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Chemically–induced redox switching of a 

metalloprotein reveals thermodynamic and kinetic 

heterogeneity, one molecule at a time
†
  

Namik Akkilic
*
, Fenna van der Grient, Muhammad Kamran, Nusrat J.M. 

Sanghamitra

Oxidation (off state) and reduction (on state) of a single 

azurin molecule is monitored, one electron at a time, which 

depend on the chemical redox potential. By analysing of the 

fluorescence time traces from individual azurin molecules, 

reaction kinetics and redox thermodynamics were 

determined. 

An overwhelming number of chemical reactions in nature, both in the 

living cell and in the inanimate world are redox reactions. When two 

compounds engage in such a reaction, one will be reduced, the other 

oxidized. The study of biological electron transfer (ET) reactions of 

proteins is not only crucial for our knowledge of many physiological 

functions such as cellular respiration, photosynthesis, and redox 

homeostasis,
1,2

 but also for potential applications in biotechnology 

which drives the current proliferation of research on biofuel cells, 

protein biochips and biosensors.
3
 The ability to monitor redox 

reactions of proteins and enzymes with high sensitivity is scientifically 

and commercially of great importance. However, the ensemble 

techniques such as conventional (spectro)electrochemistry are not 

sufficient and sensitive to determine redox parameters one molecule 

at a time.
4
  

Instead of monitoring the concentration change of the substrate or 

the product to measure the reaction rate, a single–molecule (SM) 

experiment follows individual catalytic turnovers in real time and 

records the waiting times (τ) for completing individual reactions.
5
 SM 

kinetic theories have been developed to explore underlying reaction 

mechanisms and the associated kinetic models by analysing 

probability distributions and statistical properties of the waiting time 

parameters.
6
  

Recently, a Förster resonance energy transfer (FRET)–based method, 

so–called FluRedox principle, was developed to monitor the redox 

state of fluorescently labelled azurin molecules (Fig. S1, ESI†).
7,8

 

Azurin acts as an electron shuttle in ET chains and displays a strong 

absorption band at ~600 nm in the oxidized (Cu
2+

) state, which is 

absent in the reduced (Cu
+
) state (Fig. S2, ESI†).

7,9
 Thus it is inferred 

that FRET from the fluorescent label (donor) to the Cu center 

(acceptor) occurs in the oxidized, but not in the reduced state of 

azurin.
7,8,10,11

 Notably, FRET–based detection is highly selective with 

unmatched sensitivity, features that are very promising for biosensor 

applications.
12–15

 Most importantly, the enhanced sensitivity has been 

applied for the SM detection of redox turn–over of several proteins 

and enzymes on glass substrates.
11,15–20

 Moreover, it was shown that 

the FRET principle can be combined with electrochemistry, by which 

kinetic and thermodynamic heterogeneity of azurin
10,15,21,22

 and nitrite 

turnover rate of a nitrite reductase
23

 on gold electrodes were 

investigated.  

 

 

 

 

 

 

 

Fig. 1. A) Single molecule fluorescence detection of azurin–Cy5 molecules. The 

redox state of the protein was monitored using a mixture of DTT and K3(FeCN)6 

as reductant and oxidant in the buffer solution. The redox potential of the 

solution was determined with a reference electrode (SCE) and counter electrode 

(Pt wire) connected to a voltmeter. B) The confocal image (10x10 μm
2
) of Az–Cy5 

immobilized on a glass surface with a dwell time of 2 ms per pixel. 

Herein, we report direct monitoring of ET of fluorescently labeled 

wild–type azurin (wt–Az) molecules on a ''passive'' surface which 

reveals the midpoint potential ���� and reaction kinetics (����  and 

�	
) at the SM level. The protein was covalently immobilized on 

triethoxysilane (TES)–mercaptopropyl trimethoxysilane (MPTS) 

modified glass surface (Fig. 1A). To obtain a monodisperse and 

homogenous sample
15,24

 for the SM experiments, Az was purified 

using high resolution anion exchange chromatography after labeling 

with Cy5–NHS (Fig. S3, ESI†).
15

 The use of such a homogeneous 

sample is essential for consistent recordings of the fluorescence 

dynamics of SMs of labeled azurin. In order to ascertain the redox–
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based fluorescence switching of the individual azurin molecules 

immobilized on a MPTS/TES coated glass substrate, we tuned the 

chemical redox potential (�) of the solution around the midpoint 

potential (�0) of Az by means of varying the concentration of oxidant 

and/or reductant (Fig. 1A). The final redox potentials of the solution 

(�) were adjusted to −20, 0, 20, 40, 60, 80 and 100 mV, respectively, as 

measured with a reference electrode (standard calomel, SCE) and a 

counter electrode (Pt wire) which were inserted in the droplet that 

covered the functionalized glass substrate. The two electrodes were 

wired to a voltmeter.  

At each potential, fluorescence time traces (Fig. S4) were obtained by 

successively parking the laser for excitation at each Az–Cy5 molecule 

in the confocal image (Fig. 1B), and then recording the arrival times of 

the emitted photons. Time traces were obtained for durations of up to 

1 minute. Photobleaching of Cy5 limited the time duration for which 

photon emission could be observed to tens of seconds, and was 

marked by a drop of the count rate to background levels in a single 

step. The sample was de-aerated beforehand by bubbling with argon, 

and the measurements were performed under oxygen–free conditions 

in a sealed cell. This approach is not only improved the stability of the 

redox potential, but also enhanced the photostability of Az–Cy5, 

extending the time at which photobleaching occurred by at least an 

order of magnitude. Occasional blinking is attributed to the 

photophysical behavior of Cy5.
25

 The events are relatively rare, and 

are not counted as a redox transition.  

 

 

Fig. 2. The real time fluorescence intensity traces of a single azurin molecule with 

a 10 ms bin size (black) and calculated intensity change–point states (red) 

overlaid as a function of time. They exhibit an on–off switching behavior which 

depends on the redox potential in solution: A) � = 20 mV (�ox = 0.52) B) � = 60 

mV (�	
 = 0.76) vs. SCE.  

Typical time traces are shown in Fig. 2 for two single–Az–Cy5 

molecules. The time profiles show a pronounced fluorescence 

switching behaviour, and appear to be dominated by two discrete 

intensity levels, corresponding to the oxidized (off) and the reduced 

(on) state. To determine the intensity change points based on 

individual photon arrival times, a change point (CP) analysis
26

 was 

applied to the experimental data which accurately reproduced (red 

lines, Fig. 2). The observed fluorescence time profile (black line) of Az–

Cy5 depends on the redox potential in solution: It is estimated that the 

fraction of molecules that are actively switching is about 50% at 20 

and 40 mV (∼midpoint potential of Az), and is decreasing at higher 

and lower redox potentials, dropping to about 10% at −20 and 100 

mV. At each potential, it is possible to calculate the parameter �ox  

(�red), the time–averaged probability that the molecule is in the 

oxidized (reduced) state (Eq. 2, ESI†). For the particular two time 

traces in Fig. 2, �ox= 0.76 (mostly in the oxidized state) at a potential of 

60 mV, while �ox  = 0.52 at 20 mV. No redox switching was observed at 

potentials higher than 100 mV and lower than −20 mV: the molecule is 

either fully oxidized or reduced, respectively. This assignment is 

supported by the fact that the control sample of Cy5–labeled Zn-Az 

and Cy5
10

 did not show any fluorescence switching under the same 

conditions (Figs. S5 and S6, ESI†). 

Fluorescence switching ratio (��) (Eq. 16, ESI†) of individual Az–Cy5 

molecules are calculated by using the intensity values in the reduced 

(�red) and oxidized (�ox) states, obtained from the CP analysis (Fig. 2). 

Because of the high ��, the fluorescence intensity of an oxidized Az–

Cy5 molecule (off state) is rather close to the background level. The 

histogram in Fig. 3A shows the distribution of fluorescence ��s of 

individual azurin molecules immobilized on a glass surface. The 

average is 87 ±5%, in good agreement with that the �� of redox–

induced fluorescence switching in bulk
15

 (Fig. S6A, ESI†). Although the 

distribution of SM–Az ��s is narrow, it is possibly associated with, at 

least partially, (average) variations in distance of Cy5 to the redox 

center by virtue of the length of the linker. The higher �� values we 

obtained compared to the previous work (�� � 77%)
8,10

 can be 

attributed to the purification of azurin after labeling with the 

fluorophore.  

 

    

Fig. 3. A) FRET–based fluorescence switching ratio (��) of individual Az–Cy5 

molecules. The average �� of 87 ± 5% correlates well with that of Az–Cy5 in bulk 

solution (Fig. S6A, ESI†). B) The histogram of midpoint potential (�0) of about 

200 single azurin molecules. The average �0 was calculated from a Gaussian fit 

(red curve) as 12 ±3 mV with a fwhm = 92 mV vs SCE. �0 of each single molecule 

was calculated using the Nernst equation (Eq. 10, ESI†).  

Furthermore, we calculated the midpoint potential (�0) of each single 

Az–Cy5 molecule by replacing the concentration gradient 

(���red� ���ox�⁄ ) in the Nernst equation to gradient of the time–

averaged probability (�red �ox⁄ ) (Eq 10, ESI†). The result of such 

calculations is summarized in Fig. S7, which shows the distributions of 

the obtained midpoint potentials (�0) for each of the chemically 

adjusted redox potentials. The �0 values range from −100 to 150 mV 

which is consistent with electrochemical data.
15,21,27

 We observe that 

the measured distribution of midpoint potentials shifts with the actual 

redox potential of the solution. This can be explained by the fact that 

the data contain a bias towards selection of Az–Cy5 molecules that 

are relatively bright. Because of the high ��, molecules that are 

mostly in the oxidized state are under–represented because of low 

visibility. The calculated midpoint potentials for 200 individual 

molecules are shown in the histogram (Fig. 3B). The average midpoint 

potential is 12 �3 mV vs SCE, and the Gaussian distribution is 

characterized by a full width at half maximum (FWHM) of 92 mV.  

This result is similar to that the values of �0=6 �0.6 mV vs SCE for the 

high–coverage (about 1000 molecules, FWHM=150 mV)
10

 and �0=16 

mV vs SCE for the low–coverage (100–450 molecules, FWHM=70 mV) 

data on semi–transparent Au electrode.
21

 Hence, the �0 values we 

observed are consistent with the previously reported midpoint 
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potentials of 1–10 µM azurin in solution for the fluorescence (293 mV 

vs NHE) and for the absorption (291 mV vs NHE) titration.
8
 However, 

distribution of midpoint potentials is significantly larger than the 

electrochemically obtained switching of Az–Cy5 on gold electrode 

both, at the SM level
15

 and with high–density coverage
21

 (FWHM=14–

15 mV). This is due to the fact that, hydrophobic patch on the protein 

surface which is close to the azurin Cu center is believed to orient 

towards the hydrophobic alkanethiol head groups, leading to a 

favorable orientation for electron transfer.
27,28

  

 

 

 

 

 

 

 

 

Fig. 4. The histogram of the reaction rates of individual Az–Cy5 molecules. 

The ET rates for the oxidation (�off) and reduction reaction (�on) of a 

SM can be derived from the dwell time distributions i.e. the times the 

molecule stays in a certain state before jumping to the other state. 

The rate constants, �on  and �off (Fig. S8), are calculated as 10 s
−1 

and 6 

s
−1

 for a single Az–Cy5 molecule (Fig. 2, � = 20 mV) by the inverse of 

the characteristic time constants of the mono–exponential fits of the 

distributions, respectively. Fig. 4 shows the distribution of reaction 

rates of oxidized (off) and reduced (on) states of about 45 single Az–

Cy5 molecules. The reaction rates for on and off states in Fig. 4 are 

relatively distributed homogeneous between ~1–20 s
−1

.  

Although, there are no data in the literature by which these values can 

be compared directly, our rate constants are similar to the ones that 

were measured for direct ET between the gold electrode and azurin 

adsorbed on 3,3'-dithiobis(sulfosuccinimidylpropionate) (2–6 s
−1

),
29

 

mercaptosuccinic acid (3–6 s
−1

)
30

 and hexanethiol (4–12 s
−1

)
31

 self–

assembled monolayers (SAMs). Besides, ET kinetics of azurin 

adsorbed on gold electrode depends on the distance of redox center 

to the electrode surface. Increasing the number of methylene units in 

the alkanethiols resulted in significant peak splitting and leads to slow 

ET rates.
32,33

 At low surface coverages distribution of azurin molecules 

immobilized on gold electrode, also showed very low ET rate of 0.5–2 

s
−1 

with a high-� tail up to 100 s
−1

.
21

 Moreover, intramolecular long 

range ET for azurin was shown to be pH dependent: at high pH the � 

value decreased from 285 to 15 s
−1

.
34

  

It is well established that the electrostatic environment of the entire 

protein and solvent system is a determining factor in fine–tuning the 

electronic properties of the metal–binding site of copper–containing 

proteins.
35,36

 In particular, hybrid quantum mechanics/molecular 

mechanics model calculations show a significant solvent 

rearrangement in a region close to the copper ion, specifically, around 

the copper–bound His117 residue upon reduction.
37

 It is claimed that 

the water rearrangement accounts for ~80% of the calculated value of 

the reorganization energy in this process. A similar conclusion was 

reached on the basis of experiments on electron tunneling in azurin 

crystals.
38

 Presumably the rearrangement is driven by modification of 

the electrostatic potential at the protein surface around His117, 

reflecting the change in the oxidation state of Cu. It may also affect 

the conformation of solvent–exposed side chains. It thus seems 

reasonable to conclude that the local variations in the outer sphere 

around His117 can contribute to variations in the midpoint potential of 

individual azurin molecules.
35–37

 This residue, which has a key role in 

the ET reaction of azurin, is normally in direct contact with the 

solvent. It may be assumed that under those conditions, Az–Cy5 

behaves as a free molecule in solution with the His117 residue fully 

exposed to the solvent environment. This is different from azurin 

immobilized on conductive electrodes
10,15,21,27,28

 where the 

hydrophobic patch of the protein around His117 is largely shielded 

from the solution. In fact, at the hydrophobic interface between the 

protein and the self–assembled monolayer, most water molecules will 

be expelled. The result is a more homogeneous and a more static 

environment of the His117 residue than for azurin in solution. This is 

reflected in the relatively small heterogeneity of the midpoint 

potential,
15,21

 compared to that of Az–Cy5 in solution.  

To conclude, we were able to make a quantitative assessment of the 

heterogeneity of the redox parameters, for the first time, for 

individual azurin molecules, covalently immobilized on a ''passive'' 

surface. The FRET–based, chemically–induced redox switching can be 

easily applied to e.g. cytochrome c551, nitrite reductase, and several 

dehydrogenases to study interprotein ET reactions at the SM 

sensitivity. Further work on this subject is under way. 

We thank Prof. H. Yang for the changepoint analysis algorithm, Prof. 

T.J. Aartsma, Prof. G.W. Canters, Dr. A. Andreoni for the scientific 

discussions. This work was supported by the European Commission 

through the EdRox Network (contract no. MRTN–CT–2006–035649).  
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