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Chapter 1:

Introduction



1.1 Single molecule detection

In recent years, advances in optical spectroscopy and microscopy have made it possible not
only to detect and identify single, freely diffusing or immobilized fluorescent molecules,
but also to realize spectroscopic measurements and monitor dynamic molecular
processes ™. These advances in single-molecule detection at room temperature offer new
tools for the study of individual macromolecules and biomolecules in complex condensed
matter environments. The investigation of individual molecules one at a time can provide
information on the distribution of molecular properties at nanoscale®*%.

Single molecule detection (SMD) allows real-time observations without the ensemble and
time averaging that is present in ensemble methods. In particular, the power of single-
molecule measurements lies in the ability to resolve and analyze the properties of sub-
populations. Moreover, SMD allows the study of asynchronous or nonsynchronizable
reactions, the discovery of short-lived (nanosecond to millisecond lifetimes) transient
intermediates, and the observation of process kinetics in full time trajectories. The
information content of single molecule fluorescence data can be further increased by
monitoring different fluorescence characteristics (e.g. fluorescence intensity, lifetime,
emission spectrum). Such measurements allow the probing of reaction kinetics, redox
properties, fluorescence enhancement and fluorescence resonant energy transfer for
individual macromolecules and biomolecules. Of course, the price to pay for this is that one
has to repeat the experiment on large numbers of single molecules to get a statistically
significant distribution of results. An exciting aspect of SMD lies in its novelty, which
makes it highly likely that many new physical and chemical phenomena are yet to be
discovered using this technique.

Few biomolecules, however, are intrinsically fluorescent. To observe them by fluorescence
imaging techniques they have to be suitably labeled with fluorescent tags. These labels can
either consist of organic dye molecules™™, or of natively fluorescent proteins like the
green fluorescent protein (GFP) and variants thereof®2>. A variety of techniques has
been developed to achieve specific labeling of the proteins of interest, and to incorporate
them in living cells. Constructs using a natively fluorescent protein-tag can be genetically
engineered and expressed in live cells.

The development of these single-molecule techniques has opened up new vistas for the
study of the functional properties of biological systems. On one hand, it is focused on
isolated biomolecules in vitro, such as proteins, enzymes, DNA or RNA. On the other hand
there is increasing interest in applying these advanced imaging techniques to observe these
and other biomolecules in action in their native environment, i.e., the living cell 682224



In this thesis we have applied single-molecule techniques to study the photophysics of
selected biomolecular systems. The experiments range from a spectroscopic study of a
single, supramolecular photosynthetic pigment-protein complex to the detection of
enzymatic turn-over of individual redox proteins. The latter case involved the development
of novel techniques to monitor redox activity of metalloproteins by means of fluorescence.
A brief introduction to the background of this work is given in section 1.4.

1.2 Single molecule fluorescence microscopy

Single molecule fluorescence detection offers high specificity and outstanding sensitivity.
Because of its sensitivity, fluorescence microscopy has developed into one of the prime
methods for  single-molecule  measurements and fundamental, biomolecular
studies®"1*22) " This development is in large part due to improvements of optical
detection schemes based on semiconductor technology which is characterized by a high
guantum yield of photon detection (up to 80-90%), an essential prerequisite for observing
emission from single molecules®®. On one hand there are the charge-coupled diode-array
devices (CCDs)?®*2® in which this ultimate level of sensitivity is achieved through
suppression of read-out noise and by cooling the detector to reduce thermal shot-noise.
They consist of two-dimensional diode arrays that are particularly suitable for full-image
acquisition in real time. On the other hand, avalanche photodiodes (APDs)?%%"%-%) have
acquired single-photon detectivity by taking advantage of the gain that is associated with
the electron-multiplier effect of the near-avalanche mode of operation of a photodiode
under reverse bias. An APD is typically a single-point detector, although recently this
method of gain by electron multiplication has also been implemented in diode array
detectors®*,

By incorporating these detectors in suitably designed optical microscopes (Fig. 1A) it
becomes possible to spatially resolve and visualize individual, fluorescent molecules. The
preferred design of the microscope for single-molecule imaging is the epi-fluorescent mode
of operation in which the sample is excited with an appropriate laser source, and the back-
scattered fluorescence is detected along the same optical path as the excitation light.
Fluorescence, being red-shifted with respect to the absorption spectrum, is separated from
the excitation light by a dichroic filter. The spatial resolution is determined by the
diffraction-limit, i.e. the numerical aperture (NA) of the objective, and is roughly equal to
half the wavelength of fluorescence if NA = 169,

The two different types of detectors, CCDs and APDs, lead to distinctly different types of
epi-fluorescence microscopy. A CCD detector allows the real-time visualization of a wide
field of view, the size of which is limited by the magnification factor and other geometric



parameters of the imaging optics. Such a detector basically operates as an ultra-sensitive
camera. An APD, on the other hand, is the detector of choice for a confocal epi-fluorescent
microscope. Here the laser-excited fluorescence that is emitted by the sample in the focus
of the objective is refocused onto a pin hole which acts as a spatial filter, after which it is
directed to the APD. An image can be reconstructed by monitoring the fluorescence while
either scanning the laser focus across the sample using, e.g., a set of movable mirrors, or by
spatial translation of the sample using a scanning stage. For the work described in this
thesis we have used a wide-field imaging as well as a sample-scanning confocal configu-
ration®. Both modes of operation were incorporated in one setup, with a sliding mirror
assembly to switch from one to the other (figure 1A).

Wide-field excitation combined with epi-fluorescent image detection with a high-sensitive
CCD camera has the advantage that large numbers of molecules can be monitored at the
same time. The other advantage is the speed of imaging which allows, e.qg., the tracking of
molecules in space with a time resolution as short as a few milliseconds. It is to be noted
that out-of-focus fluorescence from the sample contributes a diffuse background to the
image which may reduce the contrast. In the experiments described in Chapter 2 we
combined wide-field microscopy (WFM) with wavelength dispersion of the fluorescence to
study spectroscopic features of individual pigment-protein complexes. This method is
described in more detail in the next section.

In contrast to WFM, scanning confocal microscopy (SCM)® offers a small detection
volume because the pin hole in the detection path only transmits the fluorescence that
originates from the laser focus. The size of the pin hole is usually matched to the size of the
Airy-disk that is formed by the refocused fluorescence. In that case the transmission of the
pin hole and the spatial resolution are optimal. Because the pin hole acts as a spatial filter, a
SCM can often provide a much better signal-to-noise ratio than a WFM. A very distinct
feature of a SCM is that it can generate a three-dimensional image due to spatially selective
fluorescence detection in the lateral as well as the longitudinal direction with respect to the
optical axis of the microscope. Because of the intensity profile of the laser excitation beam
in the focal region and the confocal optical geometry, the spatial resolution in the lateral
scanning directions is higher than in the longitudinal direction®®.

In the work described in this thesis we use the SCM to analyse the photophysical properties
of single, fluorescently labeled biomolecules which are immobilized on a chemically
modified surface of glass or gold. The purpose of chemical surface modification is to
achieve stable adsorption or covalent bonding of the biomolecule to the surface. The
experiment typically involves the acquisition of a confocal image after which the
coordinates of each fluorescent molecule in the image can be identified and marked. These



molecules are successively targeted by the laser beam to measure the parameters of interest
of each molecule, such as the fluorescence spectrum, the fluorescence lifetime, the
fluorescence anisotropy and/or the fluorescence time trace (i.e. the photon arrival
statistics). The time-resolved experiments require the use of pulsed lasers, but these are
readily available with a choice of operating wavelengths to match the absorption spectra of
common dye labels and fluorescent proteins. They facilitate the monitoring of temporal
processes down to the level of tens of picoseconds. More sophisticated and complex
strategies of single-molecule spectroscopy involve multi-color experiments, using more
than one excitation laser and/or multiple dye-labels®5").,

Fluorescence lifetime parameters provide the basis for a quantitative assessment of
molecular properties and dynamics. Typical examples are the probing of the local
environmental parameters of a fluorophore via lifetime changes, sensing distances on the
nanometer scale by Forster resonance energy transfer (FRET), and monitoring functional
properties of proteins and enzymes®.

In the next section we will describe briefly the technical details of the setup that was
developed to perform the experiments described in this thesis. It is designed to detect
individual fluorescent photons and record their temporal and spectral signature.

1.3 Experimental setup

For the work described in this thesis we have constructed an experimental setup which
combined both the wide-field and confocal imaging techniques, see Figure 1A. It
incorporates a picosecond red laser (PicoQuant GmbH, LDH-P-639 with PDL 800-B
driver) to deliver a continuous train of light pulses at 639 nm for excitation of the sample,
with a repetition rate of 40 MHz, and a pulse duration of 90 to 400 ps depending on the
setting of the output power. Alternatively, a frequency-doubled, diode-pumped Nd:YAG
laser can be used for CW excitation at 532 nm. A polarization-maintaining single-mode
fiber guides the laser light to the microscope, with the benefit of a well-defined beam
profile from the output end of the fiber. The dichroic mirror (Z 532/633 M, Omega Optical)
reflects the light into a high aperture oil immersion objective (Zeiss 100x oil, NA 1.4)
which focuses the beam to a diffraction-limited spot (~300 nm diameter) on the sample
surface.

In the confocal mode of operation the sample fluorescence is collected through the same
objective, transmitted by the dichroic mirror and then filtered by a band pass filter (Omega
Optical, D 675/50 M). The fluorescence light is focused by the microscope tube lens into a



50 um pinhole. An achromatic lens with a focal length of +45 mm refocuses the light onto
the active area (175 um diameter) of a single-photon avalanche diode (APD, Perkin-Elmer

SPCM-AQR-14). The data acquisition was done by the TimeHarp 200 TCSPC PC-board
working in the special Time-Tagged Time-Resolved Mode, which stores precise timing
information of every detected photon for further data analysis. Samples were mounted onto
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a P-517 nanopositioner which was equipped with the E710 controller, both from Physik
Instrumente GmbH (Germany). Scanning, accurate sample positioning, data collection and
analysis were performed by the SymPhoTime software package (PicoQuant GmbH).

The set up can be switched to a wide-field detection scheme by inserting a mirror in the
detection path to deflect the (collimated) fluorescence light towards the CCD camera
(Cascade 650, Photometrics Inc.). This mode of operation, for example, can be used to
locate individual molecules and record their position as a function of time in order to
determine diffusion parameters. The experiments described in Chapter 2 of this thesis were
designed to determine fluorescence spectra from individual pigment-protein complexes.
For this purpose we inserted a double Amici prism (CVI Melles Griot, Inc.) in the optical
detection path to spectrally disperse the fluorescence across the CCD array. A schematic
diagram of the prism-based wide-field setup is shown in Figure 1 together with the
confocal setup.

As mentioned above, a solid state laser (532 nm) or red diode laser (639 nm) was used for
the excitation of the sample. An extra lens (not shown) is inserted in the excitation path to
achieve wide-field illumination. The fluorescence emission from the sample is collected by
the objective and separated from backscattered excitation light with a dichroic mirror
(2532/633M, Omega Optical). An achromatic lens (f = 50 mm) collimates the emission
light, which then passes an Amici-prism (PRF-16.4-30-C, CVI Melles Griot, GmbH)
dispersing the fluorescence light. Behind the prism, an achromatic focusing lens (f = 45
mm) brings the dispersed fluorescence light into focus for detection with the CCD camera
(Cascade 650, Photometrics Inc.).

The system was calibrated by imaging the two laser lines at 532 and 639 nm (Figure 1B),
and was found to have an average dispersion of 0.3 nm/pixel and a spectral resolution of
about 1.5 nm. The dispersion as a function of wavelength is non-linear, but the wavelength
range of interest is in our case (Chapter 2) small enough to assume that the dispersion is
more or less constant.

1.4 Scope of this thesis

The work described in this thesis was aimed at the study of the functional properties of
(isolated and purified) biomolecular systems at the single-molecule level. Two
prerequisites are essential for successfully achieving this goal. First of all, single
biomolecules should be observable, which means that they should be natively fluorescent
or they should be rendered fluorescent by suitable biochemical or biomolecular
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engineering. The other challenge is to engineer the system in such a way that the
fluorescence intensity reports the actual, functional state of the biomolecule.
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Figure 2: Schematic representation of the three main phycobiliprotein groups in the
phycobilisome, the light-harvesting antenna complex in cyanobacteria and red algae®®®*?.
The phycobilisome docks to the membrane-embedded photosynthetic reaction center of the
microorganism. The phycobiliproteins, which serve as scaffolding for covalently bound,
linear tetrapyrrole chromophores are classified into three types based on their absorption
spectra:  phycoerythrin  (PE), phycocyanin (PC), and allophycocyanin (APC).
Hemispherically organized rods of PC and/or PE biliproteins join a core of APC
biliproteins. The bulk of the absorption takes place in the rods, while the unique
nanostructure facilitates efficient energy transfer towards the core, and from there to the
photosynthetic reaction centers.

Phycobiliproteins have strong emission bands that extend well into the red region of the
visible spectrum where there is minimal interference from biological materials (e.g. blood,
sera and cell culture components). Because of these properties, phycobiliproteins have
become promising fluorescent probes for use as a fluorescent marker in immunoassay,
flow cytometry, and fluorescence microscopy.

1.4.1 Phycobilisomes

Intrinsic fluorescence of amino acid residues like tyrosin and tryptophan in common
proteins is not sufficiently bright for achieving single-molecule sensitivity. Other
chromophores with sufficiently high fluorescence quantum yields must be present, like in
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the fluorescing co-factors in GFP and other natively fluorescent proteins. In chapter 2 of
this thesis we describe the study of individual phycobilisomes, brightly fluorescent
supramolecular pigment-protein complexes, which have a light-harvesting role in
photosynthetic organisms®Y. The chromophores in these complexes consist of various
types of phycobilins. Here we use the fluorescence spectrum, rather than just the intensity,
to assess energy transfer and dissipation processes in this system as a function of
illumination conditions. Real-time spectral detection at the single-complex level allows us
to characterize the dynamic fluorescence behavior of individual phycobilisomes (PBsomes)
in response to intense light,

In this work we explored a novel approach to monitor single-molecule fluorescence spectra
using a double Amici prism as a dispersion element. It provides the possibility for
investigating real-time fluorescent emission dynamics of PBsomes as well as the energy
transfer between various PBsome components. It is revealed that green-light-induced
photobleaching of a single PBsome consists of an energetic decoupling of phycobilin co-
factors within the PBsome rod, serving as a novel pathway of energy dissipation. The
results provide insights into the photo-protective roles of PBsomes in red algae in response
to excess light energy and the energetic association of pigment-protein complexes.

1.4.2 The FluRedox principle

In the subsequent chapters we focus on the redox activity of metalloproteins, where we take
advantage of a new method, the FluRedox principle®’™®, to not only visualize these
proteins, but at the same time monitor their redox state in real time at the single-molecule
level. Redox reactions drive a plethora of biological and chemical processes ranging from
photosynthesis and respiration to industrial catalysis and the operation of fuel cells. The
FluRedox methodology opens an entirely new platform for a more detailed study of the
dynamics and mechanisms of redox protein activity because of its unsurpassed sensitivity
and specificity. The work in this thesis is aimed at the implementation of this novel
fluorescence method for single-molecule observation of redox events.

The FluRedox technique makes use of a feature that is characteristic of nearly all redox
enzymes and electron transfer proteins, i.e., they possess a redox-active centre with optical
characteristics that change markedly when the redox state of the centre changes, that is
when the redox center exercises its natural role. The emission intensity of a covalently
attached fluorescent label will reflect these absorption changes provided the emission
spectrum overlaps with the fluctuating absorption band. The physical mechanism
responsible for this phenomenon is known as Forster resonant energy transfer (FRET) and
the efficiency depends on the sixth power of the distance between prosthetic group and
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label. The only condition for the mechanism to work, therefore, is that the distance between
label and prosthetic groups is properly chosen. The change in absorbance modulates the
FRET efficiency, hence also the fluorescence intensity of the dye label. Note that usually
the redox centers are non-fluorescent, thus FRET then results in quenching of fluorescence.

Figure 3: FluRedox principle®?“®. The redox protein is linked to a fluorescent dye (FL)
which can be excited at a specified wavelength. Subsequently, fluorescence can be
measured using a photodiode. The redox state of the protein changes when the active
center exchanges electrons either with an electrode or with a reactant in solution. Thus, the
change can be translated into the fluorescent intensity of the label covalently attached to
the protein surface on the basis of FRET.

Redox proteins and enzymes that contain a so-called Type-1 Cu-atom in their active center
are ideal targets for application of the FluRedox technique, as was demonstrated in
references “2*9. These blue (Type-1) copper sites are characterised by a strong absorption
band at 600 nm when the copper is in the oxidized state®®. This band is absent when the
Cu-center is reduced. In this thesis we applied the FluRedox method to azurin and nitrite
reductase, both containing a Type-1 Cu center®. The proteins were labeled with suitable
dyes, like Atto-647N or Atto-655, either at the N-terminus or at the —-SH group of
specifically engineered, surface-exposed cysteins. Turn-over of the redox center of a single
molecule through electron exchange with reactants in solution is then observed in real time
as step-wise changes of the fluorescence intensity and the fluorescence life time.

1.4.3 Fluorescently labeled azurin on a gold surface

Previous work® has shown that optical tracking of electrochemical events by
fluorescence-detected cyclovoltammetry (FCV) already made it possible to determine the
electrochemical parameters and redox activity of ensembles of as few as 100 protein
molecules. For the combination of fluorescent redox state detection and electronic control
the protein together with its fluorescent label needs to be placed close to an electrode,
usually a metal surface. This raises questions about the fluorophore-metal interaction, a
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subject that has raised considerable interest in recent years from a fundamental as well as
an application-oriented perspective. The effect of a metal surface on a nearby fluorophore
can lead to both enhancement and quenching of the fluorescence®*>". Which of these
effects dominates is strongly dependent on distance between fluorophore and metal surface.
In the work described in this thesis we have elucidated in more detail how the dye-label,
when attached to a redox protein, is affected by the interaction with a nearby gold surface.
This is important information to further develop the FluRedox method for sensitive
electrochemical detection, and to improve our understanding of the recently developed
FCV methodology.

We have studied (Chapter 3) the fluorescence of labeled azurin immobilized either on
coated glass or on gold films (bare, or coated with a self-assembling monolayer (SAM)) as
a function of the thickness of the gold film and the thickness of the SAM. Intensity and
lifetime measurements allowed for the separation of enhancement and quenching effects on
the fluorescence. In addition, the effect of the redox state on the fluorescence of the labeled
protein was investigated. Fluorescence quenching, competing with enhancement, is shown
to be a short range effect, and is absent when the SAM is more than 10 carbon atoms high.
Significant enhancement is observed with increased roughness of the gold layer.

In chapter 4 we focus on the interaction of fluorescently labeled Az with a gold
nanoparticle (AuNP). Fluorescence enhancement by NPs and their application in
biotechnology is a relatively new subject. A gold NP can function as an optical antenna
and through near-field interactions enhance the excitation and fluorescence rate of attached
fluorophores. On the other hand, the fluorescence may be quenched by energy transfer
from the excited fluorophore to the conduction electrons in the NP. Depending on which
term is dominant the fluorescence may be enhanced or diminished®®. It confronted us
with the question how the FluRedox effect would be influenced by a nearby gold NP, and
if it could even be enhanced.

To answer this question we have investigated the emission of the fluorescently labeled 14
kDa large copper protein azurin (Az) from Pseudomonas aeruginosa immobilized on gold
nanoparticles (NPs) as a function of the NP size (1.4-80 nm). Two forms of the Az were
studied by single-molecule fluorescence detection: the native form and a form wherein the
Cu had been replaced by Zn (ZnAz). Experiments on ZnAz showed that the excitation and
radiative rates of the fluorophore were enhanced upon immobilization on AuNPs, but
guenching by energy transfer to the NP was observed as well. The results were analyzed
quantitatively in terms of a theoretical model which takes into account the influence of the
Au NP on the fluorophore excitation rate and quantum yield. Whereas ZnAz is colourless,
the native (Cu containing) Az is colourless only in the reduced (Cu®) form. It is shown that
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attachment of the fluorescently labeled CuAz to a AuNP may lead to a tenfold
enhancement of the sensitivity for detecting a redox change of the protein based on the
FluRedox principle.

The results illustrate how the redox states of a single protein molecule can be investigated
by fluorescence lifetime analysis both for Az on gold and for Az on glass. Thus, the combi-
nation of fluorescence lifetime imaging with our FRET-based redox detection method
provides a new approach for studying the kinetics of biological electron transfer at the
single molecule level. Furthermore, the ability to tune the emission properties of labeled
redox proteins immobilized on metal surfaces opens a way to design improved biosensing
devices.

. . . AN
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1.4.4 Nitrite reductase, one by one.

Single molecule measurements often reveal aspects of protein behavior that are hidden in
ensemble measurements. However, applications in enzymology have been limited to
enzymes with fluorescent cofactors, substrates or products. One of the main advantages of
the FluRedox principle is that it is a platform technology, i.e., it can be applied to any
enzyme as long as the prerequisites for FRET with the redox active center can be satisfied.
This provides access to a large variety of interesting enzyme systems not only from a
scientific point of view, but also for innovative (e.g., biosensor) applications.
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In Chapter 5 we successfully demonstrate the potential of the FluRedox principle by the
results of single-molecule measurements of the enzymatic activity of nitrite reductase from
Alcaligenes xylosoxidans (AxNiR). This enzyme converts nitrite into nitric oxide®?. It is a
homotrimer, with a binuclear Cu center (T1 and T2). The T1-Cu accepts electrons from a
donor and transfers them to the T2-Cu where nitrite is reduced. Oxidized T1-Cu has two
broad absorption bands that disappear upon reduction. The FRET efficiency between a
fluorescent label and the T1-Cu can be used to follow the catalytic cycle on the basis of
fluorescence fluctuations.

For these studies our collaborators at the University of Newcastle (Prof. C. Dennison, D.
Kostrz) prepared a mutant of AXNiR with an exposed cysteine (Cys) residue. As AXNIR is
a trimer, the Cys in one monomer was used for dye labeling while the Cys in another
monomer was used to anchor the enzyme via a molecular linker on a suitably
functionalized surface of a microscope cover slip. Fluorescence time-traces of
immobilized, single AXNIR in buffer and in the absence of substrates showed typically a
steady signal of 2-5 photon counts/ms. The intensity of the signal dramatically increased to

Azurin is a Type 1 blue copper protein with a molecular mass of 14.6 kDa, where the
redox-active copper center is either in the 1+ or the 2+ state. Its physiological function
has been under debate. Initially it was thought that azurin fulfils a role as electron
transporter in the nitrite/nitrate respiratory chain of the microorganism. More recently it
was made plausible that the protein has a role in the oxidative stress response®. A
characteristic feature of the Type 1 Cu center is the strong ligand to a cystein, two
imidazoles and two weaker axial ligands, in a distorted trigonal planar geometry.

Copper-containing nitrite reductase (CuNiR) also harbours a Type 1 Cu site bound by
two histidines, one cysteine and one methionine®”. In addition, one so-called Type 2
(colourless) copper ion is bound by three histidines. There exists a fourth coordination
site for the Cu Il centre, which is occupied by water in the resting enzyme and by
nitrite in the presence of a substrate. CUNiIR enzymes are homotrimers and they can be
further classified into blue and green species depending on the details of the ligand
geometry of the type 1 Cu sites. They are one of the enzymes that operate in the
nitrogen cycle, converting nitrite into nitric oxide.

Azurin and CuNiR are both optically characterized by their intense absorption band in
the visible region around 600 nm (azurin) and 430-600 nm (NiR) when the Type 1
copper is oxidized. This band is absent in the reduced state. A state-change can be
translated onto the fluorescence intensity of a dye label conjugated to the protein
surface using the FluRedox method.
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a steady fluorescence rate of 10-30 photon counts/ms by the addition of a reductant
(ascorbate/PES), as expected from the reduction of the Type 1 Cu centers. Upon
subsequent addition of nitrite the fluorescence time-traces were clearly different. The trace
was dominated by a more or less less steady 2-5 counts/ms signal with sporadic bursts of
20-30 counts/ms. This behavior can be explained by the T1-Cu fluctuating between the
oxidized and reduced state as the enzyme is turning over.

The FRET between dye label and the redox center process not only affects the fluorescence
intensity, but also the fluorescence lifetime. This was used to advantage by studying the
activity of AxNIR by single-molecule fluorescence lifetime imaging, providing high
contrast between the oxidized and reduced form of the enzyme. Immobilized Atto-647N-
labeled AXNIR has a lifetime of 3.7 ns in the reduced state, and of 1.1 ns in the oxidized
state. By adding a suitable electron donor together with nitrite to the sample, it was
possible to observe the catalytic cycling of a single enzyme between the oxidized and
reduced forms. Unexpectedly, our studies showed that in turn-over conditions single
AXxNIR molecules can be sorted in two different populations that follow two different
kinetic regimes. Two models have been proposed in the literature for NiR catalysis, a
random and a sequential mechanism. Our experiments show that each individual enzyme
follows just one of the two possible routes.
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