 550 nm in the presence of 30 mU/ml XOD and 100 uM HX. The
values were set to zero at time = 0 s. Right: cyt c reduction rate for different cyt c concentrations
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Table 1

Reaction rate constants with superoxide for horse heart, human wild-type and all mutants.

mutant reaction with O, in solution
ki /10* (M7s™)
unmutated cyt ¢ horse heart 6.7
human wild type 6.6
Y46K 2.5
A50K 5
A51K 3
157K 2
E61K 7
D62K 6
T63K 11.3
E66K 12.5
single lysine E69K 8.8
mutants N70K 6.4
Y74K 10.7
G77K 6
181K 6.5
F82K 10.7
V83K 4.3
185K 2.1
double lysine E66K-F82K 2
mutants T63K-E66K 1.8
single arginine T63R 6.4
mutants E66R 5.3

Horse heart and human wild-type cyt ¢ show nearly the same reaction rate constants of
about 7 x 104 M-1s-1. The value for horse heart cyt c was also determined by the group of Butler
in 1982 (Butler, W. H. Koppenol, et al. 1982) to be 2.6 x 105 M-1s-1 which is almost 4 times higher
than the value determined in this work. The usage of 100 mM EDTA by Butler et al. may cause
this obvious artifact due to the direct reduction of cytochrome c¢ by Fe2+-EDTA (Butler and B.
Halliwell 1982). Another contribution might arise from the different sources of superoxide
radicals used (pulse-radiolysis).

The four single lysine mutants T63K, E66K, Y74K, and F82K show a higher rate constant for
the reaction with superoxide compared to the human wild type (11.3 x 104 M-1s-1,12.5 x 104 M-
151, 10.7 x 10* M-1s-1and 10.7 x 104 M-1s'1, respectively). Figure 23 depicts these amino acids in
green for a better visualization. The E69K variant has a reaction rate constant of 8.8 x 104 M-1s-1,
i.e. only slightly higher than in the case of wild type protein. For several single lysine mutants the
reaction rate is not influenced, whereas six mutants (Y46K, A50K, A51K, 157K, V83K and 185K)
show a reduced reaction with superoxide. In Figure 23 these mutation sites are marked in blue
and orange, respectively. Figure 23 suggests two areas of mutation sites, one with positive
effects and one with negative effects (higher and lower reaction rates, respectively). The area
with positive effects is clustered at the 60’s helix and may be related to a possible access
pathway for superoxide, which can guide the radical to the heme group. The proposed pocked

lies between the 60’s helix (helix-3), the 70’s turn and the 50’s helix (helix-2) which is further
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supported by the fact that for E61K and D62K no enhancement was found. These two amino

acids are pointing away from this pocket.

Figure 23 NMR structure of human cyt ¢ with single mutation sites [green, higher reaction rate with
superoxide (T63, E66, E69, Y74, F82); orange, lower reaction rate (Y46, A50, A51, 157, V83, 185);
blue, reaction rate not affected (E61, D62; N70, G77, 181)]. The mutant E66K with the highest
reaction rate with superoxide is marked with a green arrow. The heme cofactor is shown as blue
spheres with iron as red sphere. The image was built with the software Pymol
(http://pymol.sourceforge.net) using the pdb file 1J3S.

The decrease in the reaction rate with the radical, observed for some mutants, may be due
to addition of a positive charge far from the access channel slowing the entrance of superoxide
by misguiding the radical. Y46K and I57K have other factors contributing to the decreased
reaction rate. This will be discussed in more detail in the following sections of this work.

These results show that the reaction rate of cyt ¢ with the superoxide radical can be
enhanced by introducing extra positive charges in form of lysines. However, a further
enhancement of the reaction rate by combining “high-rate” mutation sites did not succeed. Both
double mutants exhibit a decreased reaction rate with superoxide. Reasons can be various, and
further structural and electrochemical characterizations are necessary before conclusion can be
made. This is done in the sections 4.1.4 - 4.1.6.

The arginine mutants neither exhibit a higher reaction rate with superoxide nor a huge
decrease of the rate constant, which can be a first hint for an outer sphere mechanism or for a

less efficient guidance to the heme iron in comparison with the lysine mutants. However, the
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effect of another charge distribution can cause several changes, which will be discussed in

section 4.1.6 after further characterization of the mutants.

4.1.4 Electrochemical characterization of the mutants

In the following two subsections the mutants are characterized electrochemically in solution
and adsorbed on modified gold electrodes. Cyclic voltammetry is a convenient method to
determine several relevant properties such as the redox potential, the diffusion coefficient and

the heterogeneous electron transfer rate constant.

4.1.4.1 Electrochemical characterization in solution

Information about the thermodynamic and diffusional properties of all 22 cyt c forms has
been obtained by electrochemical investigations in solution with mercaptopropanol modified
gold electrodes. Here a SAM with short chains was used since the diffusion constant was
determined at high ionic strength for comparative reasons and the electron transfer rate for
longer chain lengths as for MUA decreases drastically at higher ionic strength and no evaluable
cyclic voltammogram can be detected in the range of 20-40 uM cyt c. This can be explained in
terms of a shielding effect of the high ionic strength buffer on the electrostatic interaction sites
of cyt c and the SAM surface. It has already been shown that electron transfer rates through
short alkanethiol chains are independent of the ionic strength of the solution (Avila et al. 2000;

Terrettaz et al. 1996).
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Figure 24  Left: cyclic voltammograms of the mutant T63R in solution (38 pM) with increasing scan rates (a
50, b 100,c 150, d 200, e 300, and f 400 mV/s; 10 mM sodium phosphate, pH 7.0, 1 M KCl with
MPA modified gold electrodes). Right: Peak currents vs. the square root of the scan rate for T63R
in solution.
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Cyclic voltammetry has been performed at different scan rates to deduce the formal redox
potential and the diffusion coefficients of the different mutants. All results are summarized in
Table 2, and an example of a typical cyclic voltammogram is shown in Figure 24, left. The linear
dependence of the peak current on the square root of the scan rate can be obtained, for T63R as
example, in Figure 24, right. This dependence is typical for redox active species in solution

according to the Randles-Sevcik equation.

Table 2 Electrochemical properties of cyt c in solution. Values were obtained in 10 mM sodium phosphate
buffer; pH 7.0, 1 M KCl with MPA modified gold electrodes and a Ag/AgCl/1M KCI reference electrode.
Average errors on Eg, and D are 5 mV and 4 x 107 cm?st mv respectively.

mutant Electrochemical properties in solution
Eo (MV) D x 10° (cm?/s)

unmutated cyt c horse heart 15 2.3
human wild type 17 1.7
Y46K -40 0.9
A50K 13 1.3
A51K 14 1.9
157K -30 1.8
E61K 18 3.1
D62K 13 1.4
T63K 7 1.9
single lysine E66K 20 1.6
mutants E69K 11 1.6
N70K 22 1.3
Y74K 15 2.6
G77K 12 1.5
181K 18 1.2
F82K 2 0.4
V83K 17 1.4
185K 18 1.9
double lysine E66K-F82K 10 0.1
mutants T63K-E66K 10 0.3
single arginine T63R 15 3.2
mutants E66R 24 1.5

The formal redox potential Eyg was calculated as mean of the midpoint potentials between
the anodic and cathodic peak potentials at different scan rates (50-400mV/s), since no
dependence of the potential on the scan rate was observed in this range. For 17 out of 20
mutants no remarkable influence of the introduced amino acid on E, has been observed.
However, the formal redox potential of Y46K is -40 mV (+5 mV) versus Ag/AgCl and for a 157K a
value of -30 mV (5 mV) versus Ag/ AgCl was determined which is clearly below the range of the
other proteins; hence, the oxidized state of Y46K and I57K gets stabilized by the mutations,
probably due to some structural changes in the vicinity of the heme group. This on the other
hand diminishes the driving force for the superoxide oxidation and contributes to the low
reaction rate constant mentioned in 4.1.3.

A slight decrease of -15 mV for Eq was observed for the mutant F82K. This suits to the

suggestion that the conserved phenylalanine at this position contributes to the hydrophobic
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environment of the heme and thereby gives cyt c its large positive redox potential (Pielak et al.
1987). Nevertheless the reaction rate with superoxide is increased for this mutant. A first
explanation can be provided by the analysis of the diffusion behavior.

Diffusion coefficients, calculated from the voltammetric measurements are found to be in
general above literature values for horse heart cyt ¢ determined electrochemically and with
fluorescence recovery after photobleaching (4.7 x 10-7 cm2s-! in Terrettaz et al. 1996, 8.5 107
cm?s'tin Mozaffari et al. 2009 and 1 x 106 cm?2s-! in Gupte et al. 1988). This might be due to the
different modification of the gold surface and the lower temperature during the experiments in
the literature. For human cyt c a slightly lower diffusion coefficient compared to horse cyt c was
determined. The data in Table 2 also reveal that the diffusion coefficients vary among the
mutants. E61K and T63R show a 1.7 fold increased value compared with the wild-type, whereas
F82K has a four-fold decreased diffusion coefficient with respect to the wild type; the
experimental error is approximately 20 %. These variations can be explained by small
conformational changes caused by the mutations and thus a change in the solvent accessible
surface area (Penna et al. 2007). For F82K an increased surface area could be due to a less
compact structure and cause a better accessibility of the heme for superoxide. This can be an
explanation for the increased reaction rate although a slightly decreased formal redox potential
was observed. Also for Y46K a smaller diffusion coefficient was determined. However, for the
reaction with superoxide obviously the reduced Ey has a larger influence on the rate constant. A
remarkable decrease of the diffusion coefficient was also observed for both double mutants. For
E66K-F82K it seems that the mutation of F82 causes the decrease of D like it was observed for
the single mutant. However, at this point it is still unclear whether the less compact structure,
which was also observed for the mutant T63K-E66K, can be related to the decreased reaction
rates with superoxide measured for both double mutants. Further structural investigations are

necessary and will be discussed in section 4.1.6.

4.1.4.2 Mutants adsorbed on gold electrodes

The thermodynamic and kinetic properties of horse heart, human wild type, six single lysine
mutant forms of cyt ¢, which reveal a higher radical reaction rate constant, together with the two
double mutants and the two arginine mutants, have been characterized electrochemically, while
the protein is adsorbed on a promoter modified gold electrode. In this way for the five single
lysine mutants, with the highest reaction rate with superoxide, also the possible usage as a
recognition element in a biosensor for the detection of superoxide was investigated.

First, all chosen mutants can be adsorbed on the negatively charged mercaptoundecanoic

acid/mercaptoundecanol (MU/MUA) layer. Figure 26 (left) demonstrates that the cyclic
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voltammograms of the mutants are similar to those achieved with the wild type. The behavior is
also studied kinetically and the values for the formal potential and the heterogeneous electron
transfer rate constants (ks) are presented in Table 3. The formal potential Er was calculated as
mean of the midpoint potentials between the anodic and cathodic peak potentials at low scan
rates (where no change of Ef could be observed). For two cyt ¢ forms the plot of K’s vs. scan rate
is depicted in Figure 26 (right). The rather similar redox properties and surface coverage of the
five lysine mutants with the highest reaction rate, compared with the values for the wild type

and horse heart cyt ¢, are promising for a sensor application.
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Figure 25 Cyclic voltammograms of the mutant N70K and human wild-type cyt ¢ adsorbed on MUA/MU
modified gold electrodes (5 mM sodium phosphate, pH 7, scan rate 100 mV/s).
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Figure 26  Left: peak currents of wild-type cyt c on MUA/MU modified gold electrodes at different scan rates.
Right: Plot of k’s vs. scan rate for human wild-type cyt c and the mutant E66K-F82K, lines represent
a Boltzmann fit, k, values correspond to the plateau of these lines. (5 mM sodium phosphate, pH 7)

However, a more detailed evaluation of the determined values reveals some differences. The
formal potential of all cyt ¢ forms lies in general below the formal redox potentials of the

solution state cyt c. This can be explained by the electrostatic stabilization of the more positive
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oxidized state over the reduced state of immobilized cyt c due to the negatively charged SAM
surface which was observed also in other work (Battistuzzi et al. 2007). The slight decrease of
the formal potential of the mutant F82K corresponds to the slight decrease observed also in the
solution state. On the other hand for three mutants the change of E; does not reflect the
differences found in solution.

Table 3 Electrochemical properties of cyt c adsorbed on MUA/MU modified gold electrodes. Values were

obtained in 5 mM potassium phosphate buffer, pH 7. Average errors on E;, T, k,, and Ew;;, are 5 mV, 3
pmol/cm?, 8 s™ and 5 mV respectively.

mutant Electrochemical properties adsorbed on modiefied Au electrodes
E¢ (mV) T (pmol/cm?) ke () Ewy/, (MV)

unmutated horse heart -7 13 55 102

cytc human wild type -8.6 10.7 61 101

single T63K -9.5 9.1 47 97

lysine E66K 1 12 55 109

mutants E69K 2 11 47 106

N70K 9.1 10.3 45 101

Y74K 0 7 113 97

F82K -19 6 139 96

double E66K-F82K 3.6 3.8 125 91

lysine T63K-E66K 7.5 2.8 27 141
mutants

single T63R -14.8 5.6 68 110

arginine E66R -1.4 6.9 60 125
mutants

N70K and the double mutant T63K-E66K reveal a slight increase of Ef compared with the
wild-type. In case of the double mutants T63K-E66K this could be attributed to a less effective
electrostatic stabilization of the oxidized state due to a different orientation of the protein. The
orientation of adsorbed cyt c on negatively charged SAMs, proposed by (]. Xu et al. 2006) is
depicted in Figure 27. Both exchanged amino acids of the double mutant - E66 and T63 - are
normally not “visible” for the electrode. In the case of the introduced positively charged lysines it
is reasonable that the two charges cause a different orientation. This can be supported also by
the decreased electron transfer rate ks and the increased half peak width Ewy,, determined for
this mutant. The different orientation can cause a less effective heterogeneous electron transfer,
probably due to a larger distance between the heme and the electrode. Also the smaller amount
of protein which could be adsorbed on the electrode for these mutants supports the described
altered situation.

For N70K the increased formal potential without any other significantly changed feature,
might be due to local structure changes in the heme environment, which occur only after
immobilization of the protein.

A smaller amount of redox active protein could be immobilized on the electrodes for F82K,
E66K-F82K, T63K-E66K and the two arginine mutants. Here probably the binding efficiency of
the second binding region containing the residues 73, 79, 87 and 88 (J. Xu et al. 2006; Davis et al.
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2008) is diminished due to the mutations near this region. In the case of the mutant F82K with a
higher reaction rate the decreased surface coverage can be a disadvantage for a sensor

application, since the amount of immobilized recognition elements limits the sensitivity.

View from the electrode View from the solution

Figure 27  Orientation of cyt c immobilized on SAM modified electrode according to (J. Xu et al. 2006). Hemes
are depicted as black, mutation sites as green spheres. Blue spheres represent positively charged
lysine residues. Left: view from the electrode. Right: view from the solution.

A two-fold increase of the electron transfer rate constant ks is found for Y74K, F82K and
E66K-F82K. It was suggested that the lysine residue K13 plays an important role for the ET to
the SAM-Au electrode (Katsumi Niki et al. 2003; Katsumi Niki 2002). Figure 27 shows the close
proximity of this residue to F82K. One might speculate that a positively charged lysine at
position 82 allows an even closer approach of the protein’s face (including K13) to the
negatively charged SAM surface and thereby facilitates electron transfer. Structural changes may
also be responsible for the observed effects. This point is discussed in 4.1.6.

The increased electron transfer rate found for Y74K may also be related to the influence on
the structure of the 70’s loop, which is part of the second binding region to the SAM mentioned
above. Similar to the effect of nitration of Y74 in human cyt c this loop could get more flexible
(Garcia-Heredia et al. 2010) and thereby permit a closer approach of the heme to the surface.

For a potential superoxide sensor the investigations of the immobilized state show no
hindrance for the construction of the sensor electrodes for all mutants with a higher reaction

rate apart from F82K, where the smaller surface coverage might be a disadvantage.
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4.1.5 Spectroscopic UV/VIS characterization

Table 4 summarizes the results of mutant characterization by UV/VIS spectroscopy and the

spectra of two cyt c forms are depicted in Figure 28.
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Figure 28 UV/VIS spectra of the reduced (line) and oxidized (dotted line) wild type (black) and the mutant
E66K-F82K (red), 5 uM protein sample in 50 mM sodium phosphate buffer pH 7.5.

Table 4 Spectrophotometric properties of wild type and variant forms of human cyt ¢ (50 mM sodium
phosphate buffer pH 7.5)

mutant spectrophotometrical properties
max y ox (nm) | max y red (nm) | max o red (nm)
unmutated cyt c horse heart 409 415 550
human wild type 410 415 549
single Y46K 406 415 549
lysine A50K 410 415 549
mutants A51K 408 415 549
I57K 409 416 550
E61K 410 415 549
D62K 410 415 549
T63K 410 415 550
E66K 410 415 549
E69K 410 415 549
N70K 409 416 550
Y74K 407 415 549
G77K 410 415 549
181K 410 415 549
F82K 406 415 549
V83K 410 415 550
185K 407 417 550
double lysine E66K-F82K 406 415 550
mutants T63K-E66K 409.5 416 550
single arginine T63R 409 415 550
mutants E66R 410 416 550

It can be noted that almost all mutants show the typical absorption maxima in the reduced

state (Soret (y), alpha, and beta bands) at the same wavelength as the wild type cyt c. The
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gamma band in the oxidized state slightly varies among a few mutants. Five variants (Y46K,
Y74K, F82K, I85K and E66K-F82K) show hypsochromic shifts like E66K-F82K (Figure 28)
consistent with a slight change in the heme group environment toward the non-polar direction.

Here, obviously some structural changes near the heme group occur upon mutation.

4.1.6 Summary of the observed mutant properties and their possible explanation using

NMR investigations and energy minimization calculations

Significant differences in the reaction rate with superoxide, the formal redox potential, the
diffusion constant and the behavior at SAM coated electrodes were found for a number of the
human cyt ¢ mutants characterized. The hypsochromic shifts of the y bands in the UV-Vis spectra
found for some mutants in the oxidized state already indicate that mutation can cause a
structural change of the cyt ¢ molecule, which can be a reason for the observed changes
compared to the wild-type. In order to rationalize the observed behavior mono-dimensional 'H
NMR as a fingerprint to check the integrity of the iron-Met80 bond in the entire series of
expressed mutants was performed by Prof. Paola Turano in the Magnetic Resonance Center of
the Univerity of Florence (Italy) where the author of this thesis has also expressed and purified
all cyt ¢ mutants. For the most significantly affected mutants the folding was also studied in both

redox states using two dimensional tH-1>N HSQC NMR.

Single lysine mutants

The single lysine mutants represent the first focus within this discussion. For the two single
lysine mutants Y46K and I57K the decreased reaction rate with superoxide is related to the
reduced formal redox potential which diminishes the driving force for the oxidation of
superoxide. A structural change in the heme environment is hence likely. Slight shifts in the
UV/VIS spectra could provide a first confirmation. However, there are larger shifts for the
mutant Y46K where a lysine residue replaces the aromatic Tyr46, a rather conserved sequence
site of cyt ¢ (Pielak et al. 1987). Also the diffusion coefficient is reduced for this mutant. The two
dimensional 1H-15N HSQC NMR spectrum suggests an induced partial unfolding of the human cyt
c structure of this mutant, as indicated by the appearance of broad resonances in the random
coil and collapse of several of the Gln/Asn side chain resonances in the spectra of both the
ferrous and the ferric forms (Appendix A1, A2). The 'H NMR spectrum of the ferric Y46K protein
(Appendix A3) displays only slightly altered chemical shift patterns for heme methyl resonances
and Met80 side chain, but all the hyperfine-shifted resonances are much broader than for the

wild type protein, consistent with a conformational equilibrium. Partial unfolding of the
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structure could account for the observed reduction in the diffusion coefficient and formal redox
potential (Gunner et al. 1991), while the decreased reaction rate may be correlated to a partial
disruption of the structure which affects the entrance of superoxide, in addition to the
diminished driving force for superoxide oxidation due to the lower E, value.

In contrast to Y46K there are indications that for two mutants (Y74K and F82K) a changed
tertiary structure has an influence on the enhancement of the reaction rate with superoxide.

The increased reaction rate with the radical for F82K is accompanied by a slightly decreased
formal potential in solution and in the adsorbed state. Furthermore the diffusion coefficient as
well as the immobilization efficiency in the adsorbed and covalently attached state are
decreased and a higher electron transfer rate in the adsorbed state and hypsochromic y band
shifts in the UV-Vis spectra could be observed. In literature one can find a hint that underlines
the structural importance of the strictly invariant Phe at position 82 in cyt c: Greene and
coworkers observed a destabilizing effect (20%) with a different mutation at the same position
(F82Y) in the yeast form of cyt c (Greene et al. 1993). Indeed, the NMR investigations reveal
greater structural changes for this mutant: The ferrous F82K has a 1H-15N HSQC spectrum that
shows only subtle chemical shift variations for residues located in the proximity of amino acid
82 on the distal site (see the local environment of F82 in Figure 29 and Appendix A4). However,
the spectra of the ferric form of F82K indicate occurrence of larger changes. Chemical shift
variations in the 1H-15N HSQC spectrum (Appendix A5) are observed for backbone amides of
essentially all protein residues and additionally in the tH NMR spectrum on the full spectral
width (Appendix A6); neither the heme methyl signals above 30 ppm nor the Met80 upfield
signals are visible. The 1H chemical shift pattern of heme methyl substitutions in low spin ferri-
heme proteins reflects the nature and the relative orientation of axial ligands (Bertini et al.
1999); the spectral features of the oxidized protein suggest important structural changes for the
ferric form of F82K. A different axial ligation only in the oxidized state is very likely, but the
change in E¢ compared to the wild type remains rather small. Inspection of the wild type protein
structure suggests Lys82 would hang from the 80’s loop, with its positive end in proximity to the
heme iron. The combined effect of electrostatic repulsion between the ferric center and Lys82
with the intrinsically lower stability of the bond between the Met80 sulfur and iron(III)
(Berners-Price et al. 2004; Winkler et al. 1997; Turano 2004) may cause an opening in the
mutant structure, allowing better access to the heme center for electron transfer and superoxide
interaction, compared to the wild type. In addition, this conformational change may also be
responsible for the lowered covalent coupling efficiency of the protein NH;-groups with
carboxylic groups on the modified electrode surface found during sensor investigations, and the

diminished diffusion coefficient.
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Figure 29  Structural environment of Phe82 in wild-type human cyt ¢ (NMR structure, pdb file 1J3S), the
heme group is presented as grey sticks, sulfur atoms of the side chains are marked in yellow and
nitrogen atoms of Hi18 in blue.

Substitution of Tyr74 (on helix-4) with Lys slightly affects the chemical shift values of
residues on helix-3 and on the facing helix-2 in both the ferric and ferrous forms. Introducing a
positive charge at position 74 may induce electrostatic repulsion on the existing Lys55 on helix
2, whose side chain points toward the helix-3 (60’s helix) and may induce ionic interaction with
the negatively charged Glu 66 (Figure 30). Both could provide a facilitated entrance to the
pocket for the path of superoxide to the heme iron. Additionally two structural water molecules
in the horse heart x-ray structure are found to be hydrogen bonded to the ring hydroxyl of Tyr74
(Qi et al. 1994). Hence a mutation of this site may diminish hydrogen bonds to this water and
cause small structural changes.

No differences can be observed in terms of axial ligation, even in the ferric form.
Consistently, smaller property changes compared with F82K are found. However this region
might be also important for the cyt c peroxidase activity, which is found to be increased with this
mutant (see 4.2.2.2). In recent literature it could be shown that the exchange of another very
closely situated tyrosine Y67 with a positively charged arginine led to an increased peroxidase
activity (Ying, Z.-H. Wang, et al. 2009). Therefore one might also speculate that changes in this
region are involved in the induced peroxidase activity of cyt c after binding to cardiolipin in the
inner mitochondria membrane which might also be related to the apoptotic pathway in
mitochondria (see literature section 2.1.1.1).

For the two mutants with the highest reaction rate with superoxide - T63K and E66K - none
of the electrochemical properties or the UV-Vis spectra were changed compared to the wild-
type. The tH-15N HSQC spectra of T63K and E66K are essentially superimposable with those of
the wild type protein in both oxidation states (Appendix A7-A10). In addition, the 'H spectrum
over the full spectral width for the ferric forms is identical to that of the wild type protein

(Appendix A11-A13). Such an invariant signature is indicative of an intact structure.
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Consistently, the formal redox potential, the surface coverage of the covalently fixed protein, as
well as the electron transfer kinetics are not changed compared to the wild type. The increased
reaction rate with superoxide is therefore attributable to a real electrostatic guidance. As it is
apparent from Figure 30 in these cyt c variants the replacement of the neutral and negatively
charged amino acids with a positively charged lysine occurs in a solvent exposed position and
relatively far from the heme. It is therefore proposed that the observed positive effect is related
to the good accessibility for the superoxide anion and thus can help to attract the radical to this

protein region in a more efficient way.

Figure 30 Proposed pocket for the reaction of superoxide with cyt c. Left: location of the pocket in the
molecule. Right: close up of the pocket. Colors: blue — helix-1; dark green — helix-2; light green —
helix-3; yellow - hydrogen bonded turn; orange — helix-4.

Taking together all positive and negative effects on the reaction rate for all exchanged amino
acids - where structure changes are not involved (no shifts in the NMR spectra) - one can
identify a positive-effect region (see Figure 23 and description in section 4.1.3). Hence, it can be
concluded that the pocket presented here in Figure 30 represents a kind of access region for the
superoxide radical. This is also consistent with three literature suggestions: It was proposed that
this region represents a possible pathway for the electron transfer from and to cyt c in general
(Dickerson et al. 1971) and also in the special case of superoxide it was suggested that this
pocket play an important role (Butler et al. 1975) and that the reaction site may be situated on
the left site of the molecule (in Figure 23) with respect to the heme group (Butler, W. H.
Koppenol, et al. 1982) (see also section 2.1.1.2).
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Potential implications for the mechanism of the reaction of superoxide with cytochrome c

Although it could be shown in this thesis that additional positive charges in the mentioned
putative superoxide reaction pocket can enhance the reaction rate with cytochrome c due to
electrostatic guidance, it cannot be concluded what the reaction mechanism in detail is. One can
propose two general possibilities: an inner and an outer sphere mechanism. In the case of an
inner sphere mechanism superoxide would react directly with the heme or the heme iron and
the pocket in Figure 30 could represent a channel for the superoxide radical towards the heme
or the heme iron. Also the superoxide dismutase (SOD) has a channel which guides the radical
towards the copper so that the inner sphere reaction takes place (see 2.1.2). However, the
copper site in SOD is less buried under the protein’s solvent accessible surface than in the case of
the heme iron (see Figure 8 in section 2.1.2), and as described in section 2.1.1.2 there are also
hints for the outer sphere reaction of superoxide via a tunneling mechanism. In this context the
mentioned pocket could also represent a kind of tunneling pathway through the heme. The
introduced lysine residues could attract the superoxide radical towards this region and increase
in this case the probability for the tunneling event.

Inside the pocket three evolutionary conserved (Pielak et al. 1987) aromatic residues
including one tryptophane and two tyrosines can be found (Figure 31), which could provide also
conditions for tunneling via an electron-hopping pathway with W59, Y67 and Y74 as possible
hopping step stones. A putative role of these three amino acids for the reaction of cyt c with

superoxide was already suggested before (Butler et al. 1975).

Figure 31 Position of three aromatic residues in purple (Trp59, Tyr67 and Y74) inside the putative superoxide
reaction pocket of human cyt c (figure created with Pymol and pdb file 1J3S).

The triad of aromatic amino acids (Y74-W59-Y67) can be compared for example with a

similar triad found in the R2 subunit of class I ribonucleotide reductases (Reece et al. 2005).
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Since it was shown that also methionines can act as stepping stones in multistep electron
hopping (M. Wang et al. 2009) Met80 in the case of cyt ¢ might also play a role in the electron
transport chain, reducing the heme iron since it is very close to Y67 (Figure 32). A possible
pathway could be like follows: Y74 - W59 - Y67 - M80 - Fe3+. The positions of these amino
acids are highly conserved and a comparison between horse heart and human cyt ¢ NMR
structures with respect to the mentioned residues is presented in Figure 32, which shows that

the amino acids are almost superimposible for both species.

Figure 32  Superposition of the positions of amino acids putative important for the reaction of superoxide
with cyt c in two different views (blue — human cyt c; green — horse heart cyt c).

The role of a multistep tunneling mechanism involving tyrosine and tryptophane has been
discussed for several biological electron transfer processes and often proton coupled electron
transfer (PCET) is related to these reactions (Cordes et al. 2009; Shih et al. 2008). From the
crystal structure of horse heart cyt c it is known that between W59 and Y67 a buried water
molecule is situated having a hydrogen bond to Y67, and hydrogen bonds between Y67 and the
iron ligand M80 as well as between the heme and W59 were observed (Bushnell et al. 1990) (Qi
et al. 1994). These hydrogen bonds could be involved in a putative PCET from superoxide to cyt
c. Often also basic groups, such as the side chains of lysine or histidine, are generally available
around active sites (including aromatic amino acids) with hydrogen bonds to them to support
the PCET mechanism in redox proteins (Reece et al. 2005; Supporting Information in Chen et al.
2009; Pond et al. 2001). In human cyt c Lys55 is situated in direct neighborhood to Tyr74
(Figure 31), probably forming a hydrogen bond to it and thereby may support the PCET. Also the
lysines in T63K and E66K may have in addition to their supporting role for the electrostatic
attraction of superoxide also a PCET supporting effect. In a recent published work a base

assisting proton regulated electron-hopping was suggested for the electron transfer from
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tyrosine to tryptophane with a basic group accepting a proton from the phenol group during
electron transfer to tryptophan (X. Chen et al. 2009). One might speculate that the mentioned

lysine residues in cyt ¢ might also be involved in such a mechanism with Tyr74 as proton donor.

Single arginine mutants

The prepared arginine mutants T63R and E66R are dedicated to elucidate the electron
transfer mechanism from superoxide to the heme iron. As described above, basic amino acids
near the reaction pocket might conduct electrostatic attraction and/or support proton regulated
or coupled electron hopping via the aromatic amino acids inside the pocket.

Since arginine has a different charge distribution (Figure 33 left) they will have on the one
hand different electrostatic features but on the other hand might alter also the hydrogen bond

network and thereby the tunneling efficiency.
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Figure 33  Left: Structural formula of lysine and arginine. Right: Difference grid between the electrostatic
potentials of the wild-type SOD (red) and R143K mutant enzyme (blue), illustrating the specific
local differences in the distribution of positive potential near the active site. Excess positive
potential in the wild-type enzyme, which occurs directly adjacent to the superoxide binding site, is
indicated by red shading, excess positive potential in the lys mutant, which occurs away from the
superoxide binding site, is indicated by blue shading. The enzyme fold (white tubes) is shown with
the Arg-143 side chain (blue tubes), the copper ion (orange sphere) and the zinc ion (blue sphere)
(Fisher et al. 1994).

Niki and coworkers could show that the electron transfer from cytochrome c towards SAM
modified electrodes via arginine is 100 times slower than through lysine at position 13 (Katsumi
Niki et al. 2003). In this thesis the mutants E66R and T63R did not show an increased reaction
rate with superoxide, while for both mutants one and two dimensional NMR did not show any
significant structural change compared to the wild type. However, 1H 15N HSQC NMR revealed
some minor shifts comparing T63K and T63R confining to residues 52, 56, 57, 59, 66, 67, 69 and

74 (Appendix A9, A10), which include the above discussed aromatic residues in the proposed
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pocket. But they are too small to provide evidence for any structural change. Despite the
influence on the electronic coupling mechanism less effective electrostatic guidance for the
arginine mutants might play also a role for the moderate reaction rate constants. To explore the
role of the surface potential for the electrostatic attraction Andrea Giachetti from the University
of Florence conducted some energy minimization calculations. In Figure 34 the surface

potentials of the four mutants compared with the wild-type cyt c are presented.

Figure 34  Surface potential representation of the area around residue 63 (left) and 66 (right) in human cyt c:
regions where the electrostatic potential is <-1 kT are red, while those >+2 kT are blue (k,
Boltzmann constant; T, absolute temperature). The wild-type, lysine and arginine variants are
represented in the bottom, middle and top panels, respectively. The residues at position 63 and 66
are shown as sticks and visible in transparency. The residue label has been added at the terminal
part of the side chains, to show its orientation. The structures in the left and right panels have
different orientations, to better show the involved protein surface area.

It can be observed that for both positions the lysine residues are a little bit more effective in
reducing the negative charge patch than the arginine mutants. Although the magnitude of the
differences observed for the reaction rate is rather small, the differences for the surface
potential in Figure 34 do not provide an adequate explanation for the differences found for the
reaction rate constants. This puts the focus also to local electrostatics and the hydrogen bond

network.
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Due to its different charge distribution compared with lysine, arginine could induce a
different direction of the induced electrostatic field. Calculations providing the direction of the
field vectors could help to investigate this hypothesis. For the Cu,Zn SOD it was also shown that
the exchange of the arginine 143 with lysine at the same position directly situated above the
copper ion (Figure 33 right) causes a 2-fold drop of the reaction rate (Fisher et al. 1994). A
different charge distribution compared with lysine was calculated and it was concluded that
arginine contributes to the local electrostatic environment necessary for binding superoxide
and/or facilitating proton transfer from solvent.

In addition to the different charge distribution of the two amino acids, it is known that
arginine is able to form multiple hydrogen bonds and may thereby change the hydrogen bond
network of the pocket in a different way as lysine does. This might influence the PCET. In the
case of the arginine mutants, a supporting hydrogen bond - like it might be induced by the lysine
mutants - may not be created and hence, rates comparable with the wild-type were measured.
This would underline the importance of the local amino acid architecture in case of an outer
sphere electron transfer mechanism for superoxide with cyt c.

Another example for the importance of the type of positive amino acid near catalytic redox
centers could be shown for the R481K mutant of cyt c oxidase. It was demonstrated that the
exchange of arginine with lysine in the vicinity of the heme propionates can even cause a
different redox potential and a different behavior for the electron and proton transfer (Mills et

al. 2005).

Double lysine mutants

Finally the effects of the two double mutants will be discussed. In both cases the reaction
rate could not be further enhanced compared to the single mutants. The rate constant was even
clearly decreased compared to the wild-type. For the mutant E66K-F82K 'H NMR spectra
revealed the same structural changes as found for the single F82K mutant (Appendix A14).
Regarding the electrochemical properties as ks, D and I" as well as to the UV/VIS spectra, the
same changes were observed. However, this does not explain why these far from each other
situated amino acids which reveal enhanced rates in the single mutant form, exhibit a decreased
reaction rate in the double mutant form. One can think of a possible “competition” of the two
positively charged residues which results in an ineffective electrostatic guidance.

For the mutant T63K-E66K 'H and 'H >N HSQC NMR show clearly that there are no
structural changes compared to the wild-type (Appendix A15-A120). However, in addition to the
slow reaction rate several electrochemical and UV/VIS parameters are changed, which did not

occur in the single mutant forms: decreased D, I" and ks, increased Ew+/, and hypsochromic shifts
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of the y bands in the UV-Vis spectra. Whereas the changes for the adsorbed cyt c can be related
to a different orientation induced by the two extra charges, the decreased reaction rate and the
diffusion coefficient remain to be explained. For this purpose Andrea Giachetti has calculated the

electrostatic potential of this double mutant, presented in Figure 35.

Figure 35 Surface potential representation of the area around residue 63 and 66 in human cyt c: regions
where the electrostatic potential is <-1 kT are red, while those >+2 kT are blue (k, Boltzmann
constant; T, absolute temperature). The wild-type and the T63K-E66K variant are represented in
the left and right panels, respectively. The residues at position 63 and 66 are shown as sticks and
visible in transparency. Residue labels have been added at the terminal part of the side chains, to
show their orientation.

It can be seen that for the double mutant the charge distribution is significantly altered
compared to the wild-type: A very large and rather uniform positive area is supposed to be
formed which does not occur for the two single mutants. In the single mutant there can be still
seen a sort of "negative ring" surrounding the putative pocket (Figure 34), while in the double
mutants there is an ample positive area that may misguide the anion. This can be an effect of a
rearrangement of the side chains and the combined effect of two positively charged residues.
Apparently superoxide as a mobile, negatively charged, small radical cannot be directed
anymore efficiently towards the pocket. Also in literature for double mutants of SOD in the
active site channel, a non trivial additive effect due to a charge rearrangement was observed

(Polticelli et al. 1995).

In conclusion the reaction rate between cyt c and superoxide can be enhanced by
introducing positively charged lysines at certain positions. Structural changes represent one of
the reasons for the enhanced reaction rate. When the structure is retained the charge
distribution is an important factor. Two positions are found where the enhancement for the
reaction rate can be explained by electrostatic guidance to this protein area: T63K and E66K.
The region, defined between the 60’s helix, the 70’s loop and the 50’s helix, is suggested to be a

possible access area for superoxide. This pocket includes also three aromatic amino acids,
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representing potential stepping stones for a multistep electron hopping process, which might be
further supported by extra hydrogen bonds provided by the basic groups of the lysines. For the
electrostatic guidance the type of amino acid used for the introduction of the additional charge is
important. Arginine mutants did not result in an enhanced interaction, probably due to the
different charge distribution. However, when the charge is changed in such a way that a very
large area of the protein is positively charged, as in case of the double mutant T63K-E66K, then
electrostatic misguiding can result in a decrease of the reaction rate. This demonstrates the
importance of electrostatic effects for the reaction of superoxide as factors contributing to an
efficient electron transfer. Furthermore, these investigations are also a hint for an evolutionary
conserved superoxide reaction pathway which might have relevance regarding the proposed
role of cyt c as ROS scavenger in vivo and as inducer of the apoptotic pathway (see 2.1.1.2). A

future investigation of this reaction in vivo is desirable.
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4.2 Application of human cytochrome ¢ mutants for a superoxide biosensor

Following the initial idea that an increased reaction rate of cyt ¢ with superoxide may
enhance the sensitivity of a cyt c based superoxide sensor, horse heart cyt ¢, human wild type cyt
c and the five most promising mutant forms of cyt c (T63K, E66K, E69K Y74K and F82K), which
reveal a higher radical reaction rate constant (see 4.1.3), have been chosen to be further

investigated as a recognition element in a biosensor for the detection of superoxide.

4.2.1 Electrochemical characterization of mutant electrodes

The thermodynamic and kinetic properties of the cyt ¢ mutants selected for the sensor
application have been characterized electrochemically with the proteins adsorbed on a
promoter modified gold electrode. All chosen mutants can be adsorbed on the negatively
charged mercaptoundecanoic acid / mercaptoundecanol (MU / MUA) layer. Figure 36
demonstrates exemplarily for some mutants that the cyclic voltammograms are similar to those
achieved with the wild type, but also a slight shift of the formal potential and a decreased

amount of electro-active cytochrome c in the case of F82K.
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Figure 36  Cyclic voltammograms of E66K, F82K and the wild-type form of human recombinant cyt c adsorbed
on a MUA/MU modified gold electrode (5mM potassium phosphate buffer pH 7 at 100mV/s).

The behavior is also studied kinetically and the values for the formal potential, the half peak
potential, the surface coverage and the heterogeneous electron transfer rate constants (ks) are
presented in Table 3 (see 4.1.4.2). The rather similar redox properties and surface coverage of
the proteins, in comparison with the values for the wild-type and horse heart cyt c, are

promising for a sensor application. However a decrease in surface coverage was measured for
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F82K and Y74K (of ca. 40% and 30% respectively), which may be due to structural changes as
explained in the former section 4.1.6.

A similar trend for most of the mutants can also be observed in the ks values and the peak
shape; however F82K and Y74K vary from the other cyt c types. They have a 2.2 and 1.8 fold
increased electron transfer rate and a slightly smaller half peak width (<100mV). Here the
electron transfer from cyt c to the electrode seems to be facilitated (see 4.1.4.2 for further
discussion). However, this is not a real advantage for a superoxide biosensor since ks influences
mainly the dynamic range, which is not critical in superoxide analysis because of the low steady-

state concentrations to be detected (in the nano- and micromolar range, Ge and Lisdat 2002)

4.2.2 Sensor behavior of mutant sensor electrodes

4.2.2.1 Sensitivity

For sensor construction, all five mutants selected have been covalently attached to the
MU/MUA modified electrode. The formal potential for the mutants and the wild-type protein
increases just slightly after covalent immobilization (about 5 mV) compared to proteins in the
adsorbed state despite for the mutant F82K. Here the formal potential decreases slightly by
about 5 mV. However, these slight changes in Ef do not affect the protein’s behavior as a
recognition element for superoxide. Indeed, with all mutant electrodes the superoxide radical
could be detected. A typical current response under constant polarization (at 150 mV) with
superoxide present in solution is shown in Figure 37. Different superoxide concentrations are
established by a variation of the XOD activity in the enzymatic generation system (Ge et al.
2002). The right graph in Figure 37 depicts that the current follows with the steady-state
superoxide concentration in a linear manner. This holds for all investigated mutant electrodes
and has been tested in the concentration range from 0.15 pM to 0.4 uM. In addition, the signal
can be completely suppressed by the enzyme superoxide dismutase (SOD) which can effectively
remove the radical from solution by dismutation to molecular oxygen and hydrogen peroxide.
This leads to the conclusion that the sensors respond selectively to superoxide. Figure 37
compares the current signals from wild type and mutant E66K electrodes. An increase of the
sensor signal for E66K for the same O, concentration can be clearly noted.

The sensitivity has been calculated for each protein used for sensor construction (Figure
38). Mutant E66K shows the highest sensitivity for the oxygen radical (620 Am-2 M-1), whereas
for the other protein electrodes, no significant increase of the signal has been observed. They are
all in the sensitivity range obtained for a horse heart cyt ¢ based sensor (Ge et al. 2002). The

approximately 40% increase in sensitivity found for the mutant E66K is in good agreement with

63



Results and Discussion

the photometrically determined enhancement of the rate constants for the cyt c radical reaction.

In both investigations, the variant E66K shows the highest values.
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Figure 37 Amperometric measurement of superoxide using cyt c based electrodes (Au| MUA/MU | covalently
fixed cyt c). Comparison of current responses of wild-type cyt c with the variant E66K after starting
the production of superoxide with xanthine oxidase and later scavenging all superoxide radicals
with superoxide dismutase (50 mM sodium phosphate buffer pH 7.5 at +150 mV vs. Ag/AgCl/1M
KCl). Right: Linear dependence of current signal on superoxide concentration calculated according
to Ge and Lisdat 2002.

However, F82K does not exhibit the same enhancement as expected from the reaction rate
with superoxide in solution: It showed decreased sensitivity. This can be attributed to the fact
that with this mutant a lower surface coverage after covalent immobilization is achieved
compared to the other variants due to conformational changes. Since the rate constant and the
surface coverage equally influence the sensitivity, this could explain the lack of sensitivity
increase.

T63K, E69K and Y74K electrodes show only a slightly enhanced sensitivity, which is in
accordance with the slight increase in reaction rates with superoxide, found for these proteins in
solution. However, for some mutants there is no significant correlation between the rate
constant found in solution and the sensitivity of the sensor electrodes. For example although the
rate constant for the reaction with superoxide of T63K (11.3 M- s1) is higher than for E69K (8.8
M-1 s-1), the sensitivity is smaller for T63K. Also wild-type human cyt ¢ with nearly the same
reaction rate (6.6 M-1 s-1) as horse heart cyt ¢ (6.7 M! s'1) has a slightly lower sensitivity. As
already mentioned above for F82K, the varying surface coverage in the range of 30% between
the mutants can explain this observation. An additional point could also be the restricted
mobility of cyt c after covalent immobilization of the protein and the fact that the positive charge
of F82K is situated at the site facing the electrode as it can be seen in Figure 27 in 4.1.4.2 for the

adsorbed state. Also in the covalently fixed mode, this site might not be accessible for superoxide
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due to this restricted orientation of the covalently fixed protein at the interface in contrast to the

situation in solution.
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Figure 38 Relative sensitivity of mutant electrodes for superoxide compared to wild type sensor electrodes
calculated from independent amperometric measurements of three electrodes (E= +150 mV vs.
Ag/AgCl, enzymatic superoxide generation using XOD and hypoxanthine). Sensors were
constructed by covalent attachment of human cyt ¢ wild type and mutants on MUA/MU modified
gold electrodes. The 100 % value for the wild type cyt c (WT/wild-type) corresponds to 450 A / m?
M.

4.2.2.2 Stability and impact of H,0, interference

From the sensitivity measurements, the mutant E66K seems to be best suited for the
construction of superoxide sensor electrodes. Thus, other important sensor properties, such as
stability and the influence of interferences, have been investigated for this protein electrode. It is
known that cyt ¢ immobilized on electrodes can exhibit pseudoperoxidase activity (Lei et al.
1999; Ju et al. 2002; L. Wang et al. 2008). In analogy to the natural interaction with anionic
phospholipids, particularly mitochondria-specific cardiolipin (CL), cyt ¢ undergoes structural
changes and peroxidase activity increases (see 2.1.1.1). The pseudoperoxidase activity could
lead to an interference of superoxide oxidation by the reduction of H;0;. Since H,0, always
coexists with Oy, it is important to exclude this potential interference.

At a potential of 0 V, where the pseudoperoxidase activity can be clearly characterized, the
reduction current is measured in the presence of 5 mM H;0,. No enhancement in the H,0;
reduction current can be observed compared to the wild-type and horse heart protein.
Furthermore, the potential of +150 mV vs. Ag/AgCl chosen for the amperometric superoxide
sensor measurement is high enough to prevent the reduction of H,0;. This can be verified by
amperometric control experiments with mutant E66K in the presence of 200 uM hydrogen
peroxide. For comparative reasons the pseudoperoxidase activity has also been characterized

for the mutants Y74K, F82K, E69K. These protein electrodes exhibit no enhanced activity with
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the exception of the Y74K electrode. Here a two fold increase in hydrogen peroxide response
could be detected (Figure 39), which is indicative of another important parameter to be
considered in the design of improved recognition elements.

A similar observation was done in two recent studies of the mutant Y67H and Y67R, where
the introduced histidine and arginine caused a drastic increase of catalytic peroxidase activity of
yeast cyt c (Casalini et al. 2010; Ying, Z.-H. Wang, et al. 2009). A conformational transition with a
weakening effect on the heme-Met80 coordination accompanied by an altering of the H-bonding
network in the heme crevice was suggested. Furthermore it is assumed that these amino acids
act as a general acid-base catalyst for H,0,. Since the mutant Y74K has an introduced basic
amino acid situated in close proximity to Y67 (see Figure 32 in 4.1.6) a comparable mechanism
for the enhanced pseudoperoxidase activity is likely. In addition this might be also a hint that
this region is important during activation of the peroxidase activity during binding to
cardiolipin. It was recently suggested that this region is part of a hydrophobic channel which

could host one cardiolipin acyl chain (Sinibaldi et al. 2010).
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Figure 39 Amperometric measurement in the presence of up to 300uM H,0, using cyt ¢ based electrodes
(Au|MUA/MU | covalently fixed cyt c). Comparison of current responses of horse heart cyt ¢ with
the variant E66K and Y74K after addition of three times 100uM H,0, (50 mM sodium phosphate
buffer pH 7.5 at +150 mV).

Finally, investigations on the E66K sensor electrode stability have been performed. The
prepared electrodes were stored dry at 4 °C. The surface coverage and the sensor response to a
fixed superoxide concentration have been tested for different time periods after the preparation
(Figure 40). Since no relevant loss of surface coverage was detected and only a 30% decrease in
sensitivity is found within eight weeks storage, it can be concluded that these mutant sensor
electrodes can be used at least for one month after preparation without significant loss of
sensitivity. For a wet storage a drastically decreased surface coverage was observed within the

time period of one week.
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Figure 40 Storage stability of a sensor electrode with E66K. The electrode was stored dry at 4°C. The surface
coverage determined by cyclic voltammetry at the first day corresponds to 6 pmol/cm? and the
sensor response for 290 nM superoxide on the first day corresponds to 900 pA (E= +150 mV vs.
Ag/AgCl, enzymatic superoxide generation using XOD and hypoxanthine).

In a final analysis the results presented in this section demonstrate that there are several
important factors for a successful superoxide sensor construction which can be influenced by
the cyt c form used. As it was the approach of this thesis the reaction rate of cyt c with
superoxide can influence the sensitivity of the sensor electrode. However, there are also other
properties crucial for the sensor performance as e.g. the amount of electro-active cyt c which can
be covalently immobilized. A decrease here causes a drop of the current density and thus a loss
of sensitivity as it is the case for several investigated mutants e.g. for F82K and Y74K. Another
point is the heterogeneous electron transfer rate between the electrode and the protein. A
decrease can shorten the linear dependence of the current signal on the superoxide
concentration. The mutants engineered in this thesis mostly have no altered ks value or an
increased transfer rate constant and hence they have no disadvantages regarding the sensor
performance. Another aspect is represented also by the cyt c’s site activities for hydrogen
peroxide which has to be considered. The point mutation can increase this activity, as for the
mutant Y74K, and cause a decline in selectivity, which may reduce the area of application for the
Sensors.

In the case of the mutant E66K, an increased reaction rate with superoxide is achieved due
to the extra positive charge and an electrostatic guidance without any other side effects caused
by the mutation such as structural changes which lead to changes in ks, formal potential,
electrode surface coverage or peroxidase activity. Hence, with this mutant an improved
superoxide sensor could be constructed.

As an outlook one can think of the design of cyt c with a higher redox potential as another
approach to enhance the reaction rate. This could increase the driving force for the superoxide

oxidation. However, since in this case amino acid changes close to the heme group have to be
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conducted (to provide a more hydrophobic environment), there is the risk of induced larger

structural changes and thereby other unfavorable properties.
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4.3 Reaction of human cytochrome ¢ mutants with other proteins in solution

In this section of the thesis the impact of the mutations in human cytochrome c towards the
reaction with other proteins as sulfite oxidase and bilirubin oxidase will be investigated. In
contrast to small molecules like superoxide which can also react with the heme iron, for proteins
the docking to the cyt c surface is an essential step.

One has generally to distinguish between amino acids involved in the binding of the redox
partner and amino acids involved in the inter and intra protein electron transfer. These amino
acids can, but do not have to be identical, or electron transfer is tunneled between the redox
centers.

Mutational studies of proteins are often used to understand the reaction with its partners or
to figure out binding sites, and it is known that mutations of the lysines close to the heme edge in
cyt c can affect the reaction with its natural reaction partners (Dopner et al. 1999; Pepelina et al.
2010). Since protein-protein interactions occur often due to electrostatic interactions it is
suggested that an introduced extra positive charge in form of the amino acid lysine in human cyt
¢ may also alter its reaction with BOD and SOX.

The electrostatic interactions between positively charged lysine residues on the surface of
cyt c around the heme cavity (“front face”) and negatively charged residues of amino acids on
subunits of the redox partners of cytochrome c are known since decades to play a key role in the
formation of complexes (Brautigan et al. 1978; Rieder et al. 1980). However, the order of
importance of the cyt c lysine residues for the two complexes varies (Pepelina et al. 2010; Rieder
et al. 1980), and it was shown that also hydrophobic interactions are of crucial importance for
the binding of cyt c1 of cyt c reductase and cyt ¢ peroxidase (Bertini et al. 2006). In contrast, in
Apaf-1 binding (a cytosolic apoptotic factor), it seems that cyt c uses not only this front face, but
also an opposite surface centered around positions 39 and 62-65 (Yu et al. 2001; Mufazalov et
al. 2009; Ow et al. 2008).

Furthermore it was demonstrated that cyt ¢ from different species exhibits different
affinities and thus also activities towards its redox partners due to the little differences in their
amino acid sequences (Rhoten et al. 2002; Rodriguez-Roldan et al. 2006).

In this part of the thesis, the reactions of recombinant human cytochrome ¢ mutants with
two different enzymes, the recombinant human sulfite oxidase (SOX), a homodimeric enzyme,
and the fungi bilirubin oxidase (BOD), a monomeric enzyme are investigated by cyclic
voltammetry. Whereas it is well known that cytochrome c is the physiological electron acceptor
of sulfite oxidase during the oxidation cycle of sulfite (see section 2.1.4), for BOD only in vitro
experiments could show that both bilirubin and cyt ¢ can act as electron donor for the enzyme

(see section 2.1.3). The X-ray structure of the cyt bs domain of human SOX which binds to cyt c
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under physiological conditions is solved (Rudolph et al. 2003). Similar to the case of cyt c
oxidase the lysines around the cyt c heme edge are shown to be important for the reaction with
SOX (Webb et al. 1980; Speck et al. 1981). This becomes obvious looking at the negative surface
potentials of the cyt b5 domain of SOX in contrast to the positive ones around the heme edge of

cyt ¢ (Figure 41).

Figure 41 Electrostatic surface and isopotential contour representation of the human SOX cytochrome bs
domain (left) and horse heart cyt c (right). Blue and red regions representing electropositive
(>7kBT) and electronegative (<-7kBT) potential, respectively are mapped onto the molecular
surfaces. Isopotential contours at + and - 1kBT are drawn where the blue and red contour maps
represent positive and negative isopotentials. The calculation assumed an ionic strength of 100
mM. arrows point to the heme exposed edges (Rudolph et al. 2003).

The recently published crystal structure of BOD demonstrates a large structural similarity to
laccase (K. Mizutani et al. 2010) and several hints exist that the electron entrance occurs near to
the T1 copper site of BOD (Dronov, Kurth, Frieder W. Scheller, et al. 2007; Shleev et al. 2005;
Shleev et al. 2004). However, since the PDB file of BOD (3gbd) was not available by the time of
the experiments, electrostatic interactions with cyt c could only be assumed.

For these studies human wild-type cyt c and seven human cytochrome c mutants are chosen
to be investigated as electron donors for BOD and as electron acceptor for human SOX in
comparison with the horse heart cyt c being used in former studies with both proteins (Spricigo
et al. 2008; Dronov, Kurth, Frieder W. Scheller, et al. 2007). In each mutant a single neutral or
negatively charged amino acid is exchanged by a positively charged lysine. The mutation sites
are surface exposed and located on one side of the molecule in respect to the heme edge (Figure
42).

The electrochemical properties of the cyt ¢ forms such as formal redox potential and
diffusion coefficient were determined (Table 2 in section 4.1.4.1). The diffusion coefficient of
horse heart cyt c is found to be slightly higher than for the human wild-type ([1.7 £ 0.4] x 10-¢
cm?/s). This implies that the structure of horse heart cyt c is little more compact than the human

wild-type one. For the human cyt ¢ mutants no significant alteration for the determined
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properties compared with the wild-type were found. Also the structural integrity was checked
with H NMR spectroscopy. For 181K the introduction of a lysine at position 81 induces chemical
shift changes in all the Met80 side-chain resonances (from -0.02 to +0.04 ppm), indicating

structural changes for this mutant (Appendix A14).

Figure 42  Left: NMR structure of human cyt c with mutation sites depicted in green. Blue spheres represent
lysines present in the wild-type protein. The heme group is presented in black spheres. Right: NMR
structure of human cyt c in cartoon representation with mutation sites depicted as green sticks.
The heme group is presented with blue spheres with the heme iron as red sphere in the center.
The images were built with the software Pymol (http://pymol.sourceforge.net) using the pdb file
1J3S.

4.3.1 The reaction with sulfite oxidase

The catalytic reaction of human SOX and cyt c in solution was investigated using cyclic
voltammetry with MUA/MU modified gold electrodes. The resulting electron transfer chain is
presented in Figure 43. The substrate sulfite is oxidized in two steps to sulfate. In each step the
reduced molybdopterin (MPT) cofactor transfers an electron to the cyt bs domain (see 2.1.4 for
more details). After this intraprotein electron transfer cyt c accepts the electron from cyt bs
getting reoxidized by the electrode and as result an oxidation current appears. The continuous
reoxidation of cyt c by the electrode - at potentials allowing redox conversion of cyt c - provides
the regeneration of electron acceptor molecules for the reduced MPT of SOX. Thereby a typical
catalytic voltammogram is formed (Figure 44). For all chosen mutant forms catalytic currents
could be obtained. However, for some of the human cyt ¢ mutants with introduced positively

charged lysines different reaction rates were determined.
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Au electrode

Figure 43  Simplified schematic representation of the electron transfer chain for cyt c and SOX in solution.
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Figure 44 Cyclic voltammogram of MUA/MU modified gold electrode in air-saturated 50 mM phosphate
buffer pH 8.5 in presence of 10 uM E66K (red) or N70K (black) cyt c and 2 mM sulfite (saturation),
scan rate 8 mV/s, dashed line: without SOX, straight line: with 400nM SOX.

The limiting current, corresponding to the plateau of the voltammogram in Figure 44, is
independent of further additions of sulfite. This indicates that the reaction of SOX with sulfite is
a kinetically fast step, faster than the rates of reoxidation of cyt c by the electrode or the electron
transfer between cyt c and the reduced enzyme.

One can already see that under the same conditions two human cyt ¢ mutants N70K and
E66K exhibit different catalytic plateau currents. To quantify the differences for the
homogeneous electron transfer reaction between human SOX and the different cyt c forms the
second order reaction rate constant k is determined using the method of Nicholson and Shain
(Nicholson et al. 1964; Antiochia et al. 2001). Initially, the pseudo first-order kinetic constant Kcat
is calculated by quantifying the ratio of the catalytic currents (I and the diffusion-limited
currents (lair without SOX) at various scan rates (v) for different SOX concentrations. This can be

done according to the relation given in equation (1).
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A =0.1992 (Icat/laifr)? = Keat ((RT/nF) 1/v (1)

This simplified relation can be used only if the ratio Ic/larr is = 1.7.  is the ratio of the
stoichiometric coefficients of the reaction between the mediator (here cyt ¢) and the enzyme
SOX. C is in the case of SOX equal to 2 since two molecules of cyt c are reduced during oxidation
of one molecule sulfite (see 2.1.4).

Plotting kca: versus the SOX concentration, the reaction rate constant k can be derived from the

slope of the straight line using equation (2).

Kear = k [SOX] (2)

The resulting rate constants are presented in Figure 45. For horse heart cyt c a value of 0.7 +
0.2 uM-1s-1 is determined. For the same experimental conditions this value was found earlier to
be 4.47 + 0.13 pM-1s-1 (Spricigo et al. 2008). Moreover, in another work at pH below the optimum
with chicken SOX the value 2.53 + 0.24 pM-1s-1 was determined (Ferapontova et al. 2003). In
both works an incorrect version of formula (1) was used, resulting in the higher apparent
values: the factor 0.1992 as well as the parameter { were not applied. After correction of these
literature values by applying the missing factors, a similar magnitude as in this thesis is reached
(0.5 and 0.12 uM-1s-1, respectively). Another work stated a value in the range of 0.6 pM-1s-1 under
similar conditions in solution, but with a different experimental approach (Wherland et al.

1976).
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Figure 45 Second order reaction rate constants for the reaction of cytochrome c (mutants) with SOX in
solution, calculated according to (Nicholson et al. 1964) with MUA/MU modified gold electrodes in
air-saturated 50 mM phosphate buffer pH 7.0 in the presence of 10 uM cyt c and 50-700 nM BOD.
The experimental error was in the range of + 0.2 pM™ s™.
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As far as known, for the first time the second order reaction rate constant for human SOX
with human cyt c was determined here in this thesis. Although the sequence homology between
horse heart and human cyt c is only 78 % no difference in the rate constants could be observed,
indicating no major alterations for the interaction site. Moreover, the unchanged reaction rates
suit to the known importance of electrostatic interactions between SOX and cyt c, since the
sequence differences mostly account to slight changes in hydrophobicity of the cyt c surface.

However, some human cyt ¢ mutants have different reaction rate constants compared with
the wild-type. For N70K a clearly decreased rate constant is found. Here the affinity seems to be
negatively affected. N70 is situated very close to K72 (Figure 42). This lysine was already shown
to be important for the binding of horse heart cyt c and SOX (Speck et al. 1981; Webb et al.
1980). N70K may cause electrostatic repulsion to K72 and thereby alter the orientation of K72.
The negative effect on the reaction rate of N70K could also be connected to a change of the
dipole moment of cyt c and thereby, like it was shown for chemically modified horse cyt c and
the reaction with beef liver SOX, can cause an unfavorable orientation during interaction (Speck
etal. 1981).

G77K shows the highest reaction rate constant compared to the wild-type. This mutation
site is located close to K79, whose positive charge was shown to be important for the affinity of
the two proteins (Webb et al. 1980). Hence, for both mutants G77K and N70K - with the most
pronounced increasing and decreasing effect respectively - the affected mutation site is located
close to a lysine residue putative important for the interaction with SOX in the wild-type protein.

Another possible explanation for the increased and decreased reaction rate constants is
connected to the intraprotein ET: It was shown that in the reduction half cycle the intraprotein
ET is the limiting step probably due to the conformational change which is necessary to bring
the heme bs domain close to the MPT domain to conduct reduction of heme bs (C. Feng et al.
2007). This can mean that a changed affinity of the heme bs domain towards cyt c influences also
the binding and reduction of the heme bs domain towards the MPT cofactor. Thus contrary to
the explanation above if the dissociation of ferri-cyt c from ferri-heme bs is impeded - perhaps
due to the increased electrostatic interaction e.g. for N70K - the intraprotein ET which creates
the reduced heme bs may also be impeded. A facilitated dissociation could cause the opposite

effect being a reason for the increased rate constant found for G77K.

4.3.2 The reaction with bilirubin oxidase

Cyclic voltammetry was also used to examine the catalytic reaction of BOD and cyt c in
solution. For the first time it could be shown that also human cyt c reacts with BOD although the

sequence has only 78 % homology with the horse form of cyt c used in former studies (Dronov,
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Kurth, Frieder W. Scheller, et al. 2007). A representative cyclic voltammogram of the catalytic
reaction of the mutant N70K and horse heart cyt c in comparison is shown in Figure 46. The
electron pathway of the system is schematically presented in Figure 47 and can be described as
follows: cyt c is reduced at the MUA/MU modified gold electrode, then donating its electron most
probably to the T1 site copper ion, where normally bilirubin as natural substrate gets oxidized.
Then an intramolecular electron transfer to the T2/T3 trinuclear cluster takes place. Here, four
electrons are subsequently transferred to molecular oxygen (S Tsujimura et al. 2005; Shimizu et
al. 1999; F. Xu et al. 1996). Since cyt c is reoxidized by BOD, there is a regeneration of cyt c newly
available for the reduction at the gold electrode. The different magnitude of the catalytic
reduction current (Figure 46) for the same concentrations indicates that the reaction between

N70K and BOD seems to be less effective than for horse cyt c.
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Figure 46 Cyclic voltammogram of MUA/MU modified gold electrode in air-saturated 50 mM phosphate
buffer pH 7.0 in presence of 10 uM horse heart or N70K cyt c, scan rate 4 mV/s, dashed line:
without BOD, straight line: with 200nM BOD
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Figure 47 Schematic representation of the electron transfer chain for cyt c and BOD in solution
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To quantify the differences for the homogeneous electron transfer reaction between BOD
and cyt c the second order reaction rate constant k was determined using the method of
Nicholson and Shain (Nicholson et al. 1964). First the pseudo first-order kinetic constant ke, is
calculated by quantifying the ratio of the catalytic currents (Ic.) and the diffusion limited
currents (Igir without BOD) at various scan rates (v) and for different BOD concentrations. The
same relations as given in equation (1) and (2) in section 4.3.1 were used and a stoichiometric
factor C of 4 was applied. The different second order reaction rate constants k for horse heart cyt

¢, human wild-type cyt c and their mutants are presented in Figure 48.
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Figure 48 Second order reaction rate constants for the reaction of cytochrome ¢ (mutants) with BOD in
solution, calculated according to (Nicholson et al. 1964) with MUA/MU modified gold electrodes in
air-saturated 50 mM phosphate buffer pH 7.0 in the presence of 10 uM cyt ¢ and 50-700 nM BOD.
The experimental error was in the range of + 0.1 pM ™ s™.

In general, taking the reaction rate for the horse heart cyt c as a reference, the reaction rate
constant for the reaction with BOD was found to be similar to SOX, although the latter is an
established physiological reaction, whereas for the former reaction no physiological importance
was known until now. However, the reaction of SOX with cyt ¢ might be limited due to a
conformational change of the cyt ¢ reducing heme bs domain of SOX to switch between intra-
and intermolecular ET. No conformational change is known to occur during the intra- and
intermolecular ET in BOD.

It can be also seen that in contrast to SOX there is already a two-fold difference between
horse heart cyt and the human wild-type reaction with BOD. The higher reaction rate found for
the human wild-type might originate from a slightly different structure, caused by the twelve
amino acids differing between both species. The evolutionary exchanged amino acids are mainly
situated around the heme crevice, where the possible interaction area is also located. This area

of the human protein is more hydrophobic compared to the horse form (see 2.1.1.3). The
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increase in the surface hydrophobicity of the human cyt ¢ may facilitate hydrophobic
interactions with the surface of BOD causing a higher affinity. If one would additionally consider
the higher diffusion coefficient of horse heart cyt c, conclusion can be made that proteins’
structure is more compact, having less BOD interaction sites exposed than that of the human cyt
c. Rodriguez-Roldan et al. have recently reported on differences in the interaction of cyt c
oxidase with human cyt ¢ compared to Arabidopsis and horse cyt c: the second order rate
constant for the human form is increased by 76 % compared to the horse cyt ¢ form (Rodriguez-

Roldan et al. 2006).

Figure 49  Surface of BOD around the T1 copper ion (marked with a black circle). Left: presentation of surface
charges (blue — positive patches, red — negative patches). Note, this is no presentations of
profound electrostatic calculation of the surface potential. Right: presentation of hydrophilic and
hydrophobic surface aera (green — hydrophilic patches; orange — hydrophobic patches. Image build
with Pymol.

None of the mutants have a higher reaction rate constant than the wild-type. The rate
constant of G77K reaches the same level as the wild type, probably because this mutation site is
located in close proximity to the heme edge (Figure 42). Since all other mutants have a
decreased rate constant one might conclude that either the cyt c interaction site at BOD is more
positively charged causing a repulsion effect attributed to the extra positive charge at cyt c or
the interaction takes place at another cyt ¢ region so that the extra positive charge would orient
the molecule in an unfavorable way. The hydrophobic interactions mentioned before may also
be disturbed due to the extra positive charge. The recently available pdb structure file of BOD
gives the possibility to analyze the amino acid environment of the T1 copper ion. As it can be
seen in Figure 49 there are positively and negatively charged patches around the copper ion. The
positive patch could be responsible for the possible electrostatic repulsion with the lysine
mutants. However, in the right depiction of Figure 49 also hydrophobic patches are visible;
hence, a possible disturbance of hydrophobic interaction cannot be fully excluded.

For the mutant G77K another phenomenon has been observed: the catalytic current in the

cyclic voltammogram with both proteins in solution increased with time (Figure 50). This effect
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could also be observed with I81K. After mixing the solution with the pipette, the current went
back to the magnitude detected at the beginning, afterwards started increasing again with time.
It can be explained as a kind of complex formation between the cyt ¢ molecule and BOD with
time, facilitating the electron transfer to BOD. In the period between two voltammetric cycles no
potential was applied, disregarding the potential-induced effect.

Further NMR or SPR investigations could help to understand the different interaction
behavior of the cyt ¢ mutants with BOD. The possible effect of an altered reaction rate in a

multilayer assembly is analyzed in the next section of this thesis.
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Figure 50 Cyclic voltammograms with MUA/MU modified gold electrodes in air-saturated 50 mM phosphate
buffer pH 7.0 in the presence of 10 uM G77K and 250 nM BOD at a scan rate of 6 mV/s. The arrow
indicates the time range of 45 min from the first scan to the last scan
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4.4 Multilayer electrodes with human cytochrome c mutants and bilirubin oxidase

In this section some of the human cyt c forms are examined in the immobilized state as parts
of a multilayer assembly with and without a second redox protein. Bi-protein multilayer
assemblies were already successfully constructed (Dronov, Kurth, Mohwald, Frieder W. Scheller,
and Lisdat 2008; Dronov, Kurth, Méhwald, Roberto Spricigo, Leimkiihler, et al. 2008b; Spricigo
et al. 2008) with both protein couples investigated in this thesis (cyt c / SOX and cyt ¢ / BOD).
The bi-protein multilayer system with cyt c and BOD is applied in this section using wild-type
and mutant forms of cyt c. The selection of different cyt c forms is motivated by different rate
constants determined in solution (see 4.3.2). Together with G77K which exhibits a reaction rate
constant similar to the wild-type, also N70K with a large decrease of the reaction rate constant
was chosen along with horse heart cyt c and human wild-type cyt c for comparative reasons to
be investigated as electron donor protein in a layered architecture with BOD.

BOD has already been successfully applied in a multilayer assembly on gold to form a bi-
protein artificial signal chain as schematically shown in Figure 51 (Dronov, Kurth, Méhwald,
Frieder W. Scheller, and Lisdat 2008). In this bi-protein electrode electrons are transferred from
the gold electrode to the cyt c monolayer, afterwards via the cyt c molecules in different layers to
BOD, where finally the four electron reduction of oxygen takes place. It could be shown, that the
oxygen reduction at the enzyme becomes the rate-determining step at low scan rates. However,
it seems that at higher scan rates the supply of electrons to the enzyme becomes important. The
altered BOD-cyt c reaction rate of the horse, human and the engineered cyt c forms provides the

possibility for a closer examination of this aspect.
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Figure 51 Schematic illustration of the redox chain in cyt.c/BOD multilayer electrodes (Lisdat et al. 2009).
Red circles = cyt c protein, blue shapes = BOD enzyme, arrows indicate electron transfer pathways
between cyt.c and BOD within the polyelectrolyte network and the four-electron oxygen reduction
process
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4.4.1 Multilayers of human cytochrome c mutants and PASA

In a first approach multilayer systems consisting only of different cyt ¢ forms were
investigated (schematically shown in Figure 52). The ability of multilayer formation with

sulfonated polyaniline (PASA) was studied and the electrochemical properties were examined.
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Figure 52  Schematic representation of a 4-bilayer SAM modified electrode with cyt c (red circles) and PASA
(black coiled lines).

4.4.1.1 Study of the multilayer formation by SPR

The formation process of the different assemblies of cyt ¢ and the polyelectrolyte was
examined by surface plasmon resonance (SPR) spectroscopy. Here, cyt ¢ and PASA were
deposited on a planar MUA/MU modified SPR-chip in a flow system to study the mass
adsorption during the built-up. The formation process for a four bi-layer electrode is given in
Figure 53. The SPR sensograms characterize the multilayer formation of the four different cyt c
forms investigated. The human and horse wild-type proteins show rather similar mass
deposition during the multiple adsorption steps. However, the mutant N70K exhibits a slightly
enhanced immobilization, whereas for the G77K mutant the assembly is rather weak. The
different charge distribution on the protein surface can alter the immobilization with the
sulfonated polyaniline. However, the drastic decrease in adsorption of G77K compared to the
other proteins cannot be fully understood since 'H NMR investigations reveal a rather
undisturbed overall structure (Appendix A14). Despite G77K, all sensograms show an
exponential increase of the deposited mass during the multilayer assembly. This was already
observed in former studies and is related to partial interpenetration of the layers and an
increased surface roughness (Dronov, Kurth, Méhwald, Frieder W Scheller, Friedmann, et al.

2008a).
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Figure 53  Left: SPR experiment showing the formation of the cyt c-PASA assembly for four bi-layers on a gold
chip modified with MUA/MU, the red bar indicates the time of cyt c flow and the grey bar the time
of PASA flow over the chip (a — G77K, b — wild-type, ¢ — horse heart, d — N70K). Right: Mean SPR
signal for the different cyt ¢ forms for each layer of cyt ¢ and PASA calculated from three
independent measurements (Layer O for cyt c corresponds to a cyt ¢ monolayer).

4.4.1.2 Electrochemical behavior

Since the SPR experiments reflect only the amount of immobilized cyt ¢ molecules, the
functional properties are analyzed by cyclic voltammetry. For all human cyt ¢ forms electro-
active multilayer electrodes could be constructed. Representative cyclic voltammograms
measured with a monolayer electrode and after the assembly of four bi-layers of the human
wild-type and PASA are given in Figure 54, left. One can see that both the oxidation and
reduction peaks increase with the number of layers. This means that even the cyt ¢ molecules in
the outer layers are in contact with the electrode. Several electron transfer steps have to be
considered here (Figure 54, left): the electron transfer from the gold electrode via the MUA/MU
SAM-layer to the cyt c monolayer and then to the cyt ¢ molecules of the subsequent layers. The
latter step can be either realized by an inter-protein electron transfer only between the cyt c
molecules, with PASA being just a stabilizing compound or by PASA being an active part in the
electron transfer chain, conducting the electrons from one cyt ¢ molecule to another. Several
arguments have been collected to support the idea of electron exchange between the cyt c
molecules as a dominating mechanism (Lisdat et al. 2009). A careful examination of the transfer
steps has been performed by a kinetic analysis with a systematic scan rate variation for all
multilayer electrodes with the four different proteins. The resulting cyclic voltammograms for
horse heart cyt c and the mutant N70K for four different scan rates are presented in Figure 55 a)
and c). For the mutant N70K the decrease of the voltammetric peaks with decreasing scan rate is
much smaller than for horse heart cyt c. The difference becomes even more obvious after

normalization of the current values in relation to the scan rate is performed. This can be done,
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since there is a linear relation of the current and the scan rate for immobilized species (Wang

2000). The cyclic voltammograms normalized in this way are shown in Figure 55 b) and d).
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Figure 54 Left: Cyclic voltammograms of a human wild-type mono-layer MUA/MU modified gold electrode
and of a 4 bi-layer electrode with cyt ¢ and PASA in each layer, scan rate 100 mV/s. Right:
Schematic representation of the electron transfer steps in a Au-SAM-cyt c-(PASA-cyt c),, multilayer
coated electrode.
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Figure 55 Cyclic voltammetry of Au-MUA/MU-cyt c-(PASA-cyt c), multilayer coated electrodes for horse
heart cyt c (left) and N70K (right) measured at different scan rates. The current values of the
voltammograms b) and d) are normalized to 5 mV/s by dividing the values by the factor [(actual
scan rate) / (5 mV/s)].
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Integration of voltammograms’ peak areas for all mutants gives the electro-active surface
coverage ' at different scan rates and is depicted in Figure 56. This specifies once more the
different electrochemical behavior of the protein multilayers. The horse heart cyt ¢ multilayer
electrode exhibits the already described behavior (Moritz Karl Beissenhirtz et al. 2004): up to 80
mV/s the amount of electrode-addressable cyt c remains stable and then decreases slightly. This
suggests that beyond 80 mV/s a scan rate is reached which is in the range of the cyt c - cyt c
electron transfer rate (step 2 in the right scheme of Figure 54), so that not all cyt c molecules
immobilized in the multilayer assembly can be oxidized or reduced within the time period of a
voltammetric sweep. For the human wild-type cyt c electrode, although the behavior at 80-100
mV/s is rather similar to that of horse cyt c, the electro-active amount further increases at slow
scan rates. This is indicative of a slower self-exchange rate of the immobilized protein. For the
mutant N70K this effect is even more pronounced. At a scan rate of 80 mV/s only a small amount
of the cyt c molecules can be detected. The cyt c molecules embedded into the layers become

only visible at very low scan rates.
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Figure 56  Electro-active surface coverage I' for the four different cyt c multilayer electrodes at different scan
rates.

To rule out that the electron transfer from the electrode to the monolayer (step 1 in the
right scheme of Figure 54) is the limiting step the ks values of the cyt ¢ monolayer electrodes
were determined (horse heart, wild-type and N70K). No significant decrease has been observed
(55 = 5; 64+6 and 45 * 3 st respectively). The slight decrease for N70K cannot cause the drastic
decrease of contactable cyt c molecules at higher scan rate.

The experiments with the G77K mutant reflect the results of the SPR investigations. Much
less protein can be adsorbed in the multilayer structure and thus detected electrochemically.

However, the electro-active amount is again decreasing with increasing scan rate, with a similar
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relative change compared to the human wild type, indicating also a decreased self-exchange rate
for this mutant.

The slight decrease of the self-exchange rate of the human wild-type protein compared with
horse heart cyt can be caused by a more compact structure of the latter one, caused by the
higher diffusion coefficient value. A faster diffusion would enhance the probability of favorable
orientation of the cyt ¢ molecules to conduct the electron transfer. Additionally, a more compact
structure and a smaller radius can contribute to a closer distance of the heme exposed “faces” of
cyt ¢ and thereby accelerate the electron transfer according to the Marcus theory (Marcus et al.
1985). This was also assumed by comparison of the self-exchange rate of different cytochromes
(Dixon et al. 1989). Furthermore, 7 of the 12 amino acids being different between horse heart
cyt and human cyt c are situated on the front heme “face”. This can also affect the protein
interaction area and thereby the electron transfer rate.

The decreased self exchange rate for the two mutant proteins can be understood as an
increase of electrostatic repulsions between two cyt c molecules due to the extra positive charge
since there are studies demonstrating that the protein—protein contact region is centered on
the heme crevice (Pielak et al. 1987). For the two mutants investigated here the mutation sites
are closely situated to the heme edge. In an earlier study the importance of surface charges for
the self exchange rate has been shown by chemically modified single lysine side chains
concentrated around the heme crevice as well as by binding anions at specific sites near the
partially exposed heme edge (D.W. Concar et al. 1986).

It might seem uncommon that these single mutations or sequence differences between
horse and human cyt c cause a remarkable difference, but if one takes the self-exchange rate
constant for structurally very similar cytochromes c into account, a span over six orders of
magnitudes can be observed (Simonneaux et al. 2005). However, to prove the assumptions for
the mutants prepared here the cyt c self-exchange rate remains to be determined.

The dependence of the formal potential and the peak separation on the scan rate can be
found in Table 5. The peak separation increases for all protein electrodes with increasing scan
rate. However for the mutant N70K the increase at low scan rates is much steeper compared
with the other multilayer electrodes. This observation supports once more the reduced effective
electron transfer within the N70K multilayer assembly.

A slight drift for the formal potential can be observed which reflects the not fully reversible
behavior of the system. The formal potentials of the multilayer electrodes are varying only
slightly. By evaluating the peak shape of the normalized cyclic voltammograms at small scan
rates (Figure 55) one observes an additional voltametric peak at about + 75 mV for the horse cyt
c-containing assemblies. This can be attributed to the reduction of PASA as it has been shown

before (Dronov, Kurth, Moéhwald, Frieder W Scheller, Friedmann, et al. 2008a). For the
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electrodes containing the human form this is much weaker and cannot be observed for the two

mutants (Figure 57).

Table 5

Formal potential E; and peak separation AE, for the cyt ¢ multilayer assembly with the four

different cyt c forms at various scan rates (results from three independent electrodes)

E; (mV) E; (mV) E; (mV) E; (mV)
scan rate (mV/s) horse heart human wild-type G77K N70K

20 -12 -16 -9 -8

40 -5 -15 -12 -10

80 -6 -18 -12 -16

AE, (mV) AE, (mV) AE, mV) AE, (mV)
scanrate (mV/s)| | oheart | human wild-type G77K N70K

20 7 23 32 59

40 15 36 40 59

80 45 60 51 46
30 ;
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Figure 57 Cyclic voltammetry of Au-MUA/MU-cyt c-(PASA-cyt c), multilayer coated electrodes for human

wild-type (left) and G77K (right) measured at different scan rates. The current values of the
voltammograms are normalized to 5 mV/s by dividing the values by the factor [(actual scan rate) /

(5 mV/s)].

Overall the investigations show, that the different cyt c proteins exhibit not only a different

adsorption behavior during the multilayer assembly but also a different kinetic electrochemical

behavior with a limiting inter-protein electron transfer. However, electrochemically active

multilayer electrodes can be constructed not only with horse heart cyt c but also with at least

two human forms of the redox protein.
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4.4.2 Multilayers of different cytochrome c forms with BOD and PASA

In order to build up new enzyme containing assemblies with the four different cyt c proteins
the cyt c monolayer electrodes were incubated alternating in solutions of PASA and a cyt.c/BOD
mixture allowing an immobilization of BOD in multiple layers (Dronov, Kurth, Mohwald, Frieder
W. Scheller, and Lisdat 2008). The resulting multilayer electrode is schematically shown in
Figure 51. The relevant electron transfer steps are depicted in the scheme of Figure 58. Two
additional steps have to be considered: the electron transfer from cyt c to the enzyme BOD (step
3) and from BOD to molecular oxygen (step 4).

With all four constructed cyt c-BOD multilayer electrodes a catalytic current can be
observed at low scan rates (Figure 59). Hence a successful electron transfer from the electrode
via cyt c and BOD to oxygen is achieved. However, both mutant multilayer electrodes show a
significantly smaller catalytic activity to oxygen reduction compared to the human and horse
form. To evaluate the behavior in more detail a scan rate variation is also conducted here as it

has been done for the layered electrodes without BOD.

step 2 step 3 step 4

Figure 58 Schematic representation of a Au-MUA/MU-cyt c-(PASA-cyt ¢/BOD), multilayer coated electrode
(left) and the relevant electron transfer steps (right)
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Figure 59  Cyclic voltammetry of Au-MUA/MU-cyt c-(PASA-cyt ¢/BOD), multilayer electrodes, scan rate 2.5
mV/s
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Cyclic voltammograms at three different scan rates for the four different cyt c forms
normalized to 5 mV/s are presented in Figure 60. Beside the different magnitude of the
reduction current at 5 mV/s it is also obvious that at higher scan rates the catalytic current
disappears. Although this effect appears for all four cyt c forms, a difference in behavior is
observable. For instance, at 40 mV/s for the horse heart electrode still a large impact of the
catalytic reaction on the cyclic voltammogram can be seen, whereas for N70K the catalytic

current disappears at this scan rate.
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Figure 60 Cyclic voltammetry of Au-MUA/MU-cyt c-(PASA-cyt c¢/BOD), multilayer coated electrodes
measured at different scan rates. The current values are normalized to 5 mV/s by dividing the
values by the factor [(actual scan rate) / (5 mV/s)].

Since the catalytic currents at low scan rate follow the oxygen concentration, as it has
already been shown with horse heart/BOD multilayers in a previous study (Dronov, Kurth,
Mohwald, Frieder W. Scheller, and Lisdat 2008), the oxygen conversion of BOD is the limiting
step in the signal chain. However, at higher scan rates the catalytic current disappears and the
system behaves similar to a multilayer assembly with only cyt ¢, because the scan rate is here
too high to allow a transfer of the electrons to the BOD. Since the reaction rate for the

immobilized protein is not known, the limiting process cannot be unambiguously identified, but
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the decrease in electro-active amount of the only cyt c containing system indicates that cyt c - cyt
c electron transfer (step 2) is the rate-limiting step.

A deeper understanding of the kinetics of the electron transfer processes is provided by the
evaluation of the different normalized peak current values for both the reduction and oxidation
presented in Figure 61. The increasing reduction current with decreasing scan rate clearly
demonstrates the catalytic process at low scan rates. At higher scan rates the catalytic current
disappears. However the current does not remain at a certain level, but shows the tendency of
further decrease. This behavior is less pronounced for the horse cyt c. This is in agreement with
the behavior of multilayers consisting only of cyt ¢ as analyzed before. Here the amount of

electrode addressable horse cyt c decreases less steeply than for the other multilayer electrodes.
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Figure 61 Normalized cathodic (l,.q, left) and anodic (l,,, right) peak current values of Au-MUA/MU-cyt c-
(PASA-cyt ¢/BOD), multilayer coated electrodes measured at different scan rates. Current values
are derived from three independent electrodes.

Regarding the efficiency of the multilayer electrode the currents for the wild-type and horse
heart/BOD multilayers do not differ significantly, although the reaction rate constant of the
human form was determined to be higher. This is probably due to the slightly decreased cyt c
self exchange rate of human cyt c. The G77K/BOD multilayer electrode showed a clearly
decreased efficiency compared to all other electrodes. To a large extent this is because only a
small amount of cyt c could be adsorbed, and also the decreased self-exchange rate contributes
to the behavior. Similarly, the N70K/BOD multilayer electrode exhibits a decreased efficiency
with respect to the human and horse heart cyt c. However, here the immobilization process was
not hindered (see 4.4.1.1). Thus for this mutant/BOD electrode step 2 and step 3 are limiting the
catalytic current: The rate constant for the reaction with BOD is decreased and already at rather
low scan rates the range of the cyt c self exchange rate is reached. This is the reason why we only

see a small reduction peak current in Figure 61 (left). However it has to be noted, that the
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amount of BOD molecules embedded within the layers cannot be given exactly. We assume that
the amount of BOD immobilized goes with the amount of cyt c adsorbed without the presence of
BOD.

Also the normalized oxidation peak currents plotted against the scan rate, presented in the
right diagram of Figure 61, reflect the described behavior well. It can be seen that for all mutants
at low scan rates the cyt c oxidation current disappears. At higher scan rates the cyt c redox peak
becomes visible and so the peak current increases. However, the oxidation current does not
remain at a certain level since with further enhanced scan rates the electrode addressable
amount of cyt c decreases as described before, and so does the oxidation peak current. The
different magnitudes of the maximum oxidation peaks reflect therefore the order of differences

found for the cyt c self exchange rate.
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5 SUMMARY

The small redox protein cyt c covers a large research area since many decades. At present
time it is popular mainly from two points of view: newly discovered functionality beyond the
role as an electron transfer carrier in the respiratory chain is raising a lot of interest. Besides, it
represents also a favorite component in bioelectronic systems, since the protein is stable and its
electron transfer properties are easy to study. Both recombinant expression and protein
engineering offer the possibility to investigate the functionality of the rarely available human
form of cyt c and moreover specially designed mutant forms of cyt c.

The aim of this thesis is the design, expression and purification of human cytochrome c
mutants and their characterization with regard to electrochemical and structural properties as
well as with respect to the reaction with the superoxide radical and the selected proteins sulfite
oxidase from human and fungi bilirubin oxidase. All three interaction partners are studied here
for the first time with human cyt ¢ and with mutant forms of cyt c.

A further aim is the incorporation of the different cyt c forms in two bioelectronic systems:
an electrochemical superoxide biosensor with an enhanced sensitivity and a protein multilayer

assembly with and without bilirubin oxidase on electrodes.

The first part of the thesis is dedicated to the design, expression and characterization of the
mutants. A focus is here the electrochemical characterization of the protein in solution and
immobilized on electrodes. Further the reaction of these mutants with superoxide was
investigated and the possible reaction mechanisms are discussed.

The selection of mutation sites was mainly driven by the chance to increase the reaction rate
with the negatively charged radical superoxide via an enhanced electrostatic guidance by
exchanging neutral and negatively charged amino acids by positively charged amino acids. In
three mutation rounds in total sixteen single lysine, two single arginine and two double lysine
human cyt ¢ mutants were successfully designed, expressed and purified. All engineered cyt c
forms were further characterized thoroughly. Significant differences in the reaction rate with
superoxide, the formal potential, the diffusion constant, the behavior at SAM coated electrodes
and in the UV-Vis spectra were found for several human cyt c mutants. Six of the twenty mutants
were not affected with respect to the properties investigated (A50K, D62K, E69K, N70K, G77K
and V83K). For five mutants structural changes were observed (Y46K, Y74K, 181K, F82K and
E66K-F82K) which account for some of the changed properties. This underlines that also single
charge-changing point mutations located rather on the surface of cyt c can have a considerable
impact on the structure and/or properties of the redox protein. However, despite the diffusion

coefficient no changed properties were found between the horse heart and the human wild-type
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protein. Since the sequence differences between both forms affect mostly the hydrophobicity of
the cyt c molecule it can be concluded that this is not an important factor for the other
investigated properties (reaction with superoxide, formal potential, diffusion constant, behavior
at SAM coated electrodes and position of UV-Vis spectra peaks).

The reaction rate constant with superoxide was found to be increased for four single lysine
mutants (T63K, E66K, Y74K and F82K) and decreased for six mutants (Y46K, A51K, I57K, I85K
and both double mutants). Hence, it could be shown - as it was expected - that the reaction rate
between cyt ¢ and superoxide can be enhanced by introducing positively charged lysines.
Structural changes are one reason for the enhanced reaction rate as in the case of F82K and
Y74K. However, for the two mutants Y46K and 157K the mutations caused a decrease in formal
redox potential which clearly can be connected to the decreased rate constant found for both
mutants, since the driving force of the reaction is diminished. When the structure is retained the
charge distribution is an important factor. Two positions are found where the enhancement for
the reaction rate can be explained by electrostatic guidance to this protein area: T63K and E66K.
The region, defined between the 60’s helix, the 70’s loop and the 50’s helix, is suggested to be a
possible access area for superoxide. This pocket includes also three aromatic amino acids,
representing potential stepping stones for an electron hopping process.

For the electrostatic guidance the type of amino acid used for the introduction of the
additional charge was found to be important. Arginine mutants did not result in an enhanced
interaction, probably due to the different charge distribution. However, when the charge is
changed in such a way that a very large area of the protein becomes positively charged, as in
case of the double mutant T63K-E66K, electrostatic misguiding can result in a decrease of the
reaction rate. This demonstrates that for the reaction of superoxide electrostatic effects are
important factors contributing to an efficient electron transfer. Further, these investigations are
also a hint for an evolutionary conserved superoxide reaction pathway which might have
relevance regarding the proposed role of cyt c as ROS scavenger in vivo and as inducer of the

apoptotic pathway.

In the second part of the work an amperometric superoxide biosensor with selected human
cytochrome ¢ mutants was constructed and the performance of the sensor electrodes was
studied. The human wild-type and four of the five mutant electrodes could be applied
successfully for the detection of the superoxide radical.

Several important factors for the successful superoxide sensor construction could be
identified which can be influenced by the cyt c form used: As it was one aim of this thesis the
reaction rate of cyt c with superoxide can influence the sensitivity of the sensor electrode.

However there are also other properties as e.g. the amount of electro-active cyt ¢ which can be
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covalently immobilized. A decrease here causes a drop of the current density and thus a loss of
sensitivity as it is the case for several investigated mutants e.g. for F82K and Y74K. Another
point is the heterogeneous electron transfer rate between the electrode and the protein. A
decrease can shorten the linear dependence of the current signal on the superoxide
concentration. The mutants engineered in this thesis mostly have no altered ks value or an
increased transfer rate constant and hence they have no limitations regarding the sensor
performance. Another aspect is represented also by the cyt c’s site activities for hydrogen
peroxide which have to be considered. The point mutation can increase this activity, as for the
mutant Y74K, and cause a decline in selectivity, which may reduce the area of application for the
Sensors.

In case of the mutant E66K, an increased reaction rate with superoxide is achieved due to
the extra positive charge and an electrostatic guidance without any other side effects caused by
the mutation. Thus no structural changes, no changes in heterogeneous ET rate, formal potential,
and electrode surface coverage or peroxidase activity was observed. Hence, with this mutant an
improved superoxide sensor with a by 30 % increased sensitivity compared to former sensor

electrodes with horse heart cyt c could be constructed.

In the third part of the thesis the reaction of horse heart cyt c, the human wild-type and
seven human cyt ¢ mutants with the two proteins sulfite oxidase and bilirubin oxidase was
studied electrochemically and the influence of the mutations on the electron transfer reactions
was discussed.

In general taking the reaction rate for the horse heart cyt c as a reference the reaction rate
constant for the reaction with BOD was found to be similar to that of SOX although the latter
reaction is a proven physiological reaction and for the former until now no physiological
importance is known.

For the first time the second order reaction rate constant for human SOX with a cyt c form of
the same species could be determined in this thesis. Although the sequence homology between
horse heart and human cyt c is only 78% no difference for the rate constants could be observed,
indicating no major alterations of the interaction site. The unchanged reaction rates moreover
are consistent to the known importance of electrostatic interactions between SOX and cyt c,
since the sequence differences account mostly to slight changes in hydrophobicity of the cyt c
surface. For all mutant forms catalytic currents could be obtained. However, for some of the
mutant forms of human cyt c with introduced positively charged lysines different reaction rates
were determined. G77K and N70K have the most pronounced increasing and decreasing effect,
respectively. In both cases the affected mutation site is located close to a lysine residue

putatively important for the interaction with SOX in the wild-type protein.
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In contrast to SOX the reaction between BOD and cyt c differs for the human and horse heart
form. This suggests that either also hydrophobic interactions play a role for the reaction
between both proteins - since the increased reaction rate for the human form correlates with an
increased hydrophobicity - or that the rate is influenced by a putatively changed compactness of
the molecule indicated by the different diffusion coefficient. Nevertheless also the mutant forms
with additional positive charges have an effect on the reaction rate, indicating also an impact of
electrostatic interactions. However, in contrast to the reaction with SOX, only a decreasing effect

of the mutations was observed.

Finally protein multilayer electrodes with different cyt form including the mutant forms
G77K and N70K which exhibit different reaction rates towards BOD were investigated and BOD
together with the wild-type and engineered cyt c was embedded in the multilayer assembly. The
relevant electron transfer steps and the kinetic behavior of the multilayer electrodes are
investigated since the functionality of electroactive multilayer assemblies with incorporated
redox proteins is often limited by the electron transfer abilities of the proteins within the
multilayer. The formation via the layer-by-layer technique and the kinetic behavior of the mono
and bi-protein multilayer system are studied by SPR and cyclic voltammetry.

It could be demonstrated that electroactive mono-protein multilayers can be constructed
also with other cyt c forms than horse heart cyt c. Hence, the assembly is not limited to this
protein. However, it was observed that the amount of protein deposited by the layer-by-layer
approach can be negatively influenced by a mutation as in the case of the mutant G77K and thus
can limit the current density. The distinct kinetic behavior of the multilayer system with
different cyt ¢ forms indicates strongly that a decreased cyt c self exchange rate - as for the
N70K electrode - can be also a limiting factor. This corroborates a dominating role of the redox
protein for the electron transfer through the system.

Also multilayer electrodes with BOD and different forms of cyt ¢ show a diverse catalytic
behavior for the signal chain from the electrode via cyt ¢ to BOD and molecular oxygen. The
G77K/BOD electrode shows the smallest catalytic current, mainly owing to small amount of
protein which could be adsorbed on the electrodes. Kinetic studies suggest a limitation of the
catalytic current if the cyt c self exchange rate is decreased compared to the horse heart cyt c/
BOD multilayer electrode such as in the case of N70K.

Overall three different parameters were identified here which influence the behavior of the
BOD/cyt ¢ multilayers: the amount of molecules per layer which can be immobilized on the

electrodes, the cyt c self-exchange rate and the rate constant for the reaction with BOD.
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In conclusion this thesis shows that protein engineering is a helpful instrument to study
protein reactions as well as electron transfer mechanisms of complex bioelectronic systems
(such as bi-protein multilayers). Furthermore, the possibility to design tailored recognition

elements for the construction of biosensors with an improved performance is demonstrated.
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A1l. Overlay of the tH-15N HSQC spectra of the ferrous form of Y46K (red trace) and wild type

(black trace) human cytochrome c.
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A2. Overlay of the 1H-15N HSQC spectra of the ferric form of Y46K (red trace) and wild type

(black trace) human cytochrome c.
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A3. Comparison of the hyperfine shifted resonances in the 1H NMR spectra of the ferric form of

(black) wild type, and (red) Y46K human cytochrome c.
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A4. Overlay of the 1H-15N HSQC spectra of the ferrous form of F82K (red trace) and wild type

(black trace) human cytochrome c.
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A5. Overlay of the 1H-15N HSQC spectra of the ferric form of F82K (red trace) and wild type

(black trace) human cytochrome c.
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A6. Comparison of the hyperfine shifted resonances in the 1H NMR spectra of the ferric form of

(black) wild type, and (red) F82K human cytochrome c.
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A7. Overlay of the 1H-15N HSQC spectra of the ferrous form of E66K (red trace) and wild type

(black trace) human cytochrome c.
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A8. Overlay of the 1H-15N HSQC spectra of the ferric form of E66K (red trace) and wild type

(black trace) human cytochrome c.
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A9. Overlay of the 1H-15N HSQC spectra of the ferrous form of WT (black trace) with T63K (red
trace) and T63R (blue trace).
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A10. Overlay of the tH-15N HSQC spectra of the ferric form of WT (black trace) with T63K (red
trace) and T63R (blue trace).
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A11. Comparison of the hyperfine shifted resonances in the tH NMR spectra of the ferric form of

(A) wild type, and (B) E66K human cytochrome c.
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A12. The downfield regions of the 1D 1H NMR spectra of oxidized WT (bottom black trace),
T63K (middle red trace) and T63R (top blue trace). Some representative signals for the heme
methyls and axial ligands are labeled in the WT spectrum and obviously recognizable in the

other two spectra.
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A13. The upfield regions of the 1D 'H NMR spectra of oxidized WT (bottom black trace), T63K
(middle red trace) and T63R (top blue trace). Some representative signals for the heme methyls
and axial ligands are labeled in the WT spectrum and obviously recognizable in the other two
spectra.
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A14. Upfield part of the 'H NMR spectra of wild type and mutated ferrous forms of human
cytochrome c¢. The Met80 side chain resonances are labelled for the wild type protein according to the

available assignment.
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A15. The downfield regions of the 1D 1H NMR spectra of oxidized WT (bottom black trace),
T63K (middle red trace) and T63R (top blue trace). Some representative signals for the heme

methyls and axial ligands are labeled in the WT spectrum and obviously recognizable in the

other two spectra.
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A16. The upfield regions of the 1D 1H NMR spectra of oxidized WT (bottom black trace),
T63K (middle red trace) and T63R (top blue trace). Some representative signals for the heme

methyls and axial ligands are labeled in the WT spectrum and obviously recognizable in the

other two spectra
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A17 Comparison of the 1H NMR spectra of WT (lower black trace) and T63K-E66K variant

(upper magenta trace) for the upfield region of the reduced form.
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A18. Comparison of the 'H NMR spectra of WT (lower black trace) and T63K-E66K variant

(upper magenta trace) for the downfield region of the oxidized form.
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A19 Comparison of the 1H NMR spectra of WT (lower black trace) and T63K-E66K variant

(upper magenta trace) for the upfield region of the oxidized form.
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A19 Overlay of the 1H-15N HSQC spectra of the reduced forms of WT (black trace) and T63-

KE66K (magenta trace).
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A20. Overlay of the 'H-135N HSQC spectra of the oxidized forms of WT (black trace) and
T63KE66K (magenta trace).
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