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Chapter 1

Introduction

Optical single-molecule techniques emerged more than 30 years ago with experiments
monitoring single probe molecule behavior in solids at cryogenic temperatures and
extended to much higher temperatures. Single-molecule microscopy enable the
imaging of biological structures such as proteins at resolutions close to the molecular
scale to determine the individual molecules’ behaviors and elucidation of the
distribution, rather than the average.

Early time-resolved experiments by Frauenfelder on the ensemble of the kinetic
rebinding of CO to myoglobin molecules resulted in a stretched exponential relaxation
due to a very large spread of the reaction rates of individual molecules. These results
were assigned to the heterogeneity in this system originated from different confor-
mations of different single-molecule proteins and from the widely different reaction
rates associated with each of these conformations. This approach marked the begin-
ning of a new area in the physical chemistry of proteins. The research to image this
heterogeneity in this system with single molecule microscopy is still missing.

The work presented in this thesis contains two lines of research. On the one hand, we
investigate the Forster Resonance Energy Transfer (FRET) of dye labeled-
carboxymyoglobin (MbCQ) in the ensemble to show the feasibility of performing single
molecule-FRET experiments to study the kinetic rebinding of CO to myoglobin. On the
other hand, we study the Férster theory about a stretched-exponential fluorescence
intensity decay under ensemble conditions for a distribution of acceptors in the vicinity
of each donor; This non-exponential kinetics arise from a distribution of the exponential
steps originated from different single molecules. Using single-molecule microscopy,
we study the histograms of the decay rates of single fluorophore molecules (donor) in
the presence of acceptors as exponential which average out as non-exponential decay
in the ensemble.

In this introduction chapter, we briefly describe the experimental techniques we used
and the main characteristics of the systems we worked with. More detailed discussions
will be given in the respective chapters.



1. Introduction

1.1 Luminescence

Luminescence is any process where photons are spontaneously emitted not because
of heat, in the visible, ultraviolet, or infrared spectral range. 2 Based on the process
leading to the emission of the electromagnetic radiation, there are different kinds of
luminescence such as photoluminescence, 3% chemiluminescence, and
electroluminescence. °

Photoluminescence is one form of luminescence in which a material is first excited by
electromagnetic radiation, which causes an electron from the ground state to go to a
higher energy level in an atom or molecule. The excitation is followed by re-radiation.
6 Photoluminescence spectroscopy is widely used to characterize the optical and
electronic properties of photoluminescent molecules and mostly is referred to as
fluorescence spectroscopy. ” As very few biomolecules are naturally fluorescent, they
are generally labeled with fluorescent dyes to make them detectable.

1.2 Fluorescence spectroscopy

Photoluminescence can refer to either a fluorescence or a phosphorescence process.
Fluorescence excitation and detection is the most common and important method in
light microscopy, thanks to its high sensitivity and specificity. In fluorescence, the
emitting species first absorbs an excitation photon, which brings it from its ground
electronic state (usually a singlet spin state) to one of the vibrational states of an
excited electronic state (usually another singlet state). The excited molecule loses
excess vibrational energy through interactions with the surrounding medium, and
relaxes to the lowest vibrational state of its excited electronic state. Thereafter, the
excited molecule, without changing its spin, emits a photon with a longer wavelength
than the excitation photon. The electronic transitions of molecules are often illustrated
in an energy level diagram called the Jablonski diagram (Figure 1.1). The diagram
shows the absorption process consisting of the excitation of an electron from the
singlet ground state (So) to one of the vibronic levels of the singlet excited state (S1).
Then the molecule relaxes non-radiatively to the first vibrational level of the singlet
excited state through the dissipation of energy towards other molecules in the
environment. &9

In phosphorescence, similar to fluorescence, the species after photon excitation emits
a photon to the ground state with a longer wavelength than the excitation radiation.
However, this relaxation is accompanied by a change in the electron spin in which the
excited molecule goes through intersystem crossing from a singlet state (S1, or S2) to
a state with a different spin multiplicity, usually a triplet state (T). This results in a longer
lifetime of the excited state (milli seconds to minutes, see Figure 1.1). 10

Some nonradiative transitions are known to occur through different mechanisms such
as internal conversion (IC), intersystem crossing (ISC) (Figure 1.1), and collisional
quenching. Non-radiative IC is a process in which a photoexcited molecule in a
vibrational excited state relaxes to a vibrational state of a lower electronic state in a
time of the order of a few ps. &'" ISC is a transition of a photoexcited molecule from
its singlet excited state to a state with a different spin multiplicity (triplet state) usually
on the us time scale. &'? Collisional quenching is another deactivating process in
which the excited state of the fluorophore loses energy by energy transfer to a
quencher or by other relaxation processes induced by interactions with the
surrounding molecules in the solution. In the case of quenching by species Q, the
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fluorescence intensity of the fluorophore decreases according to the Stern—Volmer
equation”: 81314

L =1+Kg[Q] =1+ kg7 [Q] 1.1

Iq

where [ is and I, are the fluorescence intensity of fluorophore in the absence and
presence of the quencher, K, presents the Stern—Volmer quenching constant, and
kq, 7, and [Q] are the bimolecular quenching constant, the lifetime of fluorophore in
the absence of quencher, and the concentration of quencher, respectively.
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Figure 1.1 A Jablonski diagram illustrating the following processes: light absorption
including an electronic transition So— S1 (green arrow), a non-radiative transition
(orange arrow), fluorescence S1+— So (red arrow), non-radiative decay (brown arrow),
IC (blue arrow), ISC (dashed black arrow), and phosphorescence T+— So (black
arrow). The states involved are the singlet ground state (So), singlet excited states (S,
S2) and the triplet excited state (T1) [modified after 8].

Fluorescence is widely used in different areas particularly in cellular biochemistry and
biomedicine. Fluorescence-based assays are widely used, specially in the biomedical
science and allow one to discover the details of the molecular mechanisms in
biological reactions. Fluorescent experiments can be performed in real-time in
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ensembles and at the single- molecule level and constitute a practical tool for
measuring biomolecular conformational changes, probing protein—nucleic acid
interactions, etc. '>-7

1.3 Properties of fluorophores
1.3.1 Molar absorption coefficient

A well-known intrinsic property of a chemical species is its molar extinction coefficient
(¢) which indicates how strongly a chemical species or substance absorbs the light at
a determined wavelength. Thus, the higher extinction coefficient, the greater the
amount of light being absorbed. ¢ is constant for a specific compound at a certain
wavelength under fixed conditions, for example solvent, pH and temperature. Since it
is a substance-specific constant under those conditions, chemists frequently use € to
measure the concentration of chemicals, e.g., proteins in solution.

The absorption process can be described by the Beer-Lambert Law: '8

A = ebc 1.2

where A is the absorbance, € is the molar extinction coefficient, b is the optical path
length through the solution and c is the concentration of the species.
The brightness of a fluorescent molecule can be calculated from the molar extinction
coefficient at the excitation wavelength and the fluorescence quantum yield as
efficiency of fluorescent emission by using the following equation: '°

Brightness = £¢ 1.3

where ¢ is the quantum yield discussed below.
Basically, the brightness depends on how strongly a fluorophore absorbs the light (&)

and how well it emits the light (¢p). Fluorophores with a high quantum yield and
extinction coefficient are the brightest.

1.3.2 Quantum yield

Not all of the light absorbed by a fluorophore is completely re-emitted as light during
relaxation to the ground state, because some non-radiative decay processes compete

with photon emission as described in section 1.2. The fluorescence quantum yield (¢)
is defined as the number of photons emitted by the excited fluorophore divided by the

number of absorbed photons. ¢ is calculated from the ratio of the radiative decay rate
(k) to the total fluorescence decay rate (ky), including radiative and non-radiative
channels: 2°

¢ = 1.4
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According to the above equation, when the radiative rate (k,.) is high and the non-
radiative rate (k,,,-) is low, ¢ will be large, whereas a non-fluorescent fluorophore has
a quantum yield of zero.

The magnitude of k,,,- depends strongly on the local environment whereas k,. is
essentially determined by the electronic structure of fluorophore.

1.3.3 Fluorescence lifetime

When a fluorophore is photoexcited, it relaxes to the ground state through radiative
and/or nonradiative pathways. The relation between the fluorescence decay rate and
the fluorescence decay time is described according to: '

I, = I,e /" 1.5

~ =Yk 1.6

where t is the time, T the fluorescence lifetime, I, and I; the fluorescence intensity at
time zero (t = 0), and at time t, respectively. k; are the decay rates for the various
decay pathways, for example the radiative decay rate, k.., or the non-radiative decay
rate, K,

These radiative and non-radiative rates determine the quantum yield, fluorescence
intensity, and lifetime. The lifetime is characteristic of the electronic properties of the
fluorophore but is influenced by the surrounding environment. Lifetime is the

parameter that is most easily measured precisely and is least affected by the
equipment.

1.4 Fluorescence resonance energy transfer (FRET)

FRET, first described by Theodor Férster, 22 is a process by which the excitation en-
ergy is transferred nonradiatively from a photoexcited donor fluorophore to an accep-
tor fluorophore over distances of 10-90 A (Figure 1.2). Thus, when a chromophore is
photoexcited to an excited state, instead of directly relaxing to the ground state by
fluorescing, it may transfer its energy to the excited state of an acceptor chromophore
in the vicinity (10-90 A) through nonradiative dipole—dipole coupling. The efficiency of
the FRET process scales with the inverse sixth power of the distance between the
donor and acceptor. Thus, this technique is highly sensitive to changes in distance on
the scale of Angstroms. Since energy transfer occurs through dipole—dipole coupling,
the FRET efficiency also depends on the orientations of donor and acceptor dipole
moments with respect to each other and to the radius vector between their centers. 23
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Figure 1.2. A Jablonski diagram illustration for FRET. The singlet ground and excited
states So, S1, and S of the donor are shown on the left side with excitation and de-
excitation pathways. On the right side of the figure, the ground state So and first excited
state S1 of an acceptor for FRET are shown together with the energy transfer pathway
from the donor Sy state to the acceptor St state [after 8].

The FRET efficiency E is defined as the fraction of donor excitations that result in
energy transfer and it is determined by the ratio of the energy transfer rate kg to the
sum of all rates depopulating the excited state of the donor: 23

k
E = i 1.7
KeET + kv + Yk

where kg is the rate of energy transfer, k,., the radiative decay rate of the donor, k;
the rates of any other nonradiative de-excitation pathways not involving FRET.

The Forster radius Ro, i.e. the distance at which the energy transfer efficiency is 50%,
depends on the overlap of the donor emission spectrum with the acceptor absorption
spectrum and on their mutual molecular orientation as expressed by the following
equation: 24

K2 = 1
Ro = 0210822 [ Fp (e (1) 1*dA)s 18
where ¢p is the fluorescence quantum yield of the donor in the absence of the
acceptor, k2 is the dipole orientation factor which can change between 0 and 4, n is
the refractive index of the medium, €,4(4) is the acceptor molar extinction coefficient
(M'em™), and Fj is the donor emission spectrum normalized to an area of 1

(Jy Fp (M)da = 1).
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As the FRET efficiency is inversely proportional to the sixth power of the distance
between donor and acceptor chromophores, it is possible to measure small changes
in this distance. FRET has emerged as a powerful fluorescent spectroscopic technique
in cell biochemistry and biophysics to measure structural dynamics, kinetics, and for
mapping the conformations of biomolecules in complex systems.

1.4.1 Distance between donor and acceptor

As mentioned before, the energy transfer efficiency (E) depends inversely on the 6th-
power of the distance between the donor and acceptor (r), due to the dipole—dipole
coupling mechanism (Figure 1.3 A): 24

1
1+(RLO)6

According to this equation, any event or process that alters the distance between
donor and acceptor will strongly change the energy transfer rate and allow one to
observe biomolecular conformational changes in a time range of ps-ms on a
nanometer scale by measuring the resonance energy transfer.

Based on the Eq. 1.8, due to the 1* dependence of the overlap integral, small shifts in
the spectra can have large effects on the Ro. The following sections describe two fac-
tors: the overlap integral and the orientation factor (x?2), that influence Ro and the FRET
efficiency.

E = 1.10

1.4.2 The overlap integral

The rate of energy transfer depends on how well the donor emission spectra and
acceptor absorption spectra overlap (Figure 1.3B). 24

A B
1 1 10
= 3
3 T :
:g 0.6 § E‘é 0.6 6 5
s 5 O 5
— Q5 S
w 0.4 N.© 04 4 2
o © B Q
= EE / , s
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0 2 Ue I/ Absorptio 2 ©)
0 i) —
0 5 10 80 600 708
Distance [nm] Wavelength [nm]

Figure 1.3 (A) Dependence of the FRET efficiency on the distance between the donor
(Atto 5632) and acceptor fluorophores (Atto 647N). For this donor-acceptor pair, the
calculated Férster radius is Ro = 6.1 nm, at which distance the FRET efficiency (E) is
50%. (B) The grey colour area is a visualization of the overlap between the emission
spectrum of donor (Atto 532, green colour) and acceptor emission spectra (Atto 647N,
red colour). The overlap integral is proportional to the area under this curve (gray

area), based on equation 1.8 (as [ Fp(A1)e (1) A*dA). %5
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The phenomenon of fluorescence resonance energy transfer does not require the
acceptor to be fluorescent. In this case, after excitation of the donor the donor
fluorescence is quenched by the acceptor and the fluorescence intensity and lifetime
of the donor will change. (Figure 1.4B).

A B
NO-FRET FRET
Emission s s
Excitatio Excitation  Quenched Emission
& r>10 nm % r<10 nm
—@ &ﬁ‘
Donor Acceptor Donor  Acceptor
A A
0 0 >
F Donor Acceptor 2 Donor Acceptor
& | Emission Absorption .g Emission Absorption
(= -
Wavelength Wavelength

Figure 1.4 Schematic of FRET in the presence of a non-fluorescent quenching accep-
tor (A) describes No FRET because of r>10 nm, (B) FRET occurs (r<10 nm) after
excitation of donor. The fluorescence emission of the donor is quenched by the ac-
ceptor. The acceptor does not fluoresce but the intensity and lifetime of the donor
change. The donor and acceptor shown in green and red colours respectively.

In most applications, however, both donor and acceptor are fluorescent, and in most
cases, the energy transfer occurs through quenching of the donor fluorescence and a
reduction of the donor fluorescence lifetime, and an increase in the intensity of the
acceptor fluorescence (Figure 1.5B).

A B
NO-FRET FRET
Emission issi
Excitatio Excitation Emission
% r>10 nm % r<10 n 6%
—@ ‘—5
Donor Acceptor Donor  Acceptor
A A
£ Donor Acceptor % Acceptor
= Emissi
S | Emission Absorption § n mission
t £ | Donor
- |Emission
Wavelength Wavelength

Figure 1.5 Schematic of FRET in the presence of a fluorescent quenching acceptor
(A) describes No FRET because of r>10 nm, (B) FRET occurs (r<10 nm) after excita-
tion of donor. The energy is transferred from donor to the acceptor. In this case, both
donor and acceptor are fluorescent. Donor and acceptor have been shown in green
and red colours respectively.

8
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1.4.3 The orientation factor K2

Since energy transfer occurs through dipole—dipole coupling, the FRET efficiency also
depends on the orientations of donor and acceptor dipole moments with respect to
each other and to the radius vector between their centers.

The orientation factor (k2) depends on how the donor emission dipole and the
acceptor absorption dipole are oriented relative to each other. k2 can range from zero
to 4, however, it is typically assumed to be the dynamically averaged value of 2/3
(0.67) (Figures 1.6A).

When the donor emission dipole and the acceptor absorption dipole are parallel and
they are perpendicular to the donor-acceptor radius vector, the value of K?is 1 (Figure
1.6B), whereas for perpendicular transition moments of donor and acceptor in the
same spatial disposition, k2 is zero (Figures 1.6 C). The k2 factor has a maximum
value of 4 when the dipoles are parallel and lie along the radius vector. 26

A Relative Orientation of

2
donor and accpetor dipols k

———7 0

— - —

Dynamic averaging 213
(Rotational diffusion)

B (o
Emission

Emission f f

Excitationv/}/

0y, 0,=90° 0,, 0,=90°
0p,=0° Opa = 90°
K? = K2=0

Figure 1.6 The orientation factor k? (A) The various orientations of the donor-acceptor
dipoles. (B) example where the donor emission dipole and the acceptor absorption
dipole are parallel, and (C) where the donor emission dipole and the acceptor
absorption dipole are perpendicular relative to the molecular connection radius vector.
The donor (green) emission dipole D and the acceptor (red) absorption dipole A, and
the vector connecting the donor emission and acceptor absorption dipoles are shown
by the black arrows. The angles 8, and 8, are the angles between the line connecting
the dipoles and the dipoles D and A, respectively. Oy, is the angle between the
emission transition dipole of the donor (purple) and the absorption transition dipole of
the acceptor (when the distance is zero), and ¢ is the angle between the planes
containing the two transition dipoles (planes shown in yellow) [after ?7].
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The dependence of the orientation factor (k-squared) on the relative orientations of the
donor emission dipole and the acceptor absorption dipole (illustrated in Figure1.6A) is
given by the equation: 2728

k%= (cosfp,- 3cos Opcos B,)2 = (sin Opsin ,cos P-2cos Opcos 8,) 2 1.11

where 0p 4 is the angle between the emission transition dipole of the donor and the
absorption transition dipole of the acceptor, 8, and 64 are the angles between these

dipoles and the radius vector joining the donor and acceptor, and @ is the angle
between the planes containing the two transition dipoles.

1.5 Ensemble and single-molecule spectroscopy

Ensemble fluorescent assays from a homogeneous sample provide a value for the
experimental observables that depend on the molecular properties of the sample.
However, fluorescence spectroscopy of a non- homogeneous ensemble sample that
consists of several different subpopulations similarly reports an average value of the
molecular parameters, which depends on the nature of the heterogeneity. In a non-
homogeneous ensemble sample, each molecule has a different environment, and in-
teraction. Thus each individual molecule behaves differently and ensemble fluores-
cence assays only report the mean value of the fluorescent measurement and do not
give any information about individual molecules. 27:29

100 ms 200 ms 300 ms

Single Molecule

Ensemble

Figure 1.7 A scheme illustrating the difference between single-molecule (top) and
ensemble detection (bottom) for the static and dynamic heterogeneities in a sample.
In this illustration, a biomolecule has, for instance, three different states depicted in
the three colors: red, yellow, and green (static heterogeneity) and biomolecules can
interconvert between these three states every 100-ms (dynamic heterogeneity).
Single-molecule techniques can detect and distinguish both static heterogeneity and

dynamic heterogeneity, whereas ensemble techniques only measure average values
28
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Chapter 1

A fundamental advantage of smFRET (single-molecule FRET) is its ability to resolve
sample heterogeneity and to provide distributions of quantities related to the different
subpopulations in the sample. For example, in an ensemble, it is impossible to detect
the dynamic switching of a protein between different states over the course of the
experiment, but it can be measured by smFRET. Single-molecule spectroscopy has
several known advantages: a high sensitivity to nano-meter distances (1-10 nm), the
ability to measure a single molecule, the ability to measure structural and dynamic
heterogeneities, and a high sensitivity and specificity to the labelled molecules, be-
cause only the fluorescence signal of label molecules is detected, even in a crowded
environment. 24

1.6 Confocal microscopy

Although the number of single-molecule methods is continuously increasing and each
of them has specific advantages and disadvantages, detection of single molecules
with a confocal microscope makes the observation of individual molecules possible
with a simple setup. 3° Confocal microscopy was invented by Marvin Minsky in the late
1950s. 3! His confocal setup was made of a lamp, a pinhole, a lens, and a detector.
The principle of a confocal microscope is to produce a point source of light in a focal
plane and reject all photons from the out-of-focus planes to increase the optical reso-
lution and the image contrast. Figure 1.8 demonstrates a general confocal setup in
which the excitation photons from a laser are sent to a single spot in the sample
through an objective. The fluorescence photons emitted by the sample are transmitted
by a dichroic mirror, focused by suitable lenses, pass through a pinhole positioned so
that only photons from the objective’s focus pass whereas photons emitted by out-of-
focus planes are mostly rejected. Photons from the in-focus excitation point finally
reach the detector after spectral filtering by a long-pass fluorescence filter. By raster-
scanning the focal plane, one obtains a fluorescence image. Technological advances
have increased the sensitivity and lowered the pixel dwell times in confocal micros-
copy, making it today an ideal tool for fluorescence microscopy. 32

Sample plane

Objective
| |
Dichroic
Mirror
Lens o . ADP
Pinhole Emission Filter Detector

Mirror

Lens 1 Lens 2

Figure 1.8 Schematic of a general confocal setup. The laser sends excitation photons
(green) into the objective by a dichroic mirror. Fluorescence light (red) emitted from
the plane of sample arrive at a pinhole and only the photons emitted from the focus of
the objective pass through and reach the detector, an avalanche photodiode (APD) in
this case [modified after %°].
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1. Introduction

1.6.1 Time-Correlated Single-Photon Counting (TCSPC)

It is essential for fluorescence lifetime measurements to determine the exact arrival
time of individual fluorescence photons. TCSPC is a tool to precisely record the arrival
time of each photon upon excitation by a laser pulse. The laser has a high repetition
rate (around 80 MHz) and delivers short pulsed (ps) pulses. APDs produce one elec-
trical pulse for each detected photon. The fluorescence decay profile is obtained based
on the detection at a multitude of single photon events, which are collected over many
cycles. The synchronization is controlled by the laser driver “Sepia I”. 33

1.7 Proteins

Proteins are known as essential molecular machines in the cells which are responsible
for many vital functions. Such proteins as enzymes, hormone receptors, regulatory
and transport proteins, are indispensable key molecules in such vital processes as
immunity, circulation, and homeostasy. In 1838, Gerardus Mulder was the first who
introduced the word protein in his publication and he defined it as: “ The name protein
that | propose for the organic oxide of fibrin and albumin, | wanted to derive from Greek
word proteios, because it appears to be the primitive or principal substance of animal
nutrition”. 34

Proteins are complex polymers made of monomeric amino-acid units linked together.
A protein chain is a sequence of amino-acids taken out of 20 different compounds,
and arranged in a specific order. Which amino-acid comes next upon protein synthesis
is determined by a codon of three nucleotides in the DNA or RNA of the cell coding for
that protein. The number of amino acids in a protein varies from 50 to more than
30,000 amino-acids. Macromolecules which have less than 50 amino acids are called
peptides.

The structure of a protein determines its function in the living organism. Importantly,
the conditions in the surroundings of a protein, such as pH, temperature, and salt
concentration, have a direct effect on the protein structure and consequently on the
protein function. One distinguishes four levels in the structure of proteins: primary
structure, secondary structure, tertiary structure and quaternary structure. 34

1.7.1 Primary Structure

The chemistry of amino acid side chains is important in the formation of protein
structure. In general, an amino acid consists of an alpha carbon (Ca) bound to three
different substituents comprising an amine (via a nitrogen atom), a carboxylic carbon
(via a carbon atom), and a hydrogen (Figure 1.9). 3°

Figure 1.9 Chemical structure of an amino-acid. %
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The reaction between two amino-acids in which the carboxylic group of an upstream
amino-acid (Figure 1.9A left) and the amine group of a downstream amino-acid (Figure
1.10 A, right) condense by losing a water molecule, results in the formation of a peptide
bond (Figure 1.10B). Polypeptides are formed by successive dehydration reactions
between successive amino-acids (Figure 1.10C). The primary structure is constituted
by this specific sequence of amino-acids bound by peptide bonds into a polypeptide
chain (Figure 1.10 D).
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Figure 1.10 Formation of the primary protein structure (A-D). The dehydration
reaction between two amino-acids form a peptide bond and successive dehydration
steps produce a polypeptide with the primary protein structure [modified after 6]
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1.7.2 Secondary Structure

The first folding step of a protein chain gives rise to the secondary structure, stabilized
by hydrogen bonds between the C=O and H-N groups. The secondary structure
depends on the amino-acid sequence and often belongs to one of two main folding
forms: alpha-helix or beta-sheet (Figure 1.11). An alpha-helix can have either of two
conformations, right-handed or left-handed. The beta-sheet has two anti-parallel and
parallel conformers. These two folding forms produce a hydrophobic core and a
hydrophilic surface in a protein 37 (Figure 1.11).
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Figure 1.11 Secondary Structural Features in Protein Structure. The right-handed al-
pha helix (blue) and beta-pleated sheet (orange) are common structural motifs found
in most proteins. They are held together by hydrogen bonds between the amine and
the carbonyl oxygen within the amino acid backbone. 38

1.7.3 Tertiary Structure
The tertiary structure of proteins is produced by different kinds of chemical interactions
between polypeptide backbone residues, such as hydrophobic interactions (mostly

between aryl/alkyl side chains), ionic interactions, hydrogen bonding and disulfide
linkages (between sulfure-containing amino-acids such as Cysteine) 3 (Figure 1.12).
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Figure 1.12 (A) The tertiary structure of proteins forms from different kinds of chemical
interactions between polypeptide backbone residues such as hydrophobic
interactions, ionic interactions, hydrogen bonding and disulfide bridges [modified after
9] (B) Tertiary structure of Myoglobin protein from Protein Data Bank (PDB:1VXA)

1.7.4 Quaternary Structure

While many proteins consist of only a single poly-peptide chain, some consist of multi-
chains. The interaction and linking of two or more motifs of tertiary protein structure
gives rise to the quaternary structure. Hemoglobin is a well-known protein with a
quaternary structure constituted of four myoglobin-like (tertiary structure) subunits and
an heme group which contains iron. Two subunits are designated as alpha, and the
two other chains are called beta (Figure 1.13 A-B). 4°

A B

Polypeptide chain
B Chain

Iron (Fe)

Heme

Hemoglobin

Figure 1.13 (A) lllustration of the quaternary structure of the hemoglobin protein
constituted of four subunits [after '] (B) Quaternary structure of human hemoglobin
with a and B subunits, colored in red and blue, respectively, and four heme groups in
green from PDB: 1GZX Proteopedia Hemoglobin.
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1.8 FRET in proteins

Labeling of a protein with specific fluorophores at specific sites enables measurements
of structural changes of the protein in solution through FRET. In this well-known
method, the protein is labeled with two fluorophores, one of them acts as an energy
donor and the other one accepts the transferred energy from donor (Figure 1.14). The
conformational changes within a protein have a significant effect on the distance
between donor and acceptor molecules and therefore on their interaction, resulting in
variations of the FRET efficiency. Because the FRET efficiency is extremely sensitive
to the separation distance between donor and acceptor fluorophores, a given value of
the efficiency can be assigned to a specific conformation of the protein.

A Excitation of — 7%
Donor

NO FRET

Emission of Acceptor

B Excitation of __~»
Donor

Figure 1.14 Schematics of FRET in a doubly-labeled protein in which a donor (green)
and an acceptor (red) fluorophore are attached to the same protein. The FRET
interaction enables studies of conformational changes of the molecule. (A) Upon a
conformational change, the distance between donor and acceptor fluorophores
attached to the protein becomes r> 10 nm, thus no energy transfer takes place. (B)
Upon a conformational change, the distance between donor and acceptor
fluorophores attached to the protein becomes r<10 nm and, upon excitation of the
donor fluorophore, FRET occurs [after #?].

The resonance energy transfer can also occur towards a non-fluorescent acceptor, for

example towards a non-fluorescent absorbing metal center in a protein or towards a
non-fluorescent dye attached to the protein (Figure 1.15).
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Figure 1.15 Schematics of FRET in one labeled protein in which a fluorescent dye/or
a fluorescent protein act as donor (green) attached to an absorbing but non-
fluorescent protein as acceptor (orange). When r<10 nm, FRET occurs and
fluorescent emission of donor is quenched by the absorption through the protein
acceptor.

Acceptor:
Non-fluorscent protein

Resonance energy transfer can thus occur between a fluorescent protein (donor) and
myoglobin as nonfluorescent acceptor. For example Myoglobin-mCherry is a FRET-
based probe in which the mCherry fluorescent protein (as donor) is attached to the
non-fluorescent myoglobin (as acceptor) * [Fig. 1.16].
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Figure 1.16 Myoglobin-mCherry as a FRET-based probe in which the mCherry
fluorescent protein (as donor, right side) is attached to the non-fluorescent myoglobin
(as acceptor, left side), (B, left side) The absorption spectrum of oxymyoglobin in which
myoglobin is bound to oxygen (green curve) overlaps with the emission spectrum of
mCherry (red curve) and (B, right side) the absorption spectrum of deoxy-myoglobin
in which myoglobin is unbound to oxygen (blue curve) overlaps with the emission
spectrum of mCherry (red curve), Basically the spectral overlap between donor and
acceptor is different when Oz is bound (left side) and when O; is unbound (right side).
(C) The distance between donors (oxymyoglobin/deoxy-myoglobin) and acceptor
(mCherry) is estimated to ~4 nm by using the Protein Data Bank (PDB). 4
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When O2 is bound to myoglobin, forming oxymyoglobin as the acceptor, the spectral
overlap of donor with the mCherry as the donor is significantly less than when O is
unbound to myoglobin (deoxy-myoglobin). Therefore, the mCherry’s fluorescence is
quenched when Oz is unbounded and its fluorescence intensity increases significantly
when O2 is bounded to myoglobin. It should be noted that the distance between the
two proteins (donor-acceptor) is defined by the linker that connects them. Thus, the
FRET probe presented here is on the basis of the changes in the spectral features of
the energy acceptor and not based on the distance changes between the donor and
acceptor.
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The photodissociation of
carboxymyoglobin (MbCO)

This chapter focuses on myoglobin, a relatively small protein (~18 kDa) which is
present in all vertebrate systems. Myoglobin plays an essential role in the diffusion of
oxygen to the mitochondria of aerobic muscle, and also as oxygen storage for
metabolic respiration during periods of hypoxia or high oxygen demand. This chapter
presents an introduction with special focus on myoglobin characterization and on the
kinetics of the rebinding reaction of a CO molecule after photodissociation.



2. The photodissociation of carboxymyoglobin (MbCO)

2.1 Myoglobin function

Myoglobin is a single-subunit intercellular protein found in vertebrates particularly in
mammals. 2 Its main function is to deliver oxygen to the mitochondria in red muscle
cells. '® Similarly to hemoglobin (Hb), myoglobin (Mb) is a heme protein whose
physiological importance is principally related to its ability to bind molecular oxygen
via its heme cofactor. Its structure is similar to the subunits of hemoglobin and although
the heme cofactor is identical in both of them, myoglobin has higher oxygen binding
affinity than hemoglobin: In the blood of a healthy person, the partial pressure of
oxygen (pO2) for Hb is approximately 26 mm Hg at 50% saturation of Hb. However,
pO- for Mb for this condition is about 1 mm Hg. 4 This difference in affinity leads to
these proteins performing different functions in the body. ° Whereas hemoglobin is
responsible for binding oxygen in the lung and transporting the bound oxygen through
the body via the bloodstream, myoglobin is found mostly in muscle tissue as an
intracellular storage site for oxygen. ©

Like oxygen, carbon monoxide binds coordinately to the heme’s iron atom, but its
binding affinity is 240 times greater than that of oxygen. This preferential binding of
carbon monoxide is largely responsible for the asphyxiation resulting from carbon
monoxide poisoning: 7 CO replaces oxygen in hemoglobin, decreasing the oxygen-
carrying capacity and resulting in less released oxygen to tissues. & Similarly, CO when
bound to myoglobin, leads to a lower supply of oxygen to the muscles. ® Other heme-
containing proteins, in particular mitochondrial cytochrome ¢ oxidase, can also be a
target site in human acute CO poisoning. '° For more than a hundred years, carbon
monoxide (CO) has been known as a toxic-killer substance that competes with oxygen
for delivery to tissues. In recent years, it has been discovered that low concentrations
of CO show remarkable protective effects as a cytoprotective and homeostatic
molecule with important signaling capabilities and pathophysiological situation. '
Moreover, each cell of a mammalian organism expresses heme oxygenase enzymes
for continuous generation of CO with a key role in circadian rhythms, memory and
hemodynamic regulation. 1213

2.2 Myoglobin structure

Myoglobin was the first protein that its three-dimensional structure determined by X-
ray crystallography. This crystal structure was revealed by J.C. Kendrew, who shared
the 1962 Nobel Prize in chemistry with Max Perutz '* for this work. Myoglobin with a
molecular mass of 18 kDa is a monomeric protein consisting of seven a-helical and
six non-helical segments, which contains 153 amino acids '° that form a binding pocket
for the heme cofactor to be discussed below (Figure 2.1A).

The iron ion has six positions to bind ligands, four of which are provided by the nitrogen
atoms of the four pyroles of a porphyrin. The 1T electron system of the porphyrin
interacts with an iron d-orbital in the porphyrin plane. The imidazole side chain of His93
(proximal histidine) is attached directly to the iron (Figure 2.1B). It provides the fifth
ligand, stabilizing the heme group and slightly displacing the iron ion away from the
plane of the heme. The sixth ligand position is available for potential ligands such as
O2, CO or NO. His-64 (distal histidine) interacts with ligand substrates but not with iron.
These two main interactions between the heme’s iron center, the porphyrin ring and
the surrounding amino acids stabilize the heme—protein conjugate.
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Figure 2.1. (A) The myoglobin structure consists of eight a-helices (blue) that surround

a central heme pocket (red). The heme binds to various gaseous ligands including
oxygen, carbon monoxide and nitric oxide. (B) The protoheme group is stabilized by
two histidine amino acids: the distal histidine residue above (His64) and the proximal
histidine below (His93). °

The porphyrin group is a heterocyclic organic macrocycle, consisting of four modified
pyrrole rings joined by methine bridges (=CH-). The core structure of porphyrin is
called porphin (Figure 2A). 817 Typical absorption spectra of porphyrins exhibit two
main features, a single intense band named the Soret band and a group of weaker
bands called Q-bands (Figure 2.2B). '8
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Figure 2.2 (A) The chemical structure of porphin and (B) The absorption spectra of
porphyrin. The strong peak is referred to as the Soret band and the weak group
appearing at higher wavelength is split into four bands. 1719

Absorbance

There are three relevant ligation states for myoglobin, metmyoglobin (met-Mb), in
which the iron is in the oxidized form (Fe**) and a water molecule is covalently bound
to the heme; deoxymyoglobin (deoxy-Mb), in which the iron is in the ferrous state
(Fe?*) and no ligand is bound to the iron, leaving it with an unoccupied sixth
coordination site; and oxymyoglobin (oxy-Mb) or carboxymyoglobin (MbCO), in which
the iron is in the ferrous state (Fe*?) and has a ligand (O2 or CO) covalently bound to
the heme via the iron’s sixth coordination site. 2°

These different oxidation states of iron and the type of bound ligand can be readily
identified using ultra-violet/visible (Uv-vis) absorption spectra (Figure 2.3). The main

25



2. The photodissociation of carboxymyoglobin (MbCO)

features of the Mb Uv-Vis spectra stem from the heme cofactor and consist of (1) the
Soret-band in the 365 to 500 nm region and (2) the Q-bands in the 500 to 700 nm
region. For met-Mb, the Soret band peak appears at 409 nm and the Q-band is marked
by a weak peak at around 503 nm (Figure 2.3A, brown color) while, in deoxymyoglobin
(deoxy-MDb), the Soret peak is observed at 433 nm and the Q-band shows a strong
peak at 555 nm (Figure 2.3B, green color). Binding of CO (carbonoxymyoglobin,
MbCO) shifts the Soret band to 423 nm and splits the Q-band into two peaks centered
at 540 nm and 580 nm (Figure 2.3C, red color). Figure 2.4 shows the difference
between deoxy-Mb and MbCO states in the Q-bands (500-700 nm) (Figure 2.4A), and
Near-Infrared (NIR) (700-1000 nm) regions of the spectrum (Figure 2.4B). 202
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Figure 2.3. Absorption spectra and chemical structures of heme for met-Mb (A),
deoxy-Mb (B), and MbCO (C). All absorption spectra have been measured
experimentally at Leiden University.
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Figure 2.4. (A) A comparison of the Q-bands (600-700 nm) and (B) NIR (700-1000
nm) bands between deoxy-Mb and MbCO. 2’

2.3 Components of MbCO and deoxy-Mb spectra

As discussed above, association or dissociation of ligands to the heme is
accompanied by spectral changes in the visible, infrared, and ultraviolet regions of the
spectrum and by modifications of the magnetochemical features. This section will
discuss in more detail which transitions these features stem from and how they relate
to the structural changes due to ligand binding.

2.3.1 Soret Band

The main electronic transitions are related to the 11 electron system of the porphyrin
ring, the d-orbitals of the iron atom and the nearby proximal Histidine. They comprise
the intense band around 400 nm named the Soret band and the lowest-energy visible
band around 550 nm.

The spectrum of Mb in the Soret region consists of a single band, which is attributed

to a porphyrin TT->1* electronic transition. Based on the Gouterman’s theory of the

origin of absorption bands in a porphyrin system, HOMOs (Highest Occupied
Molecular Orbitals) are formed by two nearly degenerate a1, and az, orbitals and the
LUMOs (Lowest Unoccupied Molecular Orbitals) are formed by a set of e4 orbitals
(Figure 2.5A). Transitions between these orbitals lead to two excited states of 'E,
character. The Soret band arises from excitation from the two orbitals a1u(1T) and azu(1T)
to the higher energy E. orbitals of the porphyrin ring (Figure 2.5B). 2223
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Figure 2.5. (A) Gouterman’s model; ai, and azu orbitals (HOMOs) and the two eg
orbitals (LUMOs), (B) Energy levels and electronic transitions of Soret band and Q-
band in porphyrins. 22

2.3.2 Q- Band

There is another porphyrin TT->1* electronic transition at the lower energy side of the

two bands usually denoted by [Q(0,0) and Q(1,0)]. In a symmetric molecule, the first
excited state, S+, is a degenerate state comprising Qx and Qy components. At lower
symmetry, the above-mentioned bands are further split into two bands each. The X
and Y components are no longer degenerate and therefore we see four bands in the
Q band region, which are denoted by Qx(0,0), Qy(0,0), Qx(1,0) and Qy(1,0) (Figure
2.2B). 2 These four bands in the visible regions of the spectrum are allowed by D,
symmetry. In case of a metalloporphyrin, the symmetry changes from D2 to Dan
because the two of the inner pyrrole hydrogens are replaced by metal-nitrogen bonds.
Thus, the coplanar metalloporphyrins have a higher symmetry. 2425 The lack of two
hydrogens reduces the number of visible bands from four group bands (Figure 2.2B)
to two group bands, such as in myoglobin (Figure 2.3).

2.3.3 Near Infrared

The NIR (750- 2500 nm) regions of the spectrum of deoxy-Mb exhibits three bands
that are labeled |, Il, and Il (Figure 2.6B). Band | is related to a charge-transfer from
the iron to the porphyrin [dx-—eg(11*)], band Il corresponds to an iron d—d transition
(dxz=—dz?), and band Il corresponds to a porphyrin to iron charge-transfer transition
(azu (1) —dyz) (Figure 2.6A, green). Experimentally measuring band Il is difficult due
to its small extinction coefficient (approximately 350 M-' cm') at room temperature
(Figure 2.6B). 26

The transitions observed in the MbCO spectrum are classified in three types: 1) metal
centered (d)—(d) transitions, 2) charge-transfer transitions from porphyrin to iron [(1T)
—(d)] and 3) promotions of an electron from either an iron d or porphin (1) orbital into
the CO (11*) orbital. 27 The optical spectrum of carboxymyoglobin is very much like that
of a closed-shell metal porphyrin, which generally only exhibits the porphyrin Soret
and Q bands (Figure 2.3C).

MbCO has a much lower extinction coefficient around 700-800 nm, (€ <30 M"cm™)
compared to deoxy-Mb (350 M- cm™") (Figure 2.6B), 28 but there is no evidence for
NIR bands in either the crystal or solution absorption spectra of MbCO. 2% This lack
of any near-infrared electronic absorption is important for the design of our
experiments. The magnetic circular dichroism (MCD) technique can detect weak
transitions which cannot be seen in an absorption spectrum. A near-ultraviolet-visible
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MCD study of MbCO by Vickery et al. also provides no evidence for additional
transitions. 2° The single-crystal data shown the absence of iron (d) —porphin (%)
transitions since there is no evidence for any z-polarized intensity as would be
expected for the dy, — eg (11%) transitions. The most plausible assignment for bands |
and Il, then, is that they correspond to iron d — d transitions, as originally suggested
by Eaton and Charney on the basis of their relatively large CD anisotropy factors. 3
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Figure 2.6. (A) Extended Hlickel orbital energies for MbCO (red), and deoxy-Mb
(green). The arrow indicate the electronic transition related to Band Il in deoxy-Mb
(modified after 2°). (B) Comparison of the absorption in NIR region (700-1000 nm)
between MbCO and deoxy-Mb. Band |, Band Il, and Band Ill have been labeled for
deoxy-Mb (modified after 7).

2.4 Photodissociation and its mechanism

Photodissociation and binding-rebinding rates provide useful information about
conformational changes of myoglobin related to ligand migration inside protein pocket.
Studies on the rebinding reaction rate of myoglobin with ligands have revealed a
complex ligand-protein interaction after bond breaking, which results in multiple kinetic
intermediates due to the protein relaxation and movements of the ligand within the
protein. 32-3%
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2.5 Photodissociation of Mb-CO bond

Over decades, many investigations have revealed that the carbon monoxide complex
of myoglobin (MbCO) is light-sensitive. 3638 Upon the absorption of a photon, the iron-
carbon monoxide bond breaks (dissociation), and a series of spectroscopic and
structural changes starts, after which the carbon monoxide spontaneously rebinds at
room temperature and MbCO is reconstituted (recombination). 342 The dissociation
and recombination reactions of Mb*CO have been investigated with various
spectroscopic techniques at various temperatures and in a number of solvents. 43-51
After photodissociation, the CO ligand is still located close to the heme (primary
docking site) in the initial intermediate noted Mb:CO. From there, CO can either rebind
again to the heme by crossing the inner barrier (geminate rebinding) or escape. In the
latter case, CO migrates through the protein matrix to a different protein internal cavity,
one of the so-called xenon cavities (Figure 2.7).

Figure 2.7A shows four internal cavities in myoglobin named Xe1, Xe2, Xe3, Xe4 that
bind a xenon atom with high affinity (Figure 2.7A). 52 The extent of ‘geminate’ (internal)
recombination from these sites depends on the reactivity of the ligand with the heme
iron and on its ability to diffuse away from the active site to the xenon cavities.

Based on X-ray crystallography, it is found that CO accumulates in one of the Xe
binding cavities (Xe1) which is located on the proximal side of the heme (the side in
which the imidazole side chain of His93 is attached directly to the iron) (Figure 2.7A).
The Xe1 site is highly occupied by the CO ligand and is the one with the highest affinity.
The Xe4 pocket is another possible secondary binding site in the back of the distal
pocket, located in the neighborhood of the primary docking site. According to MD
simulations native MbCO, CO occupies the Xe4 cavity, which suggests a migration
route from Xe4 to Xe1. 5354

From Xe(4), CO escapes to the solvent with a lifetime of 400 ns, but the transfer of
CO to the Xe(1) trapping site occurs much faster. Thus, CO is trapped in the Xe(1) site
and, from there, it escapes to the solvent with a lifetime of 700 ns. The docking
positions of CO in wild type Mb: the primary docking site, Xe(4), and the Xe(1) sites,
and the escape path of CO to the solvent are shown in Figure 2.7B. >°

Solvent

Myoglobin

Figure 2.7. (A) Schematic illustration of the internal xenon cavities in MbCO which
consist of locations Xe1, Xe2, Xe3, Xe4 (modified after °¢). (B) Mechanism after Wild-
type MbCO photodissociation at room temperature, which consists the geminate
rebinding of CO ligand (green ellipsoid ball) with heme, migration to xenon cavities
(Xe4, and Xe1), and escape to the solvent (modified after ref. *°).
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As far as the photolytic state is concerned, the most widely accepted hypothesis is
that dissociation occurs from a metal-to-ligand charge-transfer (MLCT) state.

Based on the experimental data, the fast heme dissociation step is not just one quick
step; it is a complicated process which consists of several internal conversion (IC)
steps along a series of intermediate excited states with gradual structural changes
until it ends in the ground state of high spin deoxy-Mb (Figure 2.8). 42

Mb*CO
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Figure 2.8. An energy level schematic for photodissociation of MbCO at room
temperature. lllumination of MbCO at 570 nm and excitation from ground state ('S)
of MbCO (A) to the excited state ('S), is followed by photodissociation within 50 fs to
the first excited intermediate state ('Sx) relaxes, through an IC process to the second
intermediate excited state (°Ty), and finally, through another IC process, the
photodissociation completes and MbCO relaxes to the deoxy-Mb ground state (°Qo)
(B) (modified after 4?).

This overall process encompasses three main sequential steps (Figure 2.8): °7

'S4—"MLCT—3MLCT—°MLCT:
1). 'S1 — 1S, ("MLCT): singlet lowest excited state to singlet metal-ligand CT state;
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2).'Sx ("MLCT) —3T1 (®MLCT): spin crossover (ISC) from singlet metal-ligand CT state
to triplet metal CT state;

3).3T1 (®MLCT) - 5Qo (*MLCT): spin crossover (ISC) from triplet metal-ligand CT state
to quintet metal- ligand CT state;

The first relaxation step is a transition from the 'S¢ state of Mb*CO to a 'Sy state of
Mb....CO ('MLCT). This leads to a complete decay of the 'S population after ~100 fs
and the dissociation takes 26 fs (Figure 2.7A). Franzen et al. were the first to rule out
the involvement of a high spin state in the transition from the Q state to a "MLCT state
and they assigned a mechanism for the photolysis which was not considered before:
the removal of one sigma bonding electron from an iron-CO (dre- Tico) orbital reduces
the back-bonding of the CO ligand to the iron (dre- T*co). °” The similarities of the
excited states lifetimes and absorption maxima in the spectra of both ligated and
unligated forms indicate that the first fast step already results in the dissociation of the
ligand. Based on the proposed photophysical pathway, iron-to-ring charge-transfer is
the key event in the mechanism of photolysis of diatomic ligands following a porphyrin
ring T—1* transition.

The second step includes a change in the spin state of the Mb from a singlet ('Sx) to
a triplet (°T1, 3MLCT) on a time scale of around 76 fs. This is followed by the third step
in which the system relaxes to the deoxy-Mb with high-spin quintet state (°Qo, SMLCT)
on a time scale of around 429 fs (Figure 2.7).

Basically, in MbCO, the iron atom is located within the plane of the porphyrin ring in a
low spin state whereas, in deoxy-Mb, iron is about 0.3 A out of the plane in a high-spin
state. Experimental evolution of the Fe—C(O) distance and data obtained from the Fe
out-of-plane distance also show that the iron goes out of the plane of the porphyrin
ring almost instantly upon photodissociation and oscillates with a large amplitude with
a 40 fs period. Therefore, this measured iron motion is probably due to crossover spin
state where the iron switches from the low-spin configuration in the ligated species to
of the unligated form. 7 Figure 2.9 shows the Fe out-of-plane upon photodissocation
of MbCO and as it can be seen, the Fe—CO distance oscillates between the equilibrium
distance (1.7-1.8 A) (undissociated Mb-CO) and 2.5 A (dissociated Mb-CO) (). The
amplitude of the oscillation is initially 0.9 A and reaches a value of 2.2 A where CO is
dissociated. Followed by initial oscillation, the wave packet is in the MLCT bands
where, due to repulsive interactions, CO does not recombine to heme and continues
oscillations. Relaxation of the structure restrains these oscillations to reach the
equilibrium value of 2.2 A. 57
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Figure 2.9. Evolution of the Fe—C(O) distance (magenta, left axis) and of the Fe out-
of-plane distance (black, right axis) upon photodissocation of MbCO. The amplitude
of the oscillation is initially 0.9 A. The Fe distance (Fe—C(O)) stabilizes at a value of
2.2 A. At this distance, the CO is essentially photodissociated. The measured
equilibrium distance of Fe—C(O) is between (1.7-1.8 A) and 2.5 A and the standard
deviation of these geometric values is indicated by the shaded area. The Fourier
transform of the Fe—C(Q) oscillations is illustrated in the insert (in cm™). 57

Photodissociation of MbCO through excitation to the lowest excited state of the heme
('S1 of Mb*CO, Figure 2.7) is forced by a iron to porphyrin charge-transfer with a
quantum yield of essentially 1. MCD studies have shown the lack of any near-infrared
electronic absorption for MbCO. Also, the single-crystal data confirm the absence of a
iron (d) —porphyrin (11*) transition since there is no evidence for any z-polarized
intensity as would be expected for a dxz, dyz — (egq1r”) transition. In the absorption
spectrum of MbCO, there is a very-low-intensity absorption between 700-800 nm
(<30 M' cm™), which is not due to the metal to protein charge-transfer and may
derive from a metal-centered iron (d) —(d) transition. Therefore, excitation of MbCO
in the NIR is unlikely to facilitate photodissociation of MbCO. 20-27-29

Many authors have studied the kinetics of rebinding after photodissociation and found
that the rebinding parameters significantly change with temperature, solvent
composition, viscosity, and the myoglobin mutant. 43-51.58-64

Despite much work, 85-68 the ligand migration pathway and protein dynamics are still
mysterious and not yet completely known. Frauenfelder has suggested that ligand
binding is governed by successive barriers depending differently on temperature, and
solvent. 8972 Information regarding the barriers and the energy of the intermediates is
very important to reach a coherent description of the dynamics of ligand binding to Mb,
but our knowledge in this area is very limited.

Regarding the MbCO photodissociation at low temperature, several kinetic
intermediates have been shown during geminate rebinding and recombination of the
escaped ligand with the protein. However, at ambient temperature kinetics studies of
MbCO photodissociation in water revealed no features of the multiple intermediate
states except for geminate recombination kinetics. 7377
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2.6 Photodissociation and CO rebinding at room temperature

In solution at physiological temperatures, a protein undergoes some conformational
fluctuations that grow in related amplitude with temperature. In the case of MbCO,
temperature enhancement facilitates ligand escape to the solution. 78
Photodissociation in solution has been intensively investigated by measurements of
the geminate recombination kinetics (fast pathway) or bimolecular recombination
kinetics (slow pathway) at different temperatures, viscosities, pHs, and with various
mutants. 43-51.58-64 Ajthough it has been well-recognized that there are several
intermediate states separated by activation barriers along the escape pathway, the
CO escape process in solution at physiological temperatures has been less clear
because it is spectroscopically almost silent. 78

Advances in spectroscopic methods such as femtosecond and nanosecond time-
resolved UV-visible 798 and IR spectroscopy '3 have made it possible to study the
re-binding process of the photolyzed MbCO and to resolve ligand escape from the
protein in real time. Based on IR spectroscopy, it was concluded that upon
photodissociation of MbCO, CO becomes trapped in a docking site in the vicinity of
the heme iron within a distance of a few Angstroms. 45 The docking site forces CO to
orient approximately parallel to the plane of the heme, which is almost perpendicular
to the bound CO. This orientation and interaction in the docking site have the effect of
dramatically slowing the rate of CO rebinding. The Mb docking site therefore facilitates
efficient expulsion of CO from the protein with less than 2% geminate rebinding at
32 °C. Similarly, nanosecond transient absorption spectroscopy at room temperature
shows that, after photolysis of the carbon monoxide complex, about 4% of the
photodissociated carbon monoxide molecules rebinds to the heme with a relaxation
time of 180 ns. 45

It is worth mentioning that these absorption spectroscopic studies only focused on
structural changes around the heme chromophore and no other part of the pocket in
the vicinity of the heme. Laser-induced transient grating (TG) and laser-induced
photoacoustic calorimetric techniques could determine quantitatively the energetics
and structural volume changes of the protein after photodissociation of MbCO and
provide more detailed information about the protein dynamics during photodissociation
. 8 Based on the transient grating (TG) experiments for sperm whale MbCO, the rate
of ligand escape to the solvent was measured to be 700 ns at 20 °C. This fact that
ligand escape is slower than the apparent geminate recombination (180 ns) clearly
indicates that there is a ligand trapping site inside the protein (Figure 2.7). It should be
noted that for horse heart MbCO a faster kinetics (79 ns at 20 °C) besides the 700-ns
dynamics were obtained and this component might represent the CO transport
process inside the protein. 84

The photodissociation reaction scheme is shown in Figure 2.10.

In the first step, MbCO is photoexcited to the electronic excited state, where the ligand
photodissociates from the heme within 2 ps; in this step, CO is trapped in the heme
pocket in close proximity to the heme (Mb:CO) as the first intermediate species which
can recombine and re-establish the initial Fe-CO bond. The explanation for the initial
structural and enthalpy changes (t <10 ns) could be the initial movement of the
proximal His and the motion of the heme. The energy of the first intermediate species
(AHf = 61 kd/mol) demonstrated in Figure 2.10, is smaller than the Fe-CO bond
enthalpy (105 kdJ/mol). This difference indicates that the protein structure is relaxed
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and stabilized after the CO dissociation within 10 ns, which is consistent with a
negative volume change in the initial step (AVf = -5 ml/mol).

Then, with a lifetime of 180 ns, CO goes to another trapped site where it is far enough
from the heme (Mb::CO) so that it cannot recombine again. The 180 ns step is
probably related to the diffusion of the CO out of the heme pocket which is
accompanied by a change in the electronic state of the heme. The transfer of the CO
to another site in the protein matrix does not change the protein structure significantly
and could involve only a small change in enthalpy and volume and the TG signal is
not sensitive enough to detect these changes. The third step is the diffusion of CO out
of the protein into the solvent by a monoexponential process with a characteristic time
of 700 ns at room temperature.
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Figure 2.10. Photodissociation reaction scheme of CO from MbCO at room tempera-
ture. After photoexcitation to the electronic excited state of MbCO, the ligand photo-
dissociates from the heme within 2 ps; the ligand is thereby trapped in the heme
pocket, and from there the CO can recombine to the heme again. On a time scale of
180 ns, the CO moves to another trapped site from which it cannot recombine to the
heme. The ligand escapes from the protein to the solvent in 700 ns at room tempera-
ture. The kinetics can be expressed by a single-exponential function (modified after
84
).

As demonstrated in Figure 2.10, after the initial volume contraction associated with
MbCO to Mb::CO, an expansion of volume (AVs = 14.7 mL/mol at 20 °C) and
exothermic enthalpy changes (from AHT = 41.3 kJ/mol to AHs = 46 kJ/mol ) have been
observed in the 700 ns step. This large effect could be explained in terms of the CO
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escaping from the myoglobin into the solvent. It should be noted that this 700 ns
process has not been detected by IR absorption and Raman scattering because the
heme is not affected by this step.

2.7 Photodissociation at low temperature

At low temperatures, after a photoflash, the same ligand previously bound to the heme
may recombine again with that heme. In contrast to the familiar exponential kinetics of
elementary unimolecular reactions, below 180 K rebinding occurs nonexponentially in
a 75% glycerol/water solvent. 8 It is assumed that in frozen samples (low temperature)
each Mb molecule has a determined conformational state whereas, in a liquid sample
(high temperature), the conformational state of each Mb molecule can change rapidly
from one state to another. If, at low temperatures, the rate of transition between such
conformations is slow, contrary to high temperature, each molecule will not be able to
average the activation barrier over all conformations, resulting in a distribution of
barrier heights instead of a sharp activation energy. 737785

2.7.1 Model for photodissociation at low temperature

Hans Frauenfelder was born on June 28, 19222887 whose 100th birthday is the
occasion of this thesis, was the first who explained the structural heterogeneity of
proteins using the energy landscapes. 8’ An energy landscape is a map of possible
atomic motions in a molecule and their related Gibbs free energy. The hypersurface
of energy landscape constitutes some valleys and the free-energy minimum is related
to the initial and final state of a reaction named a “state”, whereas the saddle point
between two minima named “transition state”. Each state contains a huge number of
conformational substates that hierarchally ordered into different tiers of energy (Figure
2.11).

Frauenfelder and coworkers proposed a hierarchical arrangement of conformational
substates based on the photodissociation experiments on MbCO. MbCO has the
conformational energy (Ec) with the unique energy valley (Figure 2.11A), which has a
few taxonomic substates, exist on the highest level, denoted Tier O (Figure 2.11B).
These substates present the energy minima separated by high free-energy barriers
and they are characterized based on their structural, spectroscopic and energetic
properties. For example, there are at least three substate of Ao, A1, and Az (Tier 0),
after photodissociation of MbCO at low temperature (T< k). They have the same
primary amino acid sequence but differ, at least, in the geometry of the bound CO as
shown in Figure 2.11 B at right. It should be noted that each substrate binds to CO
with different rates for example, Az shows the slowest CO binding rate and Ag has the
fastest rate and all three substates (Ao, A1, and As) rebind nonexponentially in time
(Figure 2.11, right). The relative energies, entropies, and volumes for each of these
substates are known and characterized. Each taxonomic substate harbors a large
number of statistical substates of lower tiers such as tier 1, tier 2, teir 3,... that are
separated by smaller energy barriers (Figure 2.11C). The energy landscape is
changed by environmental conditions of the protein such as solvent properties, ligand
binding which make it possible for protein to perform its functions. 8
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Figure 2.11 Structure and conformational energy landscape of MbCO. The energy
landscape is arranged hierarchically, with conformations nested in several tiers,
according to the barriers separating the states. (A) The 3D structure of MbCO and an
overall picture of the conformational energy E. with the unique energy valley (B) (left)
Three substates of Tier 0 : Ao, A1, and As. (B) (right, at top) These three are due to the
different orientation of the bound CO with respect to the heme, which make the
different stretch band (Fe-CO). (B) (right, at down) Rebinding of CO to Mb after
photodissociation, for the substates of tier O at pH 5.7, N(t) is the fraction of protein
that have not rebound a CO at the time t after photodissociation. All three substates
(A0, A1, and A3) rebind nonexponentially in time. (C) Tier 1 is vastly oversimplified. In
reality, the potential energy E. of the protein as a function of conformational coordinate
is a hypersurface in a conformational space of very high dimensions and the number
of valleys is extremely large. Valleys and barriers can no longer be characterized
individually but must be described by distributions. [Modified after 888%]

At low temperature, the protein is frozen and the CO cannot escape the protein. As
the protein begin to relax (at T> 180 K), the CO can move through the different protein
internal cavity. At low temperature, in photodissociation a ligand molecule bound to
the iron atom undergoes a series of steps to move finally to the outside of protein by
thermally overcoming all barriers. Based on research by Frauenfelder, °° a model
consisting of four steps has been proposed for low-temperature photodissociation of
MbCO.

In 1991, Steinbach and coworkers defined a dynamic three-well model. This model
consists of three states: The bound state (A), the pocket state (B), and the solvent
state (S) (Figure 2.12). When a photon breaks the Fe-CO bond, the system moves
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from A state (Fe-CO bond) to the state B. From there, the CO can either rebind directly
(process |, B—A) or move to the solvent and from there bind (process S, S =»B —A).
Based on the experimental data of MbCO photodissociation, the process (l) has shown
a temperature dependence: With increasing temperature it becomes faster up to about
170 K, but slows down above. &

A

V (rc)

Reaction Coordinate

Figure 2.12 Reaction energy landscape. The bound state, MbCO, is denoted by "A".
In "B", the CO is in the heme pocket. The wiggly region demonstartes the protein
matrix. "S" is the solvent. 8°

The binding of the CO ligand to Mb is governed by the two energy barriers (Figure
2.12). The inner barrier is located at the heme iron. At temperature below 160 K in
75% glycerol, all of the large protein motions are frozen, therefore, the CO ligand
cannot escape to the solvent (kgg~ 0). After flash photolysis (T< 160 K), the rebinding
of the CO to the Mb can be described by a temperature-independent distribution of
enthalpic barriers g(Hga). The rate coefficient k4 (T') satisfies an Arrhenius equation
that is independent of the solvent viscosity.

Between 160 K and 210 K, the protein is no longer frozen, therefore the structure of
the low-temperature photoproduct starts to relax into the deoxy-Mb structure. The
Mb*—Mb relaxation results in the g(H) distribution to shift toward higher enthalpies
about 10 kJ/mol. The relaxation function ®*(¢t, T) is nonexponential in time based on
the following equation:

@ (t,T) = eIk 21

where k(T) is a rate coefficient and the value of the Kohlrausch-Williams-Watts

exponent f is between 0 and 1. Based on the experiments in many systems, [ is
essentially temperature independent over a wide range.

Moreover, the relaxation function ®*(t,T) is non-Arrhenius in temperature (eq. 2.2)
and essentially independent of the solvent viscosity

_Ey2
k (T) = AeCrD 2.2
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When temperature rises to above 210 K, due to the equilibrium fluctuations, the CO
ligand escapes into solvent on the time scale of rebinding. The transitions between the
solvent S and the heme pocket B (S<B) is formed by the fluctuations in the protein
matrix. The k,(T) for these equilibrium fluctuations (Er1) shows a non-Arrhenius
temperature dependence that depends strongly on the viscosity. At temperatures
between 210 and 250 K and/or high solvent viscosity, the ligand binding kinetics is
dominated by the outer barrier (between the solvent S and the heme pocket B). At
room temperature the barrier Hga is still distributed, but equilibrium fluctuations (Er)
result in average rate coefficients (Kgy4).

In a flash photolysis experiment on the sperm whale MbCO sample with a pulse laser
(480 nm), the bond between the CO and the heme iron is broken. Experiments on
band (Ill), a charge-transfer band at 760 nm (213000 cm™) in deoxy-Mb (the
photolyzed sate of MbCO) which is absent in the bound form (MbCO). The difference
in the absorption spectra at a selected wavelength, Aa(t), for the bound and the
dissociated species monitors the subsequent CO rebinding. The survival probability,
N(t,T) = Aa(t) /Aa(0), is the fraction of Mb molecules at temperature T that have
not rebound CO at the time t after the flash photolysis. The CO rebinding data to sperm
whale myoglobin are shown in Figure 2.13. The faster process seen at all
temperatures | for "internal"; it is nonexponential in time and independent of CO
concentration. The slower process that appears above 200 K, denoted by S for
"solvent", is exponential in time with a rate coefficient proportional to the CO
concentration in the solvent. 8°

.06r

.04+r

log (AA/OD)

log (AA/0D)

log (AA/0D)

\
High [CO]

) . ) . L s . A .
-6 =) -2 o 2
log (t/s)

Figure 2.13 Rebinding of CO to Mb after flash photolysis. Aa(t), the absorbance
change at the time t after photodissociation, measured at 440 nm, is plotted versus
log t. Aa(0) = 1.12 OD below 200 K, pH 6.8. Solvent: 75% glycerol/buffer (v/v). CO
pressure in (c): 1 bar for the high-[CO] curve and 0.05 bar for the solid curves. Note
that the scale in panel a is expanded by a factor of approximately 100. 8°
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In conclusion, the association coefficient for binding CO from the solvent at
physiological temperatures to Mb is governed by the barrier at the heme. At low
temperature, the CO rebinding rate depends on the conformational substate, which
exhibit rate fluctuations, and make a non-exponential kinetics and heterogeneity of
protein dynamics.

2.8 Outline

Myoglobin (Mb) has been used over decays as a model system for many experimental
and theoretical studies particularly for kinetics-structural relationships. The heme, as
a reaction center, is embedded within the protein and small ligands such as Oz, CO,
or NO can reversibly and covalently bind to the sixth coordination site on the distal
side, of the heme. The binding and rebinding rate of such small molecules, for example
CO, to the heme varies with temperature, pH, mutant, etc. and yield a lot of information
about how structure, dynamics, and reactivity correlate to the environment conditions.
43-51,58-64

Low-temperature experiments by Frauenfelder and coworkers in the 1970s
demonstrated that, at cryogenic temperatures, rebinding of CO to myoglobin's heme
cofactor after flash photolysis shows a strongly stretched exponential behavior, which
is not observed at room temperature. 6%-72.8487.90 This behavior has been assigned to
structural heterogeneity of myoglobin, resulting in different rebinding rates of CO, but
no direct observation of this effect exists to date.

In recent years, the single-molecule methods for studying the kinetic behavior of
individual molecular complexes have been developed in particular to determine
heterogeneous behaviors in a system. °'-92 Moreover, dynamic heterogeneity, i.e. the
dynamic switching of a protein between different states during the time of the
experiment, makes it impossible to investigate an individual molecular dynamics in an
ensemble measurement because may yield an average value for the experimental
observables. Therefore, reducing the observed “ensemble” to a single molecule
immediately solves the above-mentioned problems and make it possible to look
individually the characteristics of each single molecule. Now, subpopulations can be
easily resolved and also dynamic switching between different states can be observed.
Recently, a new effort to take advantage of Forster Resonance Energy Transfer
(FRET) technology to determine protein interaction and binding-rebinding reaction has
emerged. In this approach, the donor emission is quenched through a non-fluorescent
acceptor (protein) that can be used to study protein rebinding kinetics. 3 The method
using quenched donor emission has more general applications as the acceptor can
be a different state of myoglobin with different quenching effects for example deoxy-
Mb, in which the CO is unbound to Mb, can act as a quencher and MbCO, where the
CO is bound to Mb, has no quenching effects, or less. The binding and rebinding of
diatomic molecules such as NO, and CO to the heme proteins have been studied
through the change in the absorption of band IlI. %

The rebinding kinetics of CO can be measured precisely through quenching of a
fluorescent dye attached to the myoglobin protein using FRET. Selection of the proper
dye, position of labeling on the protein and the labelling method are crucial. For this
purpose, not only an independent estimation of the FRET efficiency is needed to
characterize protein re-binding but also the development of quantitative
methodologies for steady-state and kinetic parameters of protein binding to the ligand
is crucial. In the beginning of chapter 4, we focus on two different labelling methods,
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different dye and different labeling sites on myoglobin. In the second part of Chapter
4, FRET experiments on dye-labelled Met-Mb, Deoxy-Mb and MbCO are reported.
Chapter 4 describes ensemble FRET experiments of dye labeled -MbCO that
demonstrate the feasibility of performing single molecule-FRET experiments.

Blue light breaks the Mb-CO bond with an efficiency of unity, which precludes FRET-
based investigations of Mb-CO, as the bond between heme and CO would break after
FRET. It means that before the carbonoxy state can be measured it has been already
converted to the deoxy form. Therefore, the main question to be answered is whether
the light emitted by the label can break the Mb-CO bond (due to the FRET) and with
what efficiency it. Chapter 3 is about answering this question and proposing a new
approach for the possibility of a FRET study of dye-labeled MbCO.

As discussed in Chapter 2, the myoglobin spectrum can be broadly split into three
parts: the Soret band (300-500 nm), the Q-bands (500-700 nm) and the NIR bands
(700-1000 nm). The quantum yield of breaking the Mb-CO bond is unity when it is
illuminated by light with wavelengths below 600 nm. However, it is still unknown if
illumination with light with a wavelength longer than 600 nm in particularly in the far
red range breaks the MbCO bond or not and what its quantum yield would be?

In chapter 3, we describe experiments to determine the quantum yield of dissociation
under far red illumination in order to determine if that region can be used for the FRET
experiments.

In chapter 3, we propose an approach using the weak bands beyond 700 nm in the
deoxy-Mb absorption spectrum to quench the fluorescence of a deep red dye.
Crucially, these bands are absent in the spectrum of MbCO, preventing breakage of
the CO bond due to resonant energy transfer from the excited dye. As the different
states of Mb can be readily distinguished by their UV/Vis spectra, this method was
selected to determine the dissociation quantum yield. To study photodissociation
kinetics of MbCO, firstly Mb-CO was illuminated by near infra-red LED light. Then,
following the absorption spectrum over time after each illumination cycle, we measure
the kinetics of Mb-CO bond breaking. This experiment is repeated for blue light as a
reference and the kinetics were compared.

The aim of Chapter 3 and 4 is to show the rebinding of CO to a protein at the single-
molecule level can be done by performing single molecule-FRET experiments.

The histogram of FRET efficiencies and the corresponding donor-acceptor distances
extracted from single-pair FRET data make it possible to follow the structural dynamics
of biomolecules over time, and to distinguish the different surrounding environments
of single molecules. However, in ensemble experiments, both the spatial and temporal
heterogeneities are averaged out, and most of the information about the complexity of
the system is lost. Therefore, in chapter 5, we study the FRET quenching in a system
with a distribution of acceptors (ATTO575Q dye) around the donor (Azaoxa-
triangulenium, ADOTA dye) dopped in thin polymeric layers at both ensemble and
single molecule level at room temperature to measure and prove these
heterogeneities in single molecule level which are averaged out in the ensemble.
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Estimation of the dissociation
quantum yield of the Mb-CO bond

In this chapter, we describe experiments to estimate the quantum yield of MbCO
dissociation using far red illumination in order to determine if that region can be used
for an FRET experiments. The aim of Chapter 3 and 4 is to show that the rebinding of
CO to protein at the single-molecule level can be done by performing single molecule-
FRET experiments. In Chapter 3, we propose an approach using the weak bands
beyond 700 nm in the deoxy-Mb absorption spectrum to quench the fluorescence of a
deep red dye. Crucially, these bands are absent in the spectrum of MbCO, preventing
breakage of the CO bond due to resonant energy transfer from the excited dye. As the
different states of Mb can be readily distinguished by their UV/Vis spectra, this method
was selected to determine the dissociation quantum yield.



3. Estimation of the dissociation quantum yield of the Mb-CO bond

3.1 Introduction

In order to detect the activity of proteins, fluorescence spectroscopy is a reliable
detection method. For example, azurin is a metalloprotein containing a copper center
that can actively participate in electron transfer reactions. This copper site determines
the redox property of azurin. The oxidized copper site (Cu?*) has a specific absorption
spectrum in the area of 590-650 nm originating from = — r* transitions (Figure 3.1A).
When the redox state of the prosthetic group switches to another state (Cu?* < Cu*)
absorption in the visible part of the spectrum disappears. Because of the weakness of
absorption spectrum for the oxidized copper site (Cu?*) in the area of 590-650 nm, it
is difficult to follow the change of the oxidation state of Cu in azurin by monitoring the
change of absorption spectra. However, this change on the absorption spectrum is
key to monitoring the oxidation state of azurin by fluorescence spectroscopy. For
example, attachment of a fluorescent molecule to the protein surface at a specific
distance makes it possible to monitor the fluorescence emission of a single-dye-
labeled azurin molecule by means of Forster Resonance Energy Transfer (FRET). '
In fact, the oxidized form of azurin has more overlap with the emission spectra of a
dye (for example Atto 655) compared to the reduced form of azurin, thus more
fluorescence quenching is monitored due to the energy transfer from the labeled dye
to the Cu-center (Figure 3.1B). 2
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Figure 3.1 (A) Absorption spectrum (black curve) of the oxidized form of azurin (Cu?*),
emission spectra of Atto 655 dye (red curve), and the green colour area is a visualiza-
tion of the overlap between the absorption spectrum of the oxidized form of azurin
(Cu?*) and the emission spectrum of Atto 655 (B) The fluorescence intensity of azurin
labeled with Atto 655 in solution (25 nM), the oxidized state (Cu?*) is quenched due to
FRET and the reduced state (Cu'*) has high fluorescence intensity of the Atto655 dye
due to the absence of FRET. ?

In the same way, we will explore the use of FRET to monitor the kinetics of rebinding
of small molecules to proteins. For example, myoglobin is another metalloprotein (Mb)
that has been used as a model system for many experiments, particularly for kinetics-
structural relationships. It has a heme containing an iron reaction center that can bind
to small ligands such as Oz, CO, or NO reversibly.

In the case of myoglobin, the binding or unbinding of CO ligand to the heme reaction
center gives rise to a different absorption spectrum (Figure 3.2). Thus, by labeling
myoglobin with a proper dye, the overlap between the emission spectrum of the dye-
labeled myoglobin with the absorption spectrum of these different states (with bound
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or unbound CO) is changed and, due to the different FRET efficiency, it is possible to
study the CO binding and rebinding kinetics. When the CO molecule in the heme
pocket of myoglobin dissociates, the fluorescence intensity of the dye attached to the
MbCO is quenched due to the stronger energy transfer from the dye label to the heme
center of deoxy-Mb (Figure 3.3).
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Figure 3.2 Absorption spectrum of the Q-bands (500-700 nm) and NIR bands
(700-1000 nm) for two Mb states: deoxy-Mb (green), and MbCO (red) from horse heart
Mb at room temperature, in Sgrensen’s phosphate buffer (0.05 mM) with pH 6.8-8.
The dashed lines represent the 30x enlarged spectra. 3
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Figure 3.3 A schematic illustration of MbCO containing CO bound to the heme (red)
(A), and deoxy-Mb in which CO is unbound to the heme (B). The fluorescence intensity
of a suitable dye attached to MbCO is quenched due to stronger FRET when the CO
molecule detaches from the heme, due to energy transfer to the heme center of deoxy-
Mb.

The single-molecule FRET (smFRET) approach has been widely used to determine
kinetic rates of protein reactions. Proteins can be specifically labeled by a dye enabling
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3. Estimation of the dissociation quantum yield of the Mb-CO bond

smFRET measurements. The ability to measure accurate distances and kinetics with
smFRET enables studies of dynamics and structural biology and monitoring the
biomolecular heterogeneities through the behavior of individual molecules. '

3.1.1 Does near infra-red light (1> 700 nm) break the Mb-CO bond?

It is well known that a wide spectral range of visible light, particularly 400 < A < 550
nm, breaks the Mb-CO bond with high efficiency, which precludes using FRET-based
investigations of CO dissociation in this spectral region. We therefore investigated a
strategy involving the near infar-red spectral region, A > 700 nm. If a labeled MbCO
under red-light illumination breaks the Mb-CO with high efficiency, probing the
absorption of MbCO with red light would dissociate the complex to regenerate deoxy-
Mb, making it difficult to monitor CO rebinding by fluorescence spectroscopy using
FRET spectroscopy. For this reason, it is essential to estimate the quantum vyield for
photodissociation of the Mb-CO bond under red-light illumination.

As discussed in Chapter 2, the myoglobin spectrum can be broadly split into three
regions: the Soret band (300-500 nm), the Q-bands (500-700 nm) and the NIR bands
[, 11, and IIl (700-1000 nm) (Figure 3.4). The quantum yield of Mb-CO bond breaking
is close to unity when under illumination by light with a wavelength shorter than 600
nm, but it is still unknown whether illumination with 2> 700 nm (Figure 1) breaks the
MbCO bond, and with which quantum vyield. In this chapter, we report our
measurements of the dissociation quantum yield of Mb-CO in the near infra-red.
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Figure 3.4 Absorption spectrum of MbCO from the uV to the near infra-red

If the quantum yield in this far-red area would be significantly less than 1, it might be
possible to detect the signal of the dye label emitting in the far red (700-1000 nm). It
would thus enable us to distinguish between the carboxy and deoxy forms and thereby
to monitor the kinetics of the CO rebinding to a single myoglobin molecule. In this
chapter, we focus on ensemble experiments only.

3.1.2 Preparation of MbCO and deoxy-Mb from Met-Mb

The first step is the preparation of MbCO from the commercially available form of
myoglobin, met-Mb, in which the heme contains the ferric iron (Fe3*). Met-Mb (Fe®*) is
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reduced to the deoxy form in which the iron is in the Fe?* oxidation state. Incubation
with CO then yields MbCO (Figure 3.5).
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Figure 3.5 Schematics of MbCO preparation from met-Mb. (A) The heme in met-Mb
is reduced with sodium hydrosulfite, making (B) deoxy-mb with ferrous iron. (C)
Incubation with CO yields MbCO. The images of hemes have been exported from the
PDB (Horse heart TWLA, 5D5R, and 1A6G for met-Mb, deoxy-Mb, and MbCO
respectively)

3.1.3 Photodissociation methods

The three standard methods for the measurement of ligand photolysis are: (i) the
kinetic method, (ii) the steady-state method, and (iii) the pulse photolysis method. The
first two focus on bimolecular rebinding and use constant illumination so that either the
rates of transition between the photostationary states, or the equilibrium ligand binding
curves are measured. The measured rate is the sum of the association and
dissociation rates and the yield is the overall “bimolecular dissociation yield”. The pulse
photodissociation method relates to the rebinding kinetics and utilizes a pulse that is
short compared to the ligand recombination time. Pulse widths in the millisecond to
microsecond range are sufficient to measure bimolecular dissociation yields. Studies
with nanosecond or faster time resolution found that a photodissociated ligand can
remain in the heme pocket and recombine geminately. The bimolecular dissociation
yield is then expressed as Nb=YNo, where No is the (t = 0) photodissociation yield
(sometimes referred to as the intrinsic quantum vyield of photodissociation) and Y is
the fraction of ligands that escape to the solution and do not undergo geminate
rebinding. As the different states of Mb can be readily distinguished by their UV/Vis
spectra, UV-Vis spectroscopy was selected to measure the dissociation rate of Mb-
CO and to determine the dissociation quantum yield.
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3. Estimation of the dissociation quantum yield of the Mb-CO bond

3.2 Results
3.2.1 Preparation of deoxy-Mb and MbCO from met-Mb

To reduce met-Mb to deoxy-Mb, it is important to prepare the sample in an oxygen-
free environment. Therefore, first, the met-Mb solution was degassed in an absorption
cell (cuvette). In this study, two different methods have been tested to prepare an
oxygen-free solution and to prepare deoxy-Mb and MbCO: glass-apparatus and the
nitrogen-box.

The home-made glass apparatus is shown in Figure 3.6. The sample cell was
connected to a glass setup (Figure 3.6 B, and C) to remove oxygen by alternating N2
bubbling and evacuating during 10 min. Sodium hydrosulfite crystals (sodium dithiote,
DTT) as reducing agent were placed in a side arm of a modified glass tube (Figure 3.6
A) and phosphate buffer was added to the mixing chamber. The modified glass tube
was connected to the same glass setup the buffer was degassed and the glass ware
was tilted to add the sodium hydrosulfite in the side arm to the solution, producing an
oxygen-free sodium hydrosulfite reducing agent. Using a Hamilton syringe, the
reducing solution of sodium hydrosulfite was transferred anaerobically to the met-Mb
absorption cell to produce deoxy-Mb. MbCO was prepared by a similar treatment
starting from deoxy-Mb, omitting the addition of the reducing agent and replacing N2
with CO.
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< xx;lxxx S
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Figure 3.6 Scheme of setup for preparation of deoxy-Mb and MbCO; (A) Modified
glass tube for met-Mb reduction shows the side arm, gas input, valve, mixing chamber
and septum-sealed access, (B) CO gas setup, (C) Sketch of CO gas setup shows the
CO and N> gas entrances, vacuum, sample position, and N> overpressure control.
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The second method to prepare deoxy-Mb and MbCO samples consists of bubbling the
buffer solution with N2 inside a cuvette sealed with a septum, using nitrogen from a
gas cylinder and then performing the reactions inside a nitrogen-filled dry box.
Dissolving met-Mb in the buffer results in a brown-colored solution (Figure 3.7, A).
Met-Mb is then reacted with DTT in an oxygen-free atmosphere producing deoxy-Mb
with a purple color (Figure 3.7, B). Then bubbling the solution in the cuvette with CO
from a Minican for 10 min converts deoxy-Mb to MbCO resulting in a red-colored
solution (Figure 3.7, C).
A

Met-Mb Deoxy-Mb MbCO

Figure 3.7 The sealed cuvette. (A) brown solution of met-Mb, (B) deoxy-Mb solution
with purple color, and (C) MbCO solution with red color.

Both methods produced pure MbCO samples but the second procedure is more
straightforward and safer although it takes more time. All MbCO used in the
experiments in this chapter was prepared using the nitrogen box system.

The changes in absorption spectra (Chapter 2, section 2.1) of Mb can be used to
determine the state of the myoglobin present in the solution. The successful
preparation of deoxy-Mb and MbCO was verified by measuring the absorption spectra
with a UV-Vis spectrophotometer (Figures 3.8 and 3.9). It should be noted that
because of the low extinction coefficient of band Ill in deoxy-Mb, it was only observed
at high concentrations of deoxy-Mb (1 mM).
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Figure 3.8 Absorption spectrum of met-Mb (brown) (Soret band at 409 nm), deoxy-
Mb (green) (Soret band at 433 nm), and MbCO (red) (Soret band at 423 nm). These
spectra all are results of our experiments.
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Figure 3.9 Absorption spectra of TmM deoxy-Mb (blue) (Band Ill occurs at 760 nm)
and MbCO (red) (1mM) in PBS, pH=7.2, at room temperature. These spectra all
results of our experiments.

3.2.2 Design of the setup

To study the photodissociation kinetics of Mb-CO, a UV-Vis cell holder was used
consisting of a cuvette, a blue or red filter, and blue or near infra-red LEDs.

This cell allows for illumination inside the UV-Vis spectrometer with high illumination
efficiency of the sample. The cell allows the use of the UV-Vis spectrometer to
measure the absorption spectrum of the solution in the cuvette and to follow the
kinetics of dissociation/rebinding (Figure 3.10).

Figure 3.10 The UV-Vis sample holder consists of a cuvette positioner, filters, a LED
holder. The light path of the spectrophotometer is indicated. Irradiation of the sample
in the cuvette by LED light follows a perpendicular path.

3.2.3 Study of photodissociation kinetics of Mb-CO and designed experiment
The geminate rebinding of photodissociated CO in the vicinity of the heme at room

temperature is fast compared to the recombination of CO from solution to the heme.
Therefore, we ignore the geminate rebinding and only focus on the recombination of
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CO from solution to the heme pocket. To study the kinetics of MbCO
photodissociation, it is essential to slow down the recombination kinetics of the
escaped CO molecule in solution to the heme. In this regard, CO molecules after
escaping from the protein should be removed from the vicinity of the formed deoxy-
Mb. In our first attempts, pure nitrogen gas was bubbled during illumination to remove
any dissociated CO near the myoglobin protein. It appeared that even removing of CO
molecule in solution during photodissociation by bubbling pure nitrogen gas does not
completely prevent the recombination of CO that has escaped to the solution.
Moreover, bubbling nitrogen gas removed some amount of protein from the detection
area and caused an error in the measurement of absorption spectra. Alternatively, the
bubbling may have caused denaturation of some of the protein during the experiment.
A different approach to prevent CO recombination to the heme is to control this
reaction chemically. During photodissociation of MbCO, deoxy-Mb is formed. Thus if
an oxidant with a fast rate converts the deoxy-Mb to another form, for example met-
Mb, not only is the recombination reaction prevented, but we also reach a simpler
mixture solution after illumination, which facilitates the determination of the exact
amount of MbCO converted to deoxy-Mb. We can thus more easily calculate the
photodissociation quantum yield of MbCO with red-LED illumination by comparing it
to that with blue-LED illumination measured in a control experiment.

H20:2 is an oxidant which is small enough to enter the iron cavity in the protein and to
convert deoxy-Mb (containing iron (l)) by supplying an electron to met-Mb (containing
iron (lll)) (Figure 3.11 B, B— C).

Fe*?

Heme, Deoxy-Mb
/ B

Fe*3
Oxidant (H,0,) .
// >
— /Q
Heme, MbCO Heme, MetMb
A c

Figure 3.11 A schematics of the experimental design to measure the quantum yield
of MbCO photodissociation (A) MbCO is photodissociated to deoxy-Mb (A < B), (B)
The heme in deoxy-Mb is oxidized with H202 (B <~ C), (C) Met-Mb and MbCO do not
convert to each other in presence of H202 (A, C). The images of hemes have been
exported from PDB (The Horse heart 1A6G, 5D5R, and 1TWLA for MbCO, deoxy-Mb,
and met-Mb respectively)
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3.2.4 Control experiment

We want to be sure that in the following MbCO photodissociation experiments under
oxidizing conditions, MbCO itself is not oxidized by H>O- (Figures 3.11 C, and 3.12)
and only deoxy-Mb (the product of Mb-CO dissociation) reacts with H20O2 and produces
met-Mb (Figure 3.11 A).

i

Fe*}
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: Y, R ﬂ
Heme, MbCO Heme, MetMb

Figure 3.12 A schematics of control experiment. MbCO does not convert to met-Mb,
even in the presence of H2O,, and the inverse reaction doesn’t occur either. The
images of the heme groups have been exported from the PDB (Horse heart 1A6G,
and 1TWLA for MbCO, and met-Mb respectively)

As a control experiment, the absorption spectrum of MbCO in the presence of oxidant
(H202) without illumination was followed over time to check for any possible changes
because of the presence of the oxidant (Figure 3.13). Before that, the excess of CO in
the solution was removed by bubbling the sample with pure No.

As it can be seen in Figure 3.13, there is not any change in the absorption spectrum
of MbCO mixed with H202, even in the presence of an excess of H202 and after a long
incubation time of 2 hours. It should be noted that met-Mb cannot be reduced in our
oxidizing conditions. Therefore, the reverse reaction, the conversion of met-Mb to
MbCO, cannot occur.
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Figure 3.13 Absorption spectra of MbCO before (red) and after adding an excess
amount of oxidant (H202) (dark blue) and followed over time (lighter blue) without
illumination, in PBS, pH=7.2, at room temperature.

58



Chapter 3

In our designed experiment (Figure 3.11) to calculate the quantum yield of MbCO
photodissociation, it is essential that after each MbCO is dissociated with a photon
and CO escapes to the solution, the deoxy-Mb is efficiently and quickly oxidized by
H202, producing met-Mb with high yield, and also that the produced met-Mb should
not revert back to deoxy-Mb (Figures 3.11 B, and 3.14). Therefore, by measuring the
amount of met-Mb as a function of time, the quantum yield of Mb-CO bond breaking
can be determined. Thus, the reaction of deoxy-Mb with H.O> was monitored by
following the absorption spectra over time under our oxidizing conditions.

/ :
Fe*2 Fe*3
Oxidant (H,0,)

M=y

Heme, Deoxy-Mb Heme, MetMb

S

Figure 3.14 A schematics of control experiment. Deoxy-Mb quickly converts to met-
Mb in the presence of H>O2, whereas the reverse reaction is impossible. The images
of hemes have been exported from the PDB (Horse heart 1A6G, and 1WLA for deoxy-
Mb, and met-Mb respectively)

Figure 3.14 shows the schematic conversion of deoxy-Mb to met-Mb. It should be
noted that some articles mention that met-Mb can convert to the intermediate named
ferryl oxide in the presence of an excess (2 M) of H20> . 4 Possible binding of oxygen
from the solution to deoxy-Mb is of no concern, as it cannot displace CO. Figure 3.15
shows our measured absorption spectra of deoxy-Mb after adding an excess amount
of oxidant (H202), which yields a mixture of met-Mb and ferryl-Mb.
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Figure 3.15 Absorption spectra of met-Mb (brown), deoxy-Mb (green) and deoxy-Mb
after adding an excess amount of oxidant (H202) (black) in PBS, pH=7.2, at room
temperature. Deoxy-Mb converts to a mixture of met-Mb and ferryl-Mb. *
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3.2.5 Study of the photodissociation kinetics of Mb-CO in the presence of H.0:
under blue LED illumination (4 = 450 nm)

As the quantum yield of MbCO bond breaking by blue light is close to 1, we can use
this photoreaction as a reference. Photodissociation of MbCO will lead to deoxy-Mb,
which under our oxidizing conditions will immediately be converted to met-Mb,
enabling us to titrate the dissociated MbCO quantitatively. To study the
photodissociation kinetics of MbCO, we illuminated the protein solution in the presence
of oxidant using a near infra-red LED (4 = 730 nm) and the absorption at 540 nm (Q-
band) was followed over time to measure the kinetics of the Mb-CO bond breaking.
This experiment was repeated with blue LED light (1= 450 nm) as a reference.
Therefore, later we will compare illumination by blue light ( A = 450 nm) (reference
experiment) with illumination by red light (4 = 730 nm), both in the presence of oxidant.
One requirement to measure the quantum yield of the MbCO bond breaking is the
precise determination of the excitation efficiencies at the emission wavelengths of the
red and blue LEDs.

The LED experiments will be compared to a control experiment with no illumination to
eliminate unknown factors that may influence the results of control and LED
illumination experiments, provided these influences are identical (Figures 3.13).

The reference experiment includes 12 cycles of blue-light illumination of MbCO in the
presence of oxidant, H202. The duration of each cycle is 5 minutes Blue LED
illumination. After each cycle, the absorption spectrum of the sample was recorded
while the blue LED was turned off. Figure 3.16 shows the absorption spectrum
changes of MbCO under blue LED light (A = 450 nm) over time.

2 \ T T T T T
—PBS
1.8 —Deoxy-Mb o
——MbCO after adding HZO2
1.6 ——45 min Blue LED illumination [
——50 min Blue LED illumination
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NG|
0 ! ! ! ~p }
400 500 600 700 800 900 1000

Wavelength (nm)

Figure 3.16 Absorption spectra of MbCO in the presence of an excess amount of
oxidant (H202) (red) and after blue-light illumination (A = 450 nm) over time at room
temperature. Under blue-light illumination, MbCO dissociates to form deoxy-Mb, which
immediately converts to met-Mb or ferryl forms.
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Figure 3.16 clearly shows the change in the absorption spectrum in the Q-bands
regions of MbCO before and after illumination with blue light. As can be seen, before
illumination there are two peaks at 542 nm and 579 nm which are absorption
characteristic for MbCO. After around 1 hour of illumination with blue light, they
completely disappear. This is consistent with the conversion of MbCO to deoxy-Mb by
blue light and full conversion of deoxy-Mb to met-Mb and ferryl forms.

Moreover, the rate of MbCO breaking is very fast and, after 60 min, a full conversion
of MbCO to deoxy-Mb by blue-light illumination occurred, followed by the fast oxidation
of deoxy-Mb to met-Mb by H-O-.

3.2.6 Study of photodissociation kinetics of the Mb-CO in the presence of H.0:
and near infra-red LED illumination (4 =730 nm)

To study photodissociation kinetics of MbCO in the near infra-red region, we
illuminated a myoglobin solution containing an excess amount of oxidant (H202) with
near infra-red LED light (1 = 730 nm). The absorption at 540 nm (Q-band) was followed
over time to measure the kinetics of the Mb-CO bond breaking. As can be seen in
Figure 3.17, even over a long time (25.5 hours) no change in the absorption spectrum
of MbCO was observed, which clearly shows that near infra-red LED light (4 = 730 nm)
is much less efficient than blue light in breaking the MbCO bond. Figure 3.18 shows
the change of the OD of MbCO solution at a wavelength 540 nm over time.

T I
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—MbCO Before Adding H,0,
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14
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——MbCO After 18.5 hour Blue LED illumination ||
MbCO After 22.5 hour Blue LED illumination | |
MbCO After 25.5 hour Blue LED illumination
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Figure 3.17 The absorption spectra of MbCO before (red) and after adding an excess

amount of oxidant (H20:) (dark blue) and following over time (lighter blue) under near
infra-red LED illumination (A = 730 nm) in PBS, pH=7.2, at room temperature.
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Figure 3.18 The OD of a MbCO solution at wavelength 540 nm was measured after
3.5,18.5, 22.5, and 25.5 hours) under near infra-red LED illumination (A = 730 nm) in
PBS, pH=7.2, at room temperature.

3.2.7 Estimation of photon rate

Another challenge is that MbCO has a very low absorbance in the near infra-red
spectral region so the excitation efficiency is very low. To solve this problem, a highly
efficient illumination is needed. Moreover, it is difficult to determine the excitation
efficiency by the LEDs precisely. In addition, the possibility of CO rebinding may
complicate the kinetics of rebinding.

To estimate the quantum yield, it is first necessary to determine the relative photon
absorption rate of red versus blue photons. Here, the (t = 0) photodissociation quantum

yield (No) of MbCO with the near infra-red LED (Amax = 730 nm, No(R)) is estimated

compared to the photodissociation quantum yield of MbCO with blue LED (Amax = 450

nm) which we assume is unity, (No(B) =1) taken as a reference.

The ratio of the number of Mb-CO bonds broken with near infra-red LED compared to
blue LED can be calculated by the estimation of the probability of MbCO bond breaking
(the efficiency of MbCO photodissociation), the probability of photon absorption photon
and he number of absorbed photons by the MbCO molecules (eq 3.1).

N
broken bonds_RED

3.1

N
broken bonds_BLUE

nO(B) Time Incident photon P Incident photon

N Incident photon per second

N inci Time P
_ <r|o(R)> ( Incident photon per secondikED Incident photon _RED Incident photon _RED

-BLUE -BLUE -BLUE

The number of incident photons per second emitted from the near infra-red and blue
LEDs are obtained by measuring the power of illumination light passing through the
filters into the MbCO solution inside the cuvette, and by taking into account the energy
of blue and red photons which have a different energy per photon. The power of blue
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LED and near infra-red LED were measured to be 0.5, and 2 m\W, respectively, with a
photon energy ratio of 1.62. The ratio of the number of incident photons per second
emitted from red and blue LEDs was calculated to be 6.48. Finally, the ratio of the
numbers of incident photons over the whole duration of the experiments (25.5 hours
for the near infra-red LED illumination and around 1 hour for the blue LED illumination)
is 165.2.

The number of absorbed photons depends on three factors including the brightness
of the LEDs, the transmission of excitation light through the filters between the LEDs
and the samples, as well as the absorptivity of the MbCO molecules at the respective
wavelengths. It should be noted that based ref. 3, the ratio of absorbability of MbCO

730 nm

at 450 nm, and 730 nm is 82 (i— = 82). The number of absorbed photons was

450 nm
obtained by multiplying the LED intensity, the transmission of the filter used (see

Figures 3.19, 3.20) and the absorbance of MbCO at each wavelength (Figure 3.21).
Based on our calculation, the ratio of the numbers of absorbed photons for red to blue
LED illumination is 0.0978.

The illumination efficiency of red to blue is calculated as 16.1 according to eq 3.1.
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Figure 3.19 Blue LED illumination intensity profile with maximum intensity at
wavelength 450 nm (blue), and transmission spectrum of Neutral Density filter (black)
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Figure 3.20 Near infra-red LED illumination intensity profile with maximum intensity at
wavelength 730 nm (red), and transmission spectrum of the filter (black).

63



3. Estimation of the dissociation quantum yield of the Mb-CO bond

0.8 B

0.6 ,

Absorbance (OD)

04 .

02 i

0 1 1 e

A A -
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3.21 Absorption Spectra of MbCO sample solution

3.2.8 Comparison and calculation of quantum yield efficiency for
photodissociation of unlabeled Mb-CO by near infra-red and blue LEDs

The ratio of illumination efficiencies of red to blue was obtained as 16.1. Observing the
same effect under both blue and red illumination in our experiment, would indicate a
quantum vyield for the red illumination of around 6%. Since the illumination of MbCO
experiments showed no significant effect for red, the quantum yield in the red has to
be in fact be much less than unity.

Toreaknebond gy _ (R)) 46,1 52

Nbreaking bond no(B)

-BLUE

No(R)< 0.06 no(B)

However, the quantum yield of blue LED is 1 (No(B) =1), so as upper estimation the
quantum vyield of photodissociation of MbCO with near infra-red LED should be

significantly below 1; no(R) < 0.06. It should be noted that we should also consider
an error for the value of absorbability of MbCO at the wavelength of 730 nm, because
the OD at this wavelength is close to the noise of spectrometer at the used
concertation in this experiment.

Finally, we could not precisely determine the dissociation quantum yield of MbCO
under far red light because of the complicated mixture of products. However, we can
have an upper bound quantum yield, it has to be less than 6%.

3.3 Conclusion and outlook

Based on the experiment results from the MbCO illumination by the near infra-red LED
in the presence of H2O2 and comparing to the blue LED illumination results as the
reference experiment, we could estimate an upper bound quantum yield of MbCO
photodissociation, and it has to be less than 6%.

For an improved estimate of the dissociation yield and to test the possibility to monitor
CO binding with red-excited fluorescence, we propose the following experiment, using
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MbCO labeled with the red-emitting dye ATTO740. Excitation of this dye provides a
much more efficient excitation mechanism of Mb through FRET from the ATTO740
donor. By monitoring the deoxy-Mb and met-Mb produced by dye illumination (still
under oxidative conditions to prevent CO rebinding), we will determine the number of
dye excitations required to photodissociate MbCO with red light. At the same time, the
number of absorbed photons by ATTO740 before dissociation will give us the number
of fluorescence photons which we can expect from each labeled MbCO before it gets
split by a red excitation. If this number is larger than about 100, the inverse detection
yield of our microscope, it will be possible to follow the binding state of Mb in real time
at the single-molecule level. Another possible way to improve this experiment to reach
better estimation of quantum yield is to use the sample cuvette with a path length of
10 mm for the monitoring beam (as before) and a path length of less than 1 mm (in
contrast to before that was 10 mm) for the photolyzing light, which helps to illuminate
more efficiently the MbCO molecules in the shorter path as the absorbability of MbCO
at 730 nm is small.
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FRET study of CO binding to
fluorescently labeled myoglobin

Based on the estimated quantum yield of bond breaking in the chapter 3, we believe
that the MbCO complex should be stable enough to monitor FRET from the near infra-
red donor to the heme group, with enough donor fluorescence photons being emitted
before photodissociation of the MbCO occurs. The FRET measurement of the donor
fluorescence intensity of fluorescence lifetime.

In this chapter, our aim is to prepare a properly labeled MbCO with a dye that can be
excited and emits in the near infra-red, and to study the energy transfer from the dye
to Mb and to MbCO when illuminating with A > 700 nm. Would it be possible to
distinguish between the two Mb states; MbCO and deoxy-Mb, and to use this
fluorescence signal to study the kinetics of CO rebinding?



4. FRET study of CO binding to fluorescently labeled myoglobin

4.1 Introduction

Fluorescence spectroscopy is a reliable method for detecting the activity of proteins .
12 The single-molecule FRET (smFRET) approach has been widely used to determine
kinetic rates of proteins. 34 Proteins can be specifically labeled using one or more dyes
for smFRET measurements. For example, as | discussed in chapter 3, azurin is a
redox protein which has a redox cofactor copper atom to carry out specific redox
reactions. The absorption spectrum of azurin changes when the redox state of the
prosthetic group changes (Cu* «» Cu?*). Therefore, the attachment of a fluorescent
molecule to the protein surface makes it possible to monitor the fluorescence emission
of single-dye-labeled azurin molecules by means of Forster Resonance Energy
Transfer (FRET) spectroscopy. °

Inspired by the FRET-based probing of the redox state of azurin, we explore whether
the kinetics ligand to binding to myoglobin (Mb) could be measured using FRET. In
the case of Mb a change of the absorption spectrum is observed when CO binds to or
dissociates from the heme. Thus, by labeling Mb with the proper dye, we can monitor
the fluorescence emission of the dye-labeled-Mb in different states by mean of Forster
Resonance Energy Transfer (FRET). In this way, we hope to determine the rebinding
kinetics of CO at the single-molecule level.

In Chapter 2, we showed that the Mb spectrum consists of three main parts: the Soret
band (300-500 nm), the Q-band(s) (500-700 nm) and the NIR bands (700-1000 nm).
When the Mb-CO bond is illuminated in the area of the Soret band or the Q-band, the
quantum yield of breaking the Mb-CO bond is unity. Therefore, monitoring the
absorption spectrum of a single molecule in those spectral ranges would unavoidably
lead to CO dissociation and could not be used for monitoring CO binding. What about
the NIR spectral range? The interesting question is whether illumination with near
infra-red light with a wavelength beyond 700 nm breaks the MbCO bond or not and if
yes, with which photodissociation quantum yield?. And answer this question whether
FRET to MbCO will dissociate the bond when measured in the near infra-red region.
In chapter 3, we described experiments to determine the quantum yield of
photodissociation under near infra-red illumination in order to determine if that region
can be used for FRET. We proposed in chapter 3 an approach using a weak band
beyond 700 nm (band Il at 760 nm) in the deoxy-Mb absorption spectrum to quench
the fluorescence of a dye donor fluorescing in the near infar-red range. As band lll is
absent from the spectrum of MbCO, breakage of the CO bond due to resonant energy
transfer from the excited dye to the heme excited states seemed unlikely, but this has
to be checked. Although the absorption coefficient of Band (lll) is very small, however,
as the Forster radius; Ro depends on the sixth root (eq. 4.1), make it possible to use
this system for FRET study by control of the distance between the donor and acceptor.
Our results of chapter 3 show that illumination of MbCO with near infra-red light (700-
800 nm) does not break the Mb-CO bond efficiently. Based on the estimated quantum
yield of bond breaking, we believe that the MbCO complex should be stable enough
to monitor FRET from the near infra-red donor to the heme, with enough donor
fluorescence photons emitted before dissociating MbCO during the FRET
measurement. Although lifetime measurements are more sensitive than the
fluorescence intensity, our FRET study is based on the both fluorescent intensity and
lifetime measurement.

In this chapter, our aim is to prepare a properly labeled MbCO with a dye that can be
excited and which emits in the near infra-red, and to study the energy transfer from
the dye to Mb and to MbCO when illuminating with A > 700 nm. Would it be possible
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to distinguish between two Mb states; MbCO and deoxy-Mb, and to use this
fluorescence signal to study the kinetics of CO rebinding?

It should be noted that this chapter focuses on the FRET study of labeled MbCO at
room temperature. However, to study the kinetic rebinding of CO to myoglobin at low
temperature, in future, it is essential to measure absorption spectra of MbCO and
deoxy-Mb in near infra-red region at low temperature (120-140 K) because the
absorption spectra in particular absorption spectrum of deoxy-Mb will change when
the temperature decreased. °

4.1.1 Can we measure the FRET efficiency of different states of labeled Mb
(deoxy-Mb and MbCO)?

In FRET, energy transfer occurs from a donor fluorophore to an acceptor molecule, by
which the fluorescence emission of the donor is quenched and the fluorescence of the
acceptor is sensitized. In some metallo-proteins, the donor can be a fluorescent dye
attached to a specific site of the protein, whereas the acceptor can be a center inside
the protein such as the redox copper center in azurin or the heme in Mb. As the heme
in Mb displays several electronic absorption bands between 350 and 1000 nm, it can
act as an acceptor for a fluorescent dye attached to Mb. The FRET efficiency is
sensitive to the position of the dye with respect to the heme. The smaller the distance
to the heme, the more efficient the energy transfer. Moreover, the larger the spectral
overlap between the absorption spectrum of the Mb and the emission spectrum of the
donor dye, the stronger the energy transfer from dye to heme. The FRET efficiency
can be quantified by fluorescence intensity or, more reliably, by the fluorescence
lifetime of the donor dye.

The two relevant states of Mb, deoxy-Mb and MbCO, have very different absorption
spectra in the near infra-red spectral range (700-1000 nm) (Figure 4.1). Therefore, the
FRET efficiency for dye labeled-deoxy-Mb must be different from that of the dye-
labeled-MbCO. However, The FRET efficiency difference between deoxy-Mb and
MbCO has to be large enough to be readily observable on the fluorescence intensity
and/or lifetime.
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Figure 4.1 Absorption spectrum of the Q-bands (500-700 nm) and NIR bands
(700-1000 nm) for two Mb states: deoxy-Mb (green), and MbCO (red) from horse heart
Mb at room temperature, in Sgrensen’s phosphate buffer (0.05 mM) with pH 6.8-8.
The stippled lines represent the 30x enlarged spectra. ’
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4.1.2 Investigating rebinding kinetics of CO to Mb with FRET

FRET strategies are often used to investigate molecular interactions when the
distance between partners is 1-10 nm, for example between a donor (dye label on a
protein) and an acceptor (heme in Mb).

The FRET efficiency is related to fluorescence lifetime, and additional information can
be extracted by analyzing the fluorescence intensity and lifetime together. Time-
dependent FRET measurements have been developed to characterize the reaction
kinetics of enzymes 8° and ligand-receptor interactions. '° Fluorescence lifetime
correlation analyses have also been used to distinguish different species in a mixture
" or to probe fast molecular processes on the microsecond to millisecond time scale.
2 Importantly, different species can be more reliably identified by analyzing the lifetime
data than by analyzing intensity data because intensity will vary depending on the
instrumentation and experimental setup whereas lifetime does not.

Utilizing fluorescence lifetime information appears as an attractive method to study the
re-binding of small molecules such as CO to the heme. However, if the binding-
unbinding process is too fast, individual states will not be well separated in a lifetime
trajectory, and it will not be easy to obtain the lifetime information. In this chapter, our
aim is to optimize the FRET efficiency in a labeled Mb by a proper choice of dye and
of the labeling position. Then, we will have to show that the different Mb states can be
identified reliably on the basis of their fluorescence lifetime and/or fluorescence
intensity.

In other words, our aim is to prove that it is possible to distinguish FRET rates in Mb
and MbCO, and to study the kinetics of rebinding of CO to Mb by means of
fluorescence lifetime measurements, and It may also be possible by fluorescence
intensity measurements.

4.2. Results
4.2.1 Labeling position and fluorescent dye selection

Selection of the proper dye is crucial. A range of available and photostable dyes with
their fluorescent properties including wavelength of maximum emission, lifetime,
quantum yield and calculated Ro related to deoxy-Mb and MbCO are given in Table
4.1. Ro's have been calculated based on Eq (1.1) in Chapter 1 in which the donor is
the fluorescent dye and the acceptor is the heme center of deoxy-Mb and MbCO. Ro
(in A) is given by: 3

K°¢p & 4 7s
L [[Fp(De (1) A*dA)s 4.1

n

Ro = 0.2108 (

where ¢p is the fluorescence quantum yield of the donor in the absence of the

acceptor, k? is the dipole orientation factor and can vary between 0 and 4 (here we
assume an isotropic angular distribution of the dye, thus the average orientational

: 2 . o :
factor is k2 = E)’ n is the refractive index of the medium (here we assume a water

medium thus the refractive index is n = 1.33 and more appropriate is to use 1.4; a

mixture between buffer (n = 1.33) and protein n = 1.5), €4(4) is the acceptor molar
extinction coefficient (M~'cm™). In this work, the acceptors are deoxy-Mb and MbCO
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and their molar extinction coefficient values were extracted from ref. [7], and FD is the
donor emission spectrum normalized to an area of 1 (f0°° Fp (A)dA = 1). In this work,
FD is calculated based on the the donor emission spectra of the fluorescent dyes (Ta-
ble 4.1) obtained from ref. 1415

The fluorescence emission spectra corresponding to these dyes are shown in Figure
4.2.

Table 4.1 Photostable dyes with their fluorescent properties including wavelength of
maximum emission (A, ), quantum yield (¢p), lifetime (1),"*"> and calculated Ro for
deoxy-Mb and MbCO.

Dye? A, dp T R®, R®,
MbCO deoxy-Mb

ATTO Rho14 [ 646 nm | 80% 3.7ns 272 nm 3.73 nm
ATTO 633 651 nm | 64% 3.4 ns 2.53 nm 3.56 nm
ATTO 647 667 nm | 20% 24ns 1.98 nm 2.89 nm
ATTO 643 664 nm | 65% 3.5ns 2.46 nm 3.54 nm
ATTO 655 680 nm | 30% 1.8 ns 2.08 nm 3.07 nm
ATTOOxa12 |[681nm | 30% 1.8 ns 2.09 nm 3.07 nm
ATTO 680 698 nm | 30% 1.7 ns 2.02 nm 3.04 nm
ATTO 700 716 nm | 25% 1.6 ns 1.95 nm 293 nm
ATTO 725 751 nm | 10% 0.5ns 1.66 nm 2.53 nm
ATTO 740 763 nm | 10% 0.6 ns 1.66 nm 2.54 nm
Cy7 773 nm | 30% 0.5 ns 2.00 nm 299 nm

@ All fluorescent properties of the dyes reported based on the manufacturer’s data '*'°

b The Ry values for the deoxy-Mb and MbCO were calculated based on equation 4.1, the
room temperature spectra of Mb, and the assumptions mentioned in section 4.2.1.
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Figure 4.2 The absorption spectra of deoxy-Mb (solid green) and MbCO (solid red)
(left axis), " and fluorescence emission spectra of various dyes listed in table 1 as
donors in phosphate buffer, pH=7 (right axis). '*'5 ATTO 643 (dashed blue), Cy7
(dashed black), and ATTO 740 (dashed red) are the fluorescent dyes selected as
donors for our FRET experiments.

While there are many fluorophores available for protein labeling, few are suitable for
estimating the quantum yield of MbCO bond breaking by NIR excitation.

We have selected ATTO 643 dye as the donor in this FRET study of Mb. Atto643 dye
has a maximum absorption at 643 nm (Figure 4.2) and it emits with a maximum
intensity at 664 nm with a quantum yield of 65% (Table 4.1). It is a standard dye; it is
easily available and it is a safe dye with neutral charge when attached to the protein.
It might minimize specific dye-protein interaction. It has also a long fluorescence
lifetime (compare to NIR dyes).

To study the quantum efficiency of breaking the Mb-CO bond with light in the NIR area,
a dye is needed that absorbs and emits in this region of the spectum. For this purpose,
we have selected Cy7 and ATTO 740 as photostable dyes which are excited at the
wavelengths of 750 nm and 743 nm respectively, and which are far enough from the
Q-bands of Mb-CO (500-700 nm) that their fluorescence cannot excite the Q-bands.
Therefore, when attached to the protein, these dyes cannot excite the 1 electrons of
the heme, but they only excite transitions of the iron itself. The wavelengths of
maximum emission for Cy7 and ATTO 740 are 773 nm and 763 nm respectively, in a
region where the absorbances of deoxy-Mb and MbCO are very different.

The main parameter that influences the FRET efficiency is the distance between donor
and acceptor (see Chapter 1). Different positions of the dye on the protein provide
different distances between donor and acceptor. Apart from the N-terminus, proper
labeling positions can be achieved by site-directed mutagenis (SDM).

Among the 20 amino acids, cysteine is uniquely reactive and engineered cysteine
residues are common targets for specific labeling of proteins. The thiol group of
cysteine reacts efficiently with the maleimide functional group of a fluorescent dye via
the Munich reaction. Mb has no cysteines but cysteines can be engineered in Mb by
SDM.
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In this study, we used the Mb variant S3C from sperm whale (Physeter
macrocephalus), in which serine 3 has been replaced by cysteine. The plasmid for this
mutant was kindly provided by Prof. G. Ulrich Nienhaus (Karlsruhe Institute of
Technology). The mutant protein was expressed in Escherichia coli.

Although labeling at a position closer to the heme provides higher FRET efficiency,
the local steric and electrostatic characteristics around an engineered cysteine and its
accessibility are also important. Moreover, keeping the labeling position away from the
heme avoids disturbing the protein reaction center. The mutation at serine 3 (Figure
4.3) satisfies these considerations and provides a distance of approximately 27.4 A
from the heme center.

Serine

Figure 4.3 Scheme of native sperm whale met-Mb from the Protein Data Bank (PDB:
1VXAS) indicating the heme (red), and amino acid serine 3 (site of mutation for
labeling) is shown as spheres (blue). Estimation of the distance between dye and
heme based on PyMOL "¢ distance calculations. The distance between serine 3 and
the center of the heme was calculated to be 27.4 A.

An alternative, non-mutagenic labelling method is targeting the N-terminus of Mb. This
allows for more free space of the dye and diminishes the electrostatic interaction with
the protein. The general systematic strategy in this case is to react the free amine of
the amino acid in the protein with the reactive functional group (carboxylic or N-
hydroxy succinimide (NHS)) of the modified dye. By controlling pH, and the
concentrations of dye and protein, we could achieve specific N-terminal labeling with
high efficiency. This labeling strategy provides an easy way to install a label on the N-
terminal glycine 1 in commercially available horse heart Mb. Figure 4.4 shows horse
heart met-Mb which is slightly different from sperm whale met-Mb particularly in the N-
terminus. The distance between the N-terminus and the heme in horse heart met-Mb
is slightly shorter (24.2 A, Figure 4.4) than between heme and serine 3 (27.4 A).
Labeling with cysteine, however, is site specific and clean.
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Figure 4.4 Scheme of horse heart met-Mb from the Protein Data Bank (PDB: 1TWLA)
indicating the heme (red), and the N-terminal glycine 1 (site of labeling) is shown as
spheres (yellow). Estimation of the distance between dye and heme based on PyMOL
16 distance calculations. The distance was calculated based on the distance from
glycine 1 to the center of heme (24.2 A) and compared to the distance of the heme
center to the serine 3 (blue) (27.4 A).

4.2.2 Preparation of labeled Mb variants

Met-Mb was labeled with the selected dyes of the previous section (ATTO 643, Cy7,
and ATTO 740). Labeling of met-Mb was performed using two approaches specifically
at position cysteine 3 (mutagenesis serine 3) and by N-terminal labeling. Then, as
discussed in Chapter 3 (section 3.2.1), labeled met-Mb was converted to dye-labeled
deoxy-Mb and to MbCO.

4.2.3 Materials and equipment

All chemicals were commercial products with the best quality available and, unless
indicated otherwise, they were used without further purification. All solvents were
purchased from Sigma-Aldrich with high purity and directly used for the experiments
except DMF, which was dehydrated with Molecular Sieves (Sigma-Aldrich) before use.
Physeter macrocephalus (sperm whale) Mb variant S3C was expressed in Escherichia
coli and purified. The plasmid for this mutant was kindly provided by Prof. G. Ulrich
Nienhaus (Karlsruhe Institute of Technology). Horse heart Mb was purchased from
Sigma-Aldrich with a molecular weight of 17.7 kD.

UV-Vis absorption spectra were obtained using a droplet spectrophotometer with a
light path of 1 mm and a UV-Vis spectrophotometer (Cary 50, Variant Inc., Agilent
Technology, USA) with a light path of 10 mm.

4.2.4 L abeling and characterization of met-Mb

Labeling was performed as recommended by the research group of Prof. Don C. Lamb
at the Ludwig-Maximilians-Universitat, Munchen (LUM). Mutated sperm whale met-Mb
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variant S3C was labeled using commercially available ATTO 643 maleimide (ATTO-
TEC GmbH, Siegen, Germany) and Cy7 maleimide, which reacts with a high yield to
the thiol group of cysteine. Labeling was performed in two steps: First, unreactive
disulfide bonds of mutated Mb were reduced with a ten-fold molar excess per cysteine
of DTT (1,4-Dithiothreitol, Sigma-Aldrich) in potassium phosphate buffer (100 mM) at
pH 7.2. To increase the efficiency of reduction, in addition, a 5-fold molar excess of
TCEP (Tris(2-carboxyethyl)phosphine) per cysteine was added to the protein solution,
and then the solution was flushed with Argon gas (Ar) in a desiccator. The mixture was
kept for 20—30 minutes at room temperature. Removal of DTT before dye conjugation
was done by four runs in a Vivaspin centrifugal concentrator (Sartorius VS0111,
MWCO 10000, 500 uL) for 10 minutes with an acceleration of 10,000 g at 10 °C.
Secondly, the mutated met-Mb in potassium phosphate buffer (100 mM) was allowed
to react with a 3-3.5 molar excess of label dissolved in fresh DMSO solvent (Sigma-
Aldrich), and incubated overnight in the dark at room temperature. To remove the
unbound dye (Figure 4.5), the solution was washed repeatedly by centrifugation to a
final dilution of 10. Separation of the labeled protein from free dye was established
firstly by using a Corning® Spin-X® UF 20 concentrator (polyethersulfone membrane
(PES), Molecular weight cut-off (MWCO) 10 k, 20 ml) twice for 10 mins at 10 °C with
acceleration 1,200 g and then further purification was done with an ultrafiltration
centrifugal micro-concentrator (Sartorius VS0111, MWCO 10000, 500 uL) for 10 min
at 10 °C with an acceleration of 10,000 g to a final dilution of 10. Washing was
performed for each run at 10 °C to prevent denaturation, the concentrated protein was
diluted with phosphate buffer (pH=7.2) and subjected to centrifugation cycles. For
long-term storage, labeled Mb was divided into aliquots and frozen at -80 °C.

A

Step 1.

Chemical reaction of the
cysteine at Met-Mb with -
maleimide at ATTO 643

Step 2.

purification of labeled met-
Mb from free dye using-
membrane centrifuge

\

Step 3.

Repeat step 2. several —
times to obtain pure dye-
labeled met-Mb

Figure 4.5 (A) A schematic for labeling of cysteine-mutated met-Mb with ATTO 643
maleimide and purification of labeled met-Mb from the free dye using membrane
centrifugation. (B) membrane centrifuge MWCO of 10 k used for separation of free
dye after labeling of met-Mb.
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4. FRET study of CO binding to fluorescently labeled myoglobin

N-terminal labeling was performed by the same protocol as for the cysteine 3
(mutagenesis serine 3) Mb except without the addition of DTT and TCEP. The N-
terminus labeling protocol as recommended by Jena Bioscience GmbH was followed.
7 According to this method, horse heart met-Mb (Sigma-Aldrich) was N-terminally
labeled with ATTO 740 NHS (N-Hydroxy succinimide) (ATTO-TEC GmbH, Siegen,
Germany), which reacts with the NH2 group of the N-terminus in PBS buffer (Sigma-
Aldrich) at pH=7.2. However, before this reaction, the N-terminus was activated by
adding sodium bicarbonate (1 M) (Sigma-Aldrich) to the protein solution to reach a
final concentration of 100 mM and the mixture was vortexed shortly. Then, ATTO 740
label dissolved in dehydrated DMF solvent (Sigma Aldrich) was reacted with met-Mb
in PBS (10 mM) with a dye to protein ratio of 3-3.5 for 2-3 hours at room temperature
in the dark. The free unbound dye was removed through several centrifugation steps
by the Vivaspin centrifugal concentrator (Sartorius VS0111, MWCO 10000, 500 uL)
for 10 minutes at 10 °C to reach a final dilution of 10. The purified labeled Mb was
stored in aliquots at -80 °C.

The degree of labeling (DOL) specifies the average number of fluorophore molecules
per molecule of conjugate. The DOL was determined for the cysteine 3 met-Mb from
UV-Vis absorption spectra (Figures 4.6, and 4.7) obtained from a droplet
spectrophotometer with a light path of 1 mm. For N-terminally labeled met-Mb the
absorption spectra (Figure 4.8) were measured on a UV-Vis spectrophotometer (Cary
50, Variant Inc., Agilent Technology, USA) with light path of 10 mm.
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Figure 4.6 Absorption spectrum of free ATTO 643 maleimide dye (blue) and ATTO
643-labeled mutated met-Mb (red) in potassium phosphate buffer (100 mM) at pH 7.2.
Absorption at 409 nm arises from the Soret band of met-Mb, while the peak at 646 nm
is due to the ATTO 643 dye.
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Figure 4.7 Absorption spectrum of free Cy7 maleimide dye (blue) and Cy7 labeled-
mutated met-Mb (red) in potassium phosphate buffer (100 mM). Absorption at 409 nm
arises from the Soret band of met-Mb, while the peak at 751 nm is due to the labeled
Cy7 dye.
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Figure 4.8 Absorption spectrum of free ATTO 740 NHS dye (blue) and N-terminally
labeled-met-Mb (brown) in PBS buffer (10 mM) at pH 7.2. Absorption at 409 nm arises
from the Soret band of met-Mb while the peaks at 680 nm and 740 nm are due to the
labeled ATTO 740 dye.

The concentration of bound dye and labeled protein are given by: ¢ = Amax / (€Emax % d),
where gmax is the extinction coefficient of the dye or protein at the absorption maximum
and d is the path length of light in solution. The maximum absorption (Amax) of met-
Mb, ATTO 643, Cy7, and ATTO 740 are at the wavelengths of 409 nm, 646 nm, 751
nm, and 740 nm (Amax) respectively. The CF (Correction Factor), which is the ratio of
€280 / €max for DOL calculation, have been reported (Table 4.2).
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4. FRET study of CO binding to fluorescently labeled myoglobin

The DOL is calculated according to following formula: '*

DOL = (Amax / €max) / (Aprotein / Eprotein) 4.2

DOL = (Amax X €280) / ((A280 - Amax X CF280) X Emax), 4.3

where Axgo is the absorbance of the conjugate solution measured at 280 nm, Amax is
the absorbance of the conjugate solution measured at Aexc, the Aexc, €max, and CFago
are intrinsic properties of the fluorescent dye, and € 280, Mw are intrinsic properties of
the used protein.

Table 4.2 Spectral information of Met-Mb, ATTO 643, Cy7, and ATTO 740 in PBS at
pH= 7.4 at 22 °C.

Maximum molar extinction Correction Factor
A coefficient (€max)? (CF280)?

Sample (n":’]") M-' cm™! (€280 / €max)
Met-Mb 280 43900 -

Met-Mb 409 188000 -

ATTO 643 646 150000 0.04

Cy7 751 199000 0.029
ATTO 740 740 120000 0.07

@ as specified by the manufacturer

The ratio of bound dye and the amount of reacted protein yields the DOL by eliminating
the absorbance of the dye coupled to the protein. Regarding calculation of the protein
concentration, there are two options: using the absorption of conjugate met-Mb at the
Soret-band (409 nm), or the absorption of conjugate met-Mb at 280 nm. The two
possibilities have been tried to calculate the DOL for met-Mb labeled at the N-terminus
with ATTO 740. The DOL calculated on the basis of formula (Eq. 4.3) was 69.1% and
the calculated DOL based on the absorption of conjugate protein at Soret-band
(409 nm) was 73.1% (Eq. 4.2). Calculation by the first method for ATTO 643 and Cy7
labeled met-Mb (Table 1), yielded DOL’s of 61.6%, and 51.7%, respectively.

4.2.5 Preparation of ATTO 643-, Cy7-, and ATTO 740 -labeled deoxy-Mb and
MbCO

We labeled S3C sperm whale met-Mb with ATTO 643 and Cy7. We labeled horse
heart met-Mb with ATTO740. From those, we obtained labeled deoxy-Mb and MbCO
as described in Chapter 3, section 3.2.1. Figure 4.9 shows one example, the
absorption spectrum of ATTO 643-labeled S3C MbCO in phosphate buffer (pH=7.2).
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Figure 4.9 Absorption spectrum of ATTO 643-labeled S3C MbCO in potassium
phosphate buffer (100 mM) at pH 7.2. The band at 422 nm is the Soret band of MbCO,
while the peak at 646 nm is due to the ATTO 643 dye label.

4.2.6 Ensemble fluorescence lifetime measurements of ATTO 643-, Cy7-, and
ATTO 740-labeled Mb

Two setups for fluorescence lifetime measurement have been used. One experiment
has been done in Munich at the laboratory of Prof. Don C. Lamb in LMU and the other
setup was a homemade microscope in Leiden University.

The setup in Munich for fluorescence lifetimes was an Edinburgh FLS1000 (Edinburg
Instruments, Livingston, United Kingdom) fluorescence lifetime spectrometer (Figure
4.10). Decay measurements were performed using time-correlated single-photon
counting (TCSPC). The dyes were excited using 640 nm and 730 nm lasers for
ATTO 643 and Cy7, respectively.

B Steady State
Xenon Arc Lamp
\

, MBS
. §\\* Flash-  optional Alternative
A < lamp Detectors  Standard Detector

Excitation %y
Monochromator /

P p
\ Emission

. Monochromator
EPL/EPLED

(Picosecond Pulsed Diode \ / CW Laser
Lasers & LEDs) N Sample Chamber

Figure 4.10 (A) Schematic of the fluorescence lifetime spectrometer FLS 1000 at the
LMU, (B) Details of the FLS 1000 setup for lifetime measurement of ATTO 643, Cy7,
and labeled protein [after 1].
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4. FRET study of CO binding to fluorescently labeled myoglobin

The setup in Leiden university was a homemade microscope in which ATTO 740 is
excited with a pulsed laser at 636 nm with a pulse repetition rate of 26 MHz, which
was the red-most laser available but was not optimal for ATTO740 excitation. The
schematic illustration of the setup is shown in Figure 4.12. The collected photons were
quantified with time-correlated single-photon counting (TCSPC) and converted by the
SymphoTime software to lifetime data. Figure 4.13 shows the designed mini-cuvette
with an inlet and outlet for bubbling gas inside the solution on top of the microscope
for the preparation of deoxy-Mb and MbCO from met-Mb state as described in Chapter
3, section 3.2.1.

Objective

BS

Figure 4.12. A schematic of the home-made confocal microscope setup of Leiden
University used for the lifetime measurement of ATTO 740 and ATTO 740-labeled
protein. RL=Red Laser, M=Mirror, L=Lens, P=Pinhole, TL=Telescope (Beam Ex-
pander), BS=Beam splitter, F=Filter, DM=Dichroic Mirror, APD=Avalanche Photodi-
ode Detector.

A B Inlet Outlet

"

Sample Holder

Z U _/toverslip

—
'
Holder

N, gas bubbling CO gas bubbling Objective

Figure 4.13 (A) A picture of the microscope used for lifetime measurement showing
the sample holder on top of microscope with inlet and outlet paths for N> or CO gas
bubbling. Lifetime measurements were performed in the solution while focusing the
laser beam 5-10 microns above the glass. (B) The designed sample holder (volume
10 uL) with inlet and outlet pathways for gas bubbling to preparate deoxy-Mb and
MbCO from met-Mb on the microscope.
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4.2.7 Comparison of ensemble fluorescence lifetime measurement of ATTO
643-, Cy7-, and ATTO 740-labeled deoxy-Mb, MbCO, and met-Mb

First, we measured the fluorescence lifetimes of ATTO 643 (170 nM), Cy7 (177 nM)
dyes alone and of ATTO 643-(170 nM), and Cy7-labeled (177 nM) deoxy-Mb, MbCO,
and met-Mb in potassium phosphate buffer; pH=7.2 using the Edinburgh FLS1000
instrument for 5 minutes and exciting with a pulsed laser at 640 nm with a pulse rate
of 21 MHz. The photons collected using TCSPC were converted by the SymphoTime
software to lifetime data. Figures 4.10, and 4.11 and Table 4.3 show the results of
fluorescence lifetime measurements for ATTO 643 and Cy7 dyes and ATTO 643-, and
Cy7-labeled deoxy-Mb, MbCO, and met-Mb.
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Figure 4.10 Fluorescence decays of ATTO 643-labeled deoxy-Mb (green), and MbCO

(red) in potassium phosphate buffer (100 mM) at pH 7.2. Experimental data (dotted

lines) and single-exponential fits (solid lines).
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Figure 4.11 Fluorescence decays of Cy7-labeled deoxy-Mb (green) and MbCO (red)

in potassium phosphate buffer (100 mM) at pH 7.2. Experimental data (dotted lines)

and bi-exponential fits (solid lines).
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4. FRET study of CO binding to fluorescently labeled myoglobin

Table 4.3 Comparison of the fluorescence lifetimes of ATTO 643 dye (170 nM) and
Cy7 (177 nM) and ATTO 643, and Cy7-labeled deoxy-Mb, MbCO, and met-Mb in
potassium phosphate buffer (100 mM), pH=7.2, at room temperature. Excitation was
performed using a pulsed laser at 640 nm and 21 MHz repetition rate.

Experimental Lifetime

Sample (ns)
ATTO 643 dye 3.62
ATTO 643 -deoxy-Mb 3.54
ATTO 643 -MbCO 3.30
ATTO 643 -met-Mb 2.75
Cy7 dye 0.45°
CY7-deoxy-Mb 0.84
CY7-MbCO 0.81
CY7 -met-Mb 0.70

@ lifetime specified by the manufacturer as 3.5 ns in PBS buffer, pH =7.4 and 22 ° C
b lifetime as specified in literature is 0.43 ns '°

As can be seen, there is a quenching effect in the ATTO 643 and Cy7-labeled met-Mb
form compared to ATTO 643 and Cy7-labeled deoxy-Mb forms. In contrast, there is
almost no difference between the lifetimes of the ATTO 643, and Cy7-labeled deoxy-
Mb and MbCO forms of Mb. For the Cy7 label, the measured lifetime of the free dye
is significantly shorter (0.45 ns) than of the attached dye, which may be because of
the environmental sensitivity of Cy7 fluorophore, for example, by limiting dye distor-
tions and conformational fluctuations. It should be noted that in fitting the data, the
decays were considered to be mono-exponential.

Secondly, we measured the fluorescence lifetimes of free ATTO 740, and ATTO 740-
labeled deoxy-Mb, MbCO, and met-Mb using our homemade setup in Leiden
University. The sample was in PBS buffer, pH=7.2, in a cuvette and was excited with
a pulsed laser at 636 nm with a repetition rate of 26 MHz for 4 minutes. The collected
photons were quantified using TCSPC and converted by the SymphoTime software to
lifetime data. Figures 4.14, 4.15, 416 and Table 4.5 show the results of the
fluorescence lifetime measurements.
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Figure 4.14 Fluorescence decays of free ATTO 740 dye (blue), the fit (red), and water
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Figure 4.15 Fluorescence decays of ATTO 740 -labeled met-Mb (purple), ATTO 740
-labeled deoxy-Mb (green), ATTO 740 -labeled MbCO (red), and the respective fits
(black).
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Figure 4.16 Comparison of the fluorescence decays of free ATTO 740 (blue), ATTO
740 -labeled-deoxy-Mb (green), ATTO 740 -labeled-MbCO (red), and the respective
fits (black).
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Table 4.5 Fluorescence lifetimes of ATTO 740 and ATTO 740-labeled deoxy-Mb,
MbCO, and met-Mb.

Sample Experimental Lifetime
(ns)
ATTO 740 dye 1.22
ATTO740 labeled-deoxy-Mb N.A.
ATTO740 labeled-MbCO 0.87
ATTO740 labeled-met-Mb N.A.

@ lifetime specified by the manufacturer as 0.65 ns in PBS buffer, pH =7.4 and 22 ° C

Figure 4.14 demonstrates the decay of free ATTO 740 dye (177 yM) compared to a
blank sample (water). The measured lifetime was 1.2 ns. The fluorescence trace of a
solution of met-Mb N-terminally labeled with ATTO 740 (234 pM, containing 177 uM
dye based on a calculated 75% DOL) was measured for 4 minutes before and after
reduction with sodium dithionite under oxygen-free atmosphere and N2 bubbling to
produce the deoxy form. Finally, the sample was bubbled with CO gas for 10 minutes
and the fluorescence decay was followed for 4 minutes under the same conditions as
for the dye labeled-deoxy and met-Mb samples. Figure 4.15 shows the fluorescence
decays of ATTO 740 -labeled-met-Mb (intensity close to background)), ATTO 740 -
labeled deoxy-Mb (intensity close to background)), and ATTO 740-labeled MbCO (In-
tensity of 40 counts, lifetime 0.87 ns). In Figure 4.16, the fluorescence decay of free
ATTO 740 (intensity of 50 counts, lifetime 1.2 ns) has been compared to the ATTO
740 N-terminus-labeled-deoxy-Mb and ATTO 740 -labeled-MbCO (red), and fit
(black). The measured lifetimes are collected in Table 4.5.

For the ATTO 740-labeled met-Mb and deoxy-Mb forms, the fluorescence intensity is
low because of quenching by the absorption bands of met-Mb and deoxy-Mb, whereas
a higher intensity is observed for ATTO 740 labeled-MbCO, which has much less
absorption in the near infra-red region.

Because of low intensity, low signal-to-noise ratio, and interference with the IRF (tau~
0.6 ns), the data collected in this experiment can be interpreted based on only the
difference in intensities and not on measured lifetime data.

4.3 Discussion
4.3.1 Fluorescent labelling and preparation of the different states of Mb

In summary, the purification and dye-labeling of Mb yielded a degree of labeling of 50-
65% for sperm whale Mb variants and 65-75% for N-terminus labeling of horse heart
Mb (Figures 4.6-4.8).

ATTO643-, Cy7-, and ATTO740-deoxy-Mb, and -MbCO (Figures 4.9) were prepared
with the same protocol as used for the preparation of unlabeled deoxy-Mb and MbCO
and the preparations exhibited the expected absorption spectrum containing the
respective Soret-band, Q-bands and NIR bands.

4.3.2 Comparison of calculated Forster resonance energy transfer parameters
and experimental lifetime

In this section, we calculate the Forster resonance energy transfer parameters such
as Forster radius (Ro), energy transfer rate (ker), and energy transfer efficiency (E)
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for ATTO643-, Cy7-, and ATTO740-deoxy-Mb, and MbCO and then compare the
calculated results with the experimental data and the lifetimes of the corresponding
free dyes.

4.3.3 Forster resonance energy transfer radius (Ro)

The Forster resonance energy transfer (FRET) efficiency and Ro have been
calculated using equation (1.1) in chapter 1.

The Forster radii of deoxy-Mb and MbCO labeled with ATTO 643 and Cy7 were
calculated in MatLab (The MathWorks, Inc., Natick, Massachusetts, United States.)
using the spectra published by Bowen [7]. For all calculations, k> was assumed to be
2/3 and the refractive index was set at n=1.33. The results are given in Table 4.1.

4.3.4 Forster Resonance Energy Transfer Rate (ker) and Energy Transfer
Efficiency (E)

The rate of energy transfer (ket) has been calculated with the following equation:

Ro\® /1

kET B (r) (TD) 4.4
To estimate the rates of energy transfer in dye-labeled Mb, the distance r between
heme and dye was estimated based on two hypotheses. Hypothesis A is that the
distance between dye and heme center is maximum (Figure 4.17A) and r is the
distance of the heme center to the attachment position of the dye to the protein,
including the full extended linker length (r = rp + riinker). The other hypothesis, B, is
that the two dipole moments are at the minimum distance (Figure 4.17B) and r is equal
to the distance from the heme center to the attachment position of the dye to the
protein, subtracting the linker length (r = | rp - rLinker |). Other possible positions will lie
between these two above-mentioned extreme hypotheses. For example, by ignoring
the linker length of dye r is equal to re (Figure 4.17C). It should be noted that the
hypothesis of (r = | re - rLinker |) in the reality is not true and can be ignored. It is depicted
for comparison with other two possible hypothesis about r.

A B C

ILinker

r= I rp¥ Miinker I r= I p = MLinker r=rp

Figure 4.17 lllustrative schema for r assumption in which re is the distance of heme
center to the attachment position of dye to the protein and riinker is the linker length that
connects the dye to the protein: (A) The dye is at the maximum distance to the center
of heme (r = | re + ruinker |), (B) The dye is at the minimum distance to the center of
heme (r = | rp - riinker|), (C) Ignoring the linker length of dye and r is equal to rp.
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The distance between serine 3 and the center of the heme (rp) is 27.4 A (Figure 4.18A)
in the crystal structure of sperm whale Mb (PDB: 1VXA) and the linker lengths to the
core of the dye (ruinker) are 11.3 A (Figure 4.18B) and 15.7 A (Figure 4.18C) for
ATTO 643 and Cy7, respectively. All distance measurements were performed in
PyMol. For the calculation of ket and E, we assume maximum distance between dye
and the center of the heme (Figure 4.17A, r = | re + rLinker |) Which is estimated to be
38.7 A and 43.1 A for ATTO 643 and Cy7-labeled sperm whale Mb respectively
(Figure 4.18).

Serine

Linker to ATTO 643 ./

0‘.
M3IA o5

Linker to Cy7

Figure 4.18 Distance between dye and heme based on PyMOL distance calculations.
The distance was calculated as the sum of (A) the distance from attachment position
of dye on the serine 3 to the center of the heme (27.4 A) in native sperm whale Mb
(PDB: 1VXA) plus (B) the linker length to the ATTO 643 dye (11.3 A), or (C) the linker
length to the Cy7 dye (15.7 A).

The fluorescence lifetime of ATTO740-N-terminally labeled horse heart Mb in deoxy
and carboxy was calculated by using equation (4.6) (Table 4.12).

The distance from attachment position of dye to the Glycine 1 to the center of the
heme (rp) is 24.2 A (Figure 4.19A) in the crystal structure of of horse heart Mb (PDB:
1WLA). The linker length to the dye is 11.3 A (Figure 4.19B) for ATTO 740. All distance
measurements were performed in PyMol. For calculation of ker and E, we assume r =
| re + rLinker | Which is estimated to be 35.5 A for ATTO 740-labeled horse heart Mb
(Figure 4.18).
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Figure 4.19 Estimation of the distance between dye and heme based on PyMOL
distance calculations. The distance was calculated as the distance from the
attachment position of dye on the glycine 1 to the center of the heme (24.2 A) in horse
heart Mb (PDB: 1WLA) plus the linker length to the dye (ATTO 740: 11.3 A).

The ker values were then calculated and the results shown in Table 4.12 for
ATTO 643- and Cy7-labeled sperm whale deoxy-Mb, and MbCO, and ATTO 740-
labeled horse heart deoxy-Mb, MbCO based on the value of Ro (Table 4.1), 1o (lifetime
of free dyes as specified by the manufacturer, and in the case of Cy7, the lifetime as
specified in literature ") and the assumed distances r (| rp + rLinker |) (Figures 4.18A,
and 4.19A).

The energy transfer efficiency (E) depends on the distance (r) between the donor and
acceptor with an inverse 6th-power law due to the dipole—dipole coupling mechanism:

1

Calculated E values for ATTO 643, Cy7, and ATTO 740 dye labeled deoxy-Mb, and
MbCO are given in Table 4.12.

4.3.2.3 Calculation of the fluorescence lifetimes of the dyes bound to Mb ( t,,)

The lifetime of dyes attached to Mb (1pa) can be calculated by the following formula:

— D

In this formula 1p, r, and Ro are the lifetime of the dye in absence of an acceptor, the
donor-acceptor distance, and the Forster radius, respectively.

The values of Tpa were calculated for ATTO 643 and Cy7, and ATTO 740 dye labeled
deoxy-Mb, MbCO (Table 4.12).
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Table 4.12 Calculated Ro (Eq 4.1), FRET rate (ker) (Eq 4.4) and Energy Transfer
Efficiency (E) (Eq 4.5), lifetime (Eq 4.6) and experimental lifetime for ATTO 643-, Cy7-
, and ATTO 740-deoxy-Mb, and MbCO and lifetimes of corresponding three free dyes.

e o

Samole Ro Ker . Calculated Lifetime® (ns) Experimental
P (nm) | (ns™) — — e Lifetime (ns)

rp+rLinker re FP=ILinker

ATTO643 - - - - 3.5

ATTO643 - | 3.54 | 0.16 | 0.36 2.24 0.63 0.031 3.54

deoxy-Mb?

ATTO643- 2.46 | 0.018 | 0.06 3.29 2.28 0.25 3.30

MbCO?

Cy7 - - - - 0.43

Cy7 - 299 | 0.23 | 01 0.39 0.2 0.001 0.84

deoxy-Mb?

Cy7 - 2.00 | 0.02 | 0.01 0.43 0.37 | 0.017 0.81

MbCO?

ATTO 740 - - - - 0.65

ATTO740- | 254 | 0.21 | 0.11 0.57 0.33 0.01 N.A.

deoxy-Mb®

ATTO 740- | 1.66 | 0.016 | 0.01 0.64 0.59 0.11 0.87

MbCOP

@ Dye labeled-mutated Mb (sperm whale)

b N-terminus-labeled Mb (Horse Heart)

¢ The lifetimes were calculated based on the t, that has been reported by the manufacturer
except for Cy7 that the lifetime has been used from ref. '°.

9 As mentioned before the hypothesis of I = rp-TLinker in the reality is not true and is ignored,
however, the data is reported for comparison to other two calculated r.

Based on the calculated ker and E, the energy transfer probability for ATTO 643-
labeled deoxy-Mb compared to ATTO 643-labeled-MbCO, is six times more efficient
and almost nine times faster while for Cy7 labeled deoxy-Mb compared to Cy7 labeled-
MbCO, energy transfer efficiency is ten times faster and ket is almost twelve times
larger. In addition, based on equation 4.4 and 4.5, the calculated ker, and E values for
ATTO 740 labeled deoxy-Mb, and MbCO are: 0.21 ns™', 0.01 ns™ and, 0.11, 0.01
respectively (Table 4.11), and the calculated ker and E, the energy transfer for ATTO
740-labeled deoxy-Mb compared to ATTO 740-labeled-MbCO, is around 10 times
more efficient and almost 13 times faster, which is approximately similar to what we
have calculated for Cy7.
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This considerable difference in ket and E between ATTO 643 and both Cy7 and ATTO
740 is mainly due to the better spectral overlap of the emission of Cy7 and ATTO 740
with the absorption of deoxy-Mb with respect to MbCO than for ATTO 643.

In the case of ATTO 643, the calculated lifetime of the labeled-MbCO is close to the
experimentally measured lifetime, however, for the deoxy-Mb form, there is a large
difference between calculated and experimental results (Table 4.12). This discrepancy
may be due to the significant simplification inherent in the calculated distance, e.g., by
the fact that it ignores any orientational effects.

For Cy7 attached to Mb, both forms showed significantly longer lifetimes than those
predicted by the calculations, possibly due to the dye attachment on the protein having
changed the fluorescent properties of the dye. However, the fact that no significant
change in lifetime between the two forms could be observed experimentally is in line
with the calculated lifetime differences (Table 4.12).

Regarding the ensemble experimental fluorescence lifetimes of S3C Mb variants, we
could not see a difference in lifetime between ATTO 643- and Cy7-labeled deoxy-Mb
and -MbCO. However, for ATTO 643- and Cy7-labeled met-Mb, some quenching due
to FRET has been observed possibly because of the improved overlap between
emission spectra of Cy7 and ATTO 643 dyes with absorption spectrum of met-Mb
compared to the other two forms. In the case of deoxy-Mb and MbCO, one possible
explanation for this result, is that the dyes have been attached too far away from the
heme.

For Cy7, not only the experimental decays show no difference between deoxy-Mb and
MbCO but also the highly idealized calculations predict only a relatively small lifetime
change. It should be noted that the experimental results showed that binding Cy7 to
the Mb is accompanied by a significant change in lifetime (longer) compared to the
free dye which is due to the environmental sensitivity of this fluorophore, particularly
by limiting dye distortions and conformational fluctuations. The longer lifetime of the
dye after attachment to the protein, however, would help us to measure the lifetime
more accurately with better resolution.

Interestingly, in the case of ATTO 643, calculations predict a visible effect. The lack of
a visible effect in the experimental data may be because the labeling position yields
an unfavorable orientation of the dye toward the heme due to steric hindrance,
reducing the FRET efficiency. However, it should be pointed out that some quenching
effect is visible for met-Mb with both dyes (Table 4.3). Since met-Mb has the largest
Forster radius of the three forms, this further points towards a too large of distance,
possibly coupled with unfavorable attachment geometry.

Regarding the experimental ensemble fluorescence lifetime of N-terminally labeled
Mb, the fluorescence decays of different variants and of the free dye show different
intensities. For the met and deoxy forms, the intensity is low, presumably because of
fluorescence quenching. However, as expected, the intensity is larger for ATTO 740-
labeled MbCO. So the CO form of labeled Mb can be distinguished from the other two
forms (deoxy and met forms) on the basis of the fluorescence intensities. The low
fluorescent intensity and interference with the IRF (tau~ 0.6 ns) do not allow for
sufficiently precise lifetime data.

Comparing calculated values of Ro, ker, and E for Cy7 and ATTO740 with deoxy-Mb
and MbCO shows a difference between the two Mb forms (Table 4.12). But
experimentally, for Cy7, the difference between the two forms of Mb could not be
distinguished (Figure 4.11) while, for ATTO 740, the two states could be recognized
on the basis of the intensity of the fluorescent decay (Figure 4.15). This remarkable
difference between ATTO 740 and Cy7 can be connected to the different Ro values

89



4. FRET study of CO binding to fluorescently labeled myoglobin

and how the dyes after labeling interact with the protein and solution, which directly
affects the orientation and distance of the dye to the heme center (r), resulting in
different quenching.

It is worth mentioning that, although we could not see the difference between the two
states in ATTO 643 and Cy7 labeled-deoxy-Mb and -MbCO (Table 4.3), we could see
a significant different (based on the fluorescence intensity) for ATTO 740-labeled-
deoxy-Mb and -MbCO, which will allow us to monitor these two states in a mixture
after illumination of labeled-MbCO with near infra-red light and to study the rebinding
kinetics of CO. It might enable successful single molecule-FRET monitoring of CO
unbinding and rebinding.

Finally, we should consider that the dyes, after attachment to the protein, may change
their spectral properties and even the properties of the protein and that this may affect
the FRET efficiencies and the kinetics of binding and rebinding.

4.4 Conclusion

Based on the results of Chapter 3, we concluded that the illumination of MbCO with
near infra-red light (700-800 nm) does not break the Mb-CO bond efficiently and we
estimated that MbCO will be stable with an upper estimate of dissociation quantum
yield less than 6% under illumination with near infra-red light (A > 700 nm).

We used FRET by which the donor emission is quenched through a non-fluorescent
acceptor (the protein heme) that can be used to study the kinetics of CO rebinding. In
our experiments, the acceptors are the different states of myoglobin, which exhibit
different quenching efficiencies. For example, deoxy-Mb in which CO is unbound from
Mb acts as a more efficient quencher than MbCO, where CO is bound to Mb.

In chapter 4, we have labeled MbCO with dyes which emit in the near infra-red (ATTO
740 and Cy7). This enables studies of the energy transfer from the dye to the Mb when
illuminating with A > 700 nm. However, it is essential to be able to distinguish between
MbCO and deoxy-Mb when illuminating Mb with near infra-red light. Based on the
results of Chapter 4, we could observe a significant difference (based on the
fluorescence intensity) for ATTO 740 labeled-deoxy-Mb and -MbCO, which reveals
the possibility to distinguish these two states in a mixture. Here, we can use infrared
illumination of the labeled-MbCO to study rebinding kinetics of CO to the labeled-
deoxy-Mb. These results open a new research area for single molecule-FRET
experiments, which is sensitive and specific for labeled molecules and provides useful
information about heterogeneity of rates and molecules in an ensemble.
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Chapter 5

FRET to a distribution of
acceptors at the ensemble and
single-molecule levels

Theodor Forster some 80 years ago predicted a stretched-exponential fluorescence
intensity decay under ensemble conditions. This is related to a distribution of acceptors
in the vicinity of each donor; the decay rate depends on the concentration of acceptor
around the donor. These non-exponential kinetics arise from a distribution of the
exponential steps. In chapter 5, we first tested the consistency of Férster’s theory by
studying an ensemble of the acceptors (ATTO575Q) around the donor (Azaoxa-
triangulenium, ADOTA) for different concentrations of the acceptor in a thin polymeric
layer. The advantage of a dye-doped polymer layer is that it allows for control of the
dispersion of the dye molecules in the polymer films and prevents any type of
quenching other than that due to FRET. Our single-molecule study showed that
histograms of the decay rates of single ADOTA molecules are much more sensitive to
the heterogeneity than the average non-exponential decay.
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5.1 Introduction

Single-molecule spectroscopy has become an established technique to uncover
heterogeneity in soft-matter and biological systems, for example, to study protein
folding, ' nucleic acid dynamics, ? and to monitor electron transfer events in
metalloproteins. 3 Although the interpretation of the complex signals in biological
systems is challenging, fluorescence resonance energy transfer (FRET) signals
between donor and acceptor at the single-molecule level provide reliable information
about the individual single molecules and about their surroundings.

The non-radiative energy transfer called FRET proceeds from a photoexcited donor
fluorophore to an acceptor molecule and competes with donor fluorescence for donor-
acceptor distances in the 1-10 nm range. The FRET rate depends on the distance
between donor and acceptor (r) and is inversely proportional to the sixth power of r
(Eq. 1.10). The FRET efficiency (E) is defined as the fraction of donor excitations that
are transferred to the acceptor. The histogram of FRET efficiencies and the
corresponding donor-acceptor distances extracted from single-pair FRET data make
it possible to follow the structural dynamics of biomolecules over time and to
distinguish the different surrounding environments of single molecules. However, in
ensemble experiments, both the spatial and temporal heterogeneities are averaged
out, and most of the information about the complexity of system is lost. 48

The aim of this chapter is to reveal the heterogeneity of a FRET process from single
donor molecules to a set of acceptor molecules randomly distributed in space around
each individual donor. This problem has been treated for an ensemble of donors by
Theodor Forster in 1949. ° He found a strongly non-exponential decay for the average
donor fluorescence, which under reasonable assumptions, decays as a stretched

. , t .
exponential, exp [— T—]. Through single-molecule measurements, we want to show
0

that each single donor molecule decays as a single exponential, and that the
stretched-exponential decay arises purely from the spatial averaging over donor
molecules, with their individual distributions of acceptor molecules around each of
them. For this, we design a system of donors and acceptors with a low concentration
of donors and a higher concentration of acceptors, giving rise to a distribution of
distances between each donor and a large number of acceptors in its vicinity. We will
study FRET at both ensemble and single-molecule levels. We will measure
fluorescence decays of the donors and plot histograms of donor lifetimes in presence
of acceptors.

5.1.1 Non-fluorescent quenching

As we discussed in chapter 1 (Figure 1.4B), FRET does not require the acceptor to be
fluorescent. When the fluorescence of the donor is quenched by the acceptor, the
fluorescence intensity and the lifetime of the donor will change. This kind of FRET to
a non-fluorescent acceptor has some advantages. For example, since the acceptor
itself is not fluorescent, the background and related noise are reduced, which improves
the signal-to-noise ratio, particularly for high concentrations of acceptors. Another
advantage is the extended observation times because the acceptor dyes do not readily
photo-bleach. Moreover, such studies prevent the problem of cross talk in emission
detection, when the emission of both donor and acceptor may contribute to the
detected signal.
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Here, we used a long-lifetime fluorescent dye, ADOTA, as the donor and a non-
fluorescent quencher (ATTO575Q) as the acceptor for both ensemble and smFRET
studies. Note that the geometry of Fig. 5.1 is not exactly the random 3D distribution
postulated by Forster for a homogeneous solution. However, due to the symmetry with
respect to the plane interface, the situation in Fig. 5.1 corresponds to a 3D distribution
with half the concentration of acceptors.

Donor
® Acceptor

Figure 5.1 A distribution of acceptors around a donor with different distances. The
green dot represents the donor on the surface and the red dots are the acceptors
distributed at various distances around the donor.

5.1.2 Donor: Long-lifetime fluorescent ADOTA dye, a triangulenium dye

The azaoxa-triangulenium fluorophores are organic molecules with planar and rigid
structures in which three aromatic rings are bonded to a central carbon atom with a
positive charge. This kind of red fluorophores is known as the longest-lived red
emitting organic fluorophores because their lifetime in both protic and aprotic solvents
is around 20-50 ns. Azadioxa-triangulenium (ADOTA) dyes absorb and emit in the red
with a high quantum vyield, long fluorescence lifetimes (16-20 ns) and high
fluorescence anisotropy, close to the theoretical limit, 0.4. 92 These special
characteristics of ADOTA make them suitable probes for fluorescent lifetime imaging
(FLIM), time-gated fluorescence imaging, fluorescence lifetime and polarization meas-
urements. 1314

4BF4,.ADOTA

Figure 5.2 The chemical structure of azadioxa-triangulenium dye (ADOTA) 70.71

5.1.3 Acceptor: ATTO575Q, a non-fluorescent quencher dye

Here, we used the ATTO 575Q as a novel fluorescence quencher. This dye has an
absorption spectrum with maximum absorbance at 582 nm (Figure 5.3) with a molar

extinction coefficient of 1.2 x 105 M* cm™', and high thermal and photo-stability. ATTO
575Q is a cationic dye. '°
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5.1.4 Calculation of the Forster radius Ro for ADOTA (donor)- ATTO575Q
(acceptor)

As we showed in chapter 1 (eq. 1.8), the Forster radius Ro (the distance at which the
energy transfer efficiency is 50%) depends on the overlap of the donor emission spec-
trum with the acceptor absorption spectrum and on their mutual molecular orientation.
The calculated Ro assuming isotropic dye orientations is 6.38 nm. Figure 5.3 shows
the absorption spectrum of ATTO575Q as the acceptor and the emission spectrum of
ADOTA as the donor. Figure 5.4 shows that these spectra overlap strongly, leading to
a large FRET radius.
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Figure 5.3 The normalized absorption spectrum of ATTO575Q as acceptor (blue, left
axis), '° and the normalized fluorescence spectrum of ADOTA as donor (red, right
axis) in phosphate buffer, pH=7, at room temperature.
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Figure 5.4. Product of the normalized absorption spectrum of the ATTO 575Q as the
acceptor and of the normalized fluorescence spectrum of the ADOTA as the
fluorescence donor. The overlap integral is proportional to the area under this curve

(green area), based on equation 1.8 (as [ Fp,(1)e4(1) 1*dA).
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5.1.5 Ensemble fluorescent quenching

To study the fluorescent characteristics of a donor in presence of acceptors, it is crucial
to avoid any chemical quenching due to aggregation. The concentrations have been
chosen low enough that the dyes are well soluble in the different polymers used.
Moreover, the solid polymers immobilize the donor and acceptor molecules and
prevent rotational and translation diffusion. Lifetime measurements will be performed
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on times short enough that donor and acceptor molecules will remain at fixed positions
during the acquisition of the data. '416.17

5.1.6 Ensemble measurements of fluorescence quenching in solid-state dye-
doped polymer layers

To avoid the possibility of specific interactions between donor and acceptor in a 3D
solution, we decided to incorporate the two dyes into different, immiscible polymers,
PMMA and PVA. The donor dye (ADOTA) was doped into a poly(methyl methacrylate)
(PMMA) polymer layer, which was spin-coated on the glass surface. The film thickness
changes as a function of spin-coating conditions such as the weight percentage of the
polymer in the solution, the rotation speed of the spin coater, etc. The uppermost layer
of poly(vinyl alcohol) (PVA) was doped with the acceptor dye ATTOS575Q and
deposited homogeneously (drop casting) on top of the PMMA (Figure 5.5).

We optimized the spin-coating conditions to obtain a thin but regular ADOTA-doped
PMMA layer of 6 nm thickness, whereas the acceptor-doped PVA layer was much
thicker, about 100 nm. The finite thickness of the PMMA layer introduces a deviation
from the Forster model, as the minimum distance between donor and acceptor will be
3 nm on average. We assume this deviation is not too large and does not significantly
affect our results.

Acceptor Layer
ATTO 575Q doped-PVA
Thickness > 100 nm

Donor Layer
ADOTA doped-PMMA
Thickness ~ 6 nm

Figure 5.5 Ensemble sample consisting of two layers. Top layer: ATTO575Q
(acceptor) dopped-PVA, thickness 100 nm. Bottom layer: ADOTA (donor)-doped
PMMA, thickness 6 nm. The layers were deposited on a glass coverslip.

5.1.7 Fluorescence quenching as a function of quencher concentration

Due to the distribution of acceptors around each donor molecule, the fluorescence
decay of an ensemble of donors is strongly non-exponential. Forster ° derived an
expression for the average fluorescence decay of an ensemble of donor dyes
interacting with a random spatial distribution of acceptors, assuming that the distance
between the donors was very large compared to the Forster radius. This decay takes
the following simple form:
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-t NR03\/_\/7
(t) = e 5.1

where t, T, are time and the fluorescence lifetime of the free donor dye, respectively,
and Ry, Ry, N are the Forster radius, the radius of a large spherical volume of the

acceptor solution, and the number of acceptor molecules in this spherical volume. We
can reformulate Eq. 5.1 by using the concentration C of the acceptor:

T: [T_t 47'[CNAR0 \/_\/7] -

where N, is the Avogadro number (6.023 x 1022 molecule/mole).
Here, our aim is to study an ensemble and measure the averaged decay of the donor
dyes and how it varies with the acceptor concentration.

5.1.8 Single-molecule fluorescence quenching

The measurement of the fluorescence of an ensemble provides average values of the
fluorescence characteristics such as lifetime and fluorescence intensity. Single-
molecule observations, however, will eliminate ensemble averaging and will reveal the
hidden heterogeneity of the sample.

To study fluorescence quenching of a single donor molecule in presence of a
distribution of acceptors, we used the same geometry and polymers as in the
ensemble experiment (as described in section 5.1.5), but with an even lower
concentration of donors.

Ouir first control experiment was to study the fluorescence decay of a single ADOTA
molecule in PMMA in the absence of any acceptor (ATTO575Q) (Figure 5.5A). In this
case we spread an acceptor-free PVA layer on top of the ADOTA-doped PMMA, to
compare both with the ensemble results (see section 5.1.5) and with the single-
molecule results (see section 5.2.7).

The second control experiment measured of the fluorescence quenching of single
ADOTA molecules (donor) in the presence of ATTO575Q acceptors dispersed in the
PMMA polymer matrix as well as in the PVA top layer with the same concentration of
acceptors in both layers. The aim of this control experiment is to rule out sticking of
donors and/or acceptors at the interface between the two polymers. For example, in
the ADOTA-doped PMMA bottom layer and ATTO 575Q-doped PVA top layer, there
is the possibility of the dyes sticking to the interface. Sticking to the glass-PMMA
interface or to the PMMA-air interface would make for a very inhomogeneous
distribution of donor-acceptor pairs.

The PMMA polymer layer was spin-coated on the glass surface and the concentration
of ADOTA was around 1000 times less than in the ensemble sample, in order to reach
the single-donor regime. The spin-coating procedure was the same for all samples.
The thickness of donor-doped PMMA layer was measured to be 6 nm on average,
whereas the thickness of the acceptor-doped PVA layer was more than 100 nm.
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PVA Layer
Thickness > 100 nm

ADOTA doped-PMMA
A (Unquenched ADOTA)

© Thickness ~ 6 nm

Acceptor Layer
ATTO 575Q doped-PVA
Thickness > 100 nm

(&) @

Mixed Donor (ADOTA)-Acceptor (ATTO575Q) Layer
doped-PMMA
e o Thickness ~ 6 nm

Figure 5.6 Solid-state dye-doped polymer in the single-molecule fluorescence
quenching assay. (A) ADOTA single molecule doped PMMA in the absence of
acceptor (B) Both ADOTA (donor) and ATTO575Q (acceptor) dyes dispersed in
PMMA polymeric matrix while the PVA top layer also contains the acceptor.

5.2 Results
5.2.1 Confocal setup

The confocal setup was a home-built microscope in which ADOTA dye (donor) is
excited with a pulsed laser at 485 nm with a pulse rate of 26 MHz. The schematic
illustration of the setup is shown in Figure 5.7. The collected photons were detected
with time-correlated single-photon counting (TCSPC) and converted by the
SymphoTime software to fluorescence decays.

Objective

BL

BS

APD L F

DM

Fiber P

Figure 5.7 Scheme of our home-built confocal setup for fluorescence decay measure-
ments of FRET from a ADOTA donorto ATTO575Q acceptors. BL=Blue Laser, M=Mir-
ror, FC= Fiber Collimator, L=Lens, TL=Telescope (Beam Expander), BS=Beam split-
ter, F=Filter, P=Pinhole, DM=Dichroic Mirror, APD=Avalanche Photodiode Detector.
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5.2.2 Surface preparation of glass microscope cover slips

The surface preparation of clean glass microscope coverslips (No. 1, = 25 mm Hecht-
Assistent, Sondheim, Germany) was done according to the following protocol:

Both sides of the coverslip glasses were first washed with acetone, then blown dry
with nitrogen gas. Then, both sides of the coverslips were rinsed with isopropanol and
blown dry with nitrogen. The remaining solvents on the surface of the coverslips were
removed through heating the coverslips for 2.5 hours at 170°C.

5.2.3 Ensemble sample preparation

The thin film of ADOTA-doped PMMA was prepared by spin-coating dilute ADOTA
dye solutions (200 nM) in chloroform containing 1.0% w/w PMMA (average Mw
120000, Sigma Aldrich) onto the surfaced-prepared coverslips. The spin-coating
program consists of sequential steps including: 10 seconds (500 rpm), 60 seconds
(2000 rpm), and 10 seconds (4000 rpm). The samples were dried in the dark at room
temperature. The fluorescent dye, Biotinylated-ADOTA, was purchased from the KU
dye company, Copenhagen, Denmark. There were other possibilities of functional
groups linked to the ADOTA such as amine, carboxyl, or amide groups instead of the
biotin functional group but we selected the Biotinylated-ADOTA to decrease the
possibility of chemical interaction of ADOTA to the surface of glass via this group. The
thickness of the samples was measured with an AFM thickness profiler (BRUKER,
Germany). Figure 5.8 shows the thickness profile of a prepared sample. The sample
with 0.1% w/w PMMA has an average thickness of 6 nm (Figure 5.8A-B)
A B
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Figure 5.8 The thickness profile of the prepared sample of ADOTA-doped PMMA spin-
coated on the glass coverslip, and measured by an AFM thickness profiler. (A-B)
Measurement of the thickness of the thin polymeric monolayer (with an average
thickness of 6 nm). The sharp structures are caused by impurities on the surface.
Scratching with the tip of the AFM makes a depression in the surface, the depth of
which corresponds to the film thickness. The sample was prepared with 0.1% w/w
PMMA.

The acceptor (ATTO575Q)-doped PVA layers were prepared by diluting a few drops

of an aqueous solution containing ATTO575Q mixed with 1% w/w PVA (99+%
hydrolyzed, average Mw 120,000, Sigma Aldrich) in water to reach the desired final

100



Chapter 5

concentration in PVA (400 uM, 1 mM, 3 mM, and 5 mM) and was spread on top of the
ADOTA-doped PMMA layer on the glass surface. The sample was dried at room
temperature over time in the dark. The non-fluorescent dye, ATTO575Q was
purchased from Atto-Tec (Siegen, Germany).

It should be noted that the spin-coating rate and the polymer weight percentage are
crucial to make a very thin polymeric layer. For all samples in this chapter, this protocol
was applied to have a very thin layer. The reason of preparation of such a thin
polymeric layer is that the distance between the donor and acceptor should be
between 1-10 nm to be able to study FRET due to the quenching of the donor in
presence of acceptors.

5.2.4 Ensemble fluorescent lifetime quenching measurements

The fluorescence time traces and fluorescence decay curves of ADOTA-doped PMMA
(bottom layer) in presence of ATTO 575Q-doped PVA (with the different
concentrations 400 uM, 1mM, 3mM, and 5mM) were recorded using our confocal
microscope. Based on equation 5.2, the fluorescent decay of ADOTA (donor) is
substantially quenched when the concentration of quencher (ATTO 575Q) in the top
polymer layer is increased. Figure 5.9 shows the experimental fluorescence decays
(dark colors) and the fit to equation 5.2 (light colors). The theoretical fits in this figure
were obtained by varying the concentration and the concentrations are 0.25, 1.1, 2.8,
and 5.7 mM for the experimental used concentration of 0.400 mM, 1 mM, 3 mM, and
5 mM respectively. It should be moted that the fits have been convoluted with IRF to
be compatible with experimental data.
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Figure 5.9 Fluorescence decay (dark colors) and fit (lighter colors) for ADOTA donors
in presence of four different concentrations of ATTO575Q acceptors: 400 uM (blue),
1 mM (red), 3 mM (brown), 56 mM (green). The orange-colored decay is the mono-
exponential decay of ADOTA in the absence of quencher. The gray decay curve is the
Instrument Response Function (IRF). The fits in this figure were obtained by varying
the concentration (adjustable parameter) and the best fits yielded with concentrations
of 0.250, 1.1, 3.2, and 5.7 mM corresponding with the traces obtained with
concentrations of 0.400 mM, 1 mM, 3 mM, and 5 mM respectively.
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5.2.5 Single-molecule sample preparation

To study the donor (ADOTA) fluorescence in the presence of acceptors (ATTO575Q)
at the single-molecule level, we decreased the donor concentration to 200 picomolar.
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5. FRET to a distribution of acceptors at the ensemble and single-molecule levels

All the steps for the surface preparation of coverslip glasses and dye-doped polymer
layers are the same as for the ensembles described above, except for the lower
concentration of ADOTA.

5.2.6 Single-molecule fluorescence lifetime measurements

The sample to study the single-molecule quenching was prepared as described in
5.2.3, and 5.2.5. The single-molecule images, fluorescence time traces and
fluorescence decay curves were recorded using a confocal microscope. The scan
image size is 10 ym x 10 ym. The surface scans were measured with the confocal
microscope and the individual lifetimes of single molecules were obtained. Figure 5.10
shows the 10 ym x 10 ym image of a sample of ADOTA-doped PMMA in the absence
of quenchers. Each single-molecule time trace of unquenched ADOTA molecules
could be collected and showed single-step bleaching with a maximum duration of 2.7
s. All traces gave rise to mono-exponential fluorescence decays with an average
lifetime of 18.3 ns and a very limited spread of lifetimes, from 17 to 19 ns.
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Figure 5.10 Single molecules of unquenched ADOTA: a) Single-molecule
fluorescence image of PMMA doped with ADOTA; b) Single-molecule time trace of
ADOTA showing single-step photobleaching after 2.7 s. This time trace was recorded
by focusing on a single molecule embedded in the PMMA fiim for 1 minute; c)
Normalized fluorescence decay curves of three single ADOTA molecules showing
mono-exponential behavior.

Figure 5.11 shows a 10 ym x 10 ym image of a sample in which the first PMMA layer,
6 nm thick, was doped with a mixture of ADOTA (donor) and ATTO575Q (acceptors)
(1mM). After this first layer was spin-coated on a coverslip, a thick PVA layer
(thickness > 100 nm) doped with ATTO 575Q was added. This control experiment is
meant to check that there was no sticking of the donor or acceptors to the glass-PMMA
interface or to the PMMA-PVA interface. If such sticking occurs, we expect stronger
quenching when the acceptors are present in the PMMA layer. In the case of donor
sticking to the glass surface, we expect a larger distance on average between the
donor and the acceptors, and therefore less quenching on average. We found no
significant difference between the measured samples and the controls, which points
to the absence of significant sticking of the donor to the glass or of the acceptor to the
PMMA. Figure 5.11b shows a single-molecule time trace of a quenched ADOTA
showing photoblinking and single-step photobleaching. The fluorescence decay
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curves of different single ADOTA molecules in Fig. 5.11c show mono-exponential
decays with a wide range of lifetimes. Single-exponential fits are represented as solid

lines and fit the decays perfectly.
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Figure 5.11 Single molecule of quenched ADOTA with ATTO 575Q : a) A 10 um x
10 um image of Single ADOTA molecules doped in PMMA with a mixture of ATTO
575Q (1mM), spin coated on a coverslip glass as a first layer and covered with a thick
PVA film doped with ATTO 575Q (1 mM); b) A single-molecule time trace of a partially
quenched ADOTA molecule showing photoblinking and single-step photobleaching;
¢) Normalized fluorescence decay curves of different single ADOTA molecules
showing single-exponential decays with a wide range of lifetimes and their mono-
exponential decay fits (black lines). Decay curves were recorded by focusing on
individual molecules embedded in the PMMA film.

5.3 Discussion
5.3.1 Comparison of single-molecule results with and without quenchers

In the presence of acceptors (ATTO575Q), the histogram of lifetimes of the ADOTA
donor molecules was profoundly altered in comparison to the unquenched histogram
(see decays in Fig. 5.10). The lifetime histogram of quenched ADOTA donors show
dramatic broadening and heterogeneity, as shown by the yellow plot in Fig. 5.12b, in
comparison with the very narrow and homogeneous histogram of unquenched ADOTA
in Fig. 5.12a.

To understand better this heterogeneity, we simulated a lifetime histogram of ADOTA
donor in the presence of a random 3D distribution of quenchers (ATTO575Q) (see

Egs. 5.2, and 1.11) in which the value of R (Férster Radius), To (Lifetime of free

ADOTA in the absence of acceptor), and C (concentration of ATTO575Q) have been
assigned as 6.38 nm, 18.5 ns, and 1 mM. In this simulation, we placed the donor at
the origin and distributed acceptors randomly in space around it, with a probability
defined by the concentration. Then the total transfer rate towards the acceptors was
calculated. As can been seen in Figure 5.12b, both experimental and simulated data
show a broad and inhomogeneous distribution of lifetimes, with a significant weight for
short lifetimes. Because the time resolution of our time-correlated photon counting
apparatus is limited, and because of the weakness of the signals, we cannot measure
lifetimes shorter than 0.5 ns. This may explain the large deviation of experimental data
from the simulated histogram at lifetimes below 1-2 ns (see Fig. 5.12b).
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Figure 5.12 Comparison of data lifetimes histograms of all single molecules from (A)
9 unquenched ADOTA molecules, which shows a low spread of lifetime weighted to
long life times and (B) 103 quenched ADOTA molecules in the presence of ATTO
575Q (1mM) (yellow). Simulated data (green) which shows a broad and
inhomogeneous distribution of lifetimes and weighted to the short lifetimes, similar to
what observed for the experimental data.

5.3.2 Comparison of ensemble and single molecule results

The single-molecule images and lifetime histograms demonstrate the distribution of
individual molecular properties such as intensity and decay rate. These properties are
averaged out in the ensemble measurements giving rise to a multi-exponential decay
of the donor fluorescence in presence of acceptors. The non-exponential decay is well
reproduced by the formula of Foérster, as shown in Fig. 5.9. The complex
multiexponential decay of the ensemble measurement resolves into a collection of
single-exponential decays with very different decay rates for each individual molecule,
corresponding to the particular distribution of acceptors that each single donor
molecule experiences.

5.4 Conclusion

Some 80 years ago, Theodor Forster predicted a stretched-exponential decay for an
ensemble of donors when each of them can transfer energy to a distribution of
acceptors. When donor and acceptors are immobilized, this non-exponential kinetics
arises from a static distribution of individual exponential decays. In this chapter, we
designed ensemble experiments to study transfer from ADOTA donors (Azaoxa-
triangulenium) towards a distribution of acceptors (ATTO575Q as quenchers). The
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donor was chosen because of its high quantum yield and long fluorescent lifetime. The
dyes were placed in thin polymeric layers to immobilize them and to prevent direct
chemical interactions between them. The “ensemble” fluorescence quenching data of
ADOTA (donor) in presence of ATTO 575Q (acceptor) in Fig. 5.9 fit Forster’s theory
(eq. 5.2) very well. As expected, the quenching of the donor increases with the
concentration of acceptors.

To compare ensemble results with single donor molecule experiments, we used the
same system of donor-acceptor, and varied the acceptor concentration. As expected,
the fluorescence decays of single donor molecules were all single-exponential with a
wide spread of decay times (see Figure 5.11), as expected for Forster energy transfer
towards a fixed distribution of acceptors. The wide distribution of decay rates results
into the strongly non-exponential decays of Figure 5.9. On the basis of the lifetime
histograms presented in Figure 5.12, we find a remarkable agreement between the
observed lifetimes of individual donors and simulations assuming a homogeneous
distribution of acceptors in the vicinity of the donors.

In conclusion, the spatial heterogeneity in the ensemble measurements is revealed by
single-molecule measurements and show a large spread of local quenching situations.
By measuring a large number of single molecules (here 103), we obtain a histogram
of exponential lifetimes, which not only reproduce the ensemble results, but give a
much more detailed view of the distribution of distances at the level of single
molecules, in qualitative agreement with simulations.
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Summary

Forster Resonance Energy Transfer (FRET), is a known technique in biotechnology
to monitor dynamics, conformational changes, and kinetics of binding-unbinding of
small molecules in proteins through measuring inter- and intramolecular distance
changes at a scale of 1-10 nm. FRET is based on a dipole dipole interaction between
two fluorescent dyes (donor and acceptor) resulting in non-radiatively energy transfer
from excited state of the donor to an acceptor molecule which is reversely proportional
to the six power of distance between donor and acceptor (R®). In this thesis we focus
on the Forster resonance energy transfer technique to study the kinetics of binding
and dissociation of CO to and from myoglobin which has been fluorescently labeled
(Chapters 3,4). FRET quenching is reported for an acceptor (ATTO575Q dye) and a
donor (Azaoxa-triangulenium, ADOTA dye) doped in thin polymeric layers at both
ensemble and single molecule level (Chapter 5).

The photodissociation of carboxymyoglobin (MbCO)

Myoglobin (Mb) plays a vital role in transporting small molecules such as O2, CO, and
NO. The mechanism of the reaction of these ligands with ferrous Mb (deoxy-Mb) is
interesting because the binding is reversible and the system can be used as a
prototype for more complex systems.

Early time-resolved experiments by Frauenfelder and coworkers on ensembles of
myoglobin demonstrated that, at cryogenic temperatures, rebinding of CO to
myoglobin's heme cofactor after flash photolysis shows a strongly stretched
exponential behavior, that is not observed at room temperature. This low temperature
behavior has been assigned to structural heterogeneity of myoglobin and different
rebinding rates of CO, but no direct observation of this effect exists to date. The
conclusion of these experiments was that the reaction rates of individual molecules
there exhibit large spread.

The protein relaxations and fluctuations are nonexponential in time at room
temperature, which points to the possibly collective nature of these motions. Although
recently a few studies have focused on the variation of protein reaction rates by means
of single-molecule experiments, the mechanism by which small molecules such as CO
bind/unbind to the heme of myoglobin is less well understood. In particular insight in
the kinetics of CO rebinding at single molecule level is missing. Our aim is to study the
rebinding kinetics of CO through fluorescence quenching of a dye attached to the
myoglobin and by using FRET.

Estimation of dissociation quantum yield of the Mb-CO bond

In chapter 3, FRET technology is described which was used to determine the
interaction between myoglobin and CO. In this system, donor emission (dye attached
to the the myoglobin) is quenched through a non-fluorescent acceptor (myoglobin).
The acceptor can be a different state of myoglobin for example deoxy-Mb in which CO
is unbound from Mb, can act as a quencher and MbCO where CO is bound to Mb has
no quenching effect or less. The weak bands beyond 700 nm, particularly Band Il at
760 nm, in the deoxy-Mb absorption spectrum quenches the fluorescence of a deep
red dye, whereas those bands beyond 700 nm are absent in the spectrum of MbCO.



It is well known that visible light in a wide spectral range, particularly 400 < 1 < 550
nm, breaks the Mb-CO bond with high efficiency, which precludes FRET-based
investigations of CO dissociation in this spectral region. We therefore developed a
strategy involving the far-red spectral region, 4 > 700 nm. The challenge is that if red-
light illumination of a labeled MbCO would break the Mb-CO bond with high efficiency,
probing the absorption of MbCO with red light would make it impossible to monitor CO
rebinding by fluorescence spectroscopy and FRET. For this reason, we wanted to
obtain the quantum vyield for photodissociation of the Mb-CO under red-light
illumination ( 2> 700 nm). Three states of myoglobin, met-Mb (heme contains Fe3*),
deoxy-Mb (heme contains Fe?*), and MbCO (heme contains Fe?*), have been
prepared and optically characterized.

Experimentally the quantum yield of Mb-CO bond breaking is established by following
the number of deoxy-Mb molecules that have not re-bound to CO at a given time after
photodissociation. Because the recombination of CO to the heme is fast, it is essential
to slow down the kinetics of recombination of the escaped CO molecule to the heme.
CO molecules after photodissociation and escaping from the protein should be
removed from the vicinity of the newly formed deoxy-Mb. We prevented CO
recombination chemically by using H202 as an oxidant which quickly converts the
deoxy-Mb to another form that does not bind CO, for example met-Mb. The exact
amount of MbCO converted to deoxy-Mb was measured by following the absorption
spectum of MbCO (using the absorption bands at 542 nm and 579 nm which are
characteristic of MbCO). As the quantum yield of MbCO bond breaking by blue light is
close to 1, we could use this photoreaction as a reference. By comparing the effect of
MbCO illumination by a red LED (4 = 730 nm) in the presence of H20O2 with the effects
of the blue LED illumination (1 = 450 nm) we could estimate an upper bound quantum
yield of MbCO photodissociation by red light (1 = 730 nm) of less than 6%.

FRET study of CO binding to fluorescently labeled myoglobin

Based on the estimated quantum vyield of bond breaking in (see chapter 3), we
concluded that illumination of MbCO with far-red light (700-800 nm) does not break
the Mb-CO bond efficiently and the MbCO complex should be stable enough to
monitor FRET from the far-red donor to the heme, with enough donor fluorescence
photons emitted before dissociating MbCO during the FRET measurement. For the
FRET experiment selection of the proper dye, position of labeling on the protein and
the labelling method are crucial. For this purpose, not only an independent estimation
of FRET efficiency is needed to characterize CO re-binding but also the development
of quantitative methodologies for steady-state parameters of ligand binding is crucial.
In chapter 4, we performed two different labelling methods: labelling at engineered
sites and N-terminal labelling. Different dyes were tried (ATTO643, ATTO740, and
Cy7) which absorb and emit in the red. Various labeling positions for example at
position of serine 3 were realized by site-directed mutagenesis. During the FRET
experiments we measured the fluorescence intensity of the dye and/or the
fluorescence lifetime of labelled Met-Mb, Deoxy-Mb and MbCO. We could observe
significant intensity differences for ATTO 740 labeled-deoxy-Mb and -MbCO which
show that it is possible to distinguish these two states in a mixture.



Non-fluorescent quenching for FRET assay in ensemble and at the single
molecule level in polymeric layer

Single Molecule FRET (sm-FRET) may provide the distributions of experimental
parameters such as excited state lifetime, fluorescent intensity, local environmental
fluctuations, etc. Theodor Forster some 80 years ago predicted a stretched-
exponential fluorescence intensity decay under ensemble conditions. This is related
to a distribution of acceptors in the vicinity of each donor; the decay rate depends on
the concentration of acceptor around the donor. These non-exponential kinetics arise
from distributions of exponential steps. In chapter 5, we first tested the consistency of
Forster’s theory by studying an ensemble of the acceptors (ATTO575Q) around the
donor (Azaoxa-triangulenium, ADOTA) for different concentrations of acceptor in a
thin polymeric layer. The advantage of dye-doped polymer layer is that it allows for
control of the dispersion of the dye molecules in the polymer films and prevents any
type of quenching other than FRET. Our single-molecule study showed that
histograms of decay rates of single ADOTA molecules are much more sensitive to
heterogeneity than the average non-exponential decay. Each individual molecule
exhibits a single-exponential fluorescence intensity decay, but the distribution of
acceptor sites around each molecule produces a wide distribution of decay rates.






Samenvatting

Forster Resonance Energy Transfer (FRET) is een bekende optische techniek in de
biotechnologie waarmee men de dynamiek en conformatie veranderingen van eiwitten
kunt volgen. Ook kan men de kinetiek van binding-ontbinding volgen van kleine
moleculen aan eiwitten. Dit kan allemaal door de gevoeligheid van FRET voor inter-
en intramoleculaire afstandsveranderingen tussen twee kleurstofmoleculen op een
onderlinge afstand van 1-10 nm. FRET is gebaseerd op de dipool-dipool interactie
tussen twee fluorescerende kleurstoffen (donor en acceptor) waarbij een stralingsloze
energieoverdracht plaatsvindt van de aangeslagen toestand van de donor naar een
acceptormolecuul. De grote van deze overdracht is omgekeerd evenredig met de
zesde macht van de afstand tussen donor en acceptor (R®). In dit proefschrift
bestuderen we de kinetiek van CO binding aan en dissociatie vanaf fluorescent
gelabelde myoglobine, waarbij we gebruiken maken van onderscheidbare FRET
eigenschappen van verschillende toestanden van myoglobine (Hoofdstukken 3, 4).
Ook wordt FRET doving (quenching) gerapporteerd voor een acceptor (ATTO575Q-
kleurstof) gebonden aan de myoglobine en een donor (Azaoxa-triangulenium,
ADOTA-kleurstof) dat is gedoteerd in een dunne polymeer laag. De experimenten zijn
uitgevoerd op zowel ensemble- als enkelmolecuulniveau (Hoofdstuk 5)

De fotodissociatie van carboxymyoglobine (MbCO)

Myoglobine (Mb) speelt een vitale rol bij het transporteren van kleine moleculen zoals
O2, CO en NO. Het mechanisme van de reactie tussen deze verschillende liganden
met ijzerhoudend Mb (deoxy-Mb) is interessant omdat de binding omkeerbaar is en
het systeem kan worden gebruikt als prototype voor complexere systemen.

Eerdere tijdsopgeloste experimenten door Frauenfelder en collega’s op ensembles
van myoglobine toonden aan, bij cryogene temperaturen, dat herbinding van CO aan
de heem-cofactor van myoglobine na flash fotolyse een sterk uitgerekt exponentieel
gedrag vertoont. Dit wordt niet waargenomen bij kamertemperatuur. Dit gedrag bij lage
temperaturen wordt toegeschreven aan de structurele heterogeniteit van myoglobine
en aan de verschillende herbindingssnelheden van CO. Tot op heden bestaat er
echter geen directe waarneming van deze processen. De conclusie die werd
getrokken uit deze experimenten was dat van individuele moleculen de
reactiesnelheid een grote spreiding vertoont.

De relaxaties en fluctuaties van het eiwit zijn niet-exponentieel over de tijd bij
kamertemperatuur, wat wijst op een mogelijk collectief karakter van deze bewegingen.
Hoewel recent een paar onderzoeken zich hebben gericht op de variatie van
eiwitreactiesnelheden door middel van enkel molecuul experimenten, is het
mechanisme waarmee kleine moleculen zoals CO binden/ontbinden aan het heem
van myoglobine nog niet goed begrepen. Met name inzicht in de kinetiek van CO-
herbinding op enkel-molecuul niveau ontbreekt. Ons doel is om de herbindingskinetiek
van CO te bestuderen door middel van fluorescentie doving van een kleurstof die aan
de myoglobine is gebonden en door verschillende configuraties van FRET
experimenten toe te passen.



Schatting van de dissociatie kwantumopbrengst van de Mb-CO-verbinding

In hoofdstuk 3 wordt de FRET techniek beschreven die is gebruikt om de interactie
tussen myoglobine en CO te bepalen. In dit systeem wordt de donoremissie (kleurstof
gehecht aan de myoglobine) gedoofd door een niet-fluorescerende acceptor
(toestanden van myoglobine). Het dovingsmiddel kan bijvoorbeeld deoxy-Mb zijn
waarin CO ongebonden is aan Mb, of MbCO waar CO is gebonden aan Mb. Deze
toestanden hebben beide dovings eigenschappen maar MbCO heeft in verhouding
geen of een minder dovend effect. Dit kan verklaard worden aan de hand van de
zwakke banden boven de 700 nm en met de Band Il bij 760 nm in het deoxy-Mb
absorptiespectrum die de fluorescentie van een verroode kleurstof dooft, terwijl die
banden voorbij 700 nm afwezig zijn in het spectrum van MbCO. Het is bekend dat
zichtbaar licht in een breed spectraal bereik, in het bijzonder 400 < A < 550 nm, de
Mb-CO binding hoogst efficiént verbreekt, wat FRET-gebaseerde onderzoeken naar
CO-dissociatie in dit spectrale gebied uitsluit. Daarom hebben we een strategie
ontwikkeld met betrekking tot het verroode spectrale gebied, A> 700 nm. De uitdaging
is dat als rood licht van een gelabelde MbCO de Mb-CO-binding met hoge efficiéntie
zou verbreken, het onderzoeken van de absorptie van MbCO met rood licht het
onmogelijk zou maken om de CO-herbinding te volgen door middel van
fluorescentiespectroscopie en FRET. Om deze reden wilden we eerst de
kwantumopbrengst verkrijgen voor fotodissociatie van de Mb-CO onder rood licht (A>
700 nm). Drie toestanden van myoglobine, met-Mb (heem bevat Fe3+), deoxy-Mb
(heem bevat Fe2+) en MbCO (heem bevat Fe2+), zijn daarom bereid gemaakt en
optisch gekarakteriseerd.

Experimenteel wordt de kwantumopbrengst van het verbreken van Mb-CO-bindingen
vastgesteld door het aantal deoxy-Mb-moleculen te volgen die niet opnieuw aan CO
zijn gebonden op een gegeven tijdstip na fotodissociatie. Omdat de recombinatie van
CO naar het heem snel is, is het echter essentieel om de kinetiek van recombinatie
van het ontsnapte CO-molecuul naar het heem te vertragen. CO-moleculen moeten
na fotodissociatie en het ontsnappen uit het eiwit worden verwijderd uit de buurt van
het nieuw gevormde deoxy-Mb. We hebben CO-recombinatie chemisch voorkomen
door H20- te gebruiken als oxidatiemiddel dat het deoxy-Mb snel omzet in een andere
vorm die CO niet bindt, bijvoorbeeld met-Mb. De exacte hoeveelheid MbCO omgezet
in deoxy-Mb werd gemeten door het absorptiespectum van MbCO te volgen (met
behulp van de absorptiebanden bij 542 nm en 579 nm die kenmerkend zijn voor
MbCO). Aangezien de kwantumopbrengst van de verbreking van MbCO-bindingen
door blauw licht dicht bij 1 ligt, kunnen we dit als bijpassende referentie gebruiken.
Door te vergelijken wat het effect van verlichting door een rode LED (A = 730 nm) op
MbCO is in aanwezigheid van H20. met de effecten van de blauwe LED (A = 450 nm)
konden we schatten dat er een bovengrens is van de kwantumopbrengst van MbCO-
fotodissociatie bij rood licht (A = 730 nm) van minder dan 6%.

FRET-studie van CO-binding aan fluorescent gelabelde myoglobine

Op basis van de geschatte kwantumopbrengst van het breken van bindingen (zie
hoofdstuk 3), concluderen we dat belichting van MbCO met verrood licht (700-800 nm)
de Mb-CO-binding niet efficiént verbreekt en dat het MbCO-complex stabiel genoeg
is om FRET van de verroode donor naar de heem te meten, met voldoende
donorfluorescentiefotonen die worden uitgezonden voordat MbCO wordt
gedissocieerd tijdens de meting. Voor het FRET experiment is selectie van de juiste
kleurstof, zijn positie op het eiwit en de label methode cruciaal. Voor dit doel is niet
alleen een onafhankelijke schatting van de FRET efficiéntie nodig om de herbinding



van CO te karakteriseren, maar ook de ontwikkeling van kwantitatieve methodologieén
voor het meten van steady-state parameters van ligandbinding is cruciaal. In
hoofdstuk 4 hebben we twee verschillende labelmethodes uitgevoerd: labelling op
gemanipuleerde locaties en N-terminale labeling. Er werden verschillende kleurstoffen
uitgeprobeerd (ATTO643, ATTO740 en Cy7) die in het rood absorberen en uitzenden.
Verschillende labelposities, bijvoorbeeld op de positie van serine 3, werden
gerealiseerd door plaatsgerichte mutagenese. Tijdens de FRET experimenten hebben
we de fluorescentie intensiteit van de kleurstof en/of de fluorescentielevensduur van
gelabeld Met-Mb, Deoxy-Mb en MbCO gemeten. We konden significante
intensiteitsverschillen waarnemen tussen ATTO 740 gelabeld deoxy-Mb en MbCO
met hezelfde label, wat aantoont dat het mogelijk is om deze twee toestanden in een
mengsel te onderscheiden.

Niet-fluorescerende uitdoving voor het FRET assay in ensemble en op enkel
molecuul niveau in een polymeer laagje

Single Molecule FRET (smFRET) kan de distributies verschaffen van experimentele
parameters zoals de levensduur van de aangeslagen toestand, fluorescentie
intensiteit, lokale omgevingsfluctuaties, enz. Theodor Forster voorspelde rond 80 jaar
geleden een uitgerekt exponentieel verval van de fluorescentie-intensiteit onder
ensemble omstandigheden. Dit hangt samen met een verdeling van acceptoren in de
buurt van elke donor groep. Want de vervalsnelheid is afhankelijk van de
acceptorconcentratie rond de donor. Deze niet-exponenti€le kinetiek komt voort uit
verdelingen van exponenti€le stappen. In hoofdstuk 5 hebben we eerst de consistentie
van Forster's theorie getest voor een ensemble van acceptoren (ATTO575Q) rond de
donor (Azaoxa-triangulenium, ADOTA). Dit hebben we bestudeerd voor verschillende
concentraties van acceptor in een dun polymeer laagje. Het voordeel van het gebruik
van een met kleurstof gedoteerde polymeerlaagje is dat men de dispersie van de
kleurstofmoleculen in de polymeerlaag kan reguleren en dat elk type uitdoving anders
dan FRET kan worden voorkomen. Onze enkel molecuul studie toonde aan dat
histogrammen van vervalsnelheden van individuele ADOTA-moleculen veel
gevoeliger zijn voor heterogeniteit dan het gemiddelde niet-exponentiéle verval. Elk
individueel molecuul vertoont een enkelvoudig exponentieel verval van de
fluorescentie intensiteit, maar de verdeling van acceptorposities rond elk molecuul
produceert een brede verdeling van vervalsnelheden.
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