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Chapter 1 

Introduction 

This chapter is a general introduction to the work presented in this thesis. A brief overview of the 

protein investigated, as well as the techniques used is presented. At the end, a short synopsis of 

each of the following chapters is provided. 
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1.1 Introduction 

Redox reactions are the foundation of life. They encompass a variety of oxidation and 

reduction processes such as photosynthesis, redox homeostasis, cellular respiration, water 

oxidation and metabolism. Most importantly, enzymes are needed to make those redox reactions 

effective and to control them. Some of the most demanding reactions such as nitrogen fixation 

and photosynthesis are driven by redox active metalloproteins, enzymes that generally use small, 

inorganic or organic cofactors to execute those reactions. Metals such as vanadium, manganese, 

iron, cobalt, nickel, copper, zinc, magnesium and calcium have been found to play essential roles 

in the structure and function of metalloproteins(1)(2) (See Fig.1.1 for a few examples). In this 

thesis, the spotlight is on a redox active bacterial copper protein, azurin, which is mostly 

involved in the shuttling of electrons, i.e., electron transfer (ET) processes with other proteins or 

molecules in the cell. This feature of the protein has been exploited in many studies of protein-

protein interactions, ET processes or catalysis. They have opened up new possibilities for 

applications in biotechnology and biosensors. 

One way of monitoring ET or redox reactions is by electrochemistry such as cyclic 

voltammetry and protein film voltammetry. These techniques often require the surface 

confinement of an enzyme on an appropriately modified electrode. Since the redox cofactors or 

the prosthetic groups usually lay deeply buried inside the protein matrix(3)(4) and since there is 

limited control of the protein orientation, this may cause pathway uncertainties and heterogeneity 

of the ET rates. 
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Figure 1.1: Crystal structures of metalloproteins. (A) 1DZ4*: Cytochrome P450cam from Pseudomonas 

putida, a heme mono-oxygenase that catalyses the reaction of hydrocarbons with molecular oxygen at 

ambient temperature; the porphyrin group is shown in pink stick, and the iron ion is shown as a yellow 

sphere, (B) 2PP9*: Nitrite reductase from Alcaligenes faecalis S-6, a copper-containing protein that 

catalyses the production of nitric oxide from nitrite; the green spheres show the Type II copper centers and 

the blue spheres represent the Type I centers in the active sites, (C) 4P6R*: Tyrosinase from Bacillus 

megaterium, responsible for the conversion of tyrosine to melanine; copper centers are shown as yellow 

and violet spheres. 

*: The codes refer to the PDB accession numbers in the protein data bank ( www.rcsb.org and H.M. 

Berman, J. Westbrook, Z. Feng, G. Gilliland, T.N. Bhat, H. Weissig, I.N. Shindyalov, P.E. Bourne (2000) 

The Protein Data Bank, Nucleic Acids Research, 28: 235-242.) 

 

Singlemolecule techniques have provided direct access to the behavior of an individual molecule 

in solution. Single-molecule studies often make use of fluorescence imaging techniques. With 

this approach, the behavior of a single protein molecule, or of short-lived intermediates in a 

reaction can be monitored in time(5)(6)(7)(8)(9)(10). Reaction mechanisms can be investigated 

in detail, and the possible individual variations in a population of molecules can be accessed. The 

objective of the research described in this thesis is to obtain information on the heterogeneity of 

the activity of a redox protein via a single-molecule approach. 
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1.2 Copper proteins 

Copper is an essential element for living organisms. It occurs in a variety of 

metalloproteins, many of which are involved in oxygen binding, blood coagulation and electron 

transfer and redox reactions based on the Cu(I)/Cu(II) couple. Examples are plastocyanin, 

rusticyanin, laccase, terminal oxidase, oxygenase, superoxide dismutase, and ceruloplasmin. The 

properties and activities of these copper proteins are well documented(11)(12)(13)(14). Cu(I) is a 

soft acid while Cu(II) is a borderline case. Thus, the copper binding sites are ligated by side 

chains with soft or borderline ligands e.g. nitrogen donor atoms from histidine and sulfur atoms 

from cysteine/methionine. These ligands are preferred over hydroxyl and carboxyl groups or 

primary amine-side chains, as found in serine and tyrosine, aspartate and glutamate, and 

asparagine, glutamine, and arginine residues, respectively. Three main types of copper centers 

have been documented in the literature. (a) Type I copper proteins have a beautiful blue color, far 

more intense than the color of synthetic copper complexes in solution, but similar in hue. They 

are also called cupredoxins and have a strong absorption around 600 nm. In general, their Cu-

coordination sphere is based on two histidines and one cysteine. The coordination sphere may be 

completed by a methionine or a leucine. Type I proteins are characterized by EPR spectra 

exhibiting small copper hyperfine couplings and small g-anisotropy; e.g. azurin, plastocyanin 

and  nitrite reductase(1), (b) Type II  Cu, occurring in "non-blue" copper proteins, has an 

essentially planar coordination sphere with 2-3 histidines and oxygen from a carboxylic group. A 

water molecule or hydroxide ion is often found as additional coordinating ligand. These proteins 

have a weak absorption in the visible region, and  EPR spectra with axial symmetry; e.g. 

galactose oxidase, amine oxidase, dopamine mono oxidase carry a Type II active site(15), (c) 

Type III proteins contain a dinuclear copper center with a Cu-Cu distance of ~ 350 pm; after 

oxygen uptake, they show absorptions at 350 nm and 600 nm, e.g. haemocyanin and tyrosinase. 

These proteins are EPR silent as the copper centers are anti-ferromagnetically coupled(16)(17).      

There are also other types of copper proteins. They can be summarized as follows: (a) 

Multi-Copper Oxidases: These enzymes contain Type I, II and III centers in various 

stoichiometric ratios such as L-ascorbate oxidase, laccase and ceruloplasmin(11)(18). Ascorbate 

oxidase and laccase catalyze the reduction of oxygen to water. But ceruloplasmin is an ancient 

multicopper oxidase that has ferroxidase activity and functions as an antioxidant(18). (b) Copper 

centers in cytochrome c-oxidase and nitrous oxide reductase: the copper centers appear to be 
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unique in these cases. In addition to a Type II copper site, these proteins contain a CuA center 

that consists of two copper ions connected by two bridging cysteine thiolates. The CuA site has 

very distinct EPR and UV/Vis spectra(19)(20). There is evidence that the copper ions form a 

mixed valence copper pair having 1.5+ charge per Cu(21). A recent addition to the copper 

protein typology is the “Type zero” protein by Gray et al. They built a novel Cu(II) binding site 

by incorporating new amino acid residues at Cys112 position in Pseudomonas aeruginosa 

azurin. This mutant does not resemble any of the existing types mentioned above. X-ray 

crystallographic analysis has shown that this copper site adopts a distorted tetrahedral geometry 

with an unusually short Cu–O bond with the carbonyl of Gly45. Type zero proteins also have a 

relatively weak absorption near 800 nm and a narrow parallel hyperfine splitting in their EPR 

spectra(22). 

 

1.2.1 Azurin: Central protein of this research 

Azurin is found in several gram-negative bacteria e.g. Pseudomonas aeruginosa, P. 

aureofaciens, P. chlorophis, P. fluorescens, P. putida, Alcaligenes denitrificans, A. xylosoxidans, 

A. faecalis, Bordetella bronchiseptica and Streptomyces thioluteus (23).The present studies have 

been performed on azurin from Pseudomonas aeruginosa. The azurin gene encodes a signal 

peptide-containing protein consistent with a periplasmic location of the mature protein. Azurin is 

excreted to the periplasmic space, where the signal peptide is cleaved off during translocation by 

a signal peptidase. There is strong evidence that the protein fulfills a role in the oxidative stress-

induced response in its parent host organism(24). Recently, azurin from the bacteria 

Pseudomonas aeruginosa has been reported to induce and trigger apoptosis in human cancer 

cells(25)(26). One of the recent biosensing-applications for azurin is the detection of superoxide 

species in vitro(27)(24)(28)(29).  

Azurin is a small soluble Type I blue copper protein with molecular weight of 13,998 

kDa. A large number of three-dimensional structures have been solved by X-ray crystallography 

or NMR(23)(30)(31). The copper ligands are His46, Cys112, and His117. Two weaker axial 

ligands are provided by Met121 and the carbonyl oxygen of Gly45 (Fig. 1.2). The active site 

shows a slightly distorted trigonal bipyramidal geometry in which the copper ion is only 0.1 Å 

out of the N2S plane (32). In the so-called "northern region" of the protein, the copper ion is 

buried at 0.7 nm distance from the surface. Azurin is composed of 128 amino acids with eight β-
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strands forming two β-sheets in a Greek-key motif. These are connected by a α-helix. This 

produces considerable rigidity of the polypeptide matrix. (33)(34)(35). On the opposite side of 

Cu-center, in the so-called southern corner of the protein, close to the N-terminus, the presence 

of a disulfide bond between Cys3 and Cys26 contributes to the stability of the protein. Upon 

removal of the copper, the protein is significantly destabilized(36)(37)(38). It has a typical 

UV/Vis absorption around 595-630 nm originating from a π-π* transition in the molecular orbital 

scheme of the oxidized copper site(39)(40) (Fig. 1.2). This transition mainly involves the dx
2

-y
2-

orbital on the copper and the 3p-orbital of the Cys112-sulfur (41)(42). Upon reduction, the strong 

blue color disappears due to the d10 electronic configuration of copper. This change in absorption 

spectrum allows us to monitor the oxidation state of the protein by optical techniques(43)(44). 

There is only one single tryptophan residue at position 48 in azurin which is buried inside the 

hydrophobic core of the protein. The absorption and fluorescence maxima of the tryptophan 

occur at 291 nm and 309 nm, respectively (Fig. 1.3). One of the Cu ligands, His117, protrudes 

through the surface of the protein, and it connects the copper ion with the surroundings of the 

protein. The so-called hydrophobic patch around His117 consists of a number of apolar amino 

acid residues which facilitate the formation of electron-transfer (ET) complexes(45). The redox 

properties of azurin are dictated by the copper site. The redox potential of Cu-azurin depends on 

pH, and amounts to  310 mV (vs. NHE) at pH 7.0(46)(47)(48). The copper ion in azurin can also 

be reconstituted with Zn2+. The resulting zinc-azurin is redox inactive and is often used for 

control experiments. 
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Figure 1.2: Ribbon presentation of azurin from Pseudomonas aeruginosa. The copper ion is shown as a 

red sphere. C-terminus and the N-terminus have been marked in yellow. (B) Close-up of the active site. 

Copper is shown as a blue sphere. The pink ball and sticks display the active site ligands of the copper 

(His117, His46, Cys112, Met121, and Gly45). 

 

 

 

 

 

 

 

 

Figure 1.3: UV-vis spectrum of 14 µM azurin from P. aeruginosa in 20 mM HEPES, pH 7.0 in the oxidized 

form. The shoulder at 291 nm is marked by a green circle and is due to the presence of single tryptophan 

residue in azurin. 

 

1.3 Fluorophores 

The key fluorophores used in fluorescence based biochemical assays are categorized into 

three groups(49)(50)(51)(52)(53)(54) (See Fig. 1.4 for example). The first group corresponds to 

the natural fluorophores such as flavins, the indole ring of tryptophan, tyrosines, nicotinamide 

A B 

N-term 

C-term 
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adenine dinucleotide (NADH) and chlorophyll(50). The second group comprises  fluorescent 

molecules whose optical properties are sensitive to the presence of a particular molecule or ion 

e.g. Na+, Ca2+, Mg2+, Cl-(50). Finally, in cases, where the molecule of interest is non-fluorescent, 

or its intrinsic fluorescence is too low or in the wrong wavelength region, one can label or fuse it 

with an external probe. This external probe can be either an intrinsically fluorescent protein such 

as a green fluorescent protein (GFP), a chimeric fused protein or a small organic compound(50). 

A recent addition to the collection of fluorescent labels refers to nanometer sized quantum 

dots(55). Their emission depends on the size of the particle but all quantum dots can be excited 

with near UV light.  

In the present thesis, we used small organic fluorophores (extrinsic) to label 

azurin(56)(57)(58)(59)(60). These extrinsic chromophores were attached covalently for example 

by a maleimide for sulfhydryl labeling, or a succinimidyl ester for the labeling of primary 

amines(54)(56)(58). The labeling reactions can be controlled by the pH of the solution. Lysine-

derived amines and the N-terminus of the protein are the primary targets for the labeling 

reactions by succinimidyl esters. They are good nucleophiles, and lysines are more reactive than 

the N-terminus above pH 8.0 (pKa = 9.18)(58). (61)(62)(63). Thiols are reactive at neutral pH 

allowing the selective coupling to fluorophores even in the presence of amines. 

 

 

 

 

 

Figure 1.4: Chemical structures of two commonly used fluorophores: (A) ATTO655 NHS (group 1) and (B) 

BODIPY FL carboxy (group 2). The red circled regions display the chromophoric zones of the dyes. 

 

1.4 Fluorescence and Förster Resonance Energy Transfer (FRET) 

 The origin of fluorescence phenomenon can be illustrated with a simple three electronic-

state diagram as proposed by Alexander Jablonski (See Fig. 1.5)(50). The diagram shows the 

ground state (S0), the first excited singlet state (S1), 2
nd excited singlet state (S2) and triplet state 

(T1) respectively. Each of them carries a series of vibrational states. Molecules are excited by an 

A B 
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external source, e.g. an incandescent lamp or a laser, and they relax back to the ground state (S0) 

thereby emitting fluorescence (red arrow) on a timescale of nanoseconds. The orange dotted line 

represents the fast internal conversion from S2 to S1. The molecules in the S1 state can also 

undergo a transition to T1, which is called inter-system crossing (blue arrow). As the transition-

probability from T1 to S0 is low, long-lived phosphorescence (dotted red arrow) often occurs on a 

millisecond to second time scale. Fluorescence resonance energy transfer (FRET) is an energy 

transfer between two molecules by which a donor molecule transfers its excitation energy to an 

acceptor molecule without emission of a photon(64)(49)(65)(66). Förster, Stryer, and Haugland 

described how the FRET efficiency, E, depends on the donor-acceptor separation between two 

atoms or molecules(49). According to Eqn. 1.1  

 

E = R0
6
/(R0

6
+r

6
)    (1.1) 
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J(λ) = (1.3) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: A Jablonski diagram depicting the electronic states involved in the processes of excitation and 

emission. S0 represents the electronic ground state of the molecule; S1 and S2 are the 1
st
 and 2

nd
 excited 

singlet states. Each state contains vibrational levels, a few of which are indicated in the diagram. T1 is the 

lowest triplet state. Green arrows: excitation; red arrow: emission; blue arrow: S1 to T1 transition. 

 

where r represents the distance between the donor and the acceptor, and R0 is the Förster radius. 

R0 is the distance at which the energy transfer efficiency is 50%. The Förster radius depends on 

the spectral features of the donor and acceptor as follows:  

 
R0= 0.211[ĸ2

ƞ
-4

QDJ(λ)]
1/6      (1.2) 

 

where к is the dipole orientation factor, ƞ is the refractive index of the medium, QD is the 

quantum yield of the donor, and J(λ) is the overlap integral defined as 

 

 

 

where ID(λ) is termed the fluorescence intensity of the donor and ƐA(λ) is the extinction 

coefficient of the acceptor molecule at the wavelength λ. The energy transfer efficiency, E, is 

given by  

 

E=1- (τfDA/τfD)   = 1- (FDA/FD)                          (1.4) 

4

0 0
( ) ( ) / ( )D A DI d I dλ ε λ λ λ λ λ

∞ ∞

∫ ∫
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where τfD and τ
f
DA are fluorescence lifetimes of the donor in the absence and in the presence of the 

acceptor, respectively, and FD and FDA stand for the fluorescence intensities of the donor in the 

absence and the presence of the acceptor, respectively.  

FRET-based applications can be found in the fields of biosensor design, single molecule imaging 

of cells, molecular motors, DNA mechanical movements, etc. 

 

1.4.1 The FluRedox principle: FRET as a reporter of the redox state of the proteins 

The FRET-based FluRedox technique monitors the redox state of a metalloprotein via 

fluorescence detection (Fig. 1.6). The emission of a covalently attached fluorophore (donor) 

reflects the changes in the absorbance of the prosthetic group (FRET acceptor). Cu-azurin, 

exploited in the current thesis, in its oxidized form shows an absorbance maximum at 628 nm 

which overlaps with the fluorescence emission of ATTO655 dye (Fig. 1.7). The energy transfer, 

i.e. the FRET, is high in this form, and the fluorescence of the dye is quenched. However, FRET 

is low when the copper azurin is reduced since the 628 nm absorption disappears upon the 

reduction of the proteins. Successful applications of this principle have been 

reported(6)(44)(67)(68)(69).  

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Illustration of the FluRedox principle. On the left-hand side, the fluorescence of the label is 

high, and no FRET occurs due to the reduction of the cofactor in the active site of the protein; at the right 

side, the fluorescence of the label is quenched due to FRET between the label and the cofactor of the 

protein and fluorescence is low. The label is shown as an orange star. 
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FRET, low fluorescence intensity No FRET, High fluorescence 

intensity 
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Figure 1.7: Example of spectral overlap between the absorption spectra of a cupredoxin and the emission 

of a dye. In the left panel, the red line displays the absorption spectrum of the reduced form of the protein 

and the right panel shows the spectrum of the oxidized form. The green area is the overlap with the 

emission spectrum (blue line) of the dye.  

 

1.5 Single-Molecule Techniques  

Single-molecule fluorescence techniques such as Fluorescence correlation spectroscopy 

(FCS), Fluorescence lifetime imaging (FLIM), Photobleaching FRET, Light Sheet Microscopy 

provide new and detailed information about (70)(8)(9)(10)(71)(72)(73)(74)(75)(76) enzyme 

mechanisms, protein-protein interactions, conformational changes of a molecule, molecular 

reaction dynamics, etc., at single molecule level. For exhaustive reviews of these achievements 

see(76)(77)(78). Here an introduction to the methodologies used in the present thesis is 

presented. 

1.5.1 Fluorescence Correlation Spectroscopy 

 In a simple fluorescence correlation spectroscopy (FCS) setup (Fig. 1.8) the fluorescent 

sample is kept on a stage, and a laser of a particular wavelength is focused in the sample through 

an objective lens with high numerical aperture (Fig.1.9). The emitted light passes through the 

same objective and a pinhole of micrometer size and is subsequently detected with a photo diode. 

The small pinhole helps to eliminate out-of-focus fluorescence from the image plane of the 

objective. Thus, a high signal to noise ratio is obtained from a fluorescent sample. The optical 

setup (Fig. 1.8) produces a tiny observation or detection volume which is in the order of 

femtoliters and the fluorescent signals from diffusing molecules can be collected and analyzed. If 

the number of molecules in the detection volume is small, we can observe single molecular 

events from the labeled molecules in the form of signal fluctuations (79)(80)(81)(82)(83)(84). 
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The observation time of the fluorescently labeled molecule is limited by the residence time of 

that molecule inside the detection volume.  

FCS makes use of the autocorrelation function G(τ). First, the signal from the sample is 

recorded as a fluorescence trace, F(t). The autocorrelation function is then defined as 

 

G(τ) = <δF(t)×δF(t+τ)>/<F(t)>
2       (1.6) 

 

where brackets “< >” denote averaging over time t, δF(t)=F(t)-<F(t)> and τ is a variable 

interval. This function therefore, computes its self-similarity after a lag time τ. It contains 

information about equilibrium concentrations, reaction kinetics and diffusion rates of molecules 

in the sample of interest. For example, if a labeled molecule moves in and out of the detection 

volume, the autocorrelation curve may look as depicted in Fig. 1.10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: (A) Zoomed view of the detection volume (blue ellipsoid): the red illumination cone represents 

the laser beam and a labeled protein moves in and out of the focus; (B) the recorded fluorescence intensity 

signal (red line) fluctuates. 
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Figure 1.9: A simplified diagram of the FCS setup. The instrumentation for FCS will be discussed in 

Chapter 2. The fluorescent sample is kept on a sample stage (gray) and a laser beam (green) of a 

particular wavelength is focused in the sample through filters, a dichroic mirror and an objective lens. 

Then, the emitted light or fluorescence (red) is passed through the same objective, dichroic mirror, and a 

micron size pinhole. The fluorescence is detected at an avalanche photodiode (APD) (gray). 

 

 

 

 

 

 

 

 

 

Figure 1.10: Example of an autocorrelation curve (red). The green circled region corresponds with the 

diffusion of the particle, the blue circled region corresponds with a reaction that is faster than diffusion. 

 

The calculation of the autocorrelation function is based on the assumption that the light intensity 

in the detection volume has approximately a three-dimensional Gaussian profile. This results 

in(85) 

 

 

 



16 

 

 

 

 

 

 

 

 

where 

and 

 

D is the diffusion coefficient of the molecule of interest, Dτ  is the residence time of the molecule 

in the detection volume and r0 and z0 denote the distances from the center of the observation 

volume to the point where the intensity has dropped by a factor of 1/e2 in the radial and axial 

direction, respectively. 

G(0) is given by 

          

 

 

where, <N> corresponds to the average number of particles in the detection volume, c is the 

sample concentration of the molecule of interest, Veff is the effective detection volume, and NA is 

Avogadro’s constant. Veff is larger by a factor of 2(2/3) than the confocal volume, which is 

calculated on the basis of a Gaussian intensity profile.  

Compared to classical measurements, FCS is a special technique in the sense that the 

molecular dynamics on different time scales can be investigated in a single measurement. 

Photochemical reactions can induce changes in fluorescence intensity. As the time window in 
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FCS ranges typically from 10−12 sec to several seconds(86)(87)(88), those changes can be 

observed in the autocorrelation curve as depicted in the example of Fig. 1.10. The decay at the 

short time scale corresponds with a reaction that modifies the fluorescence of the molecule like 

triplet state blinking, FRET-induced quenching, protonation or electron transfer. From such a 

decay the reaction rate and the steady-state population of the molecules with the reaction can be 

investigated. When more than one reaction occurs, the expression for the autocorrelation 

functions becomes: 

 

           (1.9) 

 

 

with    

 

 

 where F1,…Fn are the fractions of fluorescent molecules associated with having relaxation times 

τ1, …τn respectively. In Chapters 3 and 4, equations 1.7-1.9 will be used to analyze inter- and 

intra-molecular ET reactions in ATTO655 labeled azurin. 

 

1.6 Electron transfer (ET) theory 

 Redox proteins are nanoscale electronic devices. They can convert energy from one form 

to another(89)(90)(91) by driving electrons and protons. Copper proteins containing blue sites 

mostly function as electron carriers and are involved in biological energy conversions and 

biochemical transformations. Possessing two oxidation states and a wide range of redox 

potentials (200-1000 mV) are functional advantages of these proteins to mediate 

electrons(92)(93). Our understanding of the electronic and functional properties of copper 

proteins has dramatically advanced partly due to the availability of high-resolution crystal 

structures and model complexes. In the following paragraph, a short review of ET theory and 

expressions for the rates of electron transfer between a weakly coupled donor and an acceptor are 

given. 

 The investigation of ET kinetics was started over 50 years ago. (94)(95). Because 

electrons move much faster than nuclei, the nuclei remain fixed during ET reactions (Franck-

G(τ)=G(0)Gdiff(τ)G1(τ)…Gn(τ)    
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Condon Principle). The transition state for such a reaction must lie at a point in the nuclear-

configuration space where the reactant and product states are degenerate. This means that the 

only instant at which an electron can shuttle between two species occurs when both have 

achieved the same nuclear configuration as a result of thermally induced fluctuations. Thus, the 

kinetics of the reaction depends on an activation barrier (∆G†) (Fig. 1.11). In general, the factors 

that control the rate constant of electron transfer (kET) include the distance (r) between donor and 

acceptor, the Gibbs free energy of activation, and the reorganization energy of the reaction. The 

rate of the electron-transfer process is given by(96) 

 (1.10) 
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Figure 1.11: A schematic potential energy diagram for electron transfer. Reactant and Product are 

represented by R and P. Their nuclear motions are sketched as single harmonic oscillators. The activation 

energy of the reaction depends on the free energy of the reaction and the reorganization energy [Adapted 

from Quarterly Reviews of Biophysics 2003, 36(3), pp. 341–372] 

• HDA determines the electronic coupling between donor and acceptor and is generally 

represented as 

HDA
2 

= H0
2
 exp[-β(r-r0)]                       (1.11) 

where r0 is the distance when donor and acceptor are in direct contact, β is the distance-decay 

constant presenting the efficiency of the ET reaction in the protein medium. It can vary between 

1.4Å-1 to 0.7Å-1 depending on the secondary structure of the protein 

(96)(97)(98)(99)(100)(101)(102).  
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• The activation energy, ∆G
†,  is related to the standard reaction Gibbs free energy (∆GCS

0) 

and the reorganization energy (λ), and is given by (96)(103)(104) 

0 2
† ( )

4
CS

G
G

λ

λ

∆ +
∆ =                                (1.12) 

This ∆G
0
CS is the free-energy change for the charge-separation and can be estimated using the 

Rehm-Weller approach to be described in Chapter 2. 

• The ET between donor and acceptor often results in molecular rearrangement of the 

reactants. The energy required for this rearrangement before ET is called the 

reorganization energy (λ). It is a combination of changes in the nuclear configuartion of 

the redox centers (changes in bond angles and lengths) and the surrounding solvent and 

protein matrix during ET. For a high ET rate, the reorganization energy has to be small. 

kB is the Boltzmann constant, and T is the temperature expressed in Kelvin. 

A profile for the potential energy curve has been displayed schematically in Fig. 1.11. Reactant 

(R) is converted into the product (P) after ET. A plot of  lnkET  vs.  ∆G
0 has (Fig. 1.11 C) a bell-

shape.(96)(105)(104). The following regimes are usually distinguished. 

• a normal regime for small driving forces (–λ <∆G
0< 0) in which the process is thermally 

activated and lnkET increases with increasing driving force; 

• an activationless regime in which a change in driving force does not cause large changes 

in the reaction rate, and where –λ = ∆G
0
. 

• an “inverted” regime for strongly exergonic processes (–λ >∆G
0) in which lnkET decreases 

with increasing driving force.  

The plot illustrates that the ET rate will increase with −∆G
0 until a maximum rate is observed 

for −∆G
0 = λ and the rate then decreases.  

In essence, Marcus semi-classical theory suggests that an electron can travel from one redox 

center to another one over a limited distance. ET may occur through space or by hopping, or the 

electron can travel through covalent and hydrogen bonds to reach its destination [(96) and 

references therein]. The effect of parameters like distance, redox potential, and temperature on 

ET rates has been well established theoretically as well as experimentally(106)(107)(108).  
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1.7 Scope of this thesis 

Chapter 2 reports the calibration of the instrumental setup required for the FCS measurements. 

Calibration was performed by using a commercially available organic dye, ATTO655, and 

recording its fluorescence intensity over time at different concentrations. The instrumental factor 

“k” obtained from the calibration measurements, has been used for the fitting of the 

autocorrelation curves of labeled Zn and Cu azurin samples in Chapter 3, 4 and 5. Chapter 2 also 

includes a general discussion of bimolecular interactions and photoinduced electron transfer 

reactions in proteins. 

In Chapter 3, the species obtained from labeling of zinc azurin with ATTO655 are analyzed by 

using FCS. The analysis of the autocorrelation functions report on the bimolecular ET reactions 

between the dye and the redox chemicals [ascorbate, potassium hexacyanoferrate (II) or (III)].  

Chapter 4 reports on the photoinduced electron transfer reactions in labeled copper azurin. First, 

the species obtained from labeling copper azurin with ATTO655 are analyzed by using FCS. The 

analysis of the autocorrelation functions reports on the  microsecond dynamics of the 

intramolecular ET reactions between the dye and redox-active center. It is shown that in 

oxidoreductases photoinduced intra-molecular electron-transfer (PET) between the label and 

active center may occur over long distances and is not restricted to situations where the label is 

in Van-der-Waals contact with the redox center.  

Chapter 5 describes an extensive study of Cu-Azurin variants (K122Q and K122S). We use 

FCS to study the ET kinetics between the dye and the copper center in copper azurin variants. 

Our first strategy was to label the variants with ATTO655 and characterize the products of the 

labeling reactions between the label ATTO655 and the blue copper azurin and then extend our 

investigation into the properties of a specific labeled species under redox conditions using FCS. 

The analysis reveals that intramolecular photoinduced electron transfer (PET) can reach the sub-

millisecond time scale depending on the position of the Cu-label on the azurin surface. Finally, 

the distance dependences of the FRET and PET rates on the Cu-label distance are compared. 

At the end, a general conclusion is presented, and the perspectives are discussed. 
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